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Abstract
Aim: Lineage fusion (merging of two or more populations of a species resulting in a 
single panmictic group) is a special case of secondary contact. It has the potential 
to counteract diversification and speciation, or to facilitate it through creation of 
novel genotypes. Understanding the prevalence of lineage fusion in nature requires 
reliable detection of it, such that efficient summary statistics are needed. Here, we 
report on simulations that characterized the initial intensity and subsequent decay 
of signatures of past fusion for 17 summary statistics applicable to DNA sequence 
haplotype data.
Location: Global.
Taxa: Diploid out-crossing species.
Methods: We considered a range of scenarios that could reveal the impacts of dif-
ferent combinations of read length versus number of loci (arrangement of DNA se-
quence data), and whether or not pre-fusion populations experienced bottlenecks 
coinciding with their divergence (historical context of fusion). Post-fusion gene pools 
were sampled along 10 successive time points representing increasing lag times fol-
lowing merging of sister populations, and summary statistic values were recalculated 
at each.
Results: Many summary statistics were able to detect signatures of complete merg-
ing of populations after a sampling lag time of 1.5 Ne generations, but the most in-
formative ones included two neutrality tests and four diversity metrics, with ZnS (a 
linkage disequilibrium-based neutrality test) being particularly powerful. Correlation 
was relatively low among the two neutrality tests and two of the diversity metrics. 
There were clear benefits of many short (200-bp × 200) loci over a handful of long 
(4-kb × 10) loci. Also, only the latter genetic dataset type showed impacts of bottle-
necks during divergence upon the number of informative summary statistics.
Main conclusions: This work contributes to identifying cases of lineage fusion, and 
advances phylogeography by enabling more nuanced reconstructions of how indi-
vidual species, or multiple members of an ecological community, responded to past 
environmental change.
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1  | INTRODUC TION

Pleistocene climatic cycles have had profound impacts on how 
intraspecific genetic diversity is structured across landscapes 
(Hewitt, 2004). Despite these events being quite recent, they co-
incide with speciation in a broad suite of taxa (e.g., Carstens & 
Knowles, 2007; Dorsey, Gregory, Sass, & Specht, 2018; Ho, Saarma, 
Barnett, Haile, & Shapiro, 2008). Globally, alternations between 
cool dry glacials and warm humid interglacials have occurred 
on ~100 thousand-year (Kyr) rotations over the past ~800 Kyr 
(Bennett, 1990). The local effects of these Milankovitch oscilla-
tions have caused recurrent contraction, fragmentation and iso-
lation, followed by expansion and reconnection of populations 
over time (Emerson & Hewitt, 2005; Jesus, Wilkins, Solferini, & 
Wakeley, 2006). Differentiated gene pools that come into secondary 
contact are expected to merge, unless postzygotic isolating mecha-
nisms maintain their integrity (Burton, Pereira, & Barreto, 2013; Orr 
& Presgraves, 2000). Thus, Pleistocene climatic cycles repeatedly 
acted as crucibles for speciation.

Lineage fusion (merging of two or more populations of a spe-
cies resulting in a single panmictic group) is a special case of the 
broader phenomenon of secondary contact (Garrick, Banusiewicz, 
Burgess, Hyseni, & Symula, 2019). While the term has been in use 
for over a decade (Campbell et al., 2008), the broader concept (i.e., 
including merging of reproductively isolated lineages) was described 
much earlier. For example, Lewis and Bloom (1972) described a case 
of reverse speciation driven by new environmental conditions lead-
ing to range overlap. In the context of phylogenetic theory, Savage 
(1983) argued for inclusion of lineage fusion and reverse speciation 
in the branching structure of trees to provide more realistic mod-
els of diversification. Indeed, visual representations of reticula-
tions were presented by Jansson and Dynesius (2002) to illustrate 
impacts of glacial–interglacial cycles upon formation, merging, and 
persistence of population gene pools and intraspecific clades (also 
see Dynesius & Jansson, 2014; Rosenblum et al., 2012). However, 
demographic histories involving intraspecific lineage fusion have 
been largely overlooked in the empirical phylogeographic literature 
(but see Garrick et al., 2014; Kearns et al., 2018; Webb, Marzluff, & 
Omland, 2011).

The ability to detect past lineage fusion is important because 
upon population merging, an abrupt, pronounced, and spatially lo-
calized increase in genetic diversity occurs, creating opportunities 
for rapid evolutionary change via reshuffling of variation (Alcala & 
Vuilleumier, 2014; Bennett, 1990). Indeed, some adaptive radiations 
were preceded by admixture events leading to recombination among 
divergent alleles (Marques, Meier, & Seehausen, 2019). Rather than 
simply causing a net reduction in extant lineages, fission-fusion 
dynamics may create new opportunities for selection, and subse-
quent diversification. Furthermore, if unrecognized, lineage fusion 
can mask the extent of similarity in which co-distributed species re-
sponded to past environmental change (Garrick et al., 2019). By ex-
tension, lineage fusion can affect conclusions about the importance 
of biotic versus abiotic influences on phylogeographic structure 

(e.g., Garrick, Nason, Fernández-Manjarrés, & Dyer, 2013; Satler & 
Carstens, 2017).

Several analytical frameworks can reconstruct complex demo-
graphic histories, including lineage fusion. For example, approximate 
Bayesian computation (ABC; Beaumont, Zhang, & Balding, 2002) is 
quite flexible (Bertorelle, Benazzo, & Mona, 2010), and has shown 
promise for distinguishing between lineage fusion versus competing 
demographic models, using multi-locus DNA haplotype datasets for 
non-model organisms (Garrick et al., 2019). However, for complex 
fission-fusion scenarios such as those with short divergence be-
tween parental populations, asymmetrical mixing during merging, 
and/or long lag times between fusion and gene pool sampling, con-
siderable power may be needed. The performance of ABC and other 
frameworks relevant to phylogeography (e.g., Smith et al., 2017) can 
be optimized through informed choice of summary statistics used 
to characterize and compare empirical versus simulated datasets 
(Hickerson, Dolman, & Moritz, 2006). Indeed, a handful of informa-
tion-rich summary statistics can avoid the ‘curse of dimensionality’ 
– where many summary statistics not only impose a larger computa-
tional burden, but also lead to an increase in variability and reduction 
in overall quality of parameter estimates, such that costs outweigh 
the benefits (Beaumont et al., 2002).

In this study, we used simulations to characterize intensity and 
subsequent decay of signatures of past fusion for a suite of summary 
statistics applicable to DNA haplotype datasets. We constructed 
simple lineage fusion models and corresponding ‘baseline’ non-fu-
sion scenarios, and then used successive temporal sampling of pop-
ulation gene pools to quantify the magnitude of changes over time 
in summary statistic values. Within this framework, we examined 
the impact of the: (a) arrangement of DNA sequence data (differ-
ent combinations of number of loci versus read length, while hold-
ing total sequence length constant); (b) lag time between fusion and 
gene pool sampling (measured as number of generations, scaled by 
effective population size); and (c) historical context of a fusion event 
(whether or not pre-fusion populations experienced a bottleneck 
coinciding with their divergence). To provide insights into how re-
duction in dimensionality may be achieved, we identified relatively 
weakly correlated subsets of informative summary statistics (see 
Blum, Nunes, Prangle, & Sisson, 2013 for a review of dimensionality 
reduction methods for ABC). Ultimately, this work provides useful 
guidelines for empirical phylogeographic and comparative phylogeo-
graphic studies.

2  | MATERIAL S AND METHODS

2.1 | Overview of simulations

Garrick et al. (2019) used simulations to assess detectability of line-
age fusion within an ABC framework, under simplifying assumptions 
of drift-induced divergence followed by instantaneous merging. That 
study compared fusion scenarios with different durations of drift-
induced divergence among parental populations against long-term 
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panmixia or population expansion-contraction to understand the cir-
cumstances under which a history of fusion can be correctly inferred. 
Our goal here was to characterize the signature of lineage fusion in a 
suite of summary statistics, and to identify the most informative sta-
tistics for use within ABC or other frameworks. Simulations focused 
on one scenario that reflected the timing of paleoclimatic events 
frequently cited in the phylogeographic literature (e.g., Emerson & 
Hewitt, 2005; Hewitt, 2004; Jesus et al., 2006), and successively 
sampled the same population gene pool at 10 intervals after fusion. 
In this model, divergence between sister lineages occurred during 
the Penultimate Glacial Maximum (PGM; tdiv = 140,000 generations 
ago, assuming a 1-year generation time) and merging occurred soon 
after the end of the Last Glacial Maximum (LGM; tfuse = 15,000 gen-
erations ago). Other fixed parameters included effective population 
size (Ne = 10,000 diploid individuals along all branches of the pop-
ulation tree), and mixing = 0.5 (each sister population contributed 
equally to fusion). The population gene pool was initially sampled at 
three non-uniform intervals in relatively quick succession soon after 
the merging event (i.e., 10, 100, and 1,000 generations following 
fusion), and subsequently, at seven uniform intervals of 2,000 gen-
erations through to the present day (t0). For comparative purposes, 
a ‘baseline’ non-fusion model was constructed and sampled at the 
same time intervals (Figure 1).

To explore impacts of the historical context of a fusion event 
upon the responses of summary statistics, two pairs of lineage fusion 
versus baseline models were considered. The first (Fusionbottleneck) 
represented a case where the amount of suitable habitat did not vary 
over time, such that the cumulative effective population size (Ne) of 
the species remained constant. In this case, PGM divergence was 
coupled with bottlenecks that reduced each sister population to half 
the size of the ancestor, followed by recovery to the original size 
upon fusion. The corresponding baseline scenario simply modelled 
a single population with constant Ne over time (Figure 1, left pan-
els). The second scenario (Fusionno bottleneck) emulated contraction 

and expansion of suitable habitat in concert with glacial-interglacial 
cycles. Here, Ne of each sister lineage was the same as the ancestor 
and remained constant over time, but because the number of popu-
lations temporarily doubled, there was a transient increase in cumu-
lative Ne of the species (i.e., following PGM divergence, but prior to 
fusion). Thus, the corresponding baseline scenario modelled a single 
population that doubled in size at tdiv and then returned to its original 
size at tfuse (Figure 1, right panels).

2.2 | Genetic datasets

Within the constraints of each demographic scenario, nuclear au-
tosomal DNA sequence haplotypes (i.e., loci with alleles compris-
ing of a set of linked nucleotide polymorphisms) were simulated 
using the HKY model of nucleotide evolution (Hasegawa, Kishino, 
& Yano, 1985) with proportion of invariant sites = 10%, a gamma 
model for rate heterogeneity across sites (Yang, 1994) with two dis-
crete categories, and a mutation rate (μ) of 1 × 10−7 substitutions per 
site per generation, assuming a 1-year generation time. In all cases, 
non-recombining independent loci with phase-known alleles were 
generated, and 10 diploid individuals were sampled at each of the 
10 successive time intervals. To understand the influence of the ar-
rangement of DNA sequence data, three different combinations of 
read length versus number of loci were examined, holding the total 
amount of DNA sequence data per multi-locus alignment constant: 
200-bp alignments × 200 loci, 400-bp × 100 loci, and 4-kb × 10 loci 
(i.e., 80-kb of phase-known DNA sequence per diploid individual × 10 
individuals in each case). In practice, such datasets are attainable 
using short-read next-generation sequencing of reduced representa-
tion libraries for shallow-scale phylogenomics (e.g., Andrews, Good, 
Miller, Luikart, & Hohenlohe, 2016; Harvey, Smith, Glenn, Faircloth, 
& Brumfield, 2016; Lemmon, Emme, & Lemmon, 2012; Rochette, 
Rivera-Colón, & Catchen, 2019). For each demographic scenario, 

F I G U R E  1   Demographic models used to simulate DNA sequence haplotype datasets. For the two fusion scenarios, colour transitions 
indicate accumulated effects of genetic drift on isolated gene pools derived from a common ancestral population, beginning with the initial 
divergence of two sister lineages, followed by their complete fusion (yellow stars). Grey arrows mark 10 successive time intervals (not to 
scale) of gene pool resampling. Population size is indicated by Ne values annotated on each model
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TA B L E  1   Summary statistics evaluated for their ability to detect signatures of past lineage fusion from DNA sequence haplotype 
datasets. Given that multi-locus datasets were simulated, point estimates were averaged across loci

General class Notation
Summary statistic 
name Reference Basic description

Neutrality test D Tajima's D Tajima 
(1989)

Comparison of the mean number of pairwise 
nucleotide differences (K) versus the 
number of segregating sites (S), per locus

D* Fu and Li's D* Fu and Li 
(1993)

Comparison of the number of singletons 
(ηS) versus the number of mutations (i.e., 
accounting for sites segregating for >2 
nucleotides; η), per locus

F* Fu and Li's F* Fu and Li 
(1993)

Comparison of the number of singletons 
(ηS) versus the mean number of pairwise 
nucleotide differences (K), per locus

FS Fu's FS Fu (1997) Comparison of the observed number of 
haplotypes (HN) versus the expected 
number of haplotypes given the estimated 
value of θπ, per locus

R2 Ramos-Onsins and 
Rozas' R2

Ramos-
Onsins 
and 
Rozas 
(2002)

Comparison of the number of singletons 
(ηS) versus the mean number of pairwise 
nucleotide differences (K), divided by the 
number of segregating sites (S), per locus

Y* Achaz's Y* Achaz 
(2008)

Comparison of the mean number of pairwise 
nucleotide differences ignoring singletons 
(K

−�S
) versus the number of segregating sites 

ignoring singletons (S
−�S

), per locus

ZnS Kelly's ZnS Kelly 
(1997)

A linkage disequilibrium-based measure 
of allele frequency equivalency among 
pairs of segregating sites (S), within non-
recombining DNA regions

Diversity θW Watterson's 
estimate of theta 
(per nucleotide)

Watterson 
(1975)

The observed S in sample size n, divided by 
the expected S given a neutral model of 
evolution calculated per nucleotide

θKvar Variance of Tajima's 
theta (per locus)

Tajima 
(1983)

Variance of the mean number of pairwise 
nucleotide differences (K)

π Nucleotide 
diversity

Nei (1987) Mean per-site number of nucleotide 
differences between pairs of randomly 
selected haplotypes, per locus

S Segregating sites Watterson 
(1975)

Number of polymorphic sites, excluding 
insertion-deletion mutations, per locus

Hd Haplotype diversity Nei (1987) Mean proportion of pairs of randomly 
selected haplotypes that are different from 
one another, per locus

Hdvar Variance of Hd Nei (1987) Sampling variance of haplotype diversity (Hd) 
across loci

H(p) Number of 
heterozygous sites

Kimura 
(1969)

Mean number of observed segregating 
sites (S) that are heterozygous, per diploid 
individual, per locus

HN Number of 
haplotypes

Nei (1987) Number of distinct haplotypes per locus

MNS Mean numbers of 
rarest nucleotide 
at S

Cornuet 
et al. 
(2015)

Mean of the number of the rarest nucleotide 
at segregating sites, averaged across loci

VNS Variance of MNS Cornuet 
et al. 
(2015)

Variance of the mean of the numbers of the 
rarest nucleotide at segregating site (MNS), 
averaged across loci
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10 replicate datasets were simulated, giving a total of 1,200 single 
population gene pool samples (i.e., 2 fusion scenarios + 2 baseline 
scenarios × 3 dataset types × 10 time points × 10 replicates). All sim-
ulations were performed in DIY-ABC v.2.1.0 (Cornuet et al., 2014), 
which implements a backward-in-time coalescent process.

2.3 | Summary statistics

For DNA sequence haplotype data, summary statistics can be 
broadly categorized as tests of neutrality (or population size change), 
or measures of nucleotide diversity. We calculated 17 statistics that 
represent both classes using either or DIY-ABC for three statistics 
(θKvar, MNS and VNS) or DNASP v.6.12.03 (Rozas et al., 2017) for all 
others (Table 1). Although not exhaustive, the chosen statistics are 
useful for phylogeographic inference from next-generation sequenc-
ing datasets because they can be calculated quickly. Furthermore, 
these statistics should be applicable to haplotype data from non-
model organisms as there is no requirement for an outgroup, or 
knowledge of physical distances among loci.

2.4 | Informativeness and signal intensity, and 
patterns of decay over time

To identify which summary statistics best captured the signatures of 
past lineage fusion, we first assessed whether there were significant 
differences in mean values (across 10 replicates) between lineage fu-
sion versus its associated baseline scenario, using two-tailed t-tests. 
As these tests were repeated for 10 successive sampling events from 
the same post-fusion population gene pool, we considered it prudent 
to use a stringent significance threshold (herein, ‘informative’ sum-
mary statistics are those for which t-test p ≤ 0.001). To efficiently 
summarize these outcomes for each of the three DNA sequence 
haplotype dataset types, we focused on two time points of gene 
pool sampling (out of the aforementioned set of 10): a ‘short’ and 
‘long’ lag time after fusion (i.e., 0.5 and 1.5 Ne generations, respec-
tively). This gave a total of six parameter combinations per fusion 
scenario (i.e., Fusionbottleneck and Fusionno bottleneck). For each inform-
ative summary statistic, we quantified its initial signal intensity and 
subsequent decay. Thus, we calculated the proportional difference 
(PD) between the mean values of the summary statistic on fusion 
versus baseline scenarios at each of the nine most recent sampling 
time points, relative to the initial difference at the oldest time point, 
which was 10 generations after fusion and defined PD = 1.0 [i.e., 
PDgeneration N = (Fusiongeneration N − Baselinegeneration N)/(Fusiongeneration 

10 − Baselinegeneration 10)]. Note that in principle, PD should be upper 
limited at one and approach zero as the lag time between fusion and 
gene pool sampling increases (but stochasticity may lead to some 
departures from these expectations). The PD metric was used to es-
tablish a rank-ordering of informative summary statistics for all six 
parameter combinations. We also constructed signal decay plots to 
explore how the arrangement of DNA sequence data, sampling lag 

time, and the historical context of lineage fusion, affected summary 
statistics.

2.5 | Independence

To determine which subsets of summary statistics are semi-inde-
pendent, we calculated the Pearson correlation coefficient (r) be-
tween all pairs of informative summary statistics for a given lineage 
fusion scenario (corresponding baseline scenarios had much nar-
rower ranges of values and were considered uninformative for this 
purpose). Correlation matrices were converted to dendrograms, and 
a threshold of r ≤ 0.85 demarcated natural clusters. This cut-off is 
commonly used for an analogous redundancy reduction problem in 
the ecological niche modelling literature (e.g., Duan, Kong, Huang, 
Fan, & Wang, 2014 and references therein), so it was adopted here. 
From each cluster, PD scores were used to select the most informa-
tive summary statistic for inclusion in the final subset. As above, this 
was done for all six parameter combinations.

3  | RESULTS

3.1 | Genetic datasets

An overview of diversity within simulated DNA sequence haplotype 
datasets is provided in Table S1 (all raw sequence data and summary 
statistic values are available from Dryad). For datasets that com-
prised of 200-bp × 200 loci, the mean number of unique haplotypes 
(HN) ranged from 3.16 to 5.16, consistent with values reported in 
some empirical studies (e.g., Baetscher, Clemento, Ng, Anderson, & 
Garza, 2018). HN ranged from 4.57 to 7.29 for 400-bp × 100 loci, 
which approximates polymorphism in an intraspecific ultraconser-
ved element dataset generated by Harvey et al. (2016). As expected, 
HN continued to increase with longer read lengths, with values rang-
ing from 12.90 to 15.88 for 4-kb × 10 loci. Overall, our simulated 
data seem representative of empirical datasets, such that conclu-
sions should be of practical value.

3.2 | Informativeness and signal intensity, and 
patterns of decay over time

Across replicate datasets, summary statistic values appeared to be 
normally distributed (e.g., >99% of datasets had skewness values, 
which measure degree of asymmetry around the mean, between 
−2 and 2), supporting the utility of t-tests. Outcomes from t-tests 
showed that a larger number of summary statistics were informa-
tive (p ≤ 0.001) when more loci were used (Table 2). For example, 
across both scenarios (Fusionbottleneck and Fusionno bottleneck) and the 
two focal lag times (‘short’ and ‘long’), an average of 16 summary 
statistics (range: 14–17) were informative for datasets consisting of 
200-bp × 200 loci. However, this dropped to 14 (range: 12–15) for 
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400-bp × 100 loci, and then down to nine (range: 6–13) when using 
4-kb × 10 loci. For the latter genetic dataset type, the number of 
informative summary statistics was generally greater when the his-
torical context of lineage fusion involved a fixed amount of habitat 
over time (i.e., Fusionbottleneck) compared to when this fluctuated (i.e., 
Fusionno bottleneck). Conversely, little or no influence of the historical 
context of lineage fusion upon the number of informative summary 
statistics was seen for 200-bp × 200 loci or 400-bp × 100 loci. Not 
surprisingly, more summary statistics were informative when there 
was a short lag between fusion and gene pool sampling (Table 2).

Informative summary statistics varied widely in their signal in-
tensity (e.g., PD ranged from 0.202–0.990 for the ‘long’ lag time 
between fusion and gene pool sampling). Furthermore, the his-
torical context of lineage fusion was important for some summary 
statistics. For instance, for the Fusionno bottleneck scenario, PD val-
ues > 0.95 were retained after 1.5 Ne generations by ZnS for datasets 
consisting of 200-bp × 200 loci and 400-bp × 100 loci, yet for the 
Fusionbottleneck scenario, PD values were much lower (0.70 and 0.67, 
respectively). Similar but less pronounced impacts on ZnS were seen 
when using 4-kb × 10 loci (i.e., PD = 0.81 for Fusionno bottleneck vs. 
0.63 for Fusionbottleneck). Considering all informative summary statis-
tics and genetic dataset types together, there was a trend towards 
higher PD values for Fusionno bottleneck when there was a ‘long’ lag 
time between fusion and gene pool sampling, whereas the historical 

context of lineage fusion had little impact on signal retention when 
lag time was ‘short’.

Across all parameter combinations, there was considerable 
variability in the rank-ordering of summary statistics (Table 2) 
based on their informativeness, and signal intensity (from t-tests 
and PD, respectively). To facilitate interpretation, we focused 
on the six most informative statistics. For datasets with 200-
bp × 200 loci, outcomes were very consistent. Thus, the historical 
context of lineage fusion and sampling lag times had little impact 
on choice of the most informative summary statistics in this case. 
For 400-bp × 100 loci, outcomes matched one another (and those 
seen for the previous genetic dataset type) when sampling lag 
time was ‘short’, but some rank-orderings changed when lag time 
was ‘long’. Although there were some lag time effects and fusion 
scenario effects, these were rather minor. Conversely, when using 
4-kb × 10 loci, all rank-ordering outcomes were different, indi-
cating stronger impacts of sampling lag time and the historical 
context of lineage fusion. Over all parameter combinations, the 
six most informative summary statistics included four diversity 
metrics [θW, θKvar, H(p) and S] and two neutrality tests (FS and ZnS; 
Table 2; Figure 2).

Signal decay plots (Figure 2) indicated that arrangement of DNA 
sequence data had an impact on variance across replicates. Variance 
was lowest for datasets with 200-bp × 200 loci, and highest for 

TA B L E  2   Rank-ordering of summary statistics, from highest (1) to lowest (17) sensitivity to past fusion, based on proportional difference 
scores. For each type of DNA sequence dataset and fusion scenario, two time points of gene pool sampling were examined: a ‘short’ and 
‘long’ lag time (0.5 and 1.5 Ne generations, for diploid autosomal loci, respectively). Uninformative summary statistics are indicated by ‘–’. 
Colour coding highlights the top six summary statistics, where warm to cool colours correspond with high to low sensitivity

Dataset 200-bp × 200 loci 400-bp × 100 loci 4-kb × 10 loci

Fusion 
scenario Fusionbottleneck Fusionno bottleneck Fusionbottleneck Fusionno bottleneck Fusionbottleneck Fusionno bottleneck

Lag time 
(Ne gens)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Long 
(1.5)

D 12 12 12 12 11 11 11 11 11 – – –

D* 9 8 10 8 7 8 9 7 6 – 8 –

F* 10 10 11 11 9 9 10 9 9 – – –

FS 7 6 6 6 6 6 6 3 8 6 6 –

R2 14 13 14 14 10 10 12 10 10 – – –

Y* 15 15 15 – 15 13 14 – 13 – – –

ZnS 1 1 1 1 1 4 1 1 1 5 4 1

θW 3 3 3 3 3 2 3 5 3 4 2 3

θKvar 5 5 5 5 5 5 5 2 5 1 5 4

π 8 7 8 7 8 7 7 8 7 7 7 6

S 2 2 2 2 2 1 2 4 2 3 1 2

Hd 11 11 9 10 13 – 8 – – – – –

Hdvar – – 16 – 14 – – – – – – –

H(p) 4 4 4 4 4 3 4 6 4 2 3 5

HN 6 9 7 9 – – – – – – – –

MNS 13 14 13 13 12 12 13 12 12 – – –

VNS 16 – 17 – – – – – – – – –
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4-kb × 10 loci. When considering absolute values of those summary 
statistics expected to be independent of read length (i.e., per-site 
diversity metrics and neutrality tests), there was consistency across 

the three dataset types (except for FS). Signal decay plots also 
showed that overall, most summary statistics were sensitive to bot-
tlenecks during divergence. However, a few were mostly insensitive 

F I G U R E  2   Signal decay plots showing change in values over time for six of the most sensitive summary statistics for detecting past 
lineage fusion (also see Table 1). The pairs of lineage fusion versus baseline models are coloured as follows: Fusionbottleneck (yellow) versus 
Baselineconstant (pale blue) and Fusionno bottleneck (red) versus Baselineexpand-contract (dark blue). The x-axis measures time as Ne generations for 
diploid autosomal loci
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(e.g., π and θKvar). Many summary statistics showed a progressive 
decrease in their values following fusion, but interestingly, for the 
Fusionno bottleneck scenario, some statistics (e.g., ZnS, and FS) showed 
a temporary increase. However, the latter was matched by the asso-
ciated expansion-contraction baseline scenario. Ultimately, all signal 
decay plots showed that, over time, signatures of fusion are increas-
ingly difficult to detect.

3.3 | Independence

Across all six parameter combinations, the number of informative 
semi-independent summary statistics ranged between two and 
four, indicating high overall correlation among the 17 statistics 
(Table 3). There were no clear effects of the type of DNA sequence 
haplotype data, sampling lag time, or the historical context of lin-
eage fusion. However, some statistics were repeatedly included 
in each final subset. ZnS was the most predominant, followed by 
θKvar and S. These three were the most broadly useful for captur-
ing strong signal of lineage fusion while simultaneously reducing 
dimensionally. FS was also a prominent inclusion when sampling lag 
times were ‘long’.

4  | DISCUSSION

Here, we built on previous work that highlighted the importance 
of considering lineage fusion when making inferences about a spe-
cies’ demographic history or assessing concordance of species’ 
responses to past environmental change (Garrick et al., 2019). 
Our goal was to characterize the intensity and decay of signa-
tures of past fusion for a suite of summary statistics. Overall, the 
most informative summary statistics were two neutrality tests, 
Kelly’s (1997) ZnS and Fu’s (1997) FS, and four diversity metrics: 
Watterson’s (1975) theta (θW), Tajima’s (1983) variance of theta 
(θKvar), Kimura’s (1969) number of heterozygous sites [H(p)] and 
Watterson’s (1975) number of segregating sites (S). Furthermore, 
these neutrality tests and two of the diversity metrics (i.e., θKvar, 
and S) were semi-independent (r < 0.85). Thus, their inclusion in 
analytical frameworks for reconstructing demographic histories 
that may include lineage fusion is recommended. Notably, ZnS was 
particularly powerful (Table 2; Figure 2), which may be because this 
statistic provides a unique linkage disequilibrium-based assess-
ment of the pattern and extent of associations among mutations 
at different polymorphic sites (however, the impact of assuming no 
intralocus recombination warrants further investigation). Below, 

TA B L E  3   Subsets of semi-independent summary statistics that are informative about past lineage fusion, for different genetic dataset 
types, fusion scenarios and sampling lag times. When two or more informative statistics were highly correlated (r > 0.85), their proportional 
difference scores were used to select the best representative for inclusion ( ) (cf. omission, ). Uninformative summary statistics are 
indicated by ‘–’

Dataset 200-bp × 200 loci 400-bp × 100 loci 4-kb × 10 loci

Fusion 
scenario Fusionbottleneck Fusionno bottleneck Fusionbottleneck Fusion scenario Fusionbottleneck Fusionno bottleneck

Lag time 
(Ne gens)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Lag time 
(Ne gens)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Lag time 
(Ne gens)

Short 
(0.5)

Long 
(1.5)

Short 
(0.5)

Lag time 
(Ne gens)

D – – –

D* – –

F* – – –

FS –

R2 – – –

Y* – – – – –

ZnS

θW

θKvar

π

S

Hd – – – – – –

Hdvar – – – – – – – – – –

H(p)

HN – – – – – – – –

MNS – – –

VNS – – – – – – – – – –
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we consider outcomes along three axes of parameter space, and 
then comment on the importance of lineage fusion in evolution.

4.1 | The arrangement of DNA sequence data

Many simulation studies have considered how the number of 
loci included in a phylogeographic dataset impacts historical in-
ferences and/or demographic parameter estimates (e.g., Carling 
& Brumfield, 2007; Huang, Takebayashi, Qi, & Hickerson, 2011; 
Jackson, Morales, Carstens, & O'Meara, 2017; Robinson, 
Bunnefeld, Hearn, Stone, & Hickerson, 2014). However, few have 
explicitly considered how the arrangement of DNA sequence 
polymorphisms within and among loci influences outcomes. That 
said, Felsenstein (2006) explored the balance between haplotype 
length versus number of loci, given a fixed amount of sequenc-
ing resources, when estimating theta from a single isolated popu-
lation, and concluded it is better to add loci rather than extend 
read length. This is because although long sequences are supe-
rior in their ability to estimate a coalescent tree, any one of these 
trees is just a stochastic representation of population history 
(Felsenstein, 2006). While we focused only on comparison of es-
timated summary statistic values (cf. the accuracy per se), we also 
saw clear benefits of many short (200-bp × 200) loci over a hand-
ful of long (4-kb × 10) loci. These advantages included a larger 
number of informative summary statistics, as well as a higher con-
sistency in their rank-ordering with respect to their signal intensity 
(Table 2). Thus, when polymorphisms are distributed across many 
short loci, summary statistics are less sensitive to the underlying 
historical context of lineage fusion and sampling lag time, which 
are not known a priori in most empirical studies. Accordingly, 
sequencing approaches that yield microhaplotype data (i.e., loci 
with two or more single nucleotide polymorphisms within 200-bp 
that do not show complete linkage, resulting in >2 alleles; Kidd 
et al., 2013) are valuable.

4.2 | Lag time between lineage fusion and gene 
pool sampling

As the lag time between fusion and gene pool sampling was ex-
tended, signal of the initial excess of genetic diversity diminished. 
However, how long the signal persists before it becomes indistin-
guishable from non-fusion scenarios depends on many factors, 
including the duration of isolation prior to fusion, Ne, mutation 
rate and mixing ratio, among others (Alcala, Jensen, Telenti, & 
Vuilleumier, 2016; Alcala & Vuilleumier, 2014; Garrick et al., 2019). 
Here, we examined signal decay based on a series of 10 sampling 
lag time intervals along only one axis of parameter space (i.e., with 
tdiv, Ne, μ and mixing fixed). While it is encouraging that many sum-
mary statistics were still able to detect signatures of past fusion after 
1.5 Ne generations (Table 2; Figure 2), our simulations modelled 12.5 

Ne generations of drift-induced divergence between ancestral sister 
populations (i.e., a divergence vs. lag time ratio of ~8.3). Although 
the prevalence of lineage fusion in nature is unknown, its appar-
ent rarity in the literature may be attributable to observation bias, 
since these events are ephemeral (Emerson & Faria, 2014; Garrick 
et al., 2014). Given that phylogeographic divergence scales with re-
productive isolation (Singhal & Moritz, 2013), the most commonly 
occurring cases of past lineage fusion (i.e., collapse of young line-
ages) may also be most difficult to detect owing to their low diver-
gence versus lag time ratio (Garrick et al., 2019). Recently, Kearns 
et al. (2018) provided compelling evidence for ancient lineage fusion 
in the Common Raven (Corvus corax), with initial divergence esti-
mated at ~1.5 Mya and subsequent merging on secondary contact 
likely occurring at least 140–440 Kya, resulting in what is now a sin-
gle group of randomly mating individuals with mosaic genomes. This 
suggests a long lag time between fusion and gene pool sampling is 
not insurmountable, provided that dense genomic and geographic 
sampling are conducted.

4.3 | Historical context of lineage fusion

Whether or not population size reductions occurred during the di-
vergence of lineages that subsequently collapsed together can im-
pact the detectability of past lineage fusion (Garrick et al., 2019). 
Indeed, many summary statistics that we examined were sensi-
tive to bottlenecks (Table 2). In empirical studies, non-genetic 
data could inform priors about changes in the distribution and 
abundance of habitat over time, and thus, the likelihood of bot-
tlenecks. For instance, comparisons of present-day versus hindcast 
(i.e., LGM or earlier) projections of ecological niche models provide 
insights into the number and locations of habitat refugia (Waltari 
et al., 2007) and enable inferences about distributional shifts 
(Hyseni & Garrick, 2019). We found that Fusionbottleneck scenarios 
were generally associated with a larger number of informative sum-
mary statistics when DNA haplotypes are long (Table 2). This not 
only indicates that the historical context of lineage fusion can be 
important, but also suggests that founder effects, habitat fragmen-
tation and/or range contractions may facilitate detection, if DNA 
sequence read length is sufficient. Although few empirical stud-
ies have considered lineage fusion in its strict sense (i.e., complete 
merging of two populations resulting in a single randomly mating 
group), a few cases of ‘incipient fusion’ have been reported. For 
example, following a ~200 Kyr separation, two genetically distinct 
groups of Chelonoidis becki Galápagos giant tortoises are currently 
merging (Garrick et al., 2014). Although founder effects during their 
initial divergence are likely, genetic evidence for or against this was 
equivocal. However, bottlenecks were almost certainly coupled 
with divergence of Western Carpathian grey wolf (Canis lupus) pop-
ulations that have subsequently fused (Hulva et al., 2018). More 
complex pre-fusion scenarios, such as contraction (or expansion) 
affecting just one parental lineage, warrant investigation.
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4.4 | Importance of lineage fusion in evolution

The immediate outcome of lineage fusion is an abrupt increase in 
locally co-occurring allelic and genotypic diversity that may per-
sist for many generations, providing opportunities for rapid evo-
lution (Alcala & Vuilleumier, 2014; Kearns et al., 2018; Marques 
et al., 2019). Indeed, it has long been recognized that hybridiza-
tion at or below the species-level can be a constructive process 
(e.g., Barton & Hewitt, 1989; Lewontin & Birch, 1966). However, 
long-standing questions remain unanswered, such as under which 
demographic and ecological circumstances would merging lead 
to loss of previously distinct evolutionary lineages, rather than 
formation of a stable hybrid zone (Rhymer & Simberloff, 1996)? 
Likewise, how common is lineage fusion, and in which taxo-
nomic groups and landscape settings is it most prevalent (Garrick 
et al., 2019)? To address this, we need efficient summary statis-
tics for detecting such events, and the present work is an early 
attempt. Follow-up work should explore the utility of gene tree-
based summary statistics (e.g., metrics for shape, Fu & Li, 1993; 
Pybus & Harvey, 2000, or incongruence, Woodhams, Lockhart, & 
Holland, 2016), scenarios involving merging of non-sister popula-
tions (Garrick et al., 2014; Kearns et al., 2018) or repeated fission-
fusion cycles (Alcala et al., 2016; Alcala & Vuilleumier, 2014), and 
assess the impact of simplifying assumptions (e.g., instantaneous 
fusion, recombination-free neutral independent loci, or equiva-
lence of cumulative Ne between fusion and associated baseline 
scenarios). Notwithstanding remaining knowledge gaps, the ca-
pacity of phylogeographers to explicitly consider lineage fusion, 
owing to the field's transformation from data-limited to data-rich 
(Edwards, Shultz, & Campbell-Staton, 2015; Garrick et al., 2015), 
represents a meaningful advancement.
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