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Abstract
Distinguishing between secondary versus primary hybrid zone formation remains a 
challenging task as, for instance, the time window in which these historical (vicariant) 
versus contemporary (environmental- selective) processes are distinguishable may be 
relatively narrow. Here, we examine the origin and structure of a transition zone be-
tween two subspecies of Tephroseris helenitis along the central Northern Alps, using 
molecular (AFLP) and morphological (achene type) data in combination with ecologi-
cal niche models (ENMs) to hindcast ranges at the Last Glacial Maximum (LGM) and 
mid- Holocene. Samples were collected over a c. 350 km long transect, largely covered 
by ice during the LGM. Genetically nonadmixed individuals of subspp. helenitis ver-
sus salisburgensis dominated the westernmost versus eastern transect areas, with ad-
mixed individuals occurring in between. Clines for achene morphology and outlier loci 
potentially under climate- driven selection were steep, largely noncoincidental, and 
displaced to the east of the cline centre for neutral AFLPs. During the LGM, ssp. hel-
enitis should have been able to persist in a refugium southwest of the transect, while 
suitable habitat for ssp. salisburgensis was apparently absent at this time. Together 
with patterns of genetic and clinal variation, our ENM data are suggestive of a pri-
mary hybrid zone that originated after the species’ postglacial, eastward expansion. 
The observed clinal changes may thus reflect random/nonadaptive processes during 
expansion and selection on particular loci, and possibly achene type, in response to a 
long- term, west- to- east climate gradient in the direction of more stressful (e.g., wet-
ter/cooler) conditions. Overall, this study adds to the vast hybrid zone literature a rare 
example of a hybrid zone caused by primary differentiation within a plant species, 
underlaid by historical range expansion.
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1  |  INTRODUCTION

Hybrid zones occur where individuals of populations or taxa differ-
ing in one or more diagnostic traits meet and cross- fertilize (Arnold, 
1997). Two main hypotheses are generally invoked to explain their 
origin and the phenotypic and/or genetic clines they create (reviewed 
in Abbott, 2017; Harrison & Larson, 2016): (a) secondary contact and 
admixture between partially reproductively isolated populations, 
following their divergence in allopatry (Barton & Hewitt, 1985), and 
(b) primary differentiation in parapatry due to spatially varying se-
lection across an environmental gradient (Endler, 1977). The former 
explanation is traditionally favoured by the hybrid zone literature 
(Coyne & Orr, 2004). For instance, most studies in northern temper-
ate regions indicate that hybrid zones, in both plants and animals, 
result from secondary contact of genetically distinct populations 
that expanded from previously isolated glacial refugia (e.g., Abbott, 
2017; Barton & Hewitt, 1985; Hewitt, 2000; Scordato et al., 2017; 
see also Morales- Rozo et al., 2017, for a tropical example). Often, 
but not always, such secondary contacts reflect “tension zones” as 
maintained by a balance between the homogenizing effect of disper-
sal into the zone and selection against hybrids (Abbott et al., 2018; 
Barton & Hewitt, 1985). In other instances, contact zones may have 
started their existence as “moving zones”, owing to strong asymmet-
ric introgression from a local (“native”) taxon into an expanding one 
(reviewed in Wielstra, 2019). By comparison, primary hybrid zone 
formation across environmental gradients with continuous gene flow 
is rendered less likely (Abbott, 2017; Barton & Hewitt, 1985; Coyne 
& Orr, 2004). Nonetheless, some strong cases are documented for 
animals (reviewed in Johannesson, 2016; Ostevik et al., 2012) but 
less so for plants (e.g., Filatov et al., 2016; Schmickl & Koch, 2011).

Previous studies indicate that distinguishing between secondary 
contact versus primary differentiation remains a challenging task. 
For instance, early simulation (single- locus or oligogenic) models 
presented by Endler (1977) showed that these essentially historical 
(vicariant) versus contemporary (environmental- selective or “eco-
genetic”) processes (sensu Thorpe, 1991) may produce similar clinal 
patterns unless observed “within the first few hundred generations” 
(cf. Harrison & Larson, 2016; see also Gompert & Buerkle, 2016). 
Nonetheless, stable tension zones induced by secondary contact 
should exhibit, at least initially, a set of spatially coincident/concor-
dant clines (in terms of position/width) for all genetic or morpholog-
ical traits that have diverged in allopatry (Barton & Hewitt, 1985; 
Durrett et al., 2000; Thorpe, 1991). Moreover, in a stable zone at 
migration- selection equilibrium, the cline width for selectively neu-
tral loci should not be greater than can be explained by dispersal 
rate and time since contact (Endler, 1977; see also McKenzie et al., 
2015). By contrast, in a moving tension zone, asymmetric intro-
gression for traits diagnostic of the native taxon should result in 
relatively steep and staggered clines, left behind as “trails” within 
the expanding taxon, i.e., predominantly in the area of initial con-
tact viz. taxon displacement (Barton & Hewitt, 1985; Buggs, 2007; 
Currat et al., 2008; Wielstra, 2019; see also Wielstra et al., 2017). 
However, spatially congruent or staggered clines are not necessarily 

expected in a primary hybrid zone, unless many independent traits/
loci respond in a similar fashion to sharp changes in one or more 
environmental factors (Durrett et al., 2000). Accordingly, if a single 
species has expanded its range (e.g., from a single glacial refuge) over 
an environmental gradient, we might expect that divergent selection 
on different traits and loci would mostly result in clines with differ-
ent positions and/or widths (Futuyma, 2005; Johannesson, 2016). In 
this instance, the evidence becomes stronger if (a) selectively neu-
tral variation displays a clinal pattern in the direction of postglacial 
spread (Hewitt, 1999), and (b) an allopatric phase can be rejected 
(Abbott, 2017). Such a scenario of primary hybrid zone formation, 
following postglacial range expansion, has not been extensively 
researched empirically (though see Antoniazza et al., 2010; Filatov 
et al., 2016; Vasemägi, 2006).

In this study, we use population genetic and phenotypic ap-
proaches combined with geographical cline analyses and palaeodis-
tribution modelling to illuminate the origin and structure of a putative 
hybrid zone formed by the short- lived perennial Tephroseris helenitis 
(L.) B. Nord. (Asteraceae, Senecioneae) in the forelands of the cen-
tral Northern Alps. Here, ssp. helenitis, which represents much of the 
species’ West/Central European range, is gradually replaced by ssp. 
salisburgensis (Cuf.) B. Nord., a local endemic of Southeast Germany 
and North- Central Austria (e.g., Meusel & Jäger, 1992; GBIF.org; see 
Figure 1a,b). Throughout this transition zone, which runs more or 
less linearly over c. 150 km along the Bavarian– Salzburg Alps, both 
subspecies inhabit seasonally wet meadows and fens on calcare-
ous to peaty soils at moderate elevations, c. 400– 800 m (Fischer 
et al., 2008; Stöhr, 2009; Table S1). While genetic and experimental 
(e.g., crossing) evidence is lacking, the two taxa are distinguishable 
in various quantitative traits (e.g., leaf shape, stem/bract coloration, 
ray floret number) (Chater & Walters, 1976). Their main diagnostic 
feature, however, is fruit (achene) indumentum, which is pubescent 
in ssp. helenitis and glabrous or sparsely hairy in ssp. salisburgensis 
(Cufodontis, 1933; Figure 2).

There are two main reasons why this subspecies transition of-
fers an interesting setting for unravelling historical- demographic 
and environmental- selective processes potentially at work in hybrid 
zones. First, it presently coincides with a marked west- east climate 
gradient along the Bavarian- Salzburg Alps, especially in mean annual 
precipitation, c. 900 mm (west) to 1300 mm (east) (Table S1; see also 
Isotta et al., 2013). Particular gene loci might therefore be subject to 
differential, climate- induced selection, as could also apply to varia-
tion in achene indumentum, given its potential role, for instance, in 
germination (e.g., Kreitschitz, 2012) and presumably strong genetic 
basis (e.g., Cui et al., 2016; Rollins, 1958). Second, during the Last 
Glacial Maximum (LGM, c. 24,500– 18,000 years before present, BP), 
much of this transition zone was covered by the terminal lobes of 
various Alpine glaciers (Ehlers et al., 2011; see Figure 1b). Hence, the 
question arises of whether ancestral forms colonized deglaciated 
terrain from disjunct refugia or out of a single, continuous refugium, 
as predicted by the secondary contact and primary differentiation 
hypotheses, respectively (Antoniazza et al., 2010; Morales- Rozo 
et al., 2017).
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F IGURE  1 (a) Simplified map showing the distribution of Tephroseris helenitis ssp. helenitis in West/Central Europe (blue area), and the 
peripheral eastern range of ssp. salisburgensis (pink area), based on georeferenced locality records per taxon (n = 1005 vs. 138) from the 
Global Biodiversity Information Facility (GBIF.org). (b) Detailed map of the helenitis– salisburgensis hybrid zone in the central North- Alpine 
forelands (South Germany, Salzburg Federal State, western Upper Austria). Coloured symbols indicate GBIF records for ssp. helenitis 
(n = 426; blue squares), ssp. salisburgensis (n = 137; pink triangles), and T. helenitis without infraspecific rank (n = 1556; small black dots; GBIF.
org; 10 December, 2019; https://doi.org/10.15468/ dl.ogvvpp). White circles represent 29 of the 30 populations surveyed for achene type 
and/or genetic variation in three defined collection sectors (west, central, east) and projected onto a defined transect (black solid line) used 
for cline fitting analysis. Note, population no. 3 lies off this map, c. 204 km north of population no. 2. Numbers at the bottom correspond to 
population numbers as identified in Table S1. The black dashed line shows the extent of the northern Alpine glaciers (plus localized ice caps 
in the Bohemian Forest) at the Last Glacial Maximum (LGM, c. 24.5– 18 ka BP) according to Ehlers et al. (2011) [Colour figure can be viewed 
at wileyonlinelibrary.com]

https://doi.org/10.15468/dl.ogvvpp
www.wileyonlinelibrary.com
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Accordingly, the two overarching aims of this study were to eval-
uate these two hypotheses and to gain further insights into the his-
torical/neutral and adaptive/ecogenetic processes underlying this 
subspecies transition. To accomplish this, we (a) surveyed 29 popu-
lations of T. helenitis over a c. 350 km- long transect along the central 
Northern Alps for amplified fragment length polymorphisms (AFLPs; 
plus a single, more northerly population; Figure 1b), (b) recorded 
achene type variation at 28 of those sites, (c) tested for non- neutral 
(outlier) locus- by- climate and - phenotype associations as potential 
signatures of local adaptation, and (d) employed geographical cline 
fitting analyses for estimating the position and width of individual 
character clines (neutral AFLPs, achene type, outlier loci). Finally, we 
sought to infer the historical dynamics of this putative hybrid zone 
by reconciling patterns of population genetic variation with taxon- 
specific palaeodistribution models for both the LGM and the mid- 
Holocene Climate Optimum (c. 6 ka BP).

2  | MATERIALS AND METHODS

2.1  |  Study sites, sampling design and achene type 
survey

Based on the floristic literature (e.g., Stöhr, 2009) and our own field 
surveys, 30 populations of Tephroseris helenitis were chosen as sam-
pling sites in the central North- Alpine forelands of South Germany, 
Salzburg Federal State and western Upper Austria (Figure 1b, Table 
S1; see also Method S1 for detailed descriptions of the distribution, 
taxonomy and biology of T. helenitis). For ease of reference, popula-
tions were assigned to three collection sectors (west, central, east). 
These included seven populations (nos. 1– 7) from the western core 
region of ssp. helenitis, including one (no. 3) from a more northern lo-
cality in South Germany/Bavaria (c. 204 km north of no. 2; mapped in 

Figure S1 and serving as reference parental sample); five (nos. 8– 12) 
from the “central” region of putative range overlap with ssp. salisbur-
gensis; and 18 populations (nos. 13– 30) from the supposed ”eastern” 
core region of the latter taxon. To reduce spatial dimensionality for 
cline fitting analyses (see below), we defined a c. 350 km- long tran-
sect between western-  and easternmost populations (Figure 1b) and 
projected the remainder onto this line, using the “distance to nearest 
hub” algorithm in qgis 3.8 (QGIS Development Team, 2019; see also 
McEntee et al., 2016).

Achene type was examined in 28 populations (excepting nos. 
13 and 21) with on average 20.8 (±9.7 SD) individuals per site (in 
total n = 582) by recording the surface indumentum (pubescent 
vs. glabrous/sparsely hairy) of at least five achenes per individual 
using a magnifying glass or stereomicroscope (Table 1). Accordingly, 
all seven western populations and one from the central region (no. 
9) were a priori classified as “nominally” ssp. helenitis; four central 
and 11 eastern populations as “mixed” (i.e., when the rare achene 
type occurred with frequency ≥5%); and five eastern populations as 
“nominally” ssp. salisburgensis (Table 1). All achenes within a given in-
dividual displayed the same type (G. Pflugbeil, personal observation).

For genetic analyses, 338 individuals representing all 30 popu-
lations (and including plants scored for achene type) were sampled 
for silica- dried leaf material. Voucher specimens of all populations 
studied are stored at the Herbarium of Salzburg University (SZU).

2.2  |  Characterization of local climate in relation to 
achene type variation

Climate variation across the 30 sampling sites was investigated by 
principal components analysis (PCA) in past 3.25 (Hammer et al., 
2001), using 19 bioclimatic variables (bio1– 19) from worldclim 1.4 
(http://www.world clim.org/) with 30 arc- seconds resolution for 

F IGURE  2 Fruit (achene) indumentum 
variation among the two Tephroseris 
helenitis subspecies of this study. (a) 
Pubescent achene with hairs (trichomes) 
on the entire surface, as diagnostic 
for ssp. helenitis. (b) Entirely glabrous 
achene, or (c) sparsely hairy achene with 
few trichomes on individual grooves, as 
both diagnostic for ssp. salisburgensis. 
Photographs were obtained with a Leica 
DVM6 z- stacking digital microscope (Leica 
Microsystems) [Colour figure can be 
viewed at wileyonlinelibrary.com]

(a) (b) (c)

http://www.worldclim.org/
www.wileyonlinelibrary.com
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TABLE  1 Summary of achene type and genetic (AFLP) characteristics for 28 and 30 populations of Tephroseris helenitis, respectively, 
sampled across the helenitis– salisburgensis hybrid zone along the central Northern Alps (South Germany, Salzburg Federal State, western 
Upper Austria), including one northerly population (no. 3; see also Figure 1b and Table S1 for detailed locality information)

Sector/population 
no.a  N (morph)

Achene morphs (relative 
frequency)

Locality 
type n (AFLP) PPF

DWb 

Pubescent
Glabrous/
sparsely hairy HE 30 sites 24 sites

West

1 21 1.00 0.00/0.00 Hel 10 44.30 0.164 2.643H 2.893H

2 10 1.00 0.00/0.00 Hel 9 37.06 0.141 2.349H 2.540H

3 5 1.00 0.00/0.00 Hel 5 35.96 0.174 1.895 2.072

4 20 1.00 0.00/0.00 Hel 8 41.45 0.167 1.895 2.075

5 20 1.00 0.00/0.00 Hel 8 48.68 0.199 2.879H 3.343H

6 17 1.00 0.00/0.00 Hel 4 39.04 0.214 2.568H NA

7 18 1.00 0.00/0.00 Hel 4 37.72 0.206 2.589H NA

Central

8 21 0.86 0.05/0.09 Mixed 5 33.55 0.161 1.539L 1.706L

9 15 1.00 0.00/0.00 Hel 11 48.46 0.173 1.645L 1.833L

10 20 0.80 0.15/0.05 Mixed 6 31.36 0.141 1.657 1.844

11 22 0.82 0.00/0.18 Mixed 5 37.94 0.187 2.088 2.335

12 23 0.30 0.61/0.09 Mixed 5 41.45 0.204 2.159 2.398

East

13 NA NA NA NA 8 48.03 0.187 2.007 2.230

14 20 0.35 0.50/0.15 Mixed 18 64.91 0.194 2.054 2.305H

15 14 0.21 0.72/0.07 Mixed 8 49.78 0.199 2.067 2.283

16 5 0.00 0.60/0.40 Sal 4 32.02 0.174 2.071 NA

17 31 0.26 0.55/0.19 Mixed 7 45.83 0.193 2.356H 2.704H

18 20 0.15 0.75/0.10 Mixed 8 45.83 0.184 1.658L 1.865

19 34 0.56 0.35/0.09 Mixed 9 52.41 0.198 2.226H 2.433H

20 50 0.26 0.60/0.14 Mixed 15 53.51 0.172 1.414L 1.561L

21 NA NA NA NA 2 18.20 0.182 1.849 NA

22 20 0.00 1.00/0.00 Sal 17 55.70 0.174 1.686L 1.839L

23 30 0.07 0.76/0.17 Mixed 9 44.74 0.173 1.844 1.995

24 32 0.03 0.91/0.06 Sal 7 34.43 0.143 1.271L 1.385L

25 13 0.23 0.62/0.15 Mixed 4 32.02 0.180 1.911 NA

26 10 0.00 1.00/0.00 Sal 5 31.14 0.155 1.556L 1.713L

27 32 0.00 0.94/0.06 Sal 3 24.78 0.165 1.964 NA

28 29 0.21 0.66/0.14 Mixed 10 42.98 0.160 1.469L 1.614L

29 10 0.20 0.80/0.00 Mixed 7 41.01 0.170 2.241H 2.449H

30 20 0.10 0.90/0.00 Mixed 12 44.08 0.156 1.482L 1.631L

Species total 582 233 98.46 0.206

Species mean 20.8 (9.7) 7.8 (3.8) 41.28 (9.64) 0.176 (0.019)

Notes: N refers to the number of individuals surveyed for achene type (morph) and genetic (AFLP) variation. Shown are the relative frequencies 
of achene morphs (ssp. helenitis: pubescent; ssp. salisburgensis: glabrous/sparsely hairy). Based on this, the locality type specifies whether a given 
locality contained individuals of ssp. helenitis (hel), ssp. salisburgensis (sal) or both taxa (mixed, i.e., when the rare achene type occurred with 
frequency ≥5%).
Abbreviations: DW, frequency down- weighted marker values, calculated separately for all 30 populations (n = 233) as well as 24 populations (n = 212) 
with n ≥ 5; HE, Nei’s (1987) unbiased gene diversity; n, number of individuals; NA, not analysed; PPF, percentage of polymorphic fragments.
aMembership of the populations to a priori defined collection sectors (see also Figure 1b, and text for details). 
bSignificantly low or high DW values are indicated by superscripts “L” and “H”, respectively. Note: Populations are sorted by longitude, starting with 
the westernmost population no.1. Standard deviations are shown in parentheses. 
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current conditions (c. 1950– 2000) at each site. For the 28 sites of 
known achene type, we used univariate linear regressions in r 3.6.1 
(R Development Core Team, 2017) to test for a significant relation-
ship between the proportion of pubescent (helenitis) achene- plants 
(dependent variable) and ordinated climate space, as described by 
standardized PCA scores per site based on the first two components 
(PC1, PC2), respectively (explanatory variables).

2.3  | DNA extraction and AFLP genotyping

Total genomic DNA was extracted from leaf tissue using DNeasy Plant 
Mini Kit (Qiagen). The AFLP analysis followed Vos et al. (1995), with 
minor modifications for the use of fluorescent- dye- labelled primers 
(Jaros et al., 2016). Based on an initial selective primer trial on eight indi-
viduals using 18 primer pair combinations (data not shown), the follow-
ing three were chosen for the full survey: EcoRI- AGC/MseI- CAG (NED), 
EcoRI- ACG/MseI- CAT (VIC), and EcoRI- AGA/MseI- CAC (6- FAM). Each 
PCR plate (48 slots) contained one positive control (“between- run- 
replicate”), one negative control (“within- plate- replicate”), and one blind 
sample. The selective PCR products were purified using Sephadex g- 
50 Superfine (GE Healthcare BioSciences). Fragments were separated 
on a MegaBACE 1000 (GE Healthcare BioSciences), using the ET550- 
R- Rox- MegaBACE sizing standard, and manually scored as presence 
(1) or absence (0), using dax 8.0 (Van Mierlo Software Consultancy; see 
also Bendiksby et al., 2011). The sums of mismatches among five posi-
tive and five negative controls were used to obtain an AFLP error rate 
according to Bonin et al. (2007). Individuals were excluded sequentially 
from the data set (in total n = 338) if they (a) failed to amplify in at 
least one of the three primer combinations (n = 54); (b) showed c. 50% 
longer branches than typical samples in a preliminary genetic distance 
tree (n = 7); and (c) had more or fewer fragments than the overall mean 
(± SD) per individual (148.5 ± 27.7; n = 44; data not shown). The final 
AFLP data set comprised 233 individuals (n = 7.8 ± 3.8 per site; Table 1), 
including 216 samples of known achene type (92.7% of the total).

2.4  | Analysis of population genetic diversity and 
differentiation

Based on all 456 AFLP loci (including monomorphic ones), measures 
of within- population diversity were calculated by the percentage of 
polymorphic fragments (PPF) and Nei’s (1987) unbiased gene diver-
sity (HE), using genalex 6.5 (Peakall & Smouse, 2012). In addition, we 
estimated “frequency- down- weighted marker- values” (DW; or “rar-
ity”) for each population, using the aflpdat r package (Ehrich, 2006), 
with significance estimated over 1000 permutations. Spearman's 
rank correlations were employed to test for a potential relation-
ship between each genetic parameter (PPF, HE, DW) and longitude 
per site (see Table S1). For DW, we also tested whether insufficient 
within- population sampling affected estimates and correlation anal-
yses by comparing results for all 30 populations and only those (24) 
with sample sizes n ≥ 5 (Table 1). As an overall measure of population 

subdivision, we calculated ΦPT (an analogue of FST) from analysis of 
molecular variance (AMOVA) in genalex, with significance estimated 
over 9999 permutations. Using the same program, we tested for 
isolation- by- distance (IBD) through a Mantel test (9999 permuta-
tions) between pairwise ΦPT/(1- ΦPT) values of populations and their 
log10- transformed geographical distances (in km; Rousset, 1997).

2.5  |  Spatially explicit analysis of genetic admixture

For the estimation of hybrid index values (see below), we first ap-
proximated which of the 30 populations best represent the “pure” 
(nonadmixed) genetic backgrounds of each subspecies. To this aim, 
we performed individual- based Bayesian clustering on the polymor-
phic (hereafter “total”) AFLP data set (n = 233, 449 loci), using tess 
2.3.1 (Durand et al., 2009). In contrast to similar approaches (e.g., 
structure), the tess algorithm uses a spatially explicit model that in-
corporates geographical coordinates of individuals as prior informa-
tion, as particularly suitable for differentiating between clinal (e.g., 
intraspecific) transitions and more abrupt breaks between hybrid-
izing (e.g., interspecific) genetic groups that evolved in allopatry 
(Buchalski et al., 2016). We ran tess under the conditional autore-
gressive (CAR) Gaussian model of admixture with a linear trend 
surface for dominant markers (recessive allele model), using default 
parameters (admixture parameter, α = 1.0; spatial interaction param-
eter, ψ = 0.6), and with exact (nonprojected) locality coordinates in-
cluded as prior (see Table S1). For each number of clusters (K) tested 
(2– 10), we conducted 10 Markov chain Monte Carlo (MCMC) runs of 
5 × 106 iterations after a burn- in of 50,000 steps. Individual cluster 
membership probabilities (q- values) from the 10 replicates for each 
K were averaged using clumpp 1.1.2 (Jakobsson & Rosenberg, 2007). 
According to the tess manual, the optimal K might be determined 
as the point at which the mean values of the Deviance Information 
Criterion (DIC) over replicate runs level off or stabilize. Because this 
approach tends to overestimate the effective number of clusters 
(Durand et al., 2009), we also considered a value of K as optimal if an 
increase in K did not result in a clear additional cluster (Basto et al., 
2016). Based on the favoured model (K = 2; see Results), values of 
q were examined for nonadmixed individuals (q ≥ 0.90 for either pa-
rental cluster) and admixed (“hybrid”) individuals (0.10 ≤ q < 0.90; 
McKenzie et al., 2015). In addition, we used the geospatial interpola-
tion technique implemented in tess (“universal kriging”; Durand et al., 
2009; Ripley, 1981) to predict admixture values for nonsampled geo-
graphical sites, based on simple kriging of the posterior probability 
of cluster memberships at each sampled location.

2.6  |  Potential loci under selection and tests of 
locus- by- climate/achene type associations

For the detection of potential loci under selection (so- called FST 
outlier loci), we implemented both the fdist 3.5 (Excoffier & Lischer, 
2010) and bayescan 2.1 (Foll & Gaggiotti, 2008) approaches for 
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dominant binary data on the total AFLP data set (449 loci; see 
Method S2 for details). To account for false- positive identification 
of outliers (e.g., Foll & Gaggiotti, 2008), we retained only those 
supported by both programs. To further elucidate the potentially 
adaptive nature of the three jointly identified loci (see Section 3), 
we linearly regressed their fragment (“allele”) frequencies per site 
(as calculated in genalex) on individual predictor variables of climate 
(bio1– 19, PC1 and PC2 scores; 30 sites) and phenotype (helenitis- 
achene type frequency; 28 sites).

2.7  |  Calculation of hybrid index values

For the calculation of hybrid index (HI) values, two westernmost 
populations of “nominally” ssp. helenitis (nos. 1, 2) and two easterly 
populations of ssp. salisburgensis (nos. 22, 24) were chosen to repre-
sent each taxon, based on three criteria: (a) sufficiently large sample 
size (n ≥ 7), (b) essentially nonadmixed ancestry, with mean q- values 
≥0.90 (range 0.90– 1.0) for either parental cluster, based on the tess 
results, and (c) fixation or at least predominance (frequency >90%) 
of diagnostic achene types (Table 1). These four populations served 
as “parental” types to train the program introgress 1.1 (Gompert & 
Buerkle, 2010), using the “prepare.data” function for dominant mark-
ers. Maximum likelihood estimates of individual HI values were then 
calculated (function “est.h”) and averaged for each population using 
the fragment (“allele”) frequency differentials (δ) of the samples rep-
resenting each “parent”. All estimates were scaled between 1 (“hel-
enitis”) and 0 (“salisburgensis”), with intermediate values indicating 
genetically admixed individuals. For comparison, we also calculated 
HI values from the neutral AFLP data set with outlier loci excluded.

2.8  | Geographical cline analyses

We used the Metropolis- Hastings MCMC algorithm implemented in 
the r package hzar (Derryberry et al., 2014) to fit a series of geo-
graphical cline models to six data sets, including: (a) the mean HI val-
ues for all 30 populations, based on the total versus neutral AFLPs 
(449 vs. 446 loci), (b) the relative frequencies of the helenitis- achene 
type (pubescent) in 28 populations, and (c) the fragment (“allele”) 
frequencies at each of the three outlier loci (for 30 populations). 
For each data set, we ran three separate models, all of which esti-
mated cline centre (c; in km along the fitted transect, starting from 
population no. 1) and width (1/maximum slope, w) as well as 2log- 
likelihood unit support limits (confidence intervals; CIs) around these 
estimates. We tested three commonly used models (I– III; Brumfield 
et al., 2001; McKenzie et al., 2015), which include combinations of 
fixing or estimating minimum and maximum data values at the cline 
ends (pmin, pmax) (models I vs. II, III), either with or without fitting of 
exponential tails (models I, II vs. III). We ran each model for three 
independent MCMC chains (100,000 iterations per chain) and com-
pared them to each other and a null model of no clinal transition, 
using the corrected Akaike Information Criterion (AICc). The best- fit 

model was determined through the lowest AICc score (McKenzie 
et al., 2015). We considered cline centres with nonoverlapping CIs to 
be significantly different (i.e., noncoincident); similarly, we regarded 
the widths of two clines to be significantly different (i.e., noncon-
cordant) if the upper CI of the narrower cline did not overlap with the 
lower CI of the broader one (Scordato et al., 2017). As total and neu-
tral AFLP data sets generated almost identical cline shape param-
eters (data not fully shown), only the latter will be considered here.

Finally, we compared our estimated cline width for neutral AFLPs 
with the width of a neutral cline expected for a stable tension zone 
at dispersal- selection equilibrium. In this scenario, neutral, unlinked 
loci should produce relatively narrow clines, unless dispersal rates 
are very high and/or a long time has elapsed since secondary contact 
(Barton & Hewitt, 1985; Endler, 1977). Hence, the width of such a 
neutral cline (ɷ*) might be predicted from Endler’s (1977) equation: 
ɷ* = 2.51 σ (sqrt T), where σ is the dispersal distance per generation 
and T the number of generations since contact (see also Barton & 
Gale, 1993). To do this, we assumed (a) a generation time of two 
years for T. helenitis, as observed in open cultivation (G. Pflugbeil, 
personal observation), (b) σ values of 0.24 or 0.54 km, as estimated 
for other short- lived and wind- dispersed perennials of Senecioneae 
using linkage disequilibrium (Brennan et al., 2009), and (d) c. 3000 or 
9000 generations since hypothetical contact (c. 6 or 18 ka BP; see 
ENM results).

2.9  |  Present and past distribution modelling

We generated present and past ecological niche models (ENMs) in 
maxent 3.4.1 (Phillips et al., 2017) for each subspecies to determine 
whether their ranges were either disjunct or continuous in the past, 
as predicted by the secondary contact versus primary differen-
tiation hypotheses. Information on the geographic distribution of 
each taxon was based on (a) the eight versus five “nominal” popula-
tions of subspp. helenitis versus salisburgensis, as defined by achene 
type (see Table 1), and (b) georeferenced locality records per taxon 
from the Global Biodiversity Information Facility (GBIF.org; 30/31 
October 2019; https://doi.org/10.15468/ dl.4igkbk and https://doi.
org/10.15468/ dl.i32en4, respectively). Records outside known 
taxon ranges were filtered out. In addition, we removed localities 
within a 2.5 km radius to account for spatial sampling bias, resulting 
in 432 locality records of ssp. helenitis and 66 of ssp. salisburgensis.

The current distribution of each taxon was modelled in maxent 
using 12 bioclimatic layers at 2.5 arc- minutes resolution (bio2, 3, 
7– 11, 15– 19; Table S2), i.e., after removing highly correlated vari-
ables (Pearson's r > |.85|) in enmtools 1.4.4 (Warren et al., 2010) 
to avoid potential over- fitting. Each model was projected onto pa-
laeoclimatic data sets simulated by the Model for Interdisciplinary 
Research on Climate (MIROC) for, respectively, the mid- Holocene 
Climate Optimum (HCO, c. 6 ka BP; MIROC- ESM; http://www.world 
clim.org/) and the LGM (c. 22 ka BP; MIROC- ESM; http://www.
world clim.org/). Present- day distributions were modelled 10 times, 
using different subsets of 75% of the localities to train the model. 

https://doi.org/10.15468/dl.4igkbk
https://doi.org/10.15468/dl.i32en4
https://doi.org/10.15468/dl.i32en4
http://www.worldclim.org/
http://www.worldclim.org/
http://www.worldclim.org/
http://www.worldclim.org/
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For each run, model accuracy was evaluated for both training and 
testing data using the area under the curve (AUC) of the receiver 
operating characteristic (ROC) plot (good: 0.75 < AUC ≤ 0.92; very 
good: 0.92 < AUC ≤ 0.97; excellent: 0.97 < AUC ≤ 1.00; Hosmer & 
Lemeshow, 2000), with high similarity between training and testing 
values indicating low risk of model overfitting (Fois et al., 2018).

3  |  RESULTS

3.1  | Among- site variation in climate and achene 
type

In the PCA of the 30 sampling sites based on 19 bioclimatic variables 
(Figure 3), the primary loadings (>~|0.8|) of the first axis (PC1; 52.7% 
of the total variance) largely captured a west- to- east continuum of 
increasingly higher precipitation (bio12– 14, 16– 19) with stronger 
(e.g., seasonal) temperature fluctuations (bio2– 4, 7) and lower mini-
mum winter temperature (bio6); by contrast, PC2 (28.2%) primarily 
described other aspects of temperature (bio1, 5, 8, 10, 11), with low-
est values in the central and far eastern portions of the transect (see 

Table S2 for loadings). The proportion of pubescent (helenitis) achene 
morphs, as estimated for 28 sites, decreased from west to east (see 
pie- charts in Figure 3), as likewise predicted by among- site variation 
in climate scores for PC1 (regression coefficient β = −0.36, p < .001) 
but not PC2 (β = −0.07, p = .359).

3.2  |  Population genetic diversity and 
differentiation

Our AFLP survey of the 30 Tephroseris helenitis populations (n = 233) 
yielded a total of 456 unambiguous fragments (range: 77– 582 bp), of 
which 449 markers (loci) were polymorphic (PPF = 98.46%; Table 1). 
The three different primer pairs generated a variable number of 
fragments (“NED”: 98; “VIC”: 150; “6- FAM”: 208), with an average 
(±SD) of 152 ± 55 fragments per primer combination. The overall 
error rate calculated from 10 replicates (3.6%) was within the typi-
cal range (2%– 5%) reported for other AFLP studies in plant species 
(Poelchau & Hamrick, 2012).

Levels of within- population genetic diversity (PPF, HE) varied but 
were quite similar across populations (Table 1). Considering only 

F IGURE  3 Principal components analysis (PCA) biplot for 30 sampled sites of Tephroseris helenitis based on 19 bioclimatic variables 
(bio1– 19; http://www.world clim.org/). Twenty- eight of those sites (except nos. 13 and 21; black dots) are represented by pie- charts showing 
the relative frequencies of “helenitis” (light blue) versus “salisburgensis” (red) achene morphs (see Table 1). Percentages of total variance 
explained by each component are shown in parentheses. Convex hulls depict the smallest area occupied by populations assigned to three 
defined collection sectors (west, central, east; see Figure 1b and text). Population numbers are identified in Table S1. See Table S2 for 
loadings and identification of bioclimatic codes [Colour figure can be viewed at wileyonlinelibrary.com]

http://www.worldclim.org/
www.wileyonlinelibrary.com
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populations with n ≥ 5, estimates of PPF and HE ranged from 31.4 
to 64.9 (mean: 49.3) and 0.141 to 0.204 (mean: 0.173), respectively. 
Significantly high estimates of rarity (DW) were found in populations 
from both the western and eastern collection sectors, yet only cen-
tral and eastern sites had significantly small DW values, regardless of 
whether 30 or 24 populations were considered (Table 1). As a result, 
rarity was negatively corelated with longitude (30/24 populations: 
r = −.478/−.478, p = .008/.022) but not with PPF or HE (all p val-
ues = .221– .600). Genetic differentiation across all 30 populations 
was moderate but significant (ΦPT = 0.154, p < .001) and strongly 
associated with a pattern of IBD (rM = 0.629, p < .001).

3.3  |  Spatial patterns of genetic admixture in 
relation to achene type variation

In the tess admixture analysis of the total AFLP data set (n = 233, 
449 polymorphic loci), the plot of DIC values for K = 2– 10 started 
to level off and stabilize at K ≥ 3 (Figure S2a). However, bar- plots 
for K = 2– 5 revealed no clear additional genetic structure for K > 2 
(Figure S2b). We thus considered K = 2 as the best solution. The cor-
responding bar- plot (Figure 4a) clearly showed a clinal transition of 
individual assignment (q) probabilities across the sampled sites for 
putative parental clusters I (“helenitis”) versus II (“salisburgensis”), as 
likewise confirmed by interpolation maps, predicting admixture val-
ues of each cluster for nonsampled sites (Figure S1). However, on 
closer inspection (Figure 4a), only the two westernmost populations 
of “nominal” ssp. helenitis (nos. 1, 2) were nearly fixed for cluster I 
(mean q = 0.91, n = 19). The remaining western populations (nos. 
3– 7) and all central ones (nos. 8– 12) showed high admixture propor-
tions (mean q = 0.37, n = 61), and most individuals from the eastern 
“core” populations of ssp. salisburgensis (nos. 13– 30) were assign-
able to cluster II (mean q = 0.96, n = 153). By contrast, as shown in 
Figure 4b, the vast majority of genotyped individuals with known 

achene type from the west/central regions had the “helenitis” type 
(73/76, 96.1%), while this was the case for only a minority of those 
from the east (27/140, 19.3%). These patterns of achene type vari-
ation were also in broad agreement with the spatial variation of this 
phenotypic marker in the field (Figure 3).

3.4  |  Potential loci under selection and their 
climate/achene type associations

Using fdist, we identified 15 loci (3.3% of the total), with FST values 
above/below the 1% quantile, including nine loci under diversifying 
selection and six under balancing selection, while the bayescan ap-
proach inferred nine divergently selected loci (2%) with log10(q) val-
ues ≤−2 (see Figure S3a,b; Table S3). However, only three loci (L152, 
L229, L257), each under diversifying selection, were detected by 
both methods. Nonetheless, their potentially adaptive nature was 
indicated by the large number of significant regression coefficients 
for 10 and up to 13 (out of 19) bioclimatic variables (after sequential 
Bonferroni correction at α = 0.05). The latter included descriptors of 
temperature (bio2– 7) and precipitation (bio12– 14, bio16– 19), as well 
as for overall climate (PC1) space and achene type (all p < .001; see 
Table S4).

3.5  | Geographical cline fitting analyses

According to hzar, the data sets of neutral AFLPs (446 loci) and 
achene type best- fitted model I, while model II provided the best 
fit for each outlier locus (Table 2). As shown in Figure 5a, the AFLPs 
generated a smooth, broad cline (c. 352 km), centred in the middle of 
the transect (at c. 173 km; near site 7). By contrast, the achene cline 
was much steeper, sigmoid, and relatively narrow (c. 113 km); its cen-
tre was estimated at c. 270 km (site 12), indicating an eastward shift 

F IGURE  4 Genetic structure of the helenitis– salisburgensis hybrid zone based on the spatially explicit tess admixture analysis of the total 
AFLP data set (449 loci) of 30 populations (n = 233). (a) Bar plot for the favoured model, K = 2, indicating the clusters of “helenitis” (I, orange) 
versus “salisburgensis” (II, purple). The y- axis presents membership probabilities (q- values) for each individual, as represented by the smallest 
vertical bar. The x- axis corresponds to population numbers. See Figure S2 for the corresponding DIC curve and bar- plots for K = 3– 5. (b) 
Assignment of “helenitis” versus “salisburgensis” achene types to 216 (out of 233) genotyped individuals from (a), with white bars indicating 
those of unknown phenotype [Colour figure can be viewed at wileyonlinelibrary.com]
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relative to the neutral cline. The same was true for all three outlier 
loci (Figure 5b), but which produced sharply narrow, step- like clines, 
ranging from c. 1– 2 km (L152, L229) to 38 km (L257). Those of L152 
and L257 had their centres at c. 213– 219 km (sites 9– 11), while the 
cline centre for L229 was located at c. 300 km (sites 13– 18; Table 2). 
Considering CIs around estimates (see superscript letters in Table 2 
for pairwise comparisons), these analyses revealed: (a) significant 
differences in centre (noncoincidence) among the clines for AFLPs, 
achene type, L152/L257 and L229, and (b) significant differences 
in cline width (nonconcordance) for AFLPs, achene type/L257 and 
L152/L229, but not among the three outlier loci themselves.

3.6  |  Present and past climatic distribution 
predictions

The current maxent models for ssp. helenitis versus ssp. salisburgen-
sis (Figure 6a vs. b) had very good versus excellent predictive power 
(mean AUCtrain/test: 0.929/0.920 vs. 0.995/0.993), with low risk of 
model overfitting. Consequently, they adequately depicted the actual 
distribution of each taxon (defined as modelled suitability >0.5). For 
the West/Central European ssp. helenitis, particularly suitable climate 
conditions (≥0.85) presently occur in South Germany and along the 
entire central Northern Alps, with highest suitability (c. 1.0) in the 

F IGURE  5 hzar results of geographical 
cline fitting across the helenitis– 
salisburgensis hybrid zone for five data 
sets, including: (a) the mean hybrid index 
(HI) values for all 30 populations (circles), 
based on the neutral AFLP data set (449 
loci), and the relative frequencies of 
the helenitis- achene type (pubescent) 
for 28 populations (squares), excluding 
nos. 13 and 21 (see Table 1); and (b) the 
fragment (“allele”) frequencies of three FST 
outlier loci, putatively under diversifying 
selection (fdist, bayescan), for all 30 
populations (L152: inverted triangles; 
L229: triangles; L257: diamonds). Shading 
indicates 95% confidence intervals (CIs) 
around cline estimates. (c) Corresponding 
cline centres (symbols), CIs of cline 
centres (thick bars), and cline widths (thin 
bars). Numbers on top of (a) represent 
population numbers. Geographical 
distances (in km) are measured along 
the fitted transect, starting from the 
westernmost population no. 1. See 
Table 2 for hzar model parameter 
estimates [Colour figure can be viewed at 
wileyonlinelibrary.com]
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west- central part of the study transect (Figure 6a). Although this lat-
ter sector is suitable for ssp. salisburgensis as well, the most favour-
able conditions for this taxon presently occur further east (Salzburg 
area; Figure 6b). At the HCO (c. 6 ka BP), the European range of ssp. 
helenitis apparently fragmented into several disjunct areas (e.g., North 
Spain, Central/South France, South Germany), with suitable habitat 
covering only the west- central sector (up to c. 170 km; Munich area; 
Figure 6c). For ssp. salisburgensis, however, both the central (“Munich”) 
and eastern (“Salzburg”) sectors would have provided suitable HCO 
conditions as well (Figure 6d), suggesting range overlap of both taxa 
in the central part of the transect at that time (see white- dashed cir-
cles in Figure 6c,d). Finally, during the LGM (c. 22 ka BP), the Central 
European range of ssp. helenitis probably retracted to the west (e.g., 
West/Central France and adjoining, then- exposed continental shelf 
sea areas), with suitable conditions closest to the transect found in 
the Rhone Valley/southwestern Pre- Alps (see red arrow in Figure 6e) 
or, potentially, farther south of the Alps (Italy, West Balkans), but not 
along the transect. In striking contrast, for ssp. salisburgensis, the LGM 
model provided no evidence for suitable habitat along the central 
Northern Alps, or elsewhere (Figure 6f).

4  | Discussion

The present AFLP survey of Tephroseris helenitis populations from 
the central North- Alpine forelands identified nonadmixed (parental) 

individuals of subspp. helenitis and salisburgensis dominating, re-
spectively, the westernmost and eastern parts of our c. 350 km long 
transect, with putative hybrid (admixed) individuals occurring in be-
tween (Figure 4a). Hence, this study system conforms to the notion 
of a “hybrid zone” where genetically distinct individuals of popula-
tions/taxa differing in one or more diagnostic traits (here: achene 
type) meet, mate, and produce hybrid offspring (Arnold, 1997). 
Collectively, our ENM, population genetic and cline analyses seem 
to indicate that this subspecies transition arose via primary differen-
tiation (sensu Endler, 1977), following the species’ postglacial range 
expansion into the study area. Below we review the evidence for 
this hypothesis against predictions raised by alternative models of 
secondary contact.

4.1  |  ENM and population genetic evidence for 
west- to- east range expansion

Our palaeo- niche models provided no evidence for a historically al-
lopatric phase of the two subspecies of T. helenitis in the North- Alpine 
forelands. During the LGM (c. 22 ka BP), suitable climate conditions 
probably existed for only ssp. helenitis in areas further west, includ-
ing the Rhone Valley/southwestern Pre- Alps (Figure 6e). By contrast, 
at this time, suitable habitat for ssp. salisburgensis was apparently 
absent along the transect, or elsewhere (Figure 6f). However, at 
the HCO (c. 6 ka BP), models for each subspecies indicate potential 

F IGURE  6 Potential distributions of subspp. helenitis and salisburgensis in Europe and along the defined transect (black solid line) in the 
forelands of central Northern Alps at (a, b) the present (c. 1950– 2000); (c, d) the mid- Holocene Climate Optimum (HCO, c. 6 ka BP); and (e, f) 
the Last Glacial Maximum (LGM, c. 22 ka BP), with ice- sheet limits derived from Ehlers et al. (2011). Ecological niche models were generated 
in maxent on the basis of 12 current bioclimatic variables and specimen records from GBIF and this study (see text). Predicted distribution 
probabilities (ranging from zero to one) are shown in each 2.5 arc- minute pixel. Maps were generated using qgis 3.8 (QGIS Development 
Team, 2019). Note the potential range overlap of the two taxa in the central part of the transect at the HCO (c, d; white- dashed circles), the 
presence of suitable LGM conditions for ssp. helenitis in the Rhone Valley/southwestern Pre- Alps (e; red arrow), and the lack of suitable LGM 
habitats for ssp. salisburgensis along the transect, or elsewhere (f). M, Munich; S, Salzburg [Colour figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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range overlap in the central part of the transect (see Figure 6c,d). 
It is feasible, therefore, that ssp. helenitis expanded postglacially 
from this geographically closest refugium into the present location 
of the transect by colonizing wet fens and grasslands that probably 
initiated soon after LGM climate amelioration in deglaciated areas of 
depression (ground/end moraines, lake basins) in the North- Alpine 
forelands (c. 17– 13 ka BP; Jäger et al., 2015; Rausch, 1975). Possibly, 
this south- west to north- east expansion was further assisted by in-
creases in summer temperature and atmospheric moisture over the 
Alps during the early/mid- Holocene (Mauri et al., 2015).

Clearly, this biogeographic scenario heavily relies on the as-
sumption that the climate variables used for ENM modelling suffi-
ciently represent conserved niche requirements of the taxa involved 
(Wielstra, 2019). It also probably suffers from various other issues 
commonly affecting these models (e.g., imperfect presence/absence 
records, residual spatial/temporal autocorrelation; Guélat & Kéry, 
2016). Nonetheless, this range expansion scenario gains support by 
several lines of genetic evidence. First, we found a significant de-
crease of within- population allelic rarity (DW) with longitude, i.e., 
along the presumed route of west- to- east colonization and possibly 
as a result of serial founder events (Hewitt, 1999). That estimates 
of PPF and HE failed to register such a trend is not unexpected be-
cause these parameters are less sensitive to the loss of rare alleles in 
recently expanded/bottlenecked populations (Aguilar et al., 2008). 
Implicitly, neither diversity parameter was at maximum in the centre 
of the transect, as otherwise indicative of secondary contact (Gay 
et al., 2008). Second, our ΦPT estimate of overall population differ-
entiation in T. helenitis (0.154) is much lower than corresponding 
averages reported for other outcrossing (0.27) or wind- dispersed 
(0.25) plant species (Nybom, 2004). As the studied populations are 
patchily distributed in a fragmented wet fen/grassland landscape 
(e.g., Stöhr, 2009; G. Pflugbeil, personal observation), it is unlikely 
that their shallow genetic divergence reflects high ongoing gene 
flow. Hence, their strong IBD pattern could be more a consequence 
of serial colonization (see above) rather than ongoing drift- migration 
processes (Orsini et al., 2013). Finally, the spatial interpolation maps 
(Figure S1) confirmed a gradual allelic change from western (ssp. hel-
enitis) to eastern (ssp. salisburgensis) ancestry. This is predicted for 
clines at (mostly) neutral loci produced by founder effects on the 
edge of a range expansion (Excoffier & Ray, 2008; Klopfstein et al., 
2006).

4.2  | Discordance across geographical 
cline patterns

Stable tension zones typically demonstrate (near) coincidental 
and concordant clines for diverse traits (genetic, morphologi-
cal), whereby neutral loci should behave similarly as selected ones 
(Barton & Hewitt, 1985; Durrett et al., 2000). By contrast, our hzar 
analyses revealed significant noncoincidence in centre among the 
clines for neutral AFLPs, achene type, and outlier loci (L152/L257 vs. 
L229), plus significant nonconcordance in cline width (viz. selective 

strength) among at least some of those traits (Figure 5, Table 2). 
This pattern of discordance can be considered as necessary but not 
conclusive evidence for a primary hybrid zone subject to differential 
(exogenous) selection pressures (Endler, 1977; Futuyma, 2005). Yet, 
there are two additional cline features that appear to conflict with 
either stable or unstable tension zone models.

First, our estimated cline width for neutral AFLPs (c. 352 km), 
covering the entire transect, is much wider than expected for a ten-
sion zone at dispersal- selection equilibrium. Using Endler’s (1977) 
neutral diffusion equation, and assuming dispersal distances of c. 
0.24– 0.54 km per generation, and c. 3000– 9000 generations since 
hypothetical contact (see Section 2), we would expect such neutral 
clines to be just c. 33– 129 km wide. Hence, a cline as broad as ob-
served for our neutral AFLPs cannot be explained by free diffusion 
in a stable tension zone. This also implies that the underlying molec-
ular markers are unlikely to be affected by some indirect selection 
(Gay et al., 2008; Scordato et al., 2017).

Second, rather than being a stable tension zone, it could be a 
dynamic and moving one (Buggs, 2007; Currat et al., 2008; Gay et al., 
2008; Menon et al., 2019). This would be supported by the high in-
cidence of western and central populations showing admixture with 
the “salisburgensis” gene pool II, and thus despite being nearly fixed 
for the pubescent (helenitis) achene type (Figure 4a,b). Under this 
scenario, asymmetric introgression of both neutral and advanta-
geous alleles should have mainly occurred from a previously isolated 
(“native”) ssp. salisburgensis into an eastward- expanding ssp. heleni-
tis, due to lower densities of the latter at its wave front (Currat et al., 
2008). In contrast, alleles of the invader will introgress the native 
only if “they are under very strong positive selection in that back-
ground” (cf. Currat et al., 2008; see also Barton & Bengtsson, 1986). 
As a consequence, in such a tension zone moving eastward, clines 
for individually selected traits/loci should have their centres mostly 
to the left (i.e., west) of the current hybrid zone boundary (as here 
defined by the neutral AFLP cline centre), i.e., being left behind as 
trails by the displaced taxon in the area where it was earlier replaced 
by the advancing one (Wielstra, 2019; see also Wielstra et al., 2017). 
This, however, is not observed, as our achene and outlier clines 
are consistently displaced to the right (i.e., east) (Figure 5, Table 2). 
Moreover, if the helenitis diagnostic trait (pubescent achenes) and 
respective diagnostic alleles at outlier loci, indeed, were under very 
strong positive selection, it would be puzzling that they had not pro-
gressed to fixation (see also Brumfield et al., 2001). Hence, while our 
genetic data cannot entirely rule out historical tension zone move-
ment, we consider this scenario to be fairly unlikely, given the clinal 
patterns observed.

4.3  |  Primary hybrid zone formation and locus- 
specific, climate- driven selection

The preceding discussions leave primary hybrid zone formation, fol-
lowing postglacial range expansion, as the most plausible model to 
explain the genetic and phenotypic (achene) divergence across the 
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helenitis– salisburgensis transition. Moreover, with further considera-
tion of theory (e.g., Endler, 1977; Nei, 1987), data simulations (Currat 
et al., 2008; Klopfstein et al., 2006) and empirical cline studies (e.g., 
Antoniazza et al., 2010; Menon et al., 2019), we believe that the ex-
ceptionally broad neutral AFLP cline underlying this primary zone is 
largely a consequence of nonadaptive processes. According to this 
interpretation, stochastic drift, bottlenecks and founder events dur-
ing the species’ eastward range expansion eventually resulted in two 
incompletely isolated gene pools (I vs. II; Figure 4a). Clearly, more de-
tailed (e.g., genomic, simulation) studies would be required to inves-
tigate the effects of selection during this inferred range expansion, 
and especially whether new allelic variants (whether neutral, benefi-
cial or, perhaps more likely, deleterious) might have spread or even 
increased in frequency towards the species’ easterly range edge 
(e.g., Barton, 2001; Gilbert et al., 2018; Lehe et al., 2012; Peischl 
et al., 2013; Peischl & Excoffier, 2015). Nonetheless, we find evi-
dence for the presence of steep (and largely noncoincidental) clines 
for both outlier loci (step- like) and achene type (sigmoid) staggered 
across the central- eastern parts of the transect (Figure 5). Evidently, 
these clines are much narrower than predicted by the neutral (AFLP) 
data, suggesting that the differentiated alleles at these loci (or linked 
gene regions) as well as the two achene morphs are being main-
tained by selection (e.g., Barton & Hewitt, 1985; McKenzie et al., 
2015). Nevertheless, it cannot be concluded from such cline shapes 
alone whether selection results from intrinsic lower fitness of hy-
brids (endogenous post- mating barrier) or environment- dependent 
pressures (exogenous selection; Gay et al., 2008).

While we have no data for testing the former hypothesis, the 
latter concurs with three lines of evidence. First, we found a pro-
nounced west- east climate gradient of increasingly wetter, cooler 
and temperature- variable conditions across the sampled popula-
tions (Figure 3). Second, all three outlier loci, identified by both fdist 
and bayescan as undergoing diversifying selection, were significantly 
associated with various precipitation and temperature- related vari-
ables (Table S4). Although their specific functions remain unclear, 
these loci (or closely linked loci) might be critical to local climate 
adaptation. Finally, based on our niche models, habitat suitability 
for ssp. helenitis is currently much higher in the west- central (c. 1.0) 
than in the eastern part of the transect (c. 0.6– 0.9; Figure 6a), and 
the latter was entirely unsuitable for this taxon c. 6000 years ago 
(Figure 6c). Together, these results suggest that T. helenitis experi-
enced long- term climatic constraints at the northern fringe of the 
Alps, causing diversifying selection at particular loci/gene regions 
along the wave of eastward advance.

4.4  |  Climate- driven selection on achene 
indumentum?

Several previous studies have implied rainfall and/or temperature 
regimes in the clinal variation of species dimorphic for seed/diaspore 
morphology (e.g., Baskin & Baskin, 2014; Prentice, 1986), including 
cases of simple genetic basis (New & Herriot, 1981; Rollins, 1958). 

Moreover, inter-  or intraspecific dimorphism for pubescent versus 
glabrous achenes is frequently observed in Tephroseris (Cufodontis, 
1933) and other Asteraceae/Senecioneae (e.g., Andrés- Sánchez 
et al., 2015; Le Roux et al., 2006). Diverse adaptive functions have 
also been proposed for the presence of achene hairs (trichomes), for 
instance, by aiding epizoic dispersal (via mucilage exudation upon 
wetting; Coleman et al., 2003) and/or mediating germination, espe-
cially at low water potential (e.g., via retarding water loss, increas-
ing soil surface contact, and facilitating water diffusion; Kreitschitz, 
2012; Roth, 1977). Together, this raises questions about the selec-
tive role of climatic constraints in driving the near fixation of the 
glabrous (or sparsely hairy) achene morph in the eastern core region 
of ssp. salisburgensis (Figures 3a and 5a).

Based on 28 populations, we found a highly significant negative 
(p < .001) relationship between the proportion of pubescent- achene 
plants and among- site variation in climate (PC1) space (Figure 3), 
suggesting that the variant with glabrous/sparsely hairy achenes 
could be more tolerant of higher precipitation and lower (winter) 
temperatures than the pubescent morph. In addition, all three out-
lier loci potentially under climate- driven selection were also strongly 
associated with achene type (Table S4). However, given the nonco-
incidence in centre among the clines for achene type and these loci 
(Figure 5, Table 2), it is unlikely that they directly affect this pheno-
typic trait. Nonetheless, these locus- trait associations reinforce the 
idea that the loss of achene pubescence in ssp. salisburgensis might 
also reflect a climate- adaptive response. Although the specific func-
tion of this character state is unknown, it might convey a selective 
advantage (relative to the pubescent one) by mediating germination 
at higher water potential and lower temperatures (e.g., via facilitat-
ing the passage of oxygen to the embryo and its gas exchange with 
waterlogged soil; Setter & Belford, 1990; Werker, 1997). However, 
further experimental testing is required to obtain data on the eco-
physiological and adaptive roles of this achene type variation and its 
genetic basis.

5  |  CONCLUSIONS

This study on Tephroseris helenitis adds to the vast hybrid zone 
literature, with past and current emphasis on secondary contact 
models, a rare example of hybrid zone formation caused by pri-
mary differentiation within a plant species, underlaid by historical 
range expansion. The clinal changes observed across this primary 
zone probably reflect (a) random/nonadaptive processes during 
the species’ postglacial, eastward expansion, and (b) exogenous, 
diversifying selection on particular loci, and possibly achene type, 
in response to a long- term gradient in the direction of more stress-
ful (e.g., wetter/cooler) climate conditions. As a result, only popu-
lations from the western-  and easternmost parts of our transect 
are recognizable in genotype and (achene) phenotype as subspp. 
helenitis and salisburgensis, respectively. Future work should pro-
vide a thorough testing of the above hypotheses by integrating 
population genomic approaches with surveys of quantitative 
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trait variation and experimental (e.g., crossing/reciprocal trans-
plant/fitness) studies, also by including more western locations. 
Concomitantly, this study highlights the North- Alpine forelands 
as a fruitful, but grossly understudied empirical avenue (but see 
Bresinsky, 1965) for unveiling neutral versus adaptive processes 
during past range expansions into relatively recent (i.e., deglaci-
ated) environments that are probably conducive to the formation 
of primary hybrid zones.
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