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Abstract

Studying the influence of past climate changes on the distribution of species contributes
to our understanding of the evolution of life on earth. Among past climate changes, the
Quaternary period (from 2.4 Myrs to present time), characterized by high amplitude climatic
oscillations, is considered one main determinant of current species distributions. Europe has
long served as a model region to study the impact of past climate changes on extant biodiversity
patterns. Its landscape is characterized by the presence of E-W-oriented mountain ranges,
acting as effective barriers to migration for many organisms. Explicit historical scenarios for
the post-glacial recolonization of Europe from distinct refugia have been discussed at length
in the literature. In contrast, the impact of past climate changes on species distributions in
tropical areas has been much less documented. In Amazonia, where the landscape is
homogeneous without any apparent geographic barrier to migration, available fossil evidence
describes range contractions and expansions of the evergreen rainforest during the Quaternary
period.

Bryophytes are poikilohydric and therefore appear as extremely sensitive to climate
changes. Bryophytes disperse by means of spores or asexual diaspores, which are involved in
frequent long-distance dispersal (LDD) events. These high dispersal capacities have cast
doubts on the possibility to find signatures of historical events from analyses of the extant
spatial patterns of genetic structure and diversity of their populations. In Amazonia in
particular, recent ecological work suggests that dispersal does not show geographical structure
across the area.

In the present thesis, we assembled and analyzed large molecular datasets at the level
of the species range to determine how bryophytes responded to major Quaternary climate
changes in environments characterized by different ‘resistance’ to migration and environmental
heterogeneity, especially in Europe and Amazonia (ongoing study in the case of the latter).
More specifically, the aims are to: (1) Test whether, due to the high dispersal capacities of
bryophytes in general — and in particular in homogeneous environments without any apparent
geographic barrier to migration —, the inverse isolation hypothesis — according to which any
signal of isolation-by-distance (IBD) is erased beyond the limits of short-distance dispersal
(SDD) by the intensity of LDD events — applies, erasing any historical signal in the extant
spatial patterns of genetic structure and diversity of bryophyte populations; (2) Test the
relevance of other differentiation mechanisms promoting speciation and, in particular isolation-
by-environment (IBE), across a relatively homogeneous environment without any apparent
geographic barrier to migration; (3) Infer the post-glacial history of bryophytes, in
environments characterized by the presence (Europe) or the absence (Amazonia, ongoing
study) of apparent geographic barriers to migration, from analyses of the extant spatial patterns
of genetic structure and diversity of their populations.

The results strongly suggest that the LDD capacities of bryophytes did not homogenize
the genetic structure of their populations, neither in an environment characterized by apparent
geographic barriers to migration — such as the E-W-oriented mountain ranges in Europe —, nor
in a much more homogeneous environment as in the Amazonian rainforest. In contradiction
with the idea that the inverse isolation hypothesis applies in Amazonian bryophytes in
particular, the IBD signal observed in 8 out of the 10 Amazonian bryophyte species
consistently remained significant beyond the range of SDD, evidencing LDD limitations. This
consistent persistence of the IBD signal contrasts with the result of a recent meta-analysis on
IBD patterns in bryophytes and suggests that Amazonian bryophyte species experience more
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dispersal limitations than species from other biomes. As a comparison, we showed that, within
the same Amazonian environment, the spatial genetic structures observed in bryophytes are
comparable to that of angiosperm species producing much larger seeds.

While a significant IBD signal characterizes the genetic structure of the vast majority
of the Amazonian bryophyte species investigated here, our results are not consistent with the
idea that isolation-by-resistance (IBR) and IBE contributed to the observed spatial patterns of
genetic variation. Nevertheless, a low (0.059) but significant (P=0.004) Fs was found between
sympatric specimens of the sibling Syrrhopodon annotinus and S. simmondsii,and their average
kinship coefficients along a geographic gradient were consistently higher for conspecific
comparisons than for interspecific comparisons, pointing to reproductive isolation between
those two sympatric species characterized by different habitat requirements. Even if this single
empirical result does not challenge the global idea that IBE does not prevail in extant patterns
of genetic diversification in Amazonian bryophytes, it nonetheless contributes to growing
evidence for genetic divergence observed along environmental gradients, suggesting that
adaptation could play a more important role in shaping genetic patterns than previously
thought.

Rejection of the hypothesis that high dispersal capacities of bryophytes erased any
historical signal in the extant spatial patterns of genetic structure and diversity of their
populations and, in particular rejection of the inverse isolation hypothesis, indicate that the data
generated in the present thesis are suitable for demographic inference. We applied coalescence-
based approaches to infer the post-glacial history of bryophyte populations from contrasting
environments characterized by the presence (Europe) or the absence (Amazonia, ongoing
study) of apparent geographic barriers to migration. In Europe, our analyses revealed that the
post-glacial assembly of bryophytes likely involved a complex history. Extant European
populations originated from multiple sources with a contribution from allochthonous migrants
representing 90-100% in about half of the 15 investigated species, which demonstrates the
importance of LDD for the post-glacial recolonization of Europe by bryophytes and is
unparalleled in any previous phylogeograhic study on other organisms.



Résumé

L’¢tude de I’influence des changements climatiques passés sur la répartition des
especes contribue a notre compréhension de 1’évolution de la vie sur terre. Parmi 1’ensemble
des changements climatiques passés, la période du Quaternaire (de 2,4 Ma a nos jours),
caractérisée par des oscillations climatiques de forte amplitude, est considérée comme ’un des
déterminants principaux de la répartition actuelle des especes. L’Europe a longtemps servi de
région modele pour I’étude de I’'impact des changements climatiques passés sur les patterns de
biodiversité actuels. Son paysage est fagconné par I’orientation O-E de ses chaines de montagnes
agissant comme barrieres a la migration pour de nombreux organismes. Des scénarios
historiques explicites décrivant la recolonisation post-glaciaire en Europe depuis différentes
régions refuges ont été longuement discutés dans la littérature. Par contre, I’impact des
changements climatiques passés sur la répartition des especes dans les régions tropicales a été
beaucoup moins documenté. En Amazonie, ou le paysage est homogéne et vierge de barrieres
géographiques apparentes a la migration, les preuves fossiles disponibles décrivent une
succession d’épisodes de contractions et d’expansions de la forét a feuilles pérennes durant le
Quaternaire.

Les bryophytes étant poikilohydriques, elles apparaissent comme des organismes
extrémement sensibles aux changements climatiques. Les bryophytes dispersent par le biais de
spores ou de diapsores asexuées, impliquées dans des événements de dispersion a longues
distances (LDD) fréquents. Ces fortes capacités dispersives ont semé le doute quant a la
possibilité de trouver des traces d’événements historiques dans 1’analyse des patterns spatiaux
actuels de structure et de diversité génétiques de leurs populations. En Amazonie, en
particulier, une étude écologique récente suggere que la dispersion ne révele pas de structure
géographique au sein de la région.

Dans cette thése, nous avons assemblé¢ et analysé¢ de larges sets de données
moléculaires, a travers I’entiereté de I’aire de répartition des espéces, pour déterminer comment
les bryophytes ont répondu aux changements climatiques majeurs du Quaternaire dans des
environnements caractérisés par différentes « résistances » a la migration et différentes
hétérogénéités environnementales, en particulier en Europe et en Amazonie (étude en cours
dans le cas de cette derniere). Plus spécifiquement, les objectifs sont de : (1) Tester si, en raison
des fortes capacités dispersives des bryophytes en général — et en particulier dans des
environnements homogenes et vierges de barriéres géographiques apparentes a la migration —,
I’hypothéese d’isolement inverse — selon laquelle tout signal d’isolement par la distance (IBD)
est effacé au-dela des limites de la dispersion a courtes distances (SDD) par I’intensité des
événements de dispersion a longues distances (LDD) — s’applique, effagant ainsi tout signal
historique des patterns spatiaux actuels de structure et de diversit¢ génétiques de leurs
populations ; (2) Tester la pertinence d’autres mécanismes de différentiation promouvant la
spéciation et, en particulier, celui de 1’isolement par I’environnement (IBE), au sein d’un
environnement relativement homogene et vierge de barriéres géographiques apparentes a la
migration ; (3) Inférer I’histoire post-glaciaire des bryophytes, dans des environnements
caractérisés par la présence (Europe) ou I’absence (Amazonie, étude en cours) de barrieres
géographiques apparentes a la migration, par I’analyse des patterns spatiaux actuels de
structure et de diversité génétiques de leurs populations.

Les résultats suggerent fortement que les capacités de dispersion a longues distances
(LDD) des bryophytes n’ont pas homogénéisé la structure génétique de leurs populations, ni
dans un environnement caractérisé par la présence de barrieres géographiques apparentes a la
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migration — comme celles que composent les chaines de montagnes européennes orientées
selon I’axe O-E —, ni dans un environnement beaucoup plus homogene comme celui de la forét
tropicale amazonienne. En contradiction avec 1’idée selon laquelle I’hypothése d’isolement
inverse s’applique pour les bryophytes amazoniennes en particulier, le signal d’isolement par
la distance (IBD) observé chez 8 des 10 especes de bryophytes amazoniennes est constamment
resté significatif au-dela de la gamme de dispersion a courtes distances (SDD), mettant ainsi
en évidence des limitations de dispersion a longues distances (LDD). Cette constante
persistance du signal d’isolement par la distance (IBD) contraste avec le résultat d’une méta-
analyse récente traitant des patterns d’isolement par la distance (IBD) chez les bryophytes et
suggere que les especes de bryophytes amazoniennes rencontrent d’avantage de limitations
dispersives que les espéces d’autres biomes. A fin de comparaison, nous avons démontré que,
au sein du méme environnement qu’est I’Amazonie, les structures génétiques spatiales
observées chez les bryophytes sont comparables a celles d’especes d’angiospermes produisant
des graines beaucoup plus larges.

Tandis qu’un signal d’isolement par la distance (IBD) caractérise la vaste majorité des
espeéces de bryophytes amazoniennes étudiées ici, nos résultats ne sont pas compatibles avec
I’idée que I’isolement par la « résistance » (IBR) et I’isolement par 1’environnement (IBE) ont
contribu¢ aux patterns spatiaux de variation génétique observés. Cependant, une valeur de Fy
faible (0,059) mais significative (P=0,004) a été trouvée entre les individus sympatriques de
Syrrhopodon annotinus et S. simmondsii, et leurs coefficients « kinship » moyens calculés le
long d’un gradient géographique étaient constamment plus élevés pour les comparaisons
conspécifiques que pour les comparaisons interspécifiques, mettant en évidence de 1’isolement
reproducteur entre ces deux especes sympatriques caractérisées par des exigences d’habitat
différentes. Méme si ce résultat empirique unique ne remet pas en question 1’idée globale que
I’isolement par I’environnement (IBE) ne prédomine pas dans les patterns de diversification
génétique des bryophytes, il contribue néanmoins a accréditer les preuves croissantes de
divergence génétique observées le long de gradients environnementaux, suggérant ainsi que
1’adaptation pourrait jouer un role plus important qu’on ne I’imaginait dans le fagonnement des
patterns génétiques.

Le rejet de I’hypothése selon laquelle les fortes capacités dispersives des bryophytes
ont effacé tout signal historique des patterns spatiaux actuels de structure et de diversité
génétiques de leurs populations et, en particulier, le rejet de ’hypotheése d’isolement inverse
indiquent que les données générées dans cette présente theése sont adaptées pour des études
d’inférence démographique. Nous avons employé des approches basées sur la coalescence pour
inférer I’histoire post-glaciaire des bryophytes dans des environnements contrastés caractérisés
par la présence (Europe) ou I’absence (Amazonie, étude en cours) de barrieéres géographiques
apparentes a la migration. En Europe, nos analyses ont révélé que 1I’assemblage post-glaciaire
des bryophytes impliquait probablement une histoire complexe. Les populations européennes
actuelles ont des origines multiples parmi lesquelles la contribution des migrants allochtones
représentait 90-100% dans preés de la moiti€ des 15 especes étudiées, ce qui démontre
I’importance de la dispersion a longues distances (LDD) dans la recolonisation post-glaciaire
de I’Europe par les bryophytes et est sans parallele avec tout autre étude phylogéographique
portant sur d’autres organismes.
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Introduction

Climate changes through time

Studying past climate is extremely important to understand how it influenced the
evolution of life on earth through time. Paleoclimatic studies are typically based on the analysis
of cores from different soil types to find markers of climate changes and determine when these
changes occurred. Current techniques (mostly based on the analysis of oxygen isotopes from
cores) allow to trace back the earth climate history since the Archean Eon (3.9 to 2.5 billion
years (Byrs) ago, Hessler, 2011). Tracing back the earth’s climate history revealed how much
it has fluctuated through time. For instance, the earth experienced four large-scale episodes of
glaciations through time: the two Snowball Earth (the first one c. 2.4 Byrs ago and the second
one from 800 to 650 Million years (Myrs) ago, Kirschvink et al., 2000), the Permian glaciations
(335 to 260 Myrs ago, Montafiez & Poulsen, 2013) and the Quaternary glaciations (2.4 Myrs
ago to present time, Hewitt, 2000). Those changes all impacted species distributions. For
example, during the long global cooling that started more than 50 Myrs ago and ended with the
Quaternary glaciations (Fig. 1, Hansen, Sato, Russell, & Kharecha, 2013), palm-like tree floras
north of the Arctic circle (Pross et al., 2012) went extinct with the advance of ice-sheets which
ended up covering large parts of North America and Eurasia in the northern hemisphere (Fig.
2, Clark et al., 2009). Among all past climate changes, the Quaternary period, being the last
large-scale episode of glaciations that the earth experienced, is considered to have had the most
dramatic impact on current species distributions (Hewitt, 2000).

global surface temperature

,(C)

Cenozoic era

L 1 I I L I
60 50 40 30 20 10 0

Figure 1: Surface temperature estimate (T) in Celsius degrees for the past 65.5
Myrs. The red curve has a 500 Kyrs resolution. Modified from: Hansen, Sato,
Russell, & Kharecha, 2013.

The Quaternary period is characterized by high amplitude climatic oscillations leading
to glacial/interglacial cycles on both hemispheres, rapid sea-level changes (up to 150m), small
continental drift (<100 km), the redistribution of rocks and sediment through ice-rafting, and
megafaunal extinctions on all continents (Pillans & Gibbard, 2012). The duration of each
glacial/interglacial cycle varied through time. From the beginning of the Quaternary (2.4 Myrs
ago) to 0.9 Myrs ago, the duration of a cycle was c. 41 thousand years (Kyrs). It then expanded
to a c. 100 Kyrs, which is the duration still observed now. Each cycle included a long glacial
period and a short interglacial period (Fig. 4). During the entire Quaternary period, there were
c. 40 to 50 glacial periods. The areas located beyond 65° of latitude towards the poles were
always covered in ice, while the areas right below those latitudes, were, more or less widely,
covered in ice only during glacial periods (Berger, Mesinger, & Sijacki, 2012). In the southern
hemisphere, the Antarctic and the Andes were always covered in ice during glacial periods. In
the northern hemisphere, the ice-sheets were much more extended during glacial periods and



covered about half of North America, most of Fennoscandia, and the southern mountains (see
LGM ice-sheets as an example in Fig. 2).

Figure 2: Distribution of ice-sheets at the Last Glacial Maximum. IS, Ice-Sheet. Also shown
are areas of mountain glaciation (a, western North America; b, Europe; c, Tibet; d, tropics
and subtropics, e, Southern Hemisphere). Modified from: Clark et al., 2009. o)



Each glacial/interglacial cycle was different, influencing the limit of the ice-sheets
during different glacial periods. In Europe for example, among the four last glacial periods (the
Elster glacial period: 478-415 Kyrs ago, the Saale glacial period: in two parts between 385 and
130 Kyrs ago, and the Weichsel glacial period: 115-11.7 Kyrs ago), the Saale glacial period
was the one with the globally largest ice-sheets, but the ice-sheets of the Elster glacial period
covered some parts of Europe that were not covered by the Saale glacial period (Fig. 3,
Andersen & Borns, 1994). Not only was each glacial period different, but within a glacial
period, there were also a lot of variations such as in temperatures (Fig. 4), ice-sheets extents
and sea-levels (Hansen et al., 2013). During each glacial period, the moment at which the ice-
sheets reached their maximum size is referred to as the “glacial maximum”. Although the
Penultimate Last Glacial Maximum (c. 140 Kyrs ago, PLGM, Schneider, Schmitt, Kohler,
Joos, & Fischer, 2013) involved globally larger ice-sheets, current species distributions were
mostly shaped by the Last Glacial Maximum (c. 22 Kyrs ago, LGM, Clark et al., 2009; Hewitt,
2000). Indeed, the LGM was not only characterized by large ice-sheets, but also by a very dry
climate around the globe. In Eurasia, LGM paleovegetation reconstructions based on pollen
records depict this part of the world as mostly treeless, with a dominance of steppe, tundra and
other xeric types of vegetation (Tzedakis, Emerson, & Hewitt, 2013; Wu, Guiot, Brewer, &
Guo, 2007). In tropical regions, palacodunes were present at LGM, for instance, in regions like
Amazonia (Filho, Schwartz, Tatumi, & Rosique, 2002).

4nnn L
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Figure 3: European ice-sheets extent during the four last glaciations of the Quaternary
period. Modified from: Andersen & Borns, 1994.
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Figure 4: Surface temperature estimate (1) in Celsius degrees for (a) the Pliocene
and Pleistocene including an expanded time scale for (b) the past 800 Kyrs. The red
curve has a 500 Kyrs resolution. Modified from: Hansen et al., 2013.

The impact of Quaternary climatic oscillations on the distribution of species
1. Temperate biome ice-free (IF) during the Last Glacial Maximum

The European temperate biome has long served as a model region to study the impact
of past climate changes on extant biodiversity patterns (Lumibao, Hoban, & McLachlan, 2017).
The classical historical scenario describing the impact of Quaternary glacial/interglacial cycles
on European species currently distributed in areas that were ice-free at LGM (hereafter IF
species), the “southern refugium scenario”, is based on paleontological and phylogeographic
evidence and suggests that IF species persisted in Mediterranean refugia during glacial periods,
from which they recolonized northern area during interglacial periods (Hewitt, 1996, 1999,
2000, 2004; Médail & Diadema, 2009). In this scenario, a decrease in genetic diversity along
the northern migration routes was expected (Hewitt, 1999) until Petit (2003) showed that the
genetic diversity peaked at mid-latitudes, at the level of the contact zone among recolonization
waves from different southern refugia, and decreased at high latitudes due to Long-Distance
Dispersal (LDD) events and associated founder effects. The “northern micro-refugium
scenario” alternatively proposes that IF species persisted within micro-refugia located between
the northern ice-sheet and the main southern mountain ranges during glacial periods (Bhagwat
& Willis, 2008). According to this scenario, populations expanded from northern micro-refugia
during warmer periods, like the current interglacial. The inferred post-glacial migration routes
of IF species were often, but not always, blocked by the E-W-oriented mountain ranges of the
Pyrenees and the Alps (Avise, 2000; Matyas & Sperisen, 2001; Petit et al., 2002; Taberlet,
Fumagalli, Wust-Saucy, & Cosson, 1998). But what happened to those species for which these
mountain ranges were not barriers to migration, but served as their habitats?

2. Arctic-Alpine biomes covered in ice (IC) during the Last Glacial Maximum

Darwin (1859) and Hooker (1861) proposed that European species currently distributed
in areas that were covered in ice at LGM (hereafter IC species) migrated towards lowland areas
with the advancing ice-sheets during glacial periods. Although this hypothesis received some
support from molecular phylogeographic analyses (Schonswetter, Popp, & Brochmann, 2006;
Skrede, Eidesen, Portela, & Brochmann, 2006), paleontological evidence suggests that lowland
areas south of the northern ice-sheet experienced a cold and dry climate that was unsuitable for
IC floras (Abbott & Brochmann, 2003). Hultén (1937) alternatively suggested that Beringia, a
region encompassing Northeast Russia and Northwest America, which remained ice-free



during Quaternary glaciations, served as a source for the back-colonization of Europe (Eidesen
et al., 2013). Other molecular evidence raised the possibility that some IC species survived in
local micro-refugia within the ice-sheets such as in the European southern mountain ranges
(Schonswetter, Paun, Tribsch, & Niklfeld, 2003; Schonswetter, Stehlik, Holderegger, &
Tribsch, 2005) — from where they potentially back-colonized northern areas — and in the Arctic
area (Westergaard et al., 2011).

3. Tropical biomes

Tropical biomes have been less studied with regard to the impact of past climate
changes on species distributions. The lack of pollen records in these regions largely explains
the scarcity of references (Ledru, Bertaux, Sifeddine, & Suguio, 1998). As opposed to Europe,
lowland tropical biomes are relatively homogeneous environments without any apparent
geographic barrier to migration for wind-dispersed spores, as evidenced by the low beta-
diversity among floristic assemblages distant of several thousands of kilometers (Condit et al.,
2002; Pitman, Terborgh, Silman, & Nufiez V., 1999). Available paleontological evidence
suggests that all the tropical regions of the world experienced severe vegetation shifts during
the glacial/interglacial cycles of the Quaternary period, with forest contractions (bottlenecks)
during glacial periods. African rainforests were substantially more impacted than Neotropical
ones (Parmentier et al., 2007). In particular, pollen and geochemical evidence suggests that,
during the LGM, the African rainforest area was reduced by c. 84%, whereas the Amazon
humid forest area probably shrank to only 54% of its present-day extent (Anhuf et al., 2006).
In Amazonia, paleoenvironment reconstructions based on fossil records lead to the emergence
of two main competing scenarios to describe the impact of Quaternary climate changes on
species distributions: (i) the invasion of the lowland evergreen continuous forest by cold-
adapted Andean taxa during glacial periods (Bush et al., 2001; Colinvaux, De Oliveira,
Moreno, Miller, & Bush, 1996; Haberle & Maslin, 1999); and (ii) the replacement of the
lowland evergreen forest by xeric taxa during the entire Quaternary period due to a globally
drier environment (Behling & Hooghiemstra, 2001; van der Hammen & Absy, 1994). These
two scenarios are, however, not mutually exclusive. In fact, recent pollen evidence and
dynamic vegetation models revealed both the invasion of cold-adapted species across the entire
Amazonian lowland forest during the mid-Pleniglacial (c. 60,000 yrs BP) and the replacement
of this vegetation by a xeric open one in southern lowland Amazonia during the increase of
aridity that took place between the late-Pleniglacial (c. 28,000 yrs BP) and the LGM (c. 22,000
yrs BP, Mayle, Beerling, Gosling, & Bush, 2004; Reis et al., 2017). However the constitution
of palaeodunes during this late-Pleniglacial to LGM transition in northern lowland Amazonian
areas, and especially on the riverbanks of the Rio Negro suggests, even if not a widely-
distributed, a locally or regionally drier climate across the entire lowland Amazonian rainforest
during the Quaternary period (Filho et al., 2002). The impacts of Quaternary climate changes
in Amazonia described by those different paleoenvironment reconstructions all imply range
contractions (bottlenecks) and expansions of the evergreen continuous lowland Amazonian
forest during the Quaternary period. However, the exact intensity of these demographic
changes remains unclear.

The impact of climate changes on bryophytes

Bryophytes are the most ancient lineage of extant land plants (Embryophyta, Edwards,
Morris, Richardson, & Kenrick, 2014). They are composed of three groups: the Hepaticophyta
(liverworts), with ¢. 6000 species; the Anthocerotophyta (hornworts), a small group of ¢. 300
species; and the Bryophyta (mosses), currently the largest group with c¢. 12,000 species.



Bryophytes are non-vascular plants, meaning that they cannot pump up water from the
soil, but instead absorb water and nutrients from their entire surface directly from rainfall.
Unlike vascular plants, which are drought-resistant and aim at maintaining sufficient levels of
water during periods of drought thanks to the presence of a waterproof cuticle and the
regulation of gas exchange through their stomata, bryophytes are poikilohydric, i.e. drought-
tolerant. This means that they dry-out with ambient air, becoming dormant under dry
conditions and then resume physiological activity upon moistening. Bryophytes are therefore
very sensitive to variations of the precipitation regime (He, He, & Hyvonen, 2016).

Bryophytes globally exhibit a very high cold tolerance. Recent evidence points to their
ability of in-vitro regeneration after hundreds to thousands of years in the ice (La Farge,
Williams, & England, 2013; Roads, Longton, & Convey, 2014). Conversely, bryophytes
exhibit comparatively lower temperature optima than angiosperms (Furness & Grime, 1982).
Because of their low tolerance to hot temperatures and their sensitivity to variations of the
precipitation regime, bryophytes appear as extremely sensitive organisms to climate changes
(He et al., 2016), leading Tuba, Slack, & Stark (2011) to qualify them as the “pinsons in the
coal mine” in the context of climate changes. As a result, bryophyte distributions are expected
to have quickly responded to climate changes in the past, as confirmed by studies of range
dynamics (Frahm & Klaus, 2001; Zechmeister, Moser, & Milasowszky, 2007) and
stratigraphic analyses of macroremains preserved in peat (Ellis & Tallis, 2000; Jonsgard &
Birks, 1995).

Except for macroremains preserved in peat, the Quaternary fossil record of bryophytes
is, however, extremely poor as compared to the comparatively rich fossil record in vascular
plants (see Patifio & Vanderpoorten, 2018 for review), calling for a molecular approach to
reconstruct their biogeographic history from information on the extant genetic structure and
diversity of their populations. In contrast to higher plants and animals, however, there has been
no comprehensive effort to reconstruct the Quaternary history of bryophytes to date.
Especially, even if several species-level phylogeographies have been published for the
European flora (see Kyrkjeeide, Stengien, Flatberg, & Hassel, 2014 for review), virtually no
study has yet attempted to investigate the impact of past climate changes in tropical
environments.

Bryophytes are haplo-diplophasic organisms with a dominant haploid phase. They
disperse by means of spores or asexual diaspores. Spore density quickly decreases with
increasing distance from the mother sporophyte. The majority of the spores, however, disperse
across large distances (Lonnell, Hylander, Jonsson, & Sundberg, 2012; Sundberg, 2005). In
Sphagnum, for example, only 6.8-22.4% of the spores are deposited within a 3.2m range
(Sundberg, 2005). Bryophyte spore deposition curves are therefore typically fat-tailed,
resulting in high, distance-dependent colonization probabilities near the source, and much
lower, but still substantial, distance-independent colonization probabilities once spores are
airborne away from the source (Lonnell et al., 2012, 2015). Spore production strongly depends
on sexual systems because sexual reproduction involves that a male gamete is able to swim to
a female archegonium in a continuous film of water. Monoecious species (c. 1/3 of the moss
and liverwort species) are therefore frequently fruiting because male and female gametangia
can be found on the same individual. Although self-incompatibility was recently reported in
mosses (Stark & Brinda, 2013), monoecious bryophyte species are assumed to be capable of
self-fertilization. In fact, high Fis values typically characterize the sporophytic phase of
monoecious species (Hutsemékers, Hardy, & Vanderpoorten, 2013; Johnson & Shaw, 2015;
Klips, 2015). In dioecious species, conversely, fertilization is hampered by the distance



separating male and female plants. Therefore, dioecious species produce, on average,
significantly fewer sporophytes than monoecious ones (Laaka-Lindberg, Hedderson, &
Longton, 2000; Longton, 1997). Based on these observations, monoecious bryophyte species
have therefore been perceived as better dispersers than dioecious ones (Longton & Schuster,
1983; but see Laenen et al., 2016). Lowland tropical bryophytes are precisely characterized by
“higher than normal levels of monoecism” (Longton & Schuster, 1983). Increased rates of
monoecy, combined with other traits such as precocious germination of spores, while still in
the capsule, have led to the hypothesis that tropical bryophytes are particularly well-equipped
for LDD and rapid and efficient establishment (Longton & Schuster, 1983). Using null model
analyses based on metacommunity concepts for Amazonian epiphytic bryophyte communities,
Mota de Oliveira & ter Steege (2015) concluded that “dispersal did not show geographical
structure across the area”. Metacommunity analyses thus raise the intriguing notion that
Amazonian bryophytes are, due to their high dispersal capacities, homogeneous across very
large spatial scales, leading Mota de Oliveira & ter Steege (2015) to assume that, at the scale
of the Amazon basin, an area of 6 million square kilometers, “epiphytic bryophytes behave as
one single metacommunity”. In such conditions, an inverse isolation effect is predicted to
develop (Barbé, Fenton, & Bergeron, 2016; Sundberg, 2005). An inverse isolation effect
involves a higher genetic diversity of colonizing propagules with increasing isolation (i.e.
distance from the mother sporophyte), thus counteracting genetic differentiation.
Consequently, no Isolation-By-Distance (IBD) is expected beyond a distance corresponding to
short-distance dispersal (SDD) events owing to the well-mixed and diverse propagule pool,
except perhaps at very large scales, at which other factors (including geographic barriers and
historical factors) might operate (Sz6vényi, Sundberg, & Shaw, 2012).

The high dispersal capacities of bryophytes have major consequences for the
evolutionary biology and biogeographic history of the group. First, high dispersal capacities
would not be compatible with genetic differentiation, and ultimately, allopatric speciation at
the regional scale due to the erosion of IBD by LDD, especially in such highly homogeneous
environments as lowland tropical areas. This raises the question of whether other mechanisms,
such as isolation-by-environment (IBE), could promote speciation in such environments.
Second, the application of the inverse isolation hypothesis, according to which any signal of
IBD is erased beyond the limits of SDD, casts doubts on the possibility to find signatures of
historical events from analyses of the extant spatial genetic variation of bryophyte populations
(Van Der Velde & Bijlsma, 2003). Third, the high long-distance capacities of bryophytes raise
the intriguing idea that post-glacial recolonization could have taken place from geographically
remote areas. In Europe for instance, mounting evidence points to the relevance of NE Atlantic
islands (Hutsemékers et al., 2011; Laenen et al., 2011) and North America (Stengien, Shaw,
Shaw, Hassel, & Gunnarsson, 2011) as sources of recolonizing propagules.






Research aims

In the present thesis, we assembled and analyzed large molecular datasets at the level
of the species range to determine how bryophytes responded to major Quaternary climate
changes in environments characterized by different ‘resistance’ to migration and environmental
heterogeneity, especially in Europe and lowland Amazonia.

More specifically, the aims are to:

1.

Test whether, due to the high dispersal capacities of bryophytes in general — and in
particular in homogeneous environments without any apparent geographic barrier
to migration —, the inverse isolation hypothesis — according to which any signal of
isolation-by-distance (IBD) is erased beyond the limits of short-distance dispersal
(SDD) by the intensity of long-distance dispersal (LDD) events — applies, erasing
any historical signal in the extant spatial patterns of genetic structure and diversity
of bryophyte populations (H1, Papers I and III).

Test the relevance of other differentiation mechanisms promoting speciation and,
in particular isolation-by-environment (IBE), across a relatively homogeneous
environment without any apparent geographic barrier to migration (H2, Papers |
and II).

If HI is rejected, infer the post-glacial history of bryophytes, in environments
characterized by the presence (Europe, Paper III) or the absence (lowland
Amazonia, ongoing study IV) of apparent geographic barriers to migration, from
analyses of the extant spatial patterns of genetic structure and diversity of their
populations (H3).
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Methods

Taxonomic and molecular sampling

In the study focusing on Europe (Paper III), 3 and 12 species currently distributed in
areas that were covered in ice (IC) or ice-free (IF) at the Last Glacial Maximum (LGM),
respectively, have been investigated. IC species include Amphidium lapponicum, Timmia
austriaca, and T. bavarica. 1F species include Amphidium mougeotii, Calypogeia fissa,
Diplophyllum albicans, Homalothecium sericeum, Metzgeria conjugata, M. furcata,
Orthotrichum affine, O. lyellii, Plagiothecium denticulatum, P. undulatum, Plagiomnium
undulatum, and Scorpiurium circinatum. Specimens were sampled across their entire
distribution range, but with a focus on Europe and North America due to previous evidence for
the existence of genetic connections between them (Désamoré¢ et al., 2016; Kyrkjeeide et al.,
2014; Stengien et al., 2011; Szovényi, Terracciano, Ricca, Giordano, & Shaw, 2008).
Specimens were then assigned to each of 3 or 5 regions — which correspond to the definition
of source and sink areas in historical scenarios referenced in the literature and describing the
post-glacial recolonization of Europe (see “Introduction” section of this thesis) — for IF and IC
species, respectively (Table S1, Fig. 3, Paper III). The genetic markers (Sanger /oci) included
specific chloroplastic (cpDNA) and nuclear (nDNA) regions selected for their suitable range
of variation as evidenced by previous phylogeographic studies (see Patifio & Vanderpoorten,
2018 for review). Specimens of liverworts (5 species) were sequenced at 2-3 cpDNA /oci and
specimens of mosses (10 species) were sequenced at up to 3 cpDNA loci and 1-2 nDNA /oci
(Tables 1 and 2, Paper III). Chloroplastic loci were concatenated and treated as one locus due
to the linkage of chloroplastic genes (absence of recombination), whereas nuclear loci were
each treated individually. DNA alignment matrices are available from Figshare (see “Data
accessibility statement” section in Paper III for DOIs).

In the studies focusing on lowland Amazonia (Papers I and II and ongoing study 1V),
the following bryophyte species have been investigated: Archilejeunea fuscescens, Bazzania
hookeri, Leucobryum martianum, Micropterygium trachyphyllum, Octoblepharum albidum, O.
pulvinatum, Syrrhopodon annotinus, S. helicophyllus, S. hornschuchii, S. simmondsii, and
Thysananthus amazonicus. Specimens were sampled across a 42,640 km? area of lowland
rainforest in the Rio Negro Basin, north of Manaus (Fig. 1, Table S1, Paper I). Sanger /oci
typically used in bryophytes for phylogeographical analyses were entirely monomorphic
among the sampled specimens. We performed a screening for individual variation among a set
of commonly used /oci (a combination of five cpDNA /oci and one nDNA /ocus) and did not
find any variation for any locus (unpublished work). In particular, the two sibling species
Syrrhopodon annotinus and S. simmondsii were recently found to be nested within the same
clade but their phylogenetic identity was unresolved, calling for the development of more
variable markers (Pereira et al., 2019). We thus designed and performed a specific approach of
genome-wide sequencing, called “Restriction site-Associated DNA sequencing” (RADseq),
which is one of the Next Generation Sequencing (NGS) technologies, to recover genetic
markers for this set of Amazonian bryophyte species (see “Molecular protocols” and
“Bioinformatics processing” sections in Paper I). RADseq raw data (fastq files) were submitted
to the NCBI Sequence Read Archive (SRA). The biosample accession number for each
specimen can be found in Table S1, Paper I. An overview of both Sanger and NGS sequencing
technologies, the latter focusing on RADseq, can be found in Box 1.
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Box 1: Overview of Sanger and NGS sequencing technologies

Sequencing genetic markers involves a chain of wet and dry lab manipulations leading
to the recovery of the sequence of each of these markers. The first massively used sequencing
technique (often referred to as “first generation sequencing”) is called “Sanger sequencing”
(Sanger, Nicklen, & Coulson, 1977). This technique only allows to sequence a short DNA
fragment of c. 1000 base pairs (bp) at a time. It involves two amplification steps: one PCR and
one sequencing reaction. It uses specific PCR primers to first amplify the given fragment. Then,
during the sequencing reaction, copies from the same fragment are terminated after a different
number of nucleotides and a fluorescent dideoxynucleotide (ddNTP) is added at the end of
each copy by a DNA polymerase, so that fluorescence detection through time (under capillary
electrophoresis) allows to recover the full sequence of the specific DNA fragment/genetic
marker, nucleotide by nucleotide. This technique first emerged in 1977 and dominated the
sequencing field for about three decades. Even if this technique allowed the sequencing of the
first complete genome: the Human Genome Project in 2003 (Collins, Morgan, & Patrinos,
2003), recovering a full genome fragment by fragment consumes both a lot of time and money.
Sanger sequencing is thus mostly used to sequence selected fragments, especially genetic
markers, across the genome of a given species.

Next Generation Sequencing (NGS) refers to new techniques which allow to massively
sequence DNA fragments in parallel. Parallel sequencing has been mainly made possible
through the miniaturization of the sequencing reactions, the immobilization of the fragments
on a solid surface or stand and the enhancement of the detection system (Kulski, 2016). For
example, one of the latest sequencers released, the Illumina NextSeq© 500, allow to read, in
high output mode, up to 400,000,000 fragments (afterwards called “reads”) on a single
sequencing lane (in Illumina technologies, the surface on which DNA fragments are
immobilized is called a “flow cell” and is divided into lanes that are read independently by the
sequencer during sequencing runs). Furthermore, new techniques no longer necessarily require
a PCR amplification (Metzker, 2010), so that the amount of information collected in a single
lane is enough to recover the full genome of most living organisms, provided that during the
lab preparation, all genomic fragments were kept. Moreover, not only multiple fragments can
be sequenced at the same time, but fragments from different individuals and even different
organisms can be sequenced at the same time when indexes are used because further
computational analyses allow to group together reads containing the same index. NGS
technologies finally opened the door for metagenomics (see Sleator, Shortall, & Hill, 2008 for
review): the sequencing of all DNA fragments present in an environmental sample such as soil,
water or intestine, for example.

Even if, per sequenced fragment, NGS is much less expensive than Sanger sequencing,
because it sequences an enormous amount of DNA fragments at the same time, the price of an
NGS sequencing run is very high (e.g. around 3000 USD for one lane on an Illumina NextSeq©
500 in high output mode). This is why many techniques are being developed to only recover
the sequences of some DNA fragments across whole genomes, such as target-enrichment (see
Mamanova et al., 2010 for review), transcriptome sequencing (see Tachibana, 2015 for
review), Restriction site-Associated DNA sequencing (RADseq, see Andrews, Good, Miller,
Luikart, & Hohenlohe, 2016 for review), or metabarcoding, for environmental DNA (Deagle,
Jarman, Coissac, Pompanon, & Taberlet, 2014). Among these techniques, RADseq, which is
the NGS technique used in this thesis, has increasingly been used as a low-cost method to
recover genetic markers. The way it works is very simple: the genome is cut into small
fragments by one or two restriction enzymes during the process called “digestion”, then, during
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the process called “ligation”, each fragment is linked to an adapter, which contains both an
individual index and a specific site that allows the fragment to bind and be immobilized on the
sequencer’s reaction surface. After ligation, RADseq techniques almost always involve a PCR
amplification and always involve a size selection so that only fragments of desired sizes get
sequenced. The size of the fragments to be sequenced is important because it influences the
sequencing efficiency: the highest efficiency is obtained with fragment sizes of ¢. 150 to 400bp
on an [llumina NextSeq© 500, for example. Some specific RADseq techniques, such as double
digest RAD sequencing (ddRADseq), use a direct size-selection step based on magnetic beads
or agarose gel-cutting to ensure that the fragments have the size resulting in the highest
sequencing efficiency for the specific sequencer used; other techniques, such as Genotyping-
By-Sequencing (GBS), use an indirect size-selection through the limitation of the PCR
amplification: PCRs do not amplify too large fragments. Once sequences have been recovered
from the prepared RADseq libraries of DNA fragments, dry lab techniques are used to keep,
among all those reads, only genetic markers. The main advantage of RADseq is that knowledge
on the studied species’ genomes is not required, because most restriction enzymes find
restriction sites in any genome to bind and cut this genome, so that RADseq can even be used
in non-model organisms. However, previous information on the genome composition help to
predict where and how often different restriction enzymes would cut this genome. The
disadvantage of RADseq techniques is that there is no information regarding where each read
comes from, not even from which genome (nuclear, chloroplastic or mitochondrial). When
reference genomes of the studied species are available, it is possible to map the reads on the
genomes in order to localize them, but, without reference genomes, RADseq can only be used
to recover a set of genetic markers, regardless of where those markers come from, it thus cannot
be used, for example, to target specifically given genetic markers or to reconstruct whole
genomes.

Coalescent simulations

In this thesis, a specific analytical approach to analyze genetic markers has been used:
coalescent simulations. Coalescent simulations were used to test the hypothesis that the high
dispersal capacities of bryophytes erased any historical signal in the extant spatial patterns of
genetic structure and diversity of bryophyte populations in Europe (H1, Paper III) and to infer
the post-glacial history of bryophytes, in environments characterized by the presence (Europe,
Paper III) or the absence (lowland Amazonia, ongoing study IV) of apparent geographic
barriers to migration, from analyses of the extant spatial patterns of genetic structure and
diversity of their populations (H3). Beyond the qualitative description of summary statistics or
gene trees, coalescent simulations have increasingly appeared as a promising tool to infer
demographic histories from genetic markers (Thomé & Carstens, 2016).

The coalescent model

The coalescent model was first described by Kingman (1982). Reviews and books on
the coalescent model include Hein, Schierup, & Wiuf, 2004; Hudson, 1990; Marjoram & Joyce,
2011; Nordborg, 2001; and Wakeley, 2008. I briefly describe here its important aspects. The
coalescent model aims at reconstructing the genealogy of all sampled gene copies of a given
genetic marker in a population going backward through time until reaching the last common
ancestral copy of all of them. The coalescent model is purely demographic, which means that
coalescent simulations are totally independent of the mutation process. The separation between
the demographic and the mutation process is only possible under the assumption of neutral
evolution (i.e. the absence of selection) in which all gene copies have the same probability to
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be transferred to the next generation (i.e. independent of the allelic type). The coalescent model
relies on the fact that the genealogy of any genetic marker is modified by the demographic
events that the population went through.

The coalescent model defines the probability of coalescence, which corresponds to the
probability that two sampled gene copies among all sampled gene copies of a given population
share a common ancestor at a given generation, and depends on both the sampling size (n) and
the effective population size (N) of this population, following this relation: Pc = n(n-1)/2N.
Because the probability of coalescence depends on the effective population size of a given
population, it is influenced by any demographic change in this population. For example, if a
population underwent a bottleneck, then its effective population size (N) dropped whereas its
sampled size was likely to not be affected, so that the probability of coalescence in the
population increased, resulting in shorter branches of its genealogy during that period (Fig. 5).
The coalescent model thus allows to simulate the gene genealogy of any sequenced genetic
marker of a given population undergoing changes in its demography (e.g. a bottleneck),
provided that the effective population size, at different periods, and the sampling size of the
population are defined. Such simulations are called “coalescent simulations”.

With “bottleneck effect” Without “bottleneck effect”

Pc =~ n(n-1)/2N

Non-sampled individual
Sampled individual

®

o
- Bottleneck effect”
-

/I:l Population

ol

Figure 5: Putative impact of a bottleneck on a gene genealogy built under the coalescent model. Pc: probability of
coalescence; n: sampling size; N: effective population size.

The standard coalescent model simulates gene genealogies of a unique given
population. However, populations of organisms are usually subdivided into subpopulations
connected, to some extent, by migrations (Wakeley, 2001). The structured coalescent model
aims at reconstructing, for a given genetic marker, the gene genealogy of all sampled gene
copies across a meta-population divided into subpopulations among which there is some
pattern of migration (Hudson, 1991). If one considers a meta-population subdivided into two
subpopulations where at each generation, a small fraction of each subpopulation is made of
migrants from the other subpopulation, then the probability of coalescence between any two
sampled gene copies coming from the same subpopulations among all sampled gene copies of
the meta-population (Pc(s)) and the probability of coalescence between any two sampled gene
copies coming from the two different subpopulations among all sampled gene copies of the
meta-population (Pc(d)) could be established at a given generation. Pc(s) would be computed
as the probability of coalescence in a unique panmictic population, while Pc(d) would depend
on the migration rate between the two subpopulations and is likely to be much smaller than
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Pc(s). The time of coalescence, which corresponds to the time required to reach the common
ancestor of two sampled gene copies among all sampled gene copies in a given population,
could be established as well for any two sampled gene copies coming from the same
subpopulation and any two sampled gene copies coming from the two different subpopulations.
The expectation of those times (Et) would follow these two relations: Et(s) = n and Et(d) =

n+ %l; with Et(s), the expectation of the time of coalescence between any two sampled gene

copies coming from the same subpopulation; Et(d), the expectation of the time of coalescence
between any two sampled gene copies coming from the two different subpopulations; n, the
sampling size of the meta-population; and M, the migration rate between the two
subpopulations. Following these equations, if M is small, Et(d) would be much larger than
Et(s), so that the differentiation between the two subpopulations would be high (Fig. 6), while
if M is large, Et(d) would be close to Et(s), so that the two subpopulations would be similar
(Fig. 6, Hudson, 1991). In a meta-population context, the migration rate between
subpopulations is thus another important parameter, along with the sampling size and the
effective population size of populations, that will impact the gene genealogies of any genetic
marker simulated under the coalescent model.

-’ - - -
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Figure 6: (a) An example of a coalescent gene genealogy for a sampling size of 8, 4 from each of 2 subpopulations, when
migration rate is moderately high. Each migration event is indicated by a dotted line with an arrow that indicates the actual
direction of movement of an individual migrant. In this case, there would be relatively little differentiation of the two
subpopulations. (b) An example of a coalescent gene genealogy with low migration rate. In this genealogy there is a single
migration event. Alleles from within a subpopulation will be much more similar than alleles from different subpopulations.
From: Hudson, 1991.

In this thesis, we are implementing two different types of structured coalescent models:
a classic coalescent population model in Paper III, using the software SIMCOAL (Excoffier,
Novembre, & Schneider, 2000), and a spatially explicit coalescent model in ongoing study 1V,
using the software PHYLOGEOSIM (Dellicour, Kastally, Hardy, & Mardulyn, 2014). Classic
coalescent population simulations describe the demographic history of pre-defined putative
large panmictic subpopulations while spatially explicit models assess the demographic history
of individuals within continuous portions of the species range. Especially, in spatially explicit
models, the studied area is represented by a matrix composed of pixels of a desired size, each
considered as a small panmictic subpopulation, so that the effective population size and the
sampling size are defined in each pixel of the matrix and the migration rate is defined between
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each pair of pixels of the matrix. This is opposed to classic coalescent population simulations
where the effective population size and the sampling size are only defined within, and
migrations are only allowed between, large putative panmictic populations. In Europe, explicit
historical scenarios describing the post-glacial recolonization of Europe by IF and IC species
are referenced in the literature and were presented within the introduction section of this thesis.
These scenarios define clearly distinct source and sink populations for both IF and IC species
(Table S1, Fig. 3, Paper I1I). The use of classic coalescent population models — simulating the
demographic history of pre-defined populations — was thus relevant in Paper III which aimed
at reconstructing the post-glacial history of these pre-defined source and sink European
bryophyte populations. In Amazonia conversely, metacommunity analyses raised the
intriguing notion that Amazonian bryophytes are, due to their high dispersal capacities,
homogeneous across very large spatial scales. This led Mota de Oliveira & ter Steege (2015)
to assume that, at the scale of the Amazon basin, “epiphytic bryophytes behave as one single
metacommunity”. The use of spatially explicit models — simulating the demographic history of
individuals within continuous portions of the species range — is thus relevant in ongoing study
IV which aims at reconstructing the post-glacial history of this putative single continuous
Amazonian bryophyte population. Because patterns of isolation-by-distance (IBD) are often
observed within continuous portions of a species’ range rather than among clearly defined
panmictic populations of this species, spatially explicit models can lead to much more realistic
simulations than classic coalescent population models (Dellicour, Fearnley, et al., 2014).
However, they require much more computation time to reach, for a given genetic marker and
under a given demographic scenario, the last common ancestral gene copy of all sampled gene
copies in a given population (Dellicour, Kastally, et al., 2014), especially if the studied area is
large, as in Paper III where the studied area is composed of the entire Holarctic (Fig. 2, Paper
III). This reinforced the choice, in Paper III, of classic coalescent population models instead of
spatially explicit coalescent models.

Because one of the most important parameters to define when performing coalescent
simulations is the effective population size (N), and because this information is unknown for
the studied bryophyte species, we implemented Species Distribution Models (SDMs) to infer
past and present effective population sizes in Paper III and ongoing study IV. SDMs result in
the estimation of the suitability of a given species across any geographic area where
environmental data are available. This geographic area is represented by a grid composed of
pixels of a defined size. At the end of the SDM process, each pixel of this grid is associated
with a value of suitability. Those suitability values can further be used as estimators for the
effective population size within each pixel and/or across the overall geographic area (Patifio et
al., 2015). In this thesis, in order to infer the effective population size from the suitability values
resulting from the SDM process, we either binarized the values by defining a threshold, to get
only suitability values of 0 or 1 in each pixel (Paper III) or we normalized the values, to get a
range of suitability values going from 0 to 1 in each pixel (ongoing study IV). We then
multiplied these suitability values in each pixel by the number of different genotypes reported
in a population whose size corresponds to the size of the pixels in order to obtain the effective
population size in each pixel. We finally re-scale these effective population size values by pixel
accordingly to the size of the populations defined in our demographic scenarios. An overview
of SDMs can be found in Box 2.
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Box 2: Overview of Species Distribution Models (SDMs)

Major reviews on Species Distribution Models (SDMs) include Elith & Leathwick,
2009; and Guisan, Thuiller, & Zimmermann, 2017. I briefly describe here their important
aspects. SDMs are purely ecological and rely on the niche theory. They model the distribution
of a species in regions where selected environmental factors are known by extrapolating the
information contained in the combinations of factors found where the species is present and,
in some models, the combination of factors found where the species is absent. The goal of
SDMs is to determine, on a map, potentially suitable habitats for a given species at any given
time at which the selected environmental factors are known.

The first step of this technique is to determine the rules that define which combinations
of environmental factors are suitable or not for a given species within the studied area. To do
so, the Geographic Background (GB) has to be defined, it is the area on which the rules are
computed, usually, it corresponds to the size of the whole studied area. The GB is represented
by a grid composed of pixels equal in size. The resolution at which the suitability will be
predicted is defined by the size of those pixels. In order to define the rules of the model, two
datasets are required: the presence points of the species (and absence points, in presence-
absence models), called the “dependent variables” (these points have to represent the most part
of the variance that resides in the combinations of environmental factors found where the
species is present, and absent, if absence points are implemented), and the environmental
factors for each of those points, called the “independent variables”. The selection of the
environmental factors is extremely important since the simulations will only take them into
account to define suitable habitats for the species. Their combination thus has to represent the
most part of the variance which resides in any potential combination of environmental factors
that explain the distribution of the given studied species. Most of the time, SDMs imply
climatic factors only. When implemented, the absence points are either given by the user, in
presence-absence models, or sampled randomly across the GB, in presence-pseudo-absence
models such as Maxent (see Elith et al., 2011 for review). The method used to define the rules
of the model is based on machine learning and relies on the extraction of the values of the
independent variables (the environmental factors) in each of the species presence point
(dependent variable), and, in non-presence-only models, in each of the species absence point,
to predict the combinations of environmental factors that are suitable or not for a given species.
Different algorithms predicting the potential presence or absence of a given species based on
the combination of environmental factors present in a given pixel across the GB are tested
based on their reliability to provide good predictions. Those tests require that some of the
presence (and absence points, if implemented) of the species are not used for the definition of
the rules, but are instead kept to further test those rules. The algorithms that passed the tests
are used to build the rules that define which combinations of environmental factors are suitable
or not for a given species across the GB. Those rules represent the model of species distribution.

The second step of SDMs is the projection of the model onto the desired area. This area
could be either the same area as the GB or a completely different area (different in size or in
its geographic localization). The projection could also be done in the past or in the future. The
only requirement is that the environmental factors that have been beforehand chosen to build
the model are known, at the chosen resolution, within that area, and for that specific time-scale.
The result of projected SDMs is a grid, matching the map of the projected area, where each
pixel is associated with a specific value of suitability, computed based on the model’s rules.
Such a grid is called a “raster”. These suitability values in each pixel of the grid indicate the
probability for the species to inhabit those pixels, SDMs are thus probabilistic models. The
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index of suitability represents the complete range of suitability values associated with a given
grid. The range of this index is different for each model and each projection.

Since SDMs only rely on ecological factors they are limited because they do not
consider, for example, dispersal limitations, nor species interactions. Instead, they model the
suitable habitats of a species but not necessarily its realized habitats. Recently, new software
have been developed to consider both the suitable habitats of a species, as described by the
projected SDMs, and the dispersal limitations of a species (e.g. MigClim, Engler, Hordijk, &
Guisan, 2012, and CATS, Lehsten et al., 2014) to predict the distribution of species through
time. Such software are called “cellular automaton” since they model on a grid (the projected
SDMs) how individuals of a species migrate from pixel to pixel through time, taking into
account their dispersal capacities. Low dispersal capacities could eventually lead, for a given
species, to not occupy some parts of its habitat predicted as suitable by the projected SDMs.
These models, combining SDMs and dispersal limitations, are very accurate to predict the
impact of climate changes on species distributions (Engler & Guisan, 2009).

Evolution of DNA sequences along coalescent gene genealogies

In this thesis, we used structured coalescent models to simulate gene genealogies under
different LGM demographic scenarios, aiming at identifying the scenario which is the more
likely to explain the spatial genetic variation observed within the sequenced genetic markers.
Especially, in Paper III, we compared explicit demographic scenarios describing the post-
glacial recolonization routes of European IF and IC species as referenced in the literature and
presented in the introduction section of this thesis (for scenarios’ description, see Fig. 2, Paper
III), and in ongoing study IV, since all scenarios referenced in the literature and aiming at
reconstructing the Quaternary history of the lowland Amazonian forest imply more or less
important range contractions (bottlenecks) during glacial periods (see “Introduction” section
of this thesis), we will compare demographic scenarios implementing different intensities of
bottleneck at LGM. In both cases, in order to be able to determine the demographic scenario
which is the more likely to explain the spatial genetic variation observed within the sequenced
genetic markers, simulating the evolution of DNA sequences along each of the simulated
coalescent gene genealogy is needed. During this process, referred to as the “mutation process”,
models of nucleotide substitutions are used. Mutations are randomly added to a given gene
genealogy, with the probability of occurrence along a branch being proportional to its length.
Since demographic coalescent simulations result in simulated gene genealogies with different
branch lengths for different demographic scenarios (Fig. 5), at the end of the mutation process,
gene genealogies simulated under different demographic scenarios end up with different sets
of DNA sequences (Fig. 7). It is thus possible to compare the set of DNA sequences resulting
from each demographic scenario with the set of observed DNA sequences of any given genetic
marker to determine the scenario which is the more likely to explain the spatial genetic
variation residing in the observed dataset of that given genetic marker. When more than one
genetic marker is included in the study, the observed set of DNA sequences is composed of a
matrix combining the sets of sequences of each genetic marker and the mutation process is
repeated for each of the genetic markers included in the study.
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Figure 7: Putative impact of a bottleneck on the number of distinct alleles among sequences of gene copies generated
along a gene genealogy built under the coalescent model. Distinct branch colors correspond to distinct alleles.

Approximate Bayesian Computation (ABC)

Major reviews on Approximate Bayesian Computation (ABC) in the context of
demographic inference include Beaumont, 2010; Bertorelle, Benazzo, & Mona, 2010; and
Csilléry, Blum, Gaggiotti, & Frangois, 2010. I briefly describe here its important aspects,
emphasizing the aspects used in this thesis. In order to get a statistically relevant comparison
of different demographic scenarios, it is important to generate, for each demographic scenario,
a large number of coalescent simulations and to use computational methods that allow a fairly
rapid selection of the scenario which is the more likely to explain the spatial genetic variation
observed within the sequenced genetic markers. Computing likelihood estimates for any given
simulation is extremely time-consuming (Marjoram & Tavaré, 2006). Thus, to circumvent the
need for likelihood computations, ABC is used (Beaumont, Zhang, & Balding, 2002). ABC is
a Bayesian statistical methodology that approximates the likelihood (Csilléry et al., 2010). In
this thesis, both the classic coalescent population model — implemented in Paper III — and the
spatially explicit coalescent model — being implemented in ongoing study IV — are integrated
within an ABC pipeline based on the basic rejection algorithm. This algorithm allows (i) to use
prior information on data (represented as probability distribution of parameters) to generate
simulations under distinct scenarios, (ii) to use descriptive statistics to summarize the observed
and the simulated sets of DNA sequences, (iii) to compute Euclidean distances (based on
regression equations) between the observed and each of the simulated sets of DNA sequences,
(iv) to select the simulations that are closest to the observed set of DNA sequences, (V) to
extract posterior information (represented as probability distribution of parameters) from those
selected closest simulations, and (vi) to determine the best fit scenario (i.e. the scenario with
the highest proportion of simulations among those selected closest simulations, this proportion
is called the “posterior probability” of a given scenario, Pritchard, Seielstad, Perez-Lezaun, &
Feldman, 1999). In ongoing study IV, different types of distances will be computed between
the observed and the simulated sets of DNA sequences (step iii), and the type of distance that
allows the best to distinguish the different scenarios will be retained for the next steps. In Paper
I11, step v and vi were performed using a recent formulation called “ABC-GLM?”, this algorithm
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differs from the basic rejection algorithm especially by the selection of the best-fit model based
on its Bayes Factor (BF) instead of its posterior probability (Leuenberger & Wegmann, 2010).

Not only does using ABC methods, instead of likelihood estimates, allow to select
statistically a best-fit scenario among distinct demographic scenarios in a reasonable amount
of time, but it also allows to define scenarios based on prior distributions of parameter values
instead of fixed values and further evaluate the uncertainty associated with those parameters
by refining those large prior distributions into smaller posterior distributions based on the
values observed within the closest simulations. Different kinds of prior information on the
population(s) studied and the demographic events it(they) underwent can be used to define the
prior distribution of values for each parameter such as the information obtained from the
computation of descriptive summary statistics on the observed set of DNA sequences or
general knowledge of the studied organism. The prior distribution of values for each parameter
is sampled once per simulation, resulting in one gene genealogy per combination of sampled
parameter values. The number of simulations to perform for a given scenario thus have to be
large enough to explore most of the parameter space (i.e. most of the variance which resides in
all potential combinations of parameter values, Wegmann, Leuenberger, & Excoffier, 2009).
Another important choice to make in ABC is the number of summary statistics to use in order
to summarize the observed and the simulated sets of DNA sequences (step ii of the basic
rejection algorithm). This choice should be done so that the statistics summarize the relevant
information on spatial genetic variation contained within the observed and the simulated sets
of DNA sequences without adding statistics that provide non-useful or redundant information
(Bertorelle et al., 2010). In Paper 11, we used the following set of summary statistics: expected
heterozygosity (He) and number of private alleles (PrS) in each population, global and pairwise
Fs among populations, and average nucleotide diversity within and among populations ()
(Tables 1 and 2, Paper III). In ongoing study IV, we will use spatially explicit vectors of allele
frequencies as summary statistics.
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Strong spatial genetic structure in Amazonian bryophytes raises concerns
about their ability to overcome fragmentation
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Abstract

e Bryophytes, and especially lowland tropical species, have been perceived as excellent
dispersers. In such groups with efficient dispersal capacities, the inverse isolation
hypothesis proposes that any spatial genetic structure is erased beyond the limits of
short-distance dispersal (SDD), raising the hypothesis that they may overcome habitat
fragmentation in a region experiencing the fastest rates of deforestation in the world.
Here, we determine whether environmental variation, geographic barriers, and
geographic distance contribute to explain the spatial genetic structure of Amazonian
bryophyte species.

e Single Nucleotide Polymorphism data were produced from a Restriction site-
Associated DNA sequencing (RADseq) protocol for 10 Amazonian bryophyte species.
F-statistics and Mantel tests were employed to test the hypothesis that isolation-by-
resistance (IBR), isolation-by-environment (IBE) or isolation-by-distance (IBD) shape
the observed patterns of genetic variation.

e The slope of the Mantel tests between kinship coefficients and geographic distance
were significant for 8 out of the 10 investigated species and remained significant
beyond the scale of SDD, evidencing significant IBD patterns and invalidating the
application of the inverse isolation hypothesis. The spatial genetic structures reported
here in bryophytes with tiny spores of c¢. 20 pm are comparable to those documented
for angiosperm species producing much larger seeds.

e In contrast to Wallace’s and the gradient hypotheses of a strong imprint of the
Amazonian hydrographic network and variation in soil conditions, respectively, on the
genetic structure of Amazonian biota, our results are not consistent with the idea that
IBR and IBE have shaped the genetic structure of bryophyte species. Most importantly,
our results suggest that Amazonian bryophytes exhibit substantial spatial genetic
structures that point to dispersal limitations that were not expected based on their
apparently homogeneous distribution in the landscape, suggesting that even organisms
perceived as extremely efficient dispersers like bryophytes are severely exposed to
forest fragmentation.

Keywords: Amazonia, tropical rainforest, bryophytes, spatial genetic structure,
Restriction site-Associated DNA sequencing (RADseq), isolation-by-distance (IBD).
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Introduction

The extraordinary diversity in Amazonia results from long and complex interactions
between geologic, climatic and ecological processes (Hoorn &Wesselingh 2010; Smith et al.
2014). By far the most impressive feature of the geography of the Amazon basin is the presence
of large rivers such as the Amazon and the Rio Negro, the first two most important rivers in
terms of annual discharge in the world. Such rivers may, as Wallace (1852) already
hypothesized, act as barriers to gene flow between populations inhabiting opposite river banks,
promoting speciation through isolation-by-resistance (IBR, McRae 2006). This hypothesis has
subsequently been supported by molecular evidence in a wide range of organisms including
primates, anurans, and squamates (see Ortiz et al. 2018 for review), but questioned in others
characterized by higher dispersal capacities (Santorelli et al. 2018), whose distributions are
expected to be more strongly associated with local environmental conditions than with
geographic distance or the presence of barriers (Dambros et al. 2017). In higher plants for
instance, the gradient hypothesis proposes that strong environmental gradients, like white-sand
forests adjacent to other more nutrient-rich forests called “terra firme”, promote isolation-by-
environment (IBE, Wang and Bradburd 2014), and hence, high levels of both phylogenetic and
taxonomic beta-diversity across habitats at small geographic scales (Guevara et al. 2016), but
high alpha- and low beta-diversities at larger scales due to efficient dispersal across large
distances (Condit et al. 2002; Latimer et al. 2005).

High alpha- and low beta-diversities are particularly expected in organisms with high
dispersal capacities, counteracting isolation-by-distance (IBD) and IBR, and low levels of
genetic specialization, counteracting IBE. Among land plants, such features are precisely found
in bryophytes, which are characterized by their failure to adaptively radiate (Patino et al. 2014)
and exhibit, due to the extremely small size of their diaspores, extremely high dispersal
capacities (Patino & Vanderpoorten 2019). Using null model analyses based on
metacommunity concepts for Amazonian epiphytic bryophyte communities, Mota de Oliveira
& ter Steege (2015) in fact reported a correlation between floristic and geographical distances
between 15 and 2835 km close to 0, which they did not consider biologically relevant, and
concluded that, at the massive scale of this region of 6 million square kilometers, “epiphytic
bryophytes behave as one single metacommunity”. Mari et al. (2016) similarly concluded that
microsite availability, as opposed to dispersal limitation, is the most important mechanism
structuring white-sand forest vascular epiphyte communities. This finding has substantial
consequences because it would suggest that epiphytes have the dispersal capacities to
overcome the rapid fragmentation of the Amazonian rainforest. Mota de Oliveira & ter Steege’s
hypothesis (2015) is supported by spore-trapping experiments according to which, although
spore densities quickly decrease with distance from the source, a higher proportion of spores
originates from sources farther away than the nearest sources with increasing isolation
(Sundberg 2005), so that the tail of the dispersal kernel, beyond 500m-1 km, is distance-
independent (Lonnell et al. 2012). In such conditions, an inverse isolation effect is predicted to
develop (Sundberg 2005; Barbé et al. 2016). An inverse isolation effect involves a higher
genetic diversity of colonizing propagules with increasing isolation, thus counteracting
differentiation. Consequently, no IBD is expected beyond a distance corresponding to short-
distance dispersal (SDD) events owing to the well-mixed and diverse propagule pool (Szévényi
et al. 2012). Such predictions have important consequences because rapid forest destruction in
the Brazilian Amazon alone left an area 1.5 times larger than the area cleared as either forest
fragments <100 km? in size, or as areas prone to edge effects (Skole and Tucker, 1993), so that
the Amazon Basin is presently experiencing rates of absolute deforestation higher than any
other region on the planet (Laurance, 1998).
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In the present paper, we determine whether environmental variation, geographic
barriers, and geographic distance contribute to explain the spatial genetic structure of
Amazonian bryophyte species. Given the failure of bryophytes to radiate and the high dispersal
capacities of the group, especially evidenced in the Amazonian context (Mota de Oliveira &
ter Steege 2015), we expect that the spatial genetic structure of Amazonian bryophytes is not
explained by environmental variation. Furthermore, if the inverse isolation hypothesis applies,
we expect that geographic barriers do not contribute to the observed spatial genetic structure
and that any signal of IBD is erased beyond the range of SDD, and hence, that Amazonian
bryophytes have the dispersal capacities to overcome the rapid fragmentation of their habitat.

Material and Methods
Study area and taxonomic sampling

Ten bryophyte species, including four liverworts (Archilejeunea fuscescens, Bazzania
hookeri, Micropterygium trachyphyllum, and Thysananthus amazonicus) and six mosses
(Leucobryum martianum, Octoblepharum albidum, O. pulvinatum, Syrrhopodon annotinus
(including S. simmondsii, as both species behave like one common gene pool, Pereira et al.
2019), S. helicophyllus, and S. hornschuchii) were used as models. Specimens of these species
were sampled within an area of c. 50,000 km? in the Rio Negro basin, north of Manaus (Fig. 1,
Table S1). The Rio Negro, which is there wide of up to c¢. 20 km, forms a natural geographic
barrier, which served to test for IBR. 15 to 40 specimens were sampled per species in the course
of a 30 km-long transect along the Rio Salomois, a 150 km-long transect along the Rio Negro
up to (and including) Jau National Park, and a 150 km-long transect between Manaus,
Presidente Figueiredo and Balbina. The sampling took place in two main kinds of habitats,
including low-stature, open forests on sandy soil (white-sand forests) and non-flooded tropical
lowland rain forests (terra firme, Adeney et al. 2016), which provided the habitat differentiation
used to test for IBE. Specimens were collected in tubes and readily dried-out in silica gel.

Molecular protocols

Samples were frozen in liquid nitrogen for 5 minutes and DNA extracted using the
DNeasy Plant Mini Kit (QIAGEN). SNP libraries were prepared based on a Restriction site-
Associated DNA sequencing (RADseq) protocol modified from the Genotyping-By-
Sequencing (GBS) protocol described by Elshire et al. (2011) and starting with the digestion
of 100ng DNA with ApeKI. Modifications included a double size selection of DNA fragments
of 150-400bp using SPRI beads to only target fragments of sequenceable size; an amplification
with a Q5 Hot Start High-Fidelity DNA Polymerase (NEB) to enhance specificity and reduce
amplification errors; a scalable complexity reduction using longer 3’ primers that cover the
entire common adapter, the 3’ restriction site and extend 1 or 2 bases into the insert, as
implemented in Sonah et al. (2013); and a purification of PCR products using AMPure XP
beads instead of QIAquick PCR Purification Kit (QIAGEN). We gave each individual a
forward and a reverse 4-8bp-long barcode (identical, one at the 5'-end and one at the 3'-end,
for paired-end sequencing), such that each individual had a unique barcode and was
multiplexed with other individuals. These barcodes were selected from the 384 barcodes
specifically designed to be used with ApeKI (https://www.maizegenetics.net). The
concentration of PCR products was assessed by fluorometry with the Quant-iT PicoGreen
dsDNA Assay Kit before multiplexing to ensure the equimolarity of PCR products in final
libraries. The distribution of fragment sizes for each library was analyzed by capillary
electrophoresis with a QIAxcel (QIAGEN) to look for any remaining adapter dimer (c. 128bp).
If present, adapter dimers were removed by selecting fragments of >150bp on a polyacrylamide
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gel. Paired-end sequencing (2X75bp) of the libraries was performed with an [llumina NextSeq
500 sequencer in low-output mode (i.e. 130,000,000 reads per lane).

Bioinformatics processing

Sequences of the adapters as well as low-quality bases (Phred score <20) at both 3’-
and 5’-ends of each read were removed with cutadapt 1.16 (https://cutadapt.readthedocs.io).
ipyrad 0.7.28 (https://ipyrad.readthedocs.io) was then used to demultiplex the libraries and to
cluster alleles that diverged by less than 15%, within individuals into allele clusters, and then
among individuals into /oci. Following Paris et al. (2017), we set the minimum number of raw
reads required to form an allele (read depth filter) to 3. Due to the haploid condition of the
target species, allele clusters with more than one allele per individual were discarded. To avoid
linkage among individual SNPs, one SNP per /locus was randomly selected. We finally
discarded any SNP that was sequenced in less than 10 and 25% of the individuals and then any
specimen that was genotyped in less than 10% of the SNPs to produce two datamatrices (M10
and M25, respectively) to test the impact of the number of individuals, of SNPs and of missing
data.

Statistical analyses

To test for IBD, we regressed pairwise kinship coefficients Fj (Loiselle et al. 1995)
between individuals and the logarithm of pairwise geographic distances. The regression slopes
were first computed across the entire geographic range of the study. The significance of the
slopes was tested by 1000 random permutations of individuals among sampling points across
the entire geographic range (Mantel test). To test the application of the inverse isolation
hypothesis, we then considered only pairs of individuals separated by a distance of at least 1
km. In this case, the randomization test cannot be implemented and the significance of the
slopes was assessed by a Jackknife test. The slopes were thus recalculated after successively
pruning one SNP from the data at a time to estimate the standard deviation of the slope across
SNPs, and hence, determine whether its 95% confidence interval (i.e. 1.96 x the standard
deviation for a significance level of 0.05) encompasses 0, in which case the slope would be
considered as non-significant. To test for IBE and IBR, we assigned specimens to one of two
groups (terra firme vs white-sand forest for IBE and W or E of the Rio Negro for IBR) and
computed the Fy; between the two groups. The significance of the observed F; values was tested
by 1000 random permutations of individuals among groups.

To compare the fine-scale genetic structure of bryophytes with that of angiosperms, we
also computed the Sp statistics, which characterizes the rate of decrease of pairwise kinship
coefficients between individuals with the logarithm of the distance (Vekemans & Hardy, 2004).
The Sp statistics varies as a function of the mating system and dispersal traits, low values
typically characterizing organisms with high dispersal capacities. The Sp statistics is measured
as —br/(1 — F,), where —by. is the regression slope on the logarithm of distance and F is the
mean kinship coefficient between individuals belonging to the first distance interval that
includes all pairs of neighbors. All the computations were performed with Spagedi 1.5d (Hardy
& Vekemans, 2002).

Results

RADseq raw data were submitted to the NCBI Sequence Read Archive (SRA) with
reference number PRINAS530510. Accession numbers for each individual can be found in
Table S1. An average total of 17.6+13% million raw reads per individual was obtained across
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species (Table 1). From those reads, the clustering of alleles diverging by a maximum of 15%
within individuals led to an average of 9.7+13% million allele clusters per individual. The read
depth filtering led to the loss of an average of 80+2% of the allele clusters. The filtering-out of
heterozygous allele clusters led to the loss of another 15+1% of them.

The clustering of alleles clusters diverging by a maximum of 15% among individuals
led to an average of 61962726 loci genotyped per individual across species. After the random
selection of a single SNP per locus, we ended up with matrices including an average of 17,674
(min 4828, max 41866) and 782 (min 143, max 2107) SNPs for M10 and M25, respectively.
In these matrices, an average of 25+6% (min 18, max 36) and of 38+3% (min 34, max 42) of
the SNPs were sequenced per specimen per species for M10 and M25, respectively (Table 1).

The slope of the Mantel tests between kinship coefficients and geographic distance and
their p-value, the Fs between populations from terra firme and white-sand forest on the one
hand, and between populations separated by the Rio Negro on the other, and their p-values,
along with the Sp statistics are presented in Table 2. The slope of the Mantel tests between
kinship coefficients and geographic distance across the entire geographic range was significant
for 8 out of the 10 investigated species. Kinship coefficients progressively decreased with
geographic distance (Fig. 2). All of these eight observed significant IBD patterns across the
entire geographic range remained significant (i.e. the 95% interval of confidence of the slope
at a 0.05 significance level did not encompass 0) when the slope was computed among
individuals located at more than 1 km from each other. Significant IBD tests were mostly
obtained with datamatrices including a lower number of markers but also a higher number of
individuals and lower amounts of missing data (<75%, M25). Significant IBD slopes were also
obtained, in two cases only, with datamatrices including a higher number of SNPs but a lower
number of specimens and higher levels of missing data (<90%, M10). Evidence for IBE and
IBR was very weak, as significant Fs; between populations from terra firme and white-sand
forest on the one hand, and between populations separated by the Rio Negro on the other, were
observed in only one and two datamatrices, respectively (Table 2). The Sp statistics was 0.012
on average across species, with a minimum of 0.006 in S. helicophyllus and a maximum of
0.038 in S. annotinus (Table 2).

Discussion

We report here the results of one of the first studies to use RADseq techniques in
bryophytes (Lewis et al. 2017), wherein these techniques appear as promising tools to generate
large numbers of variable genetic markers when the sequencing of targeted cpDNA or nDNA
loci results in monomorphic datasets (Pereira et al. 2019). The number of SNPs obtained here
is comparable to the 63-1397 SNPs obtained for a dataset with >75% of the individuals and c.
37% missing data in the only other moss species that had been investigated to date using
RADseq techniques, Tetraplodon fuegianus (Lewis et al., 2017). These numbers are somewhat
lower than those obtained in angiosperms, wherein 2000-3000 independent SNPs have been
recently reported (e.g. Prunier et al. 2017; and Bell et al. 2018), which may reflect a truly lower
genetic diversity caused, among others, by high rates of clonality typically found in bryophytes,
but may also call for protocol improvements in these non-model organisms. In particular, an
important drop of the number of allele clusters occurred in the present study when applying the
recommended minimum number of raw reads required to form an allele (Paris et al. 2017),
which may have been caused by the use of a restriction enzyme with a high frequency of target
sites in the target genomes, resulting in a high number of DNA fragments but a low number of
reads per fragment (low read depth). Most importantly, however, the strong genetic structures
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reported here at the landscape scale (see below) unambiguously show that the data produced
are suitable to test the investigated hypotheses.

In line with our predictions and in contrast to Wallace’s (Ortiz et al. 2018) and the
gradient (Guevara et al. 2016) hypotheses of a strong imprint of the Amazonian hydrographic
network and variation in soil conditions, respectively, on the genetic structure of Amazonian
biota, our results are not consistent with the idea that IBR and IBE have shaped the genetic
structure of bryophyte species. While, in angiosperms, a signature of IBE was found in a meta-
analysis in ¢. 20% of the cases (Sexton et al. 2014), and while, within Amazonia specifically,
evidence for ecotypic differentiation between white-sand forest and terra firme populations is
suggestive of an adaptive mechanism of edaphic specialization (Fine et al. 2013; Fine &
Baraloto 2016), the absence of significant differences of allele frequencies between terra firme
and white-sand forest populations (absence of IBE) in the investigated bryophytes is in line
with the idea that bryophytes exhibit ‘multi-purpose’ genotypes and fail to diversify in
heterogeneous environments, accounting for their failure to radiate (Patino et al. 2014). In turn,
the absence of significant differences in allele frequencies between populations separated by
the Rio Negro (absence of IBR) shows that Amazonian bryophytes’ spores have the dispersal
capacity to overcome the natural fragmentation of the landscape by the hydrographic network,
in line with growing evidence that even large geographic barriers such as the Rio Negro are
not an impediment for migration in groups such as birds, butterflies and vascular plants
(Dambros et al. 2017; Santorelli et al. 2018).

In sharp contrast to our primary hypothesis that Amazonian bryophytes exhibit high
dispersal capacities eroding any signal of genetic structure at the landscape scale, however, a
significant IBD was observed in 8 out of the 10 investigated species. Our results are in line
with experimental demographic studies of Amazonian leaf-inhabiting epiphytes, which point
to dispersal limitation at both regional- (<50 km) (Zartman & Shaw 2006) and fine- (<20m)
scales (Zartman et al. 2012) in understory habitats, but strongly challenge the perception, based
on the homogeneous distribution of species in the landscape, that Amazonian bryophyte
species “behave as one single metacommunity” (Mota de Oliveira & ter Steege 2015).

In further contradiction with the inverse isolation hypothesis, IBD consistently
remained significant beyond the range of SDD, evidencing long-distance dispersal (LDD)
limitations. In a recent meta-analysis of the decay of the IBD signal caused by LDD events in
bryophytes, Vanderpoorten et al. (2019) showed that LDD capacities were sufficient to erase
any IBD signal beyond 1000m from the source in 30-50% of the cases. The consistent
persistence of the IBD signal reported here thus suggests that Amazonian bryophyte species
experience more dispersal limitations than species from other biomes.

As a comparison, the average Sp statistics across species of 0.012 lays in the range
reported for angiosperm species characterized by wind dispersal (0.012+0.012), while the
maximal and minimal values of the observed Sp (0.038 in S. annotinus and 0.006 in S.
helicophyllus) are in the range reported for species with gravity-dispersed seeds (0.028+0.016)
and animal-dispersed seeds (0.008+0.005), respectively (Vekemans & Hardy, 2004). It is, in
fact, striking to consider that, within the same Amazonian environment, the average Sp in
bryophytes, whose spores measure ¢. 20 um, is actually comparable to that of the Brazil nut
tree Bertholletia excelsa (Sp=0.01-0.03), wherein no significant fine-scale genetic structures
were revealed in 5 out of 9 investigated populations (Sujii et al. 2015), and whose seeds are
enclosed within a 10-16 cm globose, functionally indehiscent woody capsule whose dispersal
by scatterhoarding agoutis and acouchis, and occasionally squirrels, is restricted to a few
hundreds of meters (Thomas et al. 2014).
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The strong IBD pattern revealed here is consistent with the dispersal traits of the studied
species, together with extrinsic features of their environment of dense rainforests that is not
prone to long-distance wind-dispersal. These dispersal traits include the absence of male
expression (S. annotinus, Pereira, Dambros, & Zartman, 2016), the prevalence of dioicy in
Calymperaceae associated with low sporophyte production (Pereira et al., 2019), the immersion
of the sporophytes within perichaetial leaves or very short setae (S. annotinus and S.
helicophyllus), and the absence of reduction of the peristome (S. annotinus and S.
hornschuchii).

Altogether, our results thus suggest that Amazonian bryophytes exhibit substantial
spatial genetic structures that point to dispersal limitations that were not expected based on
their apparently homogeneous distribution in the landscape. Although these results would need
to be complemented by analyses that allow for actual estimates of dispersal rates, such as
spatially explicit coalescent analyses, they clearly suggest that even organisms perceived as
extremely efficient dispersers like bryophytes are severely exposed to forest fragmentation.
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Fig. 2. Spatial autocorrelogram of the variation of kinship coefficients Fj derived from SNP variation between pairs of individuals
(computed from datamatrices with >25% sequenced specimens per SNP, M25) as a function of geographic distance in 8 bryophyte species showing
significant isolation-by-distance slopes (see Table 2 for slope and p-values) in central Amazonia.



Table 1. Average number of raw reads, number of allele clusters, percentage of allele clusters filtered out to ensure a minimum of 3 reads
per allele (% Read depth), percentage of heterozygous allele clusters filtered out (% Heterozygous) and number of /oci, among individuals, along
with number of SNPs (N), average percentage of sequenced SNPs per individual (%SNPs) and number of individuals (n) in datamatrices with >10
and >25% sequenced specimens per SNP (M10 and M25, respectively) for 10 Amazonian bryophyte species, as well as mean, standard deviation
(SD) and percentage of the standard deviation (%SD) of those same variables among species.

Raw reads  Allele clusters % Read depth % Heterozygous  Loci  N(M25) NM10) %SNPs(M25) %SNPs(M10) n(M25) n(MI10)
A. fuscescens 1474403 794027 78 16 7814 325 33284 38 18 38 23
B. hookeri 2188823 1182346 79 14 5278 860 14648 34 29 23 14
L. martianum 1767423 992325 80 14 10909 143 12162 40 22 41 29
M. trachyphyllum 1677308 945706 79 16 3157 2107 6820 42 36 13 12
O. albidum 1647361 917278 81 15 4910 268 17666 40 26 26 15
O. pulvinatum 1783417 964060 81 15 10111 453 41866 40 22 31 18
S. annotinus 1538315 770311 76 14 5825 132 10339 37 21 40 25
S. helicophyllus 2076985 1136967 82 14 6811 984 22168 34 19 27 24
S. hornschuchii 1691457 960142 80 15 4605 892 12954 36 24 22 18
T. amazonicus 1756805 1040260 81 15 2537 1660 4828 39 30 15 15
MEAN 1760230 970343 80 15 6196 782 17674 38 25 28 19
SD 221087 130276 2 1 2755 666 11774 3 6 10 6
%SD 13 13 2 5 44 85 67 7 23 36 29
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Table 2. Summary statistics of the genetic structure of 10 Amazonian bryophyte species. b-log and b(1)-log are the slopes of the regression
between Fj and geographic distance across the entire range (and their p-value) and at distances >1 km (and their standard deviation, SD),
respectively. FSTigr and FSTigr are the Fy (and their p-value) between populations separated by the Rio Negro and occurring on different forest
types (terra firme vs white-sand forest), respectively. sp is the Sp statistics (Vekemans & Hardy 2004), the mean Sp among species is also provided
(MEAN). M10 and M25 refer to the datamatrices with >10 and >25% sequenced specimens per SNP, respectively. Significant statistics are in

9¢

bold. NA: missing data.

b-log (p) b(1)-log+SD FSTisr(p) FSTise(p) Sp
A.fuscescens (M10) 0.0005 (p=0.508) -0.0062+0.0016 0.00 (p=0.456) 0.14 (p=0.004) NA
A.fuscescens (M25) -0.0189 (p=0.000) -0.0241+0.0083 0.03 (p=0.122) 0.01 (p=0.229) 0.021
B.hookeri (M10) -0.0039 (p=0.303) 0.0069+0.0041 0.00 (p=0. 519) NA NA
B.hookeri (M25) -0.0181 (0.008) -0.0340+0.0118 0.00 (p=0. 463) NA 0.019
L.martianum (M10) -0.0150 (p=0.005) -0.0120+0.0027 0.02 (p=0.118) 0.01 (p=0.344) 0.016
L.martianum (M25) -0.0111 (p=0.150) -0.0084+0.0198 0.06 (p=0.004) 0.00 (p=0.623) NA
M.trachyphyllum (M10) -0.0255 (p=0.004) -0.0367+0.0030 0.01 (p=0.380) 0.00 (p=0.515) -0.026
M. trachyphyllum (M25) -0.0153 (p=0.012) -0.0273+0.0056 0.01 (p=0.443) 0.00 (p=0.515) 0.015
O.albidum (M10) -0.0076 (p=0.232) -0.0094+0.0083 0.00 (p=0.411) 0.00 (p=0.898) NA
O.albidum (M25) -0.0240 (p=0.01) --0.0320+0.0200 -0.0192 (p=0.6953) 0.00 (p=0.972) 0.0188
O.pulvinatum (M10) -0.0086 (p=0.178) -0.0100+0.0016 0.01 (p=1.000) 0.29 (p=0.002) NA
O.pulvinatum (M25) 0.0023 (p=0.644) 0.0108+0.0067 0.00 (p=0.445) 0.02 (p=0.240) NA
S.annotinus (M10) -0.0108 (p=0.033) -0.0370+0.0100 0.01 (p=0.336) NA 0.011
S.annotinus (M25) -0.0337 (p=0.000) -0.0432+0.0164 0.03 (p=0.118) NA 0.038
S.helicophyllus (M10) -0.0003 (p=0.444) 0.0056+0.0026 0.00 (p=0.570) NA NA
S. helicophyllus (M25) -0.0064 (p=0.023) -0.0135+0.0084 0.00 (p=0.550) NA 0.0065
S.hornschuchii (M10) -0.0089 (p=0.030) -0.0065+0.0018 0.00 (p=0.627) 0.02 (p=0.234) 0.0093
S.hornschuchii (M25) 0.0005 (p=0.578) -0.0016+0.0036 0.00 (p=0.447) 0.00 (p=0.477) NA
T.amazonicus (M10) 0.0022 (p=0.636) 0.0030+0.0118 0.00 (p=0.704) NA NA
T.amazonicus (M25) 0.0798 (p=0.991) 0.0798+0.0153 0.00 (p=0.704) NA NA
MEAN 0.012




Table S1. Voucher information and Sequence Read Archive (SRA) biosample accession
numbers from bioproject PRINA530510. All vouchers are hosted at the herbaria of the
University of Liege (ULiege) and of the Instituto Nacional de Pesquisas da Amazonia (INPA).

WSF: white-sand forest; TF: terra firme; NA: missing data.

Collection id Latitude

Longitude

Environment Biosample accession

Archilejeunea fuscescens

104,4
110,1
122,3
125,1
135,1
144,6
148,2
1483
1543
161,10
164,1
165,4
172,5A
172,5B
182,6
185,6
186,1
187,1
21,1
220,4A
222,1
225,1
227,6
27,2
28,2
38,4
42,1
44.4
46,1
49,2B
56,2
58,1
59,1
67,3
68,1
77,3
78,6
81,3
94,2
97,1
97,2b
98,1
99,2

-2.952
-2.950
-2.941
-2.939
-2.927
-3.209
-3.045
-3.045
-3.206
-2.185
-2.183
-2.813
-1.919
-1.919
-1.884
-1.842
-1.842
-1.842
-1.911
-2.054
-2.055
-2.055
-2.024
-1.903
-1.901
-2.074
-2.087
-2.116
-1.985
-1.989
-2.014
-2.014
-2.013
-1.991
-1.993
-2.589
-2.590
-2.929
-2.934
-2.939
-2.939
-2.948
-2.951

-59.957
-59.956
-59.938
-59.929
-59.911
-60.672
-60.753
-60.753
-60.721
-61.131
-61.134
-60.924
-61.404
-61.404
-61.737
-61.629
-61.629
-61.629
-59.409
-61.558
-61.558
-61.559
-61.540
-59.409
-59.409
-59.315
-59.301
-59.305
-60.060
-60.056
-59.906
-59.905
-59.905
-59.902
-59.903
-60.030
-60.029
-59.974
-59.961
-59.962
-59.962
-59.961
-59.958

WSF
WSF
WSF
TF
TF
WSF
WSF
WSF
TF
WSF
TF
WSF
WSF
WSF
TF
TF
TF
TF
TF
WSF
WSF
WSF
TF
WSF
WSF
TF
WSF
WSF
WSF
WSF
WSF
WSF
WSF
WSF
TF
WSF
WSF
TF
NA
NA
NA
NA
WSF

SAMN11316664
SAMN11316665
SAMN11316666
SAMN11316667
SAMNI11316668
SAMN11316669
SAMN11316670
SAMN11316671
SAMN11316672
SAMNI11316673
SAMN11316674
SAMNI11316675
SAMN11316676
SAMN11316677
SAMNI11316678
SAMN11316679
SAMN11316680
SAMN11316700
SAMN11316701
SAMN11316702
SAMNI11316703
SAMN11316704
SAMNI11316751
SAMN11316750
SAMN11316869
SAMN11316870
SAMNI11316871
SAMN11316872
SAMNI11316873
SAMN11316874
SAMNI11316875
SAMN11316876
SAMN11316877
SAMNI11316878
SAMN11316879
SAMN11316880
SAMN11316881
SAMN11316882
SAMNI11316883
SAMN11316884
SAMNI11316885
SAMN11316886
SAMNI11316887
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Collectionid Latitude Longitude Environment Biosample accession
Bazzania hookeri

104,3 -2.952 -59.957 WSF SAMN11316888
110,4 -2.950 -59.956 WSF SAMN11316889
122,1 -2.941 -59.938 WSF SAMN11316890
145,1 -3.052 -60.768 WSF SAMN11316891
165,7 -2.813 -60.924 WSF SAMN11316892
178,3 -1.943 -61.363 WSF SAMN11316893
188,1 -1.842 -61.629 TF SAMNI11316894
205,3A -1.886 -61.591 WSF SAMN11316895
2144 -2.052 -61.559 WSF SAMN11316896
215,1 -2.052 -61.559 WSF SAMN11316897
215,1BIS -2.052 -61.559 WSF SAMN11316898
221,6 -2.054 -61.558 WSF SAMN11316899
2342 -2.847 -60.234 WSF SAMN11316900
26,2 -1.904 -59.409 WSF SAMN11316901
34,2 -1.903 -59.408 WSF SAMN11316902
37,4 -1.991 -59.555 WSF SAMN11316903
41,3 -2.083 -59.304 WSF SAMN11316904
46,11 -1.985 -60.060 WSF SAMN11316905
47,2B -1.986 -60.059 WSF SAMN11316906
53,2 -2.015 -59.908 WSF SAMN11316907
69,1 -1.992 -59.906 TF SAMN11316908
76,3 -2.588 -60.031 WSF SAMN11316909
78,1 -2.590 -60.029 WSF SAMN11316910
79,1 -2.589 -60.029 WSF SAMNI11316911
97,2a -2.939 -59.962 NA SAMN11316912
99,1 -2.951 -59.958 WSF SAMNI11316913
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Collectionid Latitude Longitude Environment Biosample accession

Leucobryum martianum

104,2 -2.952 -59.957 WSF SAMN11316929
105,5 -2.953 -59.958 WSF SAMN11316930
110,5 -2.950 -59.956 WSF SAMN11316931
111,1 -2.948 -59.956 WSF SAMN11316932
122,5 -2.941 -59.938 WSF SAMN11316933
144,5 -3.209 -60.672 WSF SAMN11316934
145,2 -3.052 -60.768 WSF SAMN11316935
145,6 -3.052 -60.768 WSF SAMN11316936
149,5 -3.042 -60.754 WSF SAMN11316937
154,1 -3.206 -60.721 TF SAMN11316938
156,3 -3.207 -60.719 WSF SAMN11316939
163,4 -2.184 -61.135 TF SAMN11316940
165,5 -2.813 -60.924 WSF SAMN11316941
166,2 -2.812 -60.922 WSF SAMN11316942
167,1B -2.811 -60.921 WSF SAMN11316943
172,2 -1.919 -61.404 WSF SAMN11316944
177,2 -1.943 -61.363 WSF SAMN11316945
178,6 -1.943 -61.363 WSF SAMN11316946
18,2 -1.913 -59.408 TF SAMN11316947
184,2 -1.884 -61.737 TF SAMN11316948
186,2 -1.842 -61.629 TF SAMN11316949
187,2 -1.842 -61.629 TF SAMN11316950
195,1C -1.881 -61.594 WSF SAMNI11316951
195,3 -1.881 -61.594 WSF SAMN11316952
197,2 -1.881 -61.599 WSF SAMNI11316953
199,2 -1.879 -61.598 WSF SAMN11316954
210,9 -2.044 -61.558 WSF SAMNI11316955
214,5 -2.052 -61.559 WSF SAMN11316956
216,7 -2.052 -61.559 WSF SAMN11316957
217,3B -2.053 -61.559 WSF SAMN11316958
217,5 -2.053 -61.559 WSF SAMN11316959
221,9 -2.054 -61.558 WSF SAMN11316960
2232 -2.056 -61.559 WSF SAMN11316961
225,2 -2.055 -61.559 WSF SAMN11316962
227,4 -2.024 -61.540 TF SAMNI11316963
228,1 -2.023 -61.540 TF SAMN11316964
230,2 -2.022 -61.539 TF SAMN11316965
231,2 -2.846 -60.235 TF SAMN11316966
234,1 -2.847 -60.234 WSF SAMN11316967
234,1BIS -2.847 -60.234 WSF SAMN11316968
239,2 -2.856 -60.235 WSF SAMN11316969
24,1 -1.904 -59.410 TF SAMN11316970
26,1Bis -1.904 -59.409 WSF SAMN11316971
36,1 -1.992 -59.554 WSF SAMN11316972
38,2 -2.074 -59.315 TF SAMNI11316973
41,2 -2.083 -59.304 WSF SAMN11316974
44,3 -2.116 -59.305 WSF SAMNI11316975
46,5 -1.985 -60.060 WSF SAMN11316976
55,1 -2.015 -59.906 WSF SAMN11316977
61,1 -2.012 -59.906 WSF SAMN11316978
65,1 -2.003 -59.907 WSF SAMN11316979
67,1 -1.991 -59.902 WSF SAMN11316980
68,4 -1.993 -59.903 TF SAMN11316981
78,4 -2.590 -60.029 WSF SAMN11316982
79,3 -2.589 -60.029 WSF SAMNI11316983
87,1 -2.927 -59.969 TF SAMN11316984

P423A -2.046 -61.559 WSF SAMNI11316985




Collection id Latitude

Longitude

Environment Biosample accession

Micropterygium trachyphyllum

127,1
140,2
167,2
178,2
195,2
205,3B
214,1
216,6
217,1
218,1
220,1
227,1
230,1
240,2
27,1
41,6
54,1
56,1
68,3
96,1

-2.938
-2.919
-2.811
-1.943
-1.881
-1.886
-2.052
-2.052
-2.053
-2.053
-2.054
-2.024
-2.022
-2.856
-1.903
-2.083
-2.016
-2.014
-1.993
-2.938

-59.918
-59.917
-60.921
-61.363
-61.594
-61.591
-61.559
-61.559
-61.559
-61.559
-61.558
-61.540
-61.539
-60.235
-59.409
-59.304
-59.907
-59.906
-59.903
-59.962

TF
TF
WSF
WSF
WSF
WSF
WSF
WSF
WSF
WSF
WSF
TF
TF
WSF
WSF
WSF
WSF
WSF
TF
TF

SAMN11316986
SAMN11316987
SAMNI11316988
SAMN11316989
SAMN11316990
SAMNI11316991
SAMN11316992
SAMNI11316993
SAMN11316994
SAMNI11316995
SAMN11316996
SAMN11316997
SAMNI11316998
SAMN11316999
SAMN11317000
SAMN11317001
SAMN11317002
SAMN11317003
SAMN11317004
SAMN11317005

40



Collectionid Latitude Longitude Environment Biosample accession

Octoblepharum albidum

100,2 -2.950 -59.958 WSF SAMN11353161
105,4 -2.953 -59.958 WSF SAMN11353162
109,1 -2.951 -59.956 TF SAMNI11353163
117,1 -2.942 -59.957 TF SAMN11353164
122,7 -2.941 -59.938 WSF SAMNI11353165
144,11 -3.209 -60.672 WSF SAMN11353166
148,1 -3.045 -60.753 WSF SAMN11317006
151,2 -3.037 -60.747 WSF SAMN11317007
158,1 -3.148 -60.791 NA SAMN11317008
159,1 -3.211 -60.718 TF SAMN11317009
160,1 -3.266 -60.672 TF SAMN11317010
161,3 -2.185 -61.131 WSF SAMN11317011
162,1 -2.186 -61.135 TF SAMN11317012
165,1B -2.813 -60.924 WSF SAMNI11317013
182,1 -1.884 -61.737 TF SAMN11317014
183,1 -1.884 -61.737 TF SAMNI11317015
185,2 -1.842 -61.629 TF SAMN11317016
189,1 -1.878 -61.588 WSF SAMN11317017
19,1 -1.912 -59.408 TF SAMNI11317018
202,1 -1.891 -61.594 WSF SAMN11317019
210,5 -2.044 -61.558 WSF SAMN11317020
212,2 -2.046 -61.558 WSF SAMN11317021
214,3 -2.052 -61.559 WSF SAMN11317022
2242 -2.056 -61.559 WSF SAMN11317023
226,1 -2.054 -61.559 WSF SAMN11317024
2217,5 -2.024 -61.540 TF SAMN11317025
23,1 -1.906 -59.410 TF SAMN11317026
35,1 -1.994 -59.552 TF SAMN11317027
38,1 -2.074 -59.315 TF SAMN11317028
43,1 -2.085 -59.303 WSF SAMN11317029
44,1 -2.116 -59.305 WSF SAMN11317030
46,4 -1.985 -60.060 WSF SAMN11317031
81,1 -2.929 -59.974 TF SAMN11317032
84,1 -2.928 -59.972 TF SAMNI11317033

95,1 -2.935 -59.961 NA SAMNI11317034




Collectionid Latitude Longitude Environment Biosample accession

Octoblepharum pulvinatum

131,1 -2.936 -59.907 TF SAMN11317035
144,2 -3.209 -60.672 WSF SAMN11317036
147,1 -3.045 -60.754 WSF SAMN11317037
150,1 -3.038 -60.748 WSF SAMN11317038
153,1 -2.955 -60.929 TF SAMN11317039
156,2 -3.207 -60.719 WSF SAMN11317040
161,9 -2.185 -61.131 WSF SAMN11317041
163,2 -2.184 -61.135 TF SAMN11317042
165,2 -2.813 -60.924 WSF SAMNI11317043
172,3 -1.919 -61.404 WSF SAMN11317044
172,4A -1.919 -61.404 WSF SAMN11317045
172,4B -1.919 -61.404 WSF SAMN11317046
173,1 -1.918 -61.410 WSF SAMN11317047
176,1 -1.939 -61.361 TF SAMN11317048
177,1 -1.943 -61.363 WSF SAMN11317049
18,3 -1.913 -59.408 TF SAMN11317050
182,5 -1.884 -61.737 TF SAMN11317051
182,8 -1.884 -61.737 TF SAMN11317052
185,4 -1.842 -61.629 TF SAMNI11317053
186,3 -1.842 -61.629 TF SAMN11317054
190,5 -1.878 -61.589 WSF SAMN11317055
195,1B -1.881 -61.594 WSF SAMN11317056
201,4 -1.876 -61.595 WSF SAMN11317057
210,10 -2.044 -61.558 WSF SAMN11317058
214,6 -2.052 -61.559 WSF SAMN11317059
217,3A -2.053 -61.559 WSF SAMN11317060
221,3 -2.054 -61.558 WSF SAMN11317061
223,1 -2.056 -61.559 WSF SAMN11317062
225,3 -2.055 -61.559 WSF SAMN11317063
231,3 -2.846 -60.235 WSF SAMN11317064
240,3 -2.856 -60.235 WSF SAMN11317065
25,1 -1.904 -59.410 WSF SAMN11317066
37,2 -1.991 -59.555 WSF SAMN11317067
38,3 -2.074 -59.315 TF SAMN11317068
46,8 -1.985 -60.060 WSF SAMN11317069
55,2 -2.015 -59.906 WSF SAMN11317070
68,2 -1.993 -59.903 TF SAMN11317071
70,1 -1.993 -59.906 TF SAMN11317072
76,4 -2.588 -60.031 WSF SAMNI11317073
81,2 -2.929 -59.974 TF SAMN11317074
P420A -2.045 -61.559 WSF SAMN11317075

P423B -2.046 -61.559 WSF SAMN11317076




Collectionid Latitude Longitude Environment Biosample accession

Syrrhopodon annotinus

144,10 -3.209 -60.672 WSF SAMN11317077
144,14 -3.209 -60.672 WSF SAMN11317078
144,9 -3.209 -60.672 WSF SAMN11317079
145,3 -3.052 -60.768 WSF SAMN11317080
161,5 -2.185 -61.131 WSF SAMN11317081
165,1A -2.813 -60.924 WSF SAMN11317082
173,4 -1.918 -61.410 WSF SAMN11317083
178,1 -1.943 -61.363 WSF SAMN11317084
205,4 -1.886 -61.591 WSF SAMN11317085
212,1 -2.046 -61.558 WSF SAMN11317086
217,4 -2.053 -61.559 WSF SAMN11317087
231,9 -2.846 -60.235 WSF SAMN11317088
232,2 -2.846 -60.235 WSF SAMN11317089
233,1 -2.846 -60.234 WSF SAMN11317090
238,4 -2.855 -60.235 WSF SAMN11317091
28,1 -1.901 -59.409 WSF SAMN11317092
31,3 -1.897 -59.412 WSF SAMN11317093
41,7 -2.083 -59.304 WSF SAMN11317094
41,8 -2.083 -59.304 WSF SAMN11317095
43,2 -2.085 -59.303 WSF SAMN11317096
45,1 -1.983 -60.060 WSF SAMN11317097
50,1 -1.990 -60.056 WSF SAMN11317098
55,3 -2.015 -59.906 WSF SAMN11317099
71,2 -2.589 -60.030 WSF SAMN11317100
P424A -2.047 -61.559 WSF SAMN11317101
122,6 -2.941 -59.938 WSF SAMN11317174
144,12 -3.209 -60.672 WSF SAMNI11317175
145,5 -3.052 -60.768 WSF SAMNI11317176
149,2 -3.042 -60.754 WSF SAMN11317177
161,7 -2.185 -61.131 WSF SAMNI11317178
167,1A -2.811 -60.921 WSF SAMN11317179
178,7 -1.943 -61.363 WSF SAMNI11317180
203,1 -1.888 -61.592 WSF SAMNI11317181
216,1 -2.052 -61.559 WSF SAMNI11317182
217,2A -2.053 -61.559 WSF SAMNI11317183
228,3 -2.023 -61.540 TF SAMNI11317184
238,5 -2.855 -60.235 WSF SAMNI11317185
31,2 -1.897 -59.412 WSF SAMNI11317186
41,4 -2.083 -59.304 WSF SAMNI11317187
45,3 -1.983 -60.060 WSF SAMNI11317188
51,1 -1.988 -60.058 WSF SAMNI11317189
62,1 -2.012 -59.906 WSF SAMNI11317190
65,2 -2.003 -59.907 WSF SAMNI11317191
67,5 -1.991 -59.902 WSF SAMNI11317192
77,4 -2.589 -60.030 WSF SAMNI11317193
79,5 -2.589 -60.029 WSF SAMNI11317194
80,1 -2.588 -60.030 WSF SAMNI11317195

81,4 -2.941 -59.974 TF SAMNI11317196




Collectionid Latitude Longitude Environment Biosample accession

Syrrhopodon helicophyllus

101,1 -2.951 -59.957 WSF SAMNI11317115
105,1 -2.953 -59.958 WSF SAMNI11317116
105,3 -2.953 -59.958 WSF SAMNI11317117
107,2 -2.953 -59.958 WSF SAMNI11317118
110,2 -2.950 -59.956 WSF SAMNI11317119
146,1 -3.051 -60.763 WSF SAMNI11317120
149,1A -3.042 -60.754 WSF SAMNI11317121
149,1B -3.042 -60.754 WSF SAMNI11317122
165,6 -2.813 -60.924 WSF SAMNI11317123
166,4 -2.812 -60.922 WSF SAMNI11317124
221,2 -2.054 -61.558 WSF SAMNI11317125
224,1 -2.056 -61.559 WSF SAMNI11317126
235,2 -2.846 -60.234 WSF SAMNI11317127
238,2 -2.855 -60.235 WSF SAMNI11317128
238,6 -2.855 -60.235 WSF SAMNI11317129
25,3 -1.904 -59.410 WSF SAMNI11317130
33,1Bis -1.903 -59.408 WSF SAMNI11317131
41,1 -2.083 -59.304 WSF SAMNI11317132
46,10 -1.985 -60.060 WSF SAMN11317133
46,7Bis -1.985 -60.060 WSF SAMN11317134
46,9 -1.985 -60.060 WSF SAMNI11317135
49,1 -1.989 -60.056 WSF SAMNI11317136
53,3A -2.015 -59.908 WSF SAMNI11317137
65,4 -2.003 -59.907 WSF SAMNI11317138
71,2 -1.999 -59.908 WSF SAMN11317139
75,2 -2.015 -59.908 WSF SAMN11317140
75,3 -2.015 -59.908 WSF SAMN11317141
76,1 -2.588 -60.031 WSF SAMNI11317142
76,5 -2.588 -60.031 WSF SAMNI11317143
77,1 -2.589 -60.030 WSF SAMNI11317144
78,3 -2.590 -60.029 WSF SAMNI11317145

83,1 -2.928 -59.972 TF SAMNI11317146




Collectionid Latitude Longitude Environment Biosample accession

Syrrhopodon hornschuchii

108,1 -2.952 -59.955 NA SAMN11317147
115,1 -2.944 -59.957 TF SAMNI11317148
118,1 -2.942 -59.957 TF SAMN11317149
119,1 -2.938 -59.958 TF SAMNI11317150
125,3 -2.939 -59.929 TF SAMNI11317151
125,4 -2.939 -59.929 TF SAMNI11317152
135,5 -2.927 -59.911 TF SAMNI11317153
136,1 -2.926 -59.914 TF SAMNI11317154
143,2 -2.923 -59.941 TF SAMNI11317155
151,1 -3.037 -60.747 WSF SAMNI11317156
153,2 -2.955 -60.929 TF SAMNI11317157
154,4 -3.206 -60.721 TF SAMNI11317158
155,1 -3.207 -60.720 TF SAMNI11317159
157,1 -3.207 -60.718 WSF SAMNI11317160
162,2 -2.186 -61.135 TF SAMNI11317161
163,1 -2.184 -61.135 TF SAMNI11317162
163,3 -2.184 -61.135 TF SAMNI11317163
164,2 -2.183 -61.134 TF SAMNI11317164
164,3 -2.183 -61.134 TF SAMNI11317165
190,2 -1.878 -61.589 WSF SAMNI11317166
211,1 -2.044 -61.558 WSF SAMNI11317167
37,1 -1.991 -59.555 WSF SAMNI11317168
42,2 -2.087 -59.301 WSF SAMNI11317169
67,8 -1.991 -59.902 WSF SAMNI11317170
82,2 -2.928 -59.972 TF SAMNI11317171
83,3 -2.928 -59.972 TF SAMNI11317172

84,2 -2.928 -59.972 TF SAMNI11317173




Collectionid Latitude Longitude Environment Biosample accession

Thysananthus amazonicus

105,8 -2.953 -59.958 WSF SAMN11316587
107,1 -2.953 -59.958 WSF SAMNI11316588
112,1 -2.948 -59.956 WSF SAMN11316604
144,1 -3.209 -60.672 WSF SAMN11316589
146,2 -3.051 -60.763 WSF SAMNI11316625
149,3 -3.042 -60.754 WSF SAMNI11316638
166,3 -2.812 -60.922 WSF SAMN11316637
184,1 -1.884 -61.737 TF SAMN11316642
235,3 -2.846 -60.234 WSF SAMN11316644
41,5 -2.083 -59.304 WSF SAMNI11316643
46,3 -1.985 -60.060 WSF SAMN11316646
46,6 -1.985 -60.060 WSF SAMN11316645
49,2A -1.989 -60.056 WSF SAMN11316648
53,1 -2.015 -59.908 WSF SAMN11316647
63,1 -2.014 -59.905 WSF SAMN11316649
75,1 -2.015 -59.908 WSF SAMNI11316651
76,6 -2.588 -60.031 WSF SAMN11316650

78,5 -2.590 -60.029 WSF SAMNI11316658
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Abstract

Bryophytes are a group of land plants wherein the role of hybridization has long
been challenged. Using Genotyping by Sequencing to circumvent the lack of
molecular variation at selected loci previously used for phylogeny and
morphology, we determine the level of genetic and morphological divergence
and reproductive isolation between the sibling Syrrhopodon annotinus and S.
simmondsii (Calymperaceae, Bryopsida) that occur in sympatry but in different
habitats in lowland Amazonian rainforests. A clear morphological differentiation
and a low (0.06), but significant Fst derived from the analysis of 183 SNPs were
observed between the two species. Conspecific pairs of individuals consistently
exhibited higher average kinship coefficients along a gradient of geographic
isolation than interspecific pairs. The weak, but significant genetic divergence
observed is consistent with growing evidence that ecological specialization can
lead to genetic differentiation among bryophyte species. Nevertheless, the spatial
genetic structures of the two species were significantly correlated, as evidenced
by the significant slope of the Mantel test based on kinship coefficients between
pairs of interspecific individuals and the geographic distance separating them.
Interspecific pairs of individuals are thus more closely related when they are
geographically closer, suggesting that isolation-by-distance is stronger than the

interspecific reproductive barrier and pointing to interspecific gene flow. We
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conclude that interspecific introgression, whose role has long been questioned in
bryophytes, may take place even in species wherein sporophyte production is
scarce due to dioicy, raising the question as to what mechanisms maintain

differentiation despite weak reproductive isolation.

1 Introduction

Interspecific hybridization has long been recognized as a widespread and
important phenomenon in plant evolution (Payseur & Rieseberg, 2016; Alix et
al., 2017). Alloploidization, which involves whole genome duplication with the
chromosome numbers of the two parents being summed in the hybrid species,
has long been perceived as the dominant form of hybrid speciation (Abbott et al.,
2010). Homoploid speciation, the evolution of a species without change in
chromosome number, is thought to be a rarer form of speciation, although its
detectability might increase with the advances of genomics (Abbott et al., 2010).
In fact, genomic methods have dramatically improved our ability to
detect introgression and have expanded the number of taxa amenable to a
detailed study of hybridization (Goulet et al., 2017). By far the most widely-used
approach to detect hybridization with molecular data is the use of model-based
methods to infer global (genome-average) and local (locus-specific) ancestry
from population variation data, such as STRUCTURE (Porras-Hurtado et al.,

2013). These methods rely, however, on a series of assumptions, including not or
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weakly linked loci, which are not met in clonal organisms. Alternatively, Hardy
& Vekemans (2001) introduced a method to evidence interspecific gene flow by
contrasting the effect of reproductive barriers between species and isolation by
distance within species on population genetic structure. Although this method
does not make any assumptions on genetic structure, an important requirement is
that samples of each species show similar geographic distributions to ensure that,
for all types of pairwise comparisons (i.e., within and between species), a full
range of geographic distances between samples is present. Since this method
integrates geographic distance with genetic relatedness, it allows for determining
the spatial scale at which interspecific gene flow occurs.

Here, we apply this approach to address the question of hybridization in
bryophytes, wherein, despite substantial evidence for allopolyploidization (e.g.,
Barbulescu et al., 2017; Karlin & Smouse, 2017; Nieto-Lugilde et al., 2018) and
associated shifts in sexual systems (Perley & Jesson, 2015), hybridization has
long been perceived as nothing more than ‘an ephemeral and evolutionarily
insignificant phenomenon’ (Natcheva & Cronberg, 2004). The reason for this,
perhaps, is the fact that bryophytes are typically seen as mostly clonal organisms.
Two-third of the moss species are dioicous and rarely produce sporophytes.
Monoicous species, in turn, are characterized by high rates of selfing (Eppley et

al., 2007; Hutsemékers et al., 2013). Such features do not, in principle, promote
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hybridization. Actual evidence for recombination of nuclear markers associated
with sympatric occurrence of phenotypically intermediate specimens is indeed
extremely limited (Shaw, 1998; Natcheva & Cronberg, 2007), and hybridization
in bryophytes has been inferred from equivocal evidence such as intermediate

morphology (see Natcheva & Cronberg, 2004 for review) and incongruence

between chloroplast and nuclear DNA sequences (e.g., Hedenis, 2015, 2017).
In the present paper, we focus on the species pair formed by Syrrhopodon
simmondsii and S. annotinus (Calymperaceae), which appears as an ideal model
to test for reproductive isolation in mosses. These two species are sympatric in
their Amazonian range where they occupy different micro-habitats, S. annotinus
mostly occurring on mineral substrates such as rock and soil, whereas S.
simmondsii tends to occur on organic substrates such as dead wood, humus, and
trees (Reese, 1993), avoiding the common problem that ecological
differentiation is confounded with distance and/or barriers to dispersal (Weber et
al., 2017). Specimens of S. annotinus and S. simmondsii clustered within a clade
in phylogenetic analyses based on a combination of five chloroplast and one
nuclear region (Pereira et al., 2019), but the lack of molecular variation within
that clade called for the use of more variable markers. Single Nucleotide
Polymorphisms (SNPs) have been successfully employed in fine-scale

population genetics of mosses (Rosengren et al., 2015, 2016) and we therefore
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built a SNP library from a modified Genotyping by Sequencing (GBS) protocol
to test the morphological species concept of S. annotinus and S. simmondsii,
address the following questions and test the following hypotheses: To what
extent are the spatial genetic and morphological structures of the two species
correlated? If S. annotinus and S. simmondsii are reproductively isolated, we
expect that reproductive barriers are stronger than isolation-by-distance effects,
and hence, that there is no relationship between the genetic and morphological
similarity of pairs of interspecific individuals and the geographic distance
separating them (H1). If the two species are conspecific, we expect that the
regression curves between conspecific and interspecific pairs of individuals and
geographic distance are overlapping (H2). If interspecific gene flow occurs
between two genetically diverging species, we expect that the genetic and
morphological similarity of pairs of individuals is higher in conspecific than in
interspecific comparisons, but that the regression slope between interspecific
genetic, and potentially also morphological, similarity and geographic distance is

significant (H3).
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2 Material and Methods
2.1 Sampling and molecular protocols

Forty-eight specimens, including 25 of Syrrhopodon annotinus and 23 of S.
simmondsii, were sampled from a 42 640 km® area of lowland (< 100 m)
rainforest in the Rio Negro Basin North of Manaus (Table S1; Data S1). Climatic
conditions, characterized by yearly average temperatures of 27.5 °C and 2145
mm of rainfall, are homogeneous across the study area. Main forest types include
dense rainforests, more open forest types developing on white sand, and
seasonally inundated forests. Syrrhopodon annotinus and S. simmondsii were
only found in the white-sand forest (Sierra et al., 2018). The study area lays in
the core distribution area of these two species, S. annotinus being an Amazonian
endemic while S. simmondsii is endemic to northern South America (Reese,
1993). The sampling was organized to include a range of geographic distance
among specimens from 0 to 250 km, in local sympatry (specimens of the two
species at a distance of less than 25 m) or in allopatry (only specimens from one
species found within the nearest 25 m). Specimens were collected in tubes and

readily dried-out in silica gel.

Samples were frozen in liquid nitrogen for 5 minutes and DNA extracted using

the DNeasy Plant Mini Kit (QIAGEN). SNP libraries were prepared based on a
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GBS protocol (Elshire et al., 2011) modified as follows: (i) 100 ng DNA were
digested with ApeKI and (ii) a double size selection of DNA fragments of 150-
400 bp was performed using SPRI beads to only target fragments of
sequenceable size. Fragments were amplified with a Q5 Hot Start High-Fidelity
DNA Polymerase NEB to enhance specificity and reduce amplification errors. A
scalable complexity reduction was achieved by using longer 3" primers that
cover the entire common adapter, the 3’ restriction site and extend 1 or 2 bases
into the insert following Sonah et al. (2013). PCR products were purified using
AMPure XP beads. We gave each individual a forward and a reverse 4-8 bp long
barcode (one at the 5’ end and one at the 3’ end), such that each individual had a
unique barcode and could be multiplexed with all other individuals. These
barcodes were selected from the 384 barcodes specifically designed to be used
with ApeKI (http://www.maizegenetics.net/genotyping-by-sequencing-gbs). The
concentration of PCR products was assessed by fluorometry with the Quant-iT
PicoGreen dsDNA Assay Kit before multiplexing to ensure the equimolarity of
PCR products in final libraries. Distribution of fragment sizes for each library
was analyzed by capillary electrophoresis with a QIAxcel to look for any
remaining adaptor (around 128 bp). If present, adaptors were removed by
selecting fragments of > 150 bp on a polyacrylamide gel. Paired-end sequencing

(2X75 bp) of the libraries was performed with an I1lumina NextSeq. 500

This article is protected by copyright. All rights reserved.

56



sequencer in low-output mode (i.e., 130 000 000 reads per line).

Sequences of the adaptors at both 3” and 5’ ends of each read as well as low-
quality sequences (Phred score <20) at both ends were removed with cutadapt
1.16 (https://cutadapt.readthedocs.io). ipyrad 0.7.28
(https://ipyrad.readthedocs.io) was then used to demultiplex the libraries and to
cluster alleles that diverged by less than 15% within and then among individuals.
Following Paris et al. (2017), we set the minimum number of raw reads required
to form an allele to 3. Due to the haploid condition of the target species, loci with
more than one allele per individual were discarded. We then discarded any locus

that was sequenced in less than 30% of the individuals.

2.2 Statistical analyses

To test the morphological species concept of S. annotinus and S. simmondsii, we
performed analyses at the level of allelic combinations on the one hand, and
allele frequencies on the other. We therefore performed a Principal Component
Analysis of the SNP data matrix to identify combinations of alleles that best
discriminate specimens and then employed a one-way analysis of variance to
determine whether there were significant differences of the average score of
specimens morphologically assigned to either species, and hence, determine

whether the observed genetic segregation corresponds to the distinction between
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the two species. We further computed the Fst between groups of specimens
morphologically assigned to either S. annotinus or S. simmondsii to seek for
genetic differences at the level of allele frequencies. Significance of F'st was
assessed by 1000 random permutations of individuals among species. To test the
hypothesis that the two species are reproductively isolated, we computed Mantel
tests between kinship coefficients F1ij (Loiselle et al., 1995) (i) for pairs of
conspecific individuals, and (ii) for pairs of interspecific individuals, and the
geographic distance separating them. The significance of the slope associated
with the Mantel test among conspecific pairs was assessed by random
permutations of 1000 individuals among localities. For comparisons between
species, care must be taken in the interpretation of significance tests when spatial
autocorrelation occurs within each species (Hardy & Vekemans, 2001). This
problem arises because randomization of spatial positions not only uncouples the
spatial structures of both species, as needed, but also suppresses the spatial
autocorrelation within each species. Thus, for comparisons between species, the
randomization tests may overestimate the association between geographic
distances and genetic distances between interspecific individuals. Therefore, to
assess the significance of the slope of the Mantel tests among non-conspecific
species pairs, we implemented a Jacknife test, wherein the slope was

recalculated after successively pruning one locus from the data at a time, to
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estimate the standard deviation of the slope across loci, and hence, determine
whether its 95% confidence interval encompasses 0. One-way analysis of
variance was employed to test the hypothesis that average kinship coefficients
between pairs of conspecific individuals were higher than between interspecific
pairs of specimens. All computations were performed with Spagedi 1.5 (Hardy et

al., 2002).

To compare the fine-scale genetic structure of S. annotinus and S. simmondsii
with that of angiosperms, we also computed the Sp statistics, which characterizes
the rate of decrease of pairwise kinship coefficients between individuals with the
logarithm of the distance (Vekemans & Hardy, 2004). The Sp statistics varies as
a function of the mating system and dispersal traits, low values typically
characterizing organisms with high dispersal capacities and outbreeding mating
systems. The Sp statistics is measured as —by /(1 — F,), where —b is the
regression slope on the logarithm of distance and F; is the mean kinship
coefficient between individuals belonging to the first distance interval that
includes all pairs of neighbours, was computed for comparison with the values

reported in angiosperms (Vekemans & Hardy, 2004).

This article is protected by copyright. All rights reserved.

59



2.3 Morphological analyses

Fourteen variable gametophytic characters (Table 1) were scored on the
specimens used for molecular analysis. Ten randomly selected leaves were
sampled from each of three randomly selected shoots per collection. To
determine whether there is a continuous morphological range of variation
between the two species, a Principal Component Analysis was performed, and
significant differences in the average score of specimens assigned to each
species, respectively, on the first two axes, were sought using one-way analysis
of variance. To test the hypothesis that morphological differentiation is
consistently higher in interspecific than in intraspecific comparisons along a
gradient of geographic distance (H2), we computed Euclidian distances of both
pairs of conspecific and interspecific individuals separately. We then computed
the correlation coefficient between Euclidian distances for both intra- and
interspecific comparisons and geographic distance, and employed one-way
analysis of variance to test that average morphological differences were

significantly higher in inter- than intraspecific comparisons.

This article is protected by copyright. All rights reserved.

60



3 Results

An average total of 1.5 million reads per individual was obtained. From those 1.5
million of reads per individual, the clustering of alleles diverging by a maximum
of 15% within individuals led to an average of 750 000 allele clusters per
individual. The minimum number of raw reads required to form an allele (set to
3) led to the loss of an average of 86% of the allele clusters. The filtering-out of
heterozygous allele clusters led to the loss of another 2% of them. From the
resulting matrix of 14 000 loci on average per specimen, we ended-up, after
clustering loci diverging by a maximum of 15% among individuals, filtering-out
loci and individuals with >75 and 90% of missing data, respectively, with a
matrix including 40 specimens listed in Table 1 from an initial number of 48 and
183 loci. In that matrix (Data S1), 37.2+16.1% of the loci were sequenced on

average per specimen.

The analyses seeking for significant differences between S. annotinus and S.
simmondsii at the level of allele combinations on the one hand, and allele
frequencies on the other, revealed an extremely weak genetic divergence
between the two species. Thus a weak and marginally significant (F =4.1, P =
0.05) average difference was found between the scores of individuals
morphologically assigned to either S. annotinus or S. simmondsii along the first

axis of the Principal Component Analysis of the SNP datamatrix (Fig. 1). The
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F'st between specimens morphologically assigned to either S. annotinus or S.
simmondsii was 0.059 (P = 0.004), reflecting the weak, but significant difference

of allele frequencies between the two species.

Average kinship coefficients along a geographic gradient were consistently
higher for conspecific comparisons than for interspecific comparisons, and
significantly so in 3 out of the 6 comparisons (Fig. 2). The Sp statistics derived
from the Mantel test based upon comparisons of conspecific pairs of individuals
was 0.04 (0.043 for S. annotinus and 0.024 for S. simmondsii). Nevertheless, the
spatial genetic structures of the two species was significantly correlated. In fact,
the interval of confidence of the regression slopes between pairs of conspecific
individuals (b-log slope = -0.033+0.011, P < 0.001), but also between pairs of
interspecific individuals (b-log slope = -0.034+0.010) did not encompass 0,

evidencing a significant pattern of isolation-by-distance in both cases.

The distribution of specimens along the first axes of the PCA of morphological
characters, which accounted for 55 and 16% of the total variance, respectively, is
shown in Fig. 3A. There were significant morphological differences between S.
annotinus and S. simmondsii, as revealed by significant ANOVAS of the average
score of specimens assigned to each species along PCA1 (P<0.001), but not
PCA2 (P=0.26). PCA1 was mostly correlated negatively with chlorophyllose

cell width, leaf serration, and presence/absence of chlorocyst papillae, and
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positively with plant size, leaf length, costa width, and stem thickness (Fig. 3B).
None of the intra- and interspecific Euclidian distances were correlated with
geographic distance (Fig. 4). Differences between pairs of specimens of different
species were consistently significantly higher than between pairs of conspecific

individuals across the geographic range (Fig. 4).

4 Discussion

The significant Fst between sympatric specimens assigned to Syrrhopodon
annotinus and S. simmondsii indicates that reproductive isolation led to
differences in allele frequencies between two sympatric species characterized by
different habitat requirements. Shaw et al. (1987) similarly found significant
differences in a sympatric pair of moss species (Climacium americanum and C.
dendroides) from different habitats. Although it is not possible to determine
whether habitat differentiation triggered or followed speciation, these
observations are consistent with growing evidence that ecological specialization
can lead to genetic differentiation within bryophyte species. These observations
contrast with the hypothesis that physiological plasticity prevails over genetic
specialization in bryophytes based on experimental work suggesting that, in
contrast with the vast majority of angiosperm species, bryophyte species do not
tend to develop ecotypes, but rather display an inherent broad ability to cope

with environmental variation (Shaw, 1992). The results presented here contribute
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to growing evidence for genetic divergence (Szdvényi et al., 2009; Hutsemekers
et al., 2010; Pisa et al., 2013; Mikulaskova et al., 2015; Magdy et al., 2016) and
speciation (Johnson et al., 2015) along environmental gradients in bryophytes,
suggesting that adaptation could play a more important role in shaping genetic
patterns than previously thought. In particular, an increased role for ecological
speciation contrasts with the hypothesis that the failure of bryophytes to radiate
is caused by the limited importance of isolation-by-environment in the group

(Patifio et al., 2014).

The slight, but significant genetic divergence between S. annotinus and S.
simmondsii (6% of the total variance of allele frequencies) and the significantly
higher kinship coefficients in intraspecific than in interspecific pairs of
individuals suggest that the sharp morphological differences between the two
species cannot be simply explained by plasticity. Furthermore, no correlation
between morphological variation and geographic distance was observed in S.
annotinus and S. simmondsii. Interspecific morphological differences were
consistently significantly higher than intraspecific differences across the
geographic range investigated. This indicates that, in contrast to S. leprieurii
(Pereira et al., 2013), the observed morphological differentiation between S.
annotinus and S. simmondsii cannot be explained by an alternative hypothesis of

geographic variation within a single species (Zapata & Jimenez, 2012).
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However, despite the fact that pairs of conspecific individuals consistent-
ly exhibited higher average kinship coefficients than pairs of interspecific indi-
viduals, the slope of the Mantel test based on kinship coefficients between inter-
specific pairs was significantly spatially correlated. This indicates that isolation-
by-distance is stronger than the interspecific reproductive barrier. Interspecific
pairs of individuals are therefore more closely related when they are geograph-
ically closer, evidencing interspecific gene flow and strongly supporting Natche-
va & Cronberg’s (2004) suggestion that hybridization may be a common, yet

largely overlooked mechanism in bryophytes.

The strong isolation-by-distance pattern revealed here is consistent with
the dispersal traits of the studied species, which are characterized by immersed
sporophytes within perichaetial leaves, fairly large spores of > 30 um, the ab-
sence of a peristome, and infrequent gemmae and sporophyte production (Reese,
1993), together with extrinsic features of their environment of dense rainforests
that is not prone to long-distance wind-dispersal. The Sp statistics of 0.04 lays in
the upper limit of the range reported for species with gravity-dispersed seeds
(0.02840.016) and is higher than the range reported for species characterized by
wind (0.012+0.012) and animal (0.008+0.005)-dispersed seeds (Vekemans &
Hardy, 2004). Such a poor dispersal capacity does not point to the transportation

of diaspores by animals, which has been increasingly documented in bryophyte
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species from dense forest environments with low wind connectivity (Heinken et
al., 2001; Parsons et al., 2007; Rudolphi, 2009; Wilkinson et al., 2017). The Sp
statistics was, in turn, lower than that reported for plant species characterized by
selfing (and even more, clonal) mating systems (0.14+0.08), which is consistent
with the hypothesis that interspecific gene flow may occur in sympatry. Individ-
uals of S. annotinus and S. simmondsii in fact grow in the close vicinity of each
other, so that sperm cells may reach the archegonia of a non-conspecific female
individual. In a one-year monitoring survey of sex expression, Pereira et al.
(2016) failed, however, to find expressed males and sporophytes in S. annotinus,
while expressed males and sporophytes were found in <1% and 5% of investi-
gated individuals, respectively, in S. simmondsii. Since gametangia production
was positively correlated with precipitation (Pereira et al., 2016), we hypothesize
that interspecific gene flow reported here dates back to historical periods of in-

creased sexual reproduction associated with historically wetter climates.

Our results point to three main conclusions. First, based on the fact that
there is (i) a weak, but significant Fst between sympatric specimens assigned to
S. annotinus on the one hand, and S. simmondsii on the other, and that kinship
coefficients are significantly higher in interspecific than in intraspecific
comparisons and (ii) a sharp morphological differentiation, we tentatively

suggest that S. annotinus and S. simmondsii represent two distinct species.
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However, the weakness of the reproductive barrier between them, evidenced by
the significance of the regression slope of Fij in interspecific comparisons,
suggests that S. annotinus and S. simmondsii diverged recently. During the
speciation process, various aspects of lineage divergence in fact arise (De
Queiroz, 2007). Sister species progressively diverge from each other over time,
but the acquisition of the different properties defining them (when they become
phenotypically diagnosable, reciprocally monophyletic for one or multiple loci,
reproductively incompatible, ecologically distinct, etc.) is not simultaneous,
potentially leading to conflicting assessments of species identity before and after

the acquisition of any one of those properties.

Second, significant patterns of genetic structure were observed despite
the comparatively low number of SNPs that could be expected with GBS
techniques and the fairly large amounts of missing data. By comparison with the
results obtained in other plant studies using GBS or Rad-seq approaches, > 1000
SNPs were obtained for each of 663 individuals in Protea repens (Prunier et al.,
2017), an average of 2778 independent SNP loci was obtained in 7 Australian
Alpine species (Bell et al., 2018), and 17 982 SNPs were obtained in the fir
Keteleeria davidiana with 50% missing data (Shih et al., 2018). The 183 SNPs
obtained here are more comparable to the 63 SNPs obtained in the only other

moss species that had been investigated to date using GBS or Rad-seq
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techniques, Tetraplodon fuegianus, in its northern hemisphere range (Lewis et
al., 2017). The lower number of SNPs obtained in mosses may reflect a truly
lower genetic diversity caused, among others, by high rates of clonality, but may
also call for protocol improvements in these non-model organisms. Nevertheless,
the present results, together with those of Lewis et al. (2017), suggest that SNP
data are a promising tool for shallow systematics (Fernandez-Mazuecos et al.,
2018; Ding et al., 2019) and fine-scale genetic structure (Attard et al., 2018) in
bryophytes when traditional markers such as low-copy nuclear genes and

chloroplast genes are not polymorphic.

Third, the maintenance of low, but significant levels of genetic
divergence and a high morphological differentiation despite weak reproductive
isolation (in fact, weaker than the strength of isolation-by-distance) is puzzling.
The rarity of intermediate hybrid phenotypes was previously reported in mosses,
wherein it was interpreted in terms of a higher viability of spores that had
inherited most of the genome from one or the other parent, or the low survival of
the recombinant gametophytes (Cronberg, 1996; Cronberg & Natcheva, 2002).
In the case of S. annotinus and S. simmondsii, we suggest that two mechanisms
may contribute to the observed differentiation. First, the intensity of
recombination may be limited by the resistance of large parts of the genome

against heterospecific genes, maintaining the genetic distinctness of the species
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(Natcheva & Cronberg, 2007). Second, habitat specialization may play a key role
through the counter-selection of hybrids, calling for the implementation of

experimental transplantations and fitness measurements.
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Figures

Fig. 1. Principal Component Analysis of genetic variation at 183 SNPs in the
sibling moss species Syrrhopodon annotinus and S. simmondsii. Values in

parentheses indicate the proportion of explained variance of the first two axes.
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Fig. 2. Spatial autocorrelogram showing average kinship coefficients Fij (£SD)
derived from the analysis of 183 SNPs per distance class between pairs of
conspecific (black line) and interspecific (grey line) individuals of Syrrhopodon
annotinus and S. simmondsii as a function of the distance between pairs of
individuals. Stars indicate the confidence level (* <0.05) of the anova of intra-
and interspecific comparisons at each distance class.
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Fig. 3. Principal Components Analysis of 14 gametophytic characters in
Syrrhopodon annotinus and S. simmondsii. A, Projection of the individuals onto
the first two axes. B, Correlation between the variables (see Table 1 for
abbreviations) and the axes.
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Fig. 4. Average+SD of the Euclidian distance of morphological characters (Table
1) between pairs of conspecific (black line) and interspecific (grey line)
individuals of Syrrhopodon annotinus and S. simmondsii as a function of the
distance between pairs of individuals. Stars indicate the confidence level (**, P<
0.01; *** P <0.001) of the anova of intra- and interspecific comparisons at each
distance class.
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Table 1 Morphological characters scored to describe the differentiation between

Syrrhopodon annotinus and S. simmondsii and among conspecific specimens

Characters

Description

1 Leaf length (LL)

2 Leaf width (LW)

3 Leaf serration (LS)

4 Costa width (CW)

5 Gemmiferous leaves (GL)

LEAF CHARACTERS

0 = short (< 2.5 mm); 1 =long (2.5-5

mm); 2 = very long (> 5 mm)

0 = thin (< 0.5 mm); 1 = wide (> 0.5

mm)

0 = absent; 1 =< 10 teeth present on
either leaf side; 2 = with more than 10

noticeable teeth on each side of leaf

0 = thin (10-60 pm); 1 = medium (60-

200 pm); 2 = thick (> 200 pm)

0 = absent; 1 = present
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LEAF MARGIN

6 Hyaline border (HB)

0 = marginal; 1 = submarginal

CANCELLINAE

7 Cancellinae cell length (CL)

8 Cancellinae cell width (CCW)

0 = short (15-50 pm); 1 =1long (> 50

pm)

0 = thin (7.5-12.5 pum); 1 = medium

(20-30 pm); 2 = wide (> 50 um)

CHLOROPHYLLOSE CELLS

9 Chlorophyllose cell length (ChL)

10 Chlorophyllose cell width (ChW)
11 Chlorocyst papillae (CP)

STEM CHARACTERS

12 Central strand (CS)

0 = short (7- 9 um); 1 =long (9- 12

pm)
0 = thin; 1 = wide

0 = absent; 1 = present

0 = absent; 1 = presente
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13 Stem thickness (ST) 0 =small (1- 5 mm); 1 = large (5- 10
mm)
PLANT CHARACTERS
14 Plant size (PS)
0 = small (<lcm); medium sized (= 1-

2 cm); robust (> 2cm)
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Abstract

Climatic fluctuations during the Last Glacial Maximum (LGM) exerted a profound influence on
biodiversity patterns, but their impact on bryophytes, the second most diverse group of land
plants, has been poorly documented. Approximate Bayesian computations based on coalescent
simulations showed that the post-glacial assembly of European bryophytes involves a complex his-
tory from multiple sources. The contribution of allochthonous migrants was 95-100% of expand-
ing populations in about half of the 15 investigated species, which is consistent with the globally
balanced genetic diversities and extremely low divergence observed among biogeographical
regions. Such a substantial contribution of allochthonous migrants in the post-glacial assembly of
Europe is unparalleled in other plants and animals. The limited role of northern micro-refugia,
which was unexpected based on bryophyte life-history traits, and of southern refugia, is consistent
with recent palaeontological evidence that LGM climates in Eurasia were much colder and drier

than what palaeoclimatic models predict.
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Bryophytes, climate change, dispersal, historical biogeography, Last Glacial Maximum, refugia.
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INTRODUCTION

Pleistocene glacial cycles, ending ¢. 19 000 years ago at the
Last Glacial Maximum (LGM), played a major role in struc-
turing the distribution of biodiversity (Lumibao et al. 2017).
During glacial maxima, ice made vast areas inaccessible for
most plant and animal species to establish (Eidesen et al.
2013). In Europe, palacontological and phylogeographic evi-
dence suggest that species currently distributed in ice-free
areas at LGM either persisted in southern refugia (Hewitt
1999, 2000, 2004; Médail & Diadema 2009) or in micro-refu-
gia located in the steppe zone South of the ice sheet (Bhagwat
& Willis 2008). During warmer periods, like the current inter-
glacial, populations expanded northward from southern refu-
gia or northern micro-refugia, generating admixed
populations with high genetic diversity at mid-latitudes, and
genetically depauperate populations at high latitudes resulting
from long-distance dispersal events and associated founder
effects (Hewitt 1999; Petit et al. 2003).

For species currently distributed in areas that were covered
in ice at LGM, Darwin (1859) and Hooker (1862) similarly
proposed that species migrated southwards with the advancing
ice sheets. Although this hypothesis received some support
(Schonswetter et al. 2006; Skrede et al. 2006), this explanation
is incomplete. For example, palaeontological evidence suggests

that lowland areas south of the ice sheet experienced a cold
and dry climate that was unsuitable for Arctic and Alpine flo-
ras (Abbott & Brochmann 2003). It is possible that some spe-
cies survived in local micro-refugia within the ice-sheet area in
the Arctic (Westergaard e al. 2011) or in southern mountain
ranges, from where they potentially back-colonised northern
areas (Schonswetter er al. 2003, 2005). However, Hultén
(1937) alternatively suggested that ice-free regions of Beringia,
a region encompassing north-east Russia and north-west
America, served as a source for the recolonisation of Europe
(Eidesen et al. 2013).

The ability of species to persist in northern refugia can be
predicted from their life-history traits, which include, in
woody plant species, short generation times, small seed sizes
and vegetative reproduction under harsh environmental condi-
tions (Bhagwat & Willis 2008). Such traits precisely charac-
terise bryophytes, a diverse and conspicuous component of
terrestrial ecosystems. In particular, the successful regenera-
tion of subglacial bryophytes following hundreds to thousands
of years of ice entombment (La Farge et al. 2013; Roads et al.
2014; Cannone et al. 2017), along with phylogeographic evi-
dence for in situ persistence of moss species in Antarctica dur-
ing the LGM (Pisa et al. 2013; Biersma et al. 2018), broadens
the concept of glacial refugia, traditionally confined to sur-
vival of land plants beyond glacier margins. Bryophyte
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diaspores are, however, capable of extreme long-distance dis-
persal, further raising the intriguing idea that the post-glacial
recolonisation of Europe might have taken place from extra-
European sources (Kyrkjeeide er al. 2014) such as North
America (Steneien et al. 2011) and Macaronesia (Hutsemékers
et al. 2011; Laenen et al. 2011; Patino et al. 2015).

The rich macrofossil record preserved in lake sediments and
peat has provided a detailed picture of the Quaternary bog
flora (Jakab & Stimegi 2011), but we lack a more global, com-
munity-scale understanding of the post-glacial recolonisation
of Europe by bryophytes. Molecular phylogeography has
increasingly appeared as a promising tool in historical bio-
geography, especially since model-based methods under a for-
mal framework have overcome the limitations of the
qualitative description of summary statistics or gene trees
(Thomé & Carstens 2016). The high dispersal capacities of
bryophytes have, however, casted doubt on the possibility to
find signatures of historical demographic events from analyses
of their extant spatial genetic patterns (Van der Velde &
Bijlsma 2003). Spore-trapping experiments indeed revealed
that a higher proportion of spores originates from sources far-
ther away than the nearest sources, leading to an inverse
isolation effect (Sundberg 2005) erasing any isolation-by-
distance signal (Szovényi et al. 2012).

Here, we applied approximate Bayesian computations
(ABCs) in the framework of the coalescent theory and com-
bined them with predictions from species distribution models
(Fig. 1) to address the following questions:

Can patterns of genetic structure and diversity be used to
retrace the post-glacial history of European bryophytes, or
did intense post-glacial migrations erase any spatial genetic
structure, making it impossible to retrace the origin of
migrants? If a significant genetic structure exists, which histor-
ical scenario best fits with the observed patterns of genetic
structure and diversity? Given bryophyte life-history traits, we
hypothesise that northern refugia or even populations buried
under the ice sheet at LGM substantially contributed to the
post-glacial recolonisation of Europe.

MATERIALS AND METHODS
Population and molecular sampling

Twelve and three species with their core present distribution
range in areas that were ice-free and covered in ice at LGM
(hereafter, IF and IC species, respectively) were used as mod-
els (Tables 1 and 2). Specimens were sampled across the entire
distribution range of the species, but with a focus on Europe

and North America due to previous evidence for the existence
of genetic connections between them (Szovényi et al. 2008;
Steneien er al. 2011; Kyrkjeeide er al. 2016; Désamoré et al.
2016). Each specimen was assigned to each of three or five
regions (Table S1, Fig. S1), which correspond to the definition
of source and sink areas for IF and IC species respectively.
We used here the circumscription of continental Europe of
the European Environment Agency (https://www.eea.europa.e
u/data-and-maps/data/biogeographical-regions-europe-3)

(Fig. 2). In the south-east, Caucasus, which marks the border
between Europe and Asia, was excluded. The extra-European
range included the Holarctic, but not the Southern Hemi-
sphere, where some of the species exhibit scattered occur-
rences. Indeed, while the existence of bipolar ranges attests to
discrete episodes of long-distance dispersal between the South-
ern and Northern Hemispheres over the past million years
(see Biersma et al. 2017 for review), Southern Hemisphere
populations are unlikely to have contributed to the post-gla-
cial recolonisation of Europe, given that the Equator repre-
sents a strong geographic barrier to spore migrations
(McDaniel & Shaw 2005; Vanderpoorten et al. 2010). For IF
species, Europe was split into southern and northern ranges
to delimitate areas that correspond to the location of northern
and southern refugia, as defined, for example by Bhagwat &
Willis (2008) and Médail & Diadema (2009) respectively. The
definition of the southern refugia corresponds to the circum-
scription of the Mediterranean (sensu https://www.eea.eu
ropa.eu/data-and-maps/data/biogeographical-regions-europe-
3) but including the entire Iberian Peninsula. We also assigned
a few specimens from northern Africa to the Mediterranean
region. For IC species, the partitioning was based on the
extent of the ice sheet at LGM (Abbott & Brochmann 2003),
so that four regions were considered within Europe: 1. north-
ern range under the ice sheet at LGM; 2a, b. ice-free and iced
southern mountain ranges at LGM, respectively; 3. lowland
range south of the ice sheet at LGM (Fig. 2).

We used published sequence data (Désamoré er al. 2016)
and another 1941 newly produced sequences following the
protocols of Désamoré et al. (2016) to expand the geographi-
cal and taxonomic sampling (Table S1). Specimens of liver-
worts were sequenced at 2-3 cpDNA loci including both
coding and non-coding regions. For mosses, specimens were
sequenced at up to 3 cpDNA loci and 1-3 intron-spanning
nuclear loci selected for their suitable range of variation from
McDaniel et al. (2013) (Tables 1 and 2, Table S1). Sequences
were aligned with the ‘muscle’ algorithm (Edgar 2004) as
implemented in Seaview 4.7 (Gouy et al. 2010). Gaps were
treated as missing data. In all analyses, cpDNA data were

Figure 1 Graphical abstract of the integrative method employed to reconstruct the post-glacial history of European bryophytes. (1) Sampling of specimens
across their distribution range. (2) Genotyping by Sanger sequencing at selected loci, producing a matrix of observed sequence data. (3) Simulation of
sequence data under competing post-glacial recolonisation scenarios (3.1). Millions of allele genealogies are simulated under alternative coalescence models,
for which demographic parameters are randomly sampled from prior probability distributions before each simulation. The prior distribution of one of
these demographic parameters, population size, is derived from estimates inferred from species distribution models. DNA sequence data sets equal in size
to the observed data are generated by implementing nucleotide substitutions along the simulated genealogies (3.2). Observed and simulated data are
summarised using summary statistics characterising population structure and genetic diversity. The distances between observed and simulated summary
statistics are computed and the simulations with the 1000 shortest distances are used to generate the posterior probability distributions for all demographic

parameters and identify the scenario with the highest posterior probability (PP).

© 2019 John Wiley & Sons Ltd/CNRS

88



Letters

European bryophyte phylogeography 975

x
x
x X
x ;&x x
x
. Metzgeriaconjugata
X Sampled point
A E;tf{ac?on o \\ K + Climatic variables
mplification

Sanger sequencing

XK, —[ACGATCCCAA[..| TAGTGGCATG
= k]

¥, = |[CGGATGCATG | .| ACGTTAGCTC 3 = Ne
xn =|CGAATTACGG | ... | CATGCAATAT

locus 1

locus z

Matrix of observed sequences

Alleles
genealogies

Demographic scenarios

<

Species distribution models (SDMs)

N

Prior
s’_‘l distribution of
Ne m *** (]| parameters

X 109

»

o

® Substitution event

X 109 N o X 10°
||
Ii = CAGATCCCAA ... TATGAGCCAT
L = ACGACGAAAG ... CATGAGACAG
In‘ = CCAAACGATC ... ATGTGCGTGC
X 106

Matrices of simulated sequences —

0.56 0.67 0.73

Observed summary statistics

(e

Distances 0

lRanking

PP

Sc.1
0.001

Sc.2

Sc.4/6

0.02

L. Best-Fit model

-

X 4/6
Scenarios
Posterior
distribution of
* * *
Ne m parameters

© 2019 John Wiley & Sons Ltd/CNRS

&9



Letters

976 A. Ledent et al.

L9°0 0050 S0 050 L0 80 080 09°0 LLO L8°0 80°0 80°0 %C1°0 €ro 00°0 200 €00 00°0 %100 *LT0 €
SO'L IST°1 or'l1 I11 0C'1 9’1 €Tl 6¢'1 45! 9¢°1 w0k S 10 ek CC0 wxxl€0  4xx[€°0 00°0 wx1€°0 I[T°0  %%xSC0 «x9C°0 =P’ 0 T
S6'S  S89°L 9L'8 901 &y 08'S LE'8 8S°¢ LS8 6V 01 %610 ssexP€0  5xxLT0  ssexb €0 00 12070 20 800  wxxLS0  #xx0S0 1
(€L = N) ‘ISSRH PoLmapqg vl J,
01’0 8590 Sro 01°0 9¢°0 70°0 000 860 9¢°0 700 £0°0 *£C°0 00 00°0 81°0 000 000°0 L1°0 000 000 ¥
90  8ol'l 8L0 S9°0 19°0 L1'0 000 SLO 19°0 L1°0 %01°0 %900 %50°0 00°0 660°0 00°0 000°0 8¢0°0 00°0 000 ¢
SI'o  TLEO LLO 01°0 €0 0L'0 900 650 620 L0 000 #%xIT0 %590 00°0 TI'0 %%x85°0 00°0 %*8C°0 00°0 IS0 ¢
0T 8L80 s0 80 L0 L0 890 09°0 960 PS0 w5xLT0  5xxPCT0 %90°0 80°0 00°0 #xSC0 00°0 *£C°0 00°0 LTO 1
(821 = N) "MPaH vopLisny piuud |
[ LLS'TT  8S'TI / / / / 001 / / | sxxl€0  xxxLE0 / / / / €e0 / /€
TN R 2 4 / / / /oort / / / 600 600 / / / / 000 / /It
[ oy vby / / / /000 / / | %4x8€°0  4#48€°0 / / / / 000 / /1
(98 = N) "duyog (‘mpay) wnomoddpy wnipryduty

'YL qcox 0¥ €ox qgecr  [BCId  geCY  [qCr gqry el BC0ISA qzoIsd 10384 €01sd  qeedIsd 1eqsd geaisd 19084 £qa01sd €1Isd
L0°0 09°0 790 €60 890 0€°0 0 0 0 I 0 009°0 9570 €EL0 L09°0 £0¢0 (L = do) pun ¢
#3535 CC 0 96°0 €C'l 0’1 6L°0 970 0 0 0 0 4 L0970 PSL0 €080 L0970 LSS0 (1L = u) 6£T-8LOS6OMYV T
#35%0C°0 6’9 §9°C 98°L 98 69°L 0 0 3 1 Cl ¥ZS0 Sov0 £68°0 YIL0 9660 (€6 = 1) SOT-TLOLSOMY 1
(€L = N “dL) 'ISSOH poLIDADq DIl ]
%0170 00°0 00°1 00°0 60°0 61°0 0 1 0 0 I 00070 L1+°0 00070 L3800 681°0 (88 = do) Hidre
S0°0 000 erl 00°0 €€'0 [4N! 0 C 0 0 C 0000 8C0 0000 [0 £09°0 (L9 = U) $1S—STSISOMYV "€
s L0 00°0 70 cro 170 61°0 0 0 0 0 1 0000 770 8IT°0 71¥°0 810 (8TT = ) THT-666980MV T
sl 170 001 99°0 78°0 6C°0 890 0 0 0 0 14 0001 265°0 0¥9°0 080 085°0 (611 = 1) 661-€6E860MV "I
AwNM =N r<r—lv BUOE DODLISND DIUUIL |
#353x51°0 / el / w0 €8 / 0 / 0 81 / L99°0 / 60 €0L0 (S = do) Hyde ¢
s CE 0 / 001 / Wl 6CCl / 0 / 0 8T / 00S°0 / LTS0 TLLO (L = 1) LTE-8STS60MYV T
#3535 €°0 / 00°0 / 00°0 e's / 0 / 0 91 / 0001 / S1S°0 0S8°0 (8% = ) 06T-9STRGOMYV T
(98 = N “TV) "duyos (‘\mpay) wnooddp) winpiyduty

187 gL qcu ey [ ox £SId qcSid eZSid I1Sid 0S1d £9H qZeH BCOH I°H 0°H

JNDT e 199ys 201 31} JO YINOos 25Ukl PURIMOT € "JADT I® 991 Ul PAIdA0D
93URI UIRIUNOW UIYINOS :q7 "D 1B 921J-901 dFURI UTBIUNOW UIYINOS BT ‘JADT 18 199Ys 301 d) I9pun I3UBI UIYLIOU ;] dFurI uadoIng-BIXJ () 'SNOO[ 1BY) I0J paurelqo saouanbas jo roqunu
Ay} st awouad (do) onsejdoroyo 10 (u) Ieonu Y} 0} SNJO| B JO JUAWUSISSE Y} FUIMO[[0J Joqunu Y], ‘sudwidads paosuanbas jo requnu :n LSy 10 (100°0 PU® [0°0 ‘SO0 > d) [9A9] 20URIYIUSIS
sx% PUR 44 % TADT 18 901 UI PAISAOD SBAIR UI d3uel uonnquysip juasard urew e yim soads 91AydoAiq sa1yy ur 1001 (do) 3sedoroyo pue (#) Iesponu pajesie) je uoneLeA a0uanbas jo ((1) suordar
Suowe pue uryiM AJISIAIP 9pnodonu AZeIdAR puk ‘suoldar Juowe LSy asimired pue [eqo[3 ‘Sid sopo[e eaud jo roqunu ‘OH A)1s084z01919Yy pa3oadxd) sonsne)s Arewwins paAIdsqQ [ dqel

© 2019 John Wiley & Sons Ltd/CNRS

90



European bryophyte phylogeography 977

Letters

£9°0 9L°0 0S°8 0L°0 ¥8't 68t 10°0 st 170 £0°0 #%60°0 4 0 0S LLO 080 89°0 (zs = do) H-1dye-ggrda g
66'L §9'9 0L°6 0S°L 9¢°11 v1°Cl 700 ##+€C°0 #2%CE°0 #4610 S 0 6T +8°0 1L°0 180 (1S =) LT€-8STS60MY T
(ZS = N ‘IDS) 20T 2 YIS N (yonag) wnpuro.10 wnianid.ioog
0S°0 w1 89°C L8°0 L1 86'1 000 000 €00 100 0 I 1 0S°0 €90 060 (SL = 1) T9T-SL69SOMYV T
€€°0 86°0 €S'1 L0 01 0p'1 000 000 w170 #5%60°0 0 I 6 €€0 IL0 80 (€01 = 1) S61-6LLISOMY 1
011 = N ‘Md) dwryos ("MpaH) wnipnpun wimnidayjo13v]q
00C ¥6'1 €1'e 99°1 8T'C 6T°C 000 80°0 #%C1°0 #0170 0 € 0 00°1 080  9v0 (€01 = do) H-1dye '
LTV 10t 9T w©e 86'C 0T'e 000 000 +€0°0 00 0 11 14 00'1 68°0 S8°0 (ST1 =u) $EE—68L98MYV "1
(€21 = N ‘ad) dwiydg (‘MpaH) wimipjnoluap uiniday1o15]d
191 90 961 S6'1 LS'1 8TC waxLP°0 000 #2%LS°0 #2570 0 4 I 90 0S50 S0 (08 = do) psdr-pun-purn ¢
LLE1 LTT cLel S9°Cl 96°¢1 691 ##+E7°0 100 ##%65°0 #3070 0 0 0 IS0 920 LSO (0ST = ) 65T-99S980MV ‘T
S6'6 90°S PLTT €6°CI LTI POv1 #2457°0 700 o A #2%LE°0 0 I 0 190 TS0 16°0 (I¥1 = ) 80T-€8L980MYV 'T
(691 = N ‘Nd) dod "L (‘Mpay) wmpnpun wniuuio1sn]q
L¥'1 SL'1 €0'C 0€'C L6°1 96T #2%09°0 #4800 #25CP 0 #2457°0 0 14 S ST0 620 180 (181 = do) pun ¢
106 LS'L 8L¥E L1°6 €9°6T 0L°€T €10 €10 11°0 10 (4 4 L9 LSO 90 160 (€81 = ) LTE-8SIS60MV €
€66 or'e S6'CI 6L'C 786 9¢°6 000 91°0 12°0 L1°0 I 0 w 89°0 €0 T60 (L9T = ) ¥SH—6L9860MV T
¥9°¢ 97T SL'S SI'e 10y 00'% 00 ##+91°0 #5910 #+E1°0 0 0 I S0 €L0 680 (FST = ) 80T-98L86OMYV "I
(b1T = N “10) I0[KBL % "OOH 1jjod] winiysL.11041.10)
€51 LT / LE'T / / 000 / / 000 [ I / €0 THO / (€9 = do) ggrdr-pun ¢
86'1 8T'1 / €Ll / / L0O0 / / «L0°0 9 4 / 980 650 / (6L = 1) LTE-8ST860MYV '€
s 329 / vC's / / 000 / / 000 Sl S / 8,0 080 / (€S = 1) 19T-SL69SOMYV ‘T
19°6 ¥9°¢ / 89t / / S0°0 / / S0°0 9 I / SLO 19°0 / (6L =) STI-0LLISOMY 1
(16 = N ‘VO) 'PUg X2 "peIydS auLffp wnysroy1i0)
SIS 8T8 6¢° 19 LOL 66°6C 85°0¢ +80°0 #245€°0 o ) #a%1€°0 I 9¢ 9L 0L0  $L0  #8°0 (do) pun-g-1die '
(Tr1 = N “AN) 1own (‘) vivoanf vriaszia
000 000 LY'S 000 a3 123 00°0 S0°0 #2%CE°0 #+ST°0 0 0 1T LSO vr0  6v0 (do) oun-H-1die °|
(69 = N ‘DIN) "qpur] pivanfiuos vria3z1a
vL'T 0b'1¢C SL'1 seel 0L's S191 #2%C0°0 #2%05°0 #2%€C°0 #2%81°0 S 4 4 18°0 65°0 1L°0 (do) 1oq1-gdye-grrdi-oun |
(621 = N ‘SH) 'dwiyog (‘MpaH) wimnasrias winidayiojpuio gy
[4ul 068 98¢l 196 SOSI 61°SI 00°0 P10 #2%LT0 #2%1C°0 0 S € 06°0 L90  0L0 (do) pun-H-1dre-gqsd '
(88 = N V@) "Wown( () suvaiqpp wnjjdydojdiq
1’1l LOL 06°Cl 68'8 YT11 69°6 «€1°0 «11°0 #2%60°0 #2x01°0 €C S L 680 60 760  (do) qun-oun-g-rdie-qqsd ‘|
(68 = N “dD) 1ppey (1) vssy viasoddp)
Lo 01 SE0 98°0 €570 9L°0 00°0 000 LO0 €00 0 ¢ 0 9¢€0 90 LIO (101 = do) H-1d1e "¢
66'C LL'T S9'1 19°C we w81 #xx11°0 ##+51°0 ##%90°0 ##%10°0 4 € I SL0 LSO TLO (TTr = u) LTE-8STS60MV T
9t°0 LLO 8¢'0  ¥19°0 Y0P'0 0850 000 000 000 00°0 0 I 0 8¢°0 LSO 8¢°0 (I1T1 = u) 8L-8vF86OMY 1
(TPl = N ‘WV) "dwryag (dwryog) imoasnow wnipiyduy

u £ ox Icu oy orx 17154 0084 01384 1S Sid 1S1d 0S1d °H [°H 0°H

o8uer ueadoinyg urdyInos :g -ofuel uradoIng uIdylIou ;] -d3url ukadoIng-BIIXA :() 'SNOO[ JBY] JOJ PauIeIqo saduanbas jo 1aq
-wnu 9y} st dwoudd (do) onsejdoio[yd 10 (u) IB[ONU Y} 0} SNOO[ B JO JUIWUSISSE oY) FUIMO[[0] Joquunu JY [, ‘suawoads paouanbas jo roqunu :n “LS,7 103 (100°0 PUB [0°0 ‘SO0 > d) [AJ] ddUBIYIU
-3IS 445 PUR 4y ‘5 'JADT 18 SBAIR 021J-001 Ul d3uel uonnquysip judsard urews 1oy) Suraey saads 91AydoAiq g1 ur oof (do) 3sejdoroyo pue (#) Iesponu pajagdie) 18 UONBLIBA 90uanbas jo ((1) suordax
Suowe pue uIyIM AJISIAIP 9pnoJONU AFeIdAR puk ‘suoldar uowe LSy asimired pue [BQO[3 ‘Sid SO[Q[e vald Jo roquunu ‘OH A11S03Az010)ay Pa3oadxd) sonsnels Arewuns pasldsqQ ¢ dqel

© 2019 John Wiley & Sons Ltd/CNRS

91



978 A. Ledent et al.

Letters

M = Extra-European range (0)

M =Northern range iced at LGM (1)

W =Southern mountain range ice-free at LGM (2a)
=Southern mountain range iced at LGM (2b)

i =Lowland range south of the ice sheet at LGM (3)

Time (Kyears BP) Time (Kyears BP)
1000

1c1 1000 1c2
Ancestral Ancestral
T_anc T_anc
“— v M
T_exp T_exp
‘ - Onset r - Onset
T t T_const
"_cons! = " :: .
Present resent
o b = o Si=
0 1 2 2b 3 0 1 2a 2b 3
Time (Kyears BP) Time (Kyears BP)
1000 IC3 IC4
Ancestral Ancestral
T_anc T_anc
LGM < 1GM
T_exp T_exp
l Onset - Onset
T_const T_const
- — - == —3
- Present F= > Present
o pir=—1y SIS
o 1 2a 2b 3 0 1 2a 2b 3
Time (Kyears BP) Time (Kyears BP)
1000 1C5 1000 IC6
Ancestral Ancestral
T_anc T_anc
LGM <  GM
T_exp H T_exp
A 4+ Onset - Onset
T_const I T_const
- | — - | —3
S ——i— Present > Present
o : o
o 1 2a 2b 3 o 1 2a 2b 3
W = Extra-European range (0)
M =Northern range (1)
M =Southern range (2)
Time (Kyears BP) Time (Kyears BP)
1000 1F 1 1000 IF2
Ancestral Ancestral
T_anc T_anc
LGM LGM
T_exp T_exp
Onset Onset
T_const T_const
Present Present
o =
o 1 2 0 o 1 2
Time (Kyears BP) Time (Kyears BP)
1000 1F 3 10004

Ancestral

LGM

Onset

Present

IF 4

Ancestral

T_anc T_anc
LGM

T_exp T_exp
Onset

T_const T_const
Present
o 1 2 9

ol
o 1

= Prior range of effective
population size = Migration matrix M3
== = Migration matrix M4
<« = Migration matrix M5
= Glacial period
= Interglacial period

<—> = Migration matrix M1

<—> = Migration matrix M2
— = Migration matrix M12

<— = Migration matrix M21

T_anc = 26.000-1.000.000 yBP
T_exp = 11.000-19.000 yBP
T_const = 0-11.000 yBP

concatenated and considered as one locus due to the linkage
of chloroplastic genes, whereas each nuclear locus was consid-
ered individually.
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Figure 2 Hypothetical demographical scenarios for the post-glacial
recolonisation of Europe since the Last Glacial Maximum in species with
their present main distribution range in areas that were covered in ice and
ice-free at LGM (scenarios IC and IF respectively). Arrows represent
migration rates among regions. ICl: Southern mountain range refugia
iced at LGM. IC2: Southern mountain range refugia ice-free at LGM.
1C3: Lowland refugia south of the ice sheet at LGM. 1C4: micro-refugia
within the northern ice sheet and the southern mountain ranges. ICS:
extra-European post-glacial recolonisation. IC6: no genetic structure due
to intense post-glacial migrations. IF1: northern micro-refugia. IF2: extra-
European post-glacial recolonisation. IF3: no genetic structure due to
intense post-glacial migrations. IF4: southern refugia.

Statistical analyses

Characterising population structure and genetic diversity

Haplotype networks were computed for each species and locus
to visualise the geographic partitioning of genetic variation and
describe relationships among alleles from different regions with
PEGAS (Paradis 2010). To characterise the genetic structure
and diversity of each biogeographical region, the following
summary statistics were computed with ARLSUMSTAT
3.5.2.2 (Excoffier & Lischer 2010) for each locus and species:
expected heterozygosity (He), nucleotide diversity (w) and num-
ber of private polymorphic sites (PrS), global Fst, Fst and
nucleotide diversity (w) between pairs of regions. In addition,
we tested the hypothesis that the global Fgt was significantly
different from 0 by randomly permuting specimens among
regions 1000 times. Variation in summary statistics among
species was described by a principal component analysis (PCA).

Design of the demographic scenarios

We determined whether sequence variation at each locus was
compatible with competing historical demographic scenarios
designed for IF and IC species, respectively, by implementing
an ABC analysis (Lintusaari et al. 2017). Briefly, millions of
allele genealogies are generated from coalescent simulations
sampling a range of demographic parameters (effective popu-
lation size Ne, migration rates). These genealogies are then
used to map substitutions and generate simulated DNA align-
ments of the same size as the observed data. The simulations
that exhibit the closest resemblance with the observed data
are then selected to identify the demographic scenarios and
their parameters that are the most likely to have generated the
observed data (Fig. 1).

Our demographic scenarios involved four time slices
(Fig. 2). The first time slice ranged between the final coales-
cence event and T_anc, at which all populations are merged,
and at which Ne of the resulting population is divided by
1000 to allow the final coalescence of all remaining alleles.
T_anc was sampled from a uniform distribution between 10°
and 26 000 years BP. The second time slice ranged between
T _anc and T_exp, which marks the beginning of the post-gla-
cial expansion and was sampled from a uniform distribution
between 19 000 and 11 000 years BP. During this second per-
iod, which encompasses the LGM, between 26 000 and
19 000 years BP, population sizes were constant. The third
time slice corresponded to the post-glacial expansion, starting
at T _exp and ending at T_const. The fourth time slice marked
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the end of the expansion period, starting at T_const, which
was sampled from a uniform distribution between 11 000-
0 years BP, and ending at time present. During this period,
Ne remained stable and migrations among all regions are
allowed. This framework allowed to consider a large range of
demographic scenarios, from extremely rapid expansions fol-
lowed by stasis (T_exp and T_const both sampled at
11 000 years BP) to progressive and continuous expansion
since the end of the LGM (T_exp sampled at 19 000 years
BP, T_const sampled at time present).

For IF species, specific asymmetric migration rates
described the movement of alleles between the southern and
northern ranges (migration matrices M12 and M21, Fig. 2).
For IC species, symmetric migrations were allowed between
each European region (migration matrix M1, Fig. 2). A speci-
fic symmetric migration matrix (M2, Fig. 2) was implemented
between the southern mountain ranges during the fourth time
slice to allow these two populations to form a large, panmictic
population. We controlled for migrations between the extra-
European range and each of the European regions for all sce-
narios (symmetric migration matrix M3, Fig. 2).

For IC species, six demographic scenarios were designed
(Fig. 2). In the southern mountain range refugium scenarios,
populations from the northern range under the ice sheet at
LGM originated at T_exp from refugia located in the southern
glaciated (scenario IC1) or ice-free (scenario IC2) mountain
ranges at LGM. The extant lowland population is considered to
result from a recent founding event. To simulate this, all alleles
in this lowland population were transferred into the northern
areas and the southern mountain ranges by implementing a
high migration rate (asymmetric migration matrix M4, Fig. 2)
from T _const to T_anc. In scenario IC3, populations of the
northern areas and the southern mountain ranges originated at
T_exp from the lowland population. In this scenario, the latter
represents the relicts of a large ancestral population at LGM.
Populations of the northern areas and the southern mountain
ranges underwent an expansion, whereas the lowland popula-
tion underwent a bottleneck from T_exp to T_const. In scenario
1C4, populations of the northern areas and the southern moun-
tain ranges are the relicts of persisting populations in local
micro-refugia since the LGM. Like in scenario IC1 and IC2, the
lowland population is considered to result from a recent found-
ing event from either the northern areas or the southern moun-
tain ranges. Scenario ICS5 involves that, although small
populations might have persisted in Europe, the post-glacial
recolonisation mainly took place from migrants of extra-Eur-
opean origin at T_exp, taking advantage of the empty niche
space left in Europe after the LGM. We allowed a range
(‘Contri’), sampled from a uniform distribution between 80 and
100%, of individuals of extra-European origin, while the
remaining 0-20% of individuals corresponded to relictual pop-
ulations that persisted in Europe during the LGM. Like in sce-
narios IC1, IC2 and IC4, the population from the lowland
areas was considered to result from a recent founding event
from the northern areas or the southern mountain ranges.
Finally, scenario IC6 represents our null hypothesis, according
to which there is no significant genetic structure (Fst = 0) due
to high dispersal rates among European regions (migration
matrix M5, Fig. 2) from T_const to time present.

For IF species, the northern refugium scenario (IF1) pro-
poses that northern populations survived in situ in micro-refu-
gia during LGM and were involved in the post-glacial
recolonisation of northern Europe. Scenarios IF2 and IF3
describe an extra-European origin of the post-glacial recoloni-
sation of Europe at T_exp and the absence of any spatial
genetic structure, respectively, and their design is thus identi-
cal to the one of scenarios IC5 and IC6. In the southern refu-
gium scenario (IF4), the post-glacial recolonisation of the
southern range took place from Mediterranean refugia at
T _exp.

Estimation and prior distributions of model parameters

We sampled uniform prior distributions conservatively
bounded by the slowest and fastest rates observed across a
range of species and loci in previous studies (Patino et al.
2015; Désamoré et al. 2016). These prior distributions, which
ranged between 107 and 10~* substitutions/site/myr, were
sampled independently, allowing for different posterior proba-
bility distributions to characterise the substitution rates of
each locus.

Migration rates (matrices M1, M12, M21, M2 and M3)
were independently sampled from a uniform distribution rang-
ing between 0 and 10% of migrants per population per gener-
ation (Patino et al. 2015; Désamoré et al. 2016) but, based on
Désamor¢ et al. (2016), we enforced a rule according to which
the intercontinental migration rate (M3) was lower than the
migration rate within Europe (M1, M12, M21 and M2). The
matrices describing high migration rates (matrices M4 and
MS5) were set at 0.2.

We used information on life strategies to determine the age
at sexual maturity defining the generation time. All the species
investigated in the present study are perennial and start pro-
ducing sporophytes from about 10 years (During 1992). All
bryophyte species are, however, capable of clonal reproduc-
tion, which may take place from the earliest developmental
stages. Therefore, we set the generation time at 5 years, which
represents a compromise between early asexual reproduction
and delayed sexual reproduction. The generation time was
fixed instead of sampled from a prior distribution because
uncertainty in the time estimates was taken into account by
allowing a range, instead of a fixed value, for the time periods
defined (T_const, T exp and T_anc). The fact that the mode
of the posterior distributions of those parameters was either
centred or shifted towards the highest or lowest values of the
prior range (Fig. S2) suggests that our estimate of the genera-
tion time is realistic, as an over- or underestimation of it
would lead to posterior distributions of those parameters that
would consistently increase or decrease towards the bound-
aries of the prior distribution.

The present Ne values were sampled from uniform prior
distributions that were defined for each species (Table S2a,b),
except for the lowland population in scenarios IC1-6, which
was associated with a uniform prior ranging between 1 and 50
individuals. These prior distributions were derived using spe-
cies distribution models to predict the number of macrocli-
matically suitable pixels of 5 km? This number was
subsequently multiplied by the expected value of Ne per pixel
from Patino e al. (2015) and Désamoré et al. (2016) (see
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Appendix S1 for details). The fact that the mode of the poste-
rior probability distributions of Ne for all regions and species
(Fig. S2) was comprised within the boundaries of the prior
distributions confirms that the priors that we employed were
realistic. To simulate the large ancestral lowland population
in scenario IC3, a uniform prior distribution was set for its
LGM Ne, whose range was defined using species distribution
models projected on LGM climatic variables.

To simulate bottlenecks, we constrained Ne at LGM to be
a portion of Ne at time present by multiplying the latter by a
factor R sampled from a uniform prior distribution ranging
from 0.0001 to 0.01. To simulate the founding effect experi-
enced by extra-European migrants at T_exp in scenarios IC5
and IF3, we sampled R in Europe from a uniform distribution
ranging between 0.005 and 0.0005, and we further imple-
mented a rule according to which the size of the European
population was always at least 10 times lower than that of the
extra-European one. To simulate the founding effect experi-
enced by migrants during the colonisation of the northern
range at T_exp in scenarios IF4, IC1 and IC2, respectively,
Ne of these populations at T_exp was sampled from a uni-
form distribution ranging between 2 and 100. We further
implemented a rule according to which Ne of these popula-
tions was at least ten times lower than the size of the popula-
tions of the southern (scenario 1F4) or the southern mountain
ranges (scenarios IC1-2).

ABC analyses and model selection

Approximate Bayesian computation analyses were conducted
using ABCtoolbox2.0 (Wegmann et al. 2010) in combination
with fastsimcoal2 (Excoffier et al. 2013). For each species and
scenario, 10° coalescent simulations were conducted. In each
simulation, parameter values were randomly sampled from
prior distributions described above. The nucleotide substitu-
tion model used to simulate the sequence data from each tree
and for each locus was a Kimura 2-parameter with a transi-
tion—transversion ratio set at 0.33. Each analysis resulted in
10° simulated sequence data sets identical in size (i.e. number
and length of sequences) to the corresponding observed data
set.

We computed the summary statistics listed above for all
simulated data. Highly correlated statistics (correlation coeffi-
cient > 95%) were removed. Euclidean distances were calcu-
lated between the normalised observed and simulated
summary statistics. For each scenario and species, we retained
the best 1000 simulations (i.e. those with the smallest Eucli-
dean distance between the simulated and observed summary
statistics). A post-sampling regression adjustment (ABC-
GLM) was finally performed to derive the posterior probabil-
ity distributions of each scenario and model parameters
(Leuenberger & Wegmann 2010) from this first selection. The
posterior probability distributions were smoothed using the
diracPeakWidth parameter, set at 0.01.

Two model validation procedures were implemented. First,
we determined whether the summary statistics of the observed
data fell within the range of the simulated summary statistics.
We computed the marginal density P-value and implemented
a PCA of the summary statistics of the observed and 1000
best simulated data of each of the competing demographic

© 2019 John Wiley & Sons Ltd/CNRS

scenarios. Second, we measured the proportion of ‘false posi-
tives’ that is the selection of the wrong model during model
selection (Robert ef al. 2011). We sampled a total of 1000 sets
of summary statistics simulated under each demographic sce-
nario. These sets of ‘pseudo-observed’ data were analysed
using the same procedure of model selection as described
above to compute the percentage of simulations erroneously
assigned to each scenario.

RESULTS

Network analyses and distribution maps of alleles can be
found in Fig. S1. The widespread distribution of many alleles,
together with the sharing of alleles among specimens from dif-
ferent biogeographical regions, the close relationships among
alleles sampled from different biogeographical regions and the
presence of unrelated alleles in individuals from the same bio-
geographical region, all point to intense migrations among
regions.

The comparison of the observed patterns of genetic struc-
ture and diversity in the 15 selected species with those
expected under competing post-glacial recolonisation scenarios
in an ABC framework in fact points to a complex post-glacial
history with a substantial contribution from populations
located in their extra-European range. The scenario of a post-
glacial recolonisation of Europe by extra-European migrants
(IF2) had the highest posterior probability in 7 of the 12 IF
species investigated, followed by the southern (IF4, 3 species)
and northern (IF1, 2 species) refugium scenarios (Fig. 3). The
scenario, according to which recent migrations erased any
genetic structure (IF3), was never selected. For the three IC
species investigated, the scenarios of local micro-refugia (IC4)
on the one hand, and of recolonisation from lowland areas
located south of the ice sheet at LGM (IC3) on the other
hand, were selected for two and one of the species respectively
(Fig. 3).

The examination of the posterior probability distributions
of the demographic parameters (Fig. S2) reveals that, for the
species that conform to a recolonisation of Europe from
allochthonous origin, the distribution of the proportion of
migrants of allochthonous origin at the beginning of the
expansion (parameter ‘Contri’ in Fig. S2) peaks at the highest
values of the prior range (i.e. 95-100%), except in Plagiothe-
cium undulatum. In the three investigated IC species, the mode
of the posterior distribution of the ongoing migration rate
between Europe and extra-European regions is shifted
towards the right of the mode of the prior distribution, at val-
ues of 2-4% of migrants per generation.

The posterior distribution of the timing of the beginning
of the post-glacial expansion (T_exp, Fig. S2) consistently
peaked at the lowest values of the prior distribution (approx-
imately around 11 000-12 000 years BP), pointing to a delay
of the post-glacial expansion, which did not occur directly at
the end of the LGM, around 19 000 years BP. In five out of
the seven species that conformed to the scenario of post-gla-
cial recolonisation of extra-European origin, the distribution
of the timing of the end of the expansion (T_const, Fig. S2)
peaked at the highest values of the prior range (around
10 000—11 000 years BP). This timing indicates that, for
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(a) Species with a main present distribution range in
areas covered in ice at LGM

e — . .
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I =Northern range iced at LGM .

[ = Southern mountain range ice-free'at LGM
1! =Southern mountain range iced at LGM

I =Lowland range south of the ice sheet at LGM

IC 1: iced southern IC 2: ice-free southern
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IC 3: lowland refugia

IC 5: extra-European post- IC 6: lack of spatial genetic
glacial recolonisation structure due to dispersal

e

Bl = Micro-refugium e = Migration among regions

@ = Local expansion from a micro-refugium

Figure 3 Support for competing post-glacial demographic scenarios in bryophyte species with their present main distribution range in areas that were
covered in ice (a) and ice-free (b) at LGM (scenarios IC and IF, respectively) inferred by ABC model selection. Pie diagrams reflect the posterior
probabilities of each scenario. Arrows represent migrations and squares represent hypothetical micro-refugia. Al: Amphidium lapponicum; Am: Amphidium
mougeotii; Cf: Calypogeia fissa;, Da: Diplophyllum albicans; Hs: Homalothecium sericeum; Mc: Metzgeria conjugata;, Mf: Metzgeria furcata;, Oa:
Orthotrichum affine; Ol: Orthotrichum lyellii; Pd: Plagiothecium denticulatum,; Pw: Plagiothecium undulatum; Pu: Plagiomnium undulatum; Sci: Scorpiurium
circinatum; Ta: Timmia autriaca; Th: Timmia bavarica.

© 2019 John Wiley & Sons Ltd/CNRS

95



982 A. Ledent et al. Letters

(b) Species with a main present distribution range in ice-free areas at LGM
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Figure 3 continued
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these species, the post-glacial expansion was limited in time
and followed by a long (about 10 000 years) period of stable
population size until present time. In all the other species,
the posterior distribution of the end of the post-glacial
expansion peaked at the lowest values of the prior range
(around time present), pointing to either a progressive
expansion that ceased recently or is still underway, or to a
very limited period of migrations among regions (since in all
scenarios, migration among regions was permitted only after
population expansion). The posterior probability distribu-
tions of migration rates between northern and southern areas
in Europe after the expansion period consistently peaked at
the lowest values of the prior range, pointing to the latter
hypothesis.

A summary of the model validation procedures is pre-
sented in Table S3. The simulated data laid within the range
of the observed data that is the values of the summary
statistics computed from the observed data were included
within the variation of those derived from the 1000 best sim-
ulations for each demographic scenario, as revealed on the
first two axes of a PCA (Fig. S3a, b). In addition, the mar-
ginal density P-values of the best-fit models were higher than
0.05 in 10 out of the 15 species investigated, leading to the
acceptance of the null hypothesis that the simulated data are

compatible with the observed data. The percentage of false
positives during model selection was generally low, except
for an obvious bias in the case of the northern micro-refu-
gium scenario. The rate of false positive for the latter in
Diplophyllum albicans and Orthotrichum lyellii suggests that
patterns of genetic variation in these two species are compat-
ible with different scenarios, strongly weakening the confi-
dence for model selection in this case.

The observed population structure and genetic diversity
summary statistics are displayed per species and per locus in
Tables 1 and 2. The PCA of these statistics shows that species
assigned to the same historical scenario of post-glacial
recolonisation tend to exhibit similar genetic characteristics
that differentiate them from species assigned to different sce-
narios (Fig. 4a). Thus, species assigned to the scenario of
post-glacial recolonisation from extra-European origin, which
occupy the upper right portion of the two first PCA axes,
tend to exhibit lower global Fst (Fig. 4bl), lower pairwise Fst
values (Fig. 4b2), and more similar genetic diversities (Table 2)
between the southern and northern ranges than species
assigned to other scenarios. Species assigned to the southern
refugium scenario, which have negative coordinates along
PCA2, exhibit high nucleotide diversities in the southern
range, while species assigned to the northern refugium
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Figure 4 (a) Principal component analysis of the summary statistics characterising population structure and genetic diversity (expected heterozygosity He,
nucleotide diversity © and number of private polymorphic sites PrS per region, global Fsr, Fst and m between each pair of regions) per locus (see Table 2
for locus numbers) and region (0: extra-European range; 1: northern European range; 2: southern European range) in selected bryophyte species with their
core present distribution in ice-free areas at LGM (see Table 2 for labels). Arrow lengths are proportional to the correlation coefficient of the
corresponding summary statistic and the axes. Colours correspond to the assignment of each species to the scenario of post-glacial recolonisation of
Europe (see Fig. 3), as selected by the ABC-GLM procedure. (b) Box plots and P-values of t-test comparisons of selected summary statistics whose
relevance is highlighted by the PCA between species assigned to a scenario of allochthonous (IF2) or autochthonous (IF1, 3-4) post-glacial recolonisation
of Europe respectively. (1) global Fst. (2) Fst between northern and southern Europe (2).
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scenario exhibit high nucleotide diversities and high numbers
of private segregating sites in northern areas.

DISCUSSION

Patterns of post-glacial recolonisation in European bryophytes
are not consistent with the idea that the intensity of migra-
tions erased any genetic structure. The diversity of scenarios
involved highlights a complex post-glacial history of European
bryophytes from multiple sources. This complexity contrasts
with the prevailing model in which species that have their pre-
sent distribution mainly in areas that were ice-free at LGM
migrated northwards from southern refugia (Hewitt 2000;
Petit er al. 2003). The validity of this historical demographic
model has been recently challenged for North American trees
(Lumibao et al. 2017). Our findings thus further challenge the
taxonomic generality of the southern refugium scenario that
has long been assumed to explain the distribution of genetic
variation in bryophytes based on single-species analyses
(Cronberg 2000; Grundmann et al. 2008).

The dominant scenario of post-glacial recolonisation of
Europe by bryophyte species that are mainly distributed today
in areas that were ice-free at LGM involved a major contribu-
tion of migrants of allochthonous origin. The globally bal-
anced genetic diversities and extremely low divergence
observed between southern and northern regions are fully
consistent with such a scenario, in contrast to the gradual
decrease in genetic diversity towards the north observed in
seed plants (Petit et al. 2003).

Previous evidence in angiosperms demonstrated the post-gla-
cial recolonisation of a remote Arctic archipelago from distant
sources (Alsos et al. 2007). Individual instances of extra-Eur-
opean refugia (Hutsemékers et al. 2011; Laenen et al. 2011; Ste-
noien et al. 2011) and a de novo colonisation of oceanic areas
from Macaronesian ancestors (Patino et al. 2015) were further
evidenced during the post-glacial history of European bryo-
phytes. The present study is, however, the first to demonstrate
and quantify, from a small but independent sample of 12 species
that have their main present distribution ranges in ice-free areas
at LGM, the substantial contribution of allochthonous
migrants in the post-glacial assembly of European bryophyte
floras, which is unparalleled in other plants and animals.

Although there was a slight shift of the mode of the poste-
rior probability distribution towards high values of the migra-
tion rate between the European and extra-European range in
species having their core present distribution range in iced
areas at LGM, which is fully compatible with the substantial
contribution of extra-European migrants in species distributed
in ice-free areas at LGM, Amphidium lapponicum, Timmia aus-
triaca and Timmia bavarica exhibited a strikingly different
pattern of in situ persistence at their current locations, some
of which were fully glaciated at LGM. Such a scenario is fully
compatible with the reported ability of some species to remain
viable after more than 1000 years in ice (La Farge et al. 2013;
Roads et al. 2014).

The difference in the main origins of species that are cur-
rently distributed in areas that were ice-free and covered in ice
at LGM is puzzling. This difference cannot, at first sight, be
interpreted in terms of life-history traits. In Amphidium, for

© 2019 John Wiley & Sons Ltd/CNRS

example, A. lapponicum produces large numbers of capsules
with small spores, but recolonised Europe from autochtho-
nous populations, whereas in A. mougeotii, which seldom pro-
duces sporophytes and does not produce specialised asexual
diaspores, recolonisation took mostly place from allochtho-
nous migrants.

Projections of the species distribution models calibrated
under present climatic conditions onto LGM climatic layers
(Fig. S4) predict that, with the exception of a few species (Scor-
piurium circinatum and, to a lesser extent, D. albicans and P.
undulatum), southern Europe and the southern range of north-
ern Europe were extensively climatically favourable at LGM,
pointing to the potential existence of sufficiently large refugia
within Europe. Palacontological evidence indicates, however,
that the full-glacial landscape of Eurasia was largely treeless,
with a dominance of steppe and other tundra types of vegeta-
tion, suggesting that palaeoclimatic reconstructions, on which
our species distribution models are built, predicted a warmer
and moister climate than it probably was (Tzedakis et al. 2013;
Binney et al. 2017). Therefore, the limited contribution of the
northern micro-refugium scenario, which contrasts with our
primary expectations, and of the southern refugium scenario to
explain the post-glacial history of the investigated species may
be due to the fact that European refugia have been too small
and too scattered as compared to the substantial waves of
extra-European origin to actually contribute to the post-glacial
recolonisation of the continent. As Semerikov et al. (2013) in
fact suggested, it should not be firmly concluded that putative
refugial populations necessarily contributed extensively to local
modern populations, as the spread of new individuals from
adjacent regions would have occurred over several millennia as
climates changed (Binney ez al. 2017).

A consistent signal for a delay in the post-glacial recolonisa-
tion of Europe since the end of the LGM (19 000 years BP)
was evidenced across all investigated species by the shift of
the posterior probability distribution marking the beginning
of the expansion phase towards recent periods. Such a delay
could be interpreted in terms of either unsuitable conditions
at the beginning of the current interglacial period, and/or a
delay in the recolonisation of suitable habitats. The critical
transition from predominantly glacial to largely interglacial,
moister climates inferred from major changes in fossil pollen
records 14 000 years BP (Pearson 2006) supports the former
hypothesis. A delay in the recolonisation of suitable habitats
is, conversely, not supported by the match between the pre-
dicted and observed northern limit of distribution in the bryo-
phyte species investigated here (Fig. S5), which contrasts with
the absence of many angiosperm species in the North of their
potential distribution area (Svenning er al. 2008; Normand
et al. 2011). Striking range shifts have already been docu-
mented throughout Europe in bryophytes during the past dec-
ades (Bosanquet 2012), promoting the idea that major
modifications are to be expected in the European bryophyte
flora under ongoing climate change.
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Figure S2 Prior (grey line) and posterior (red line) probability distributions of key demographic parameters under the best-fit scenario of
post-glacial recolonization inferred from the “ABC-GLM” procedure. T exp: beginning of the post-glacial expansion, sampled between 19,000
and 11,000 yrs BP (in generations). T const: end of the post-glacial expansion and beginning of the period of stable population size, with migrations
among European regions, sampled between 11,000 yrs BP and present time (in generations).

(pp- 102-104) Species with their main present distribution range in ice-free (IF) areas at LGM. Contri: proportion of migrants of extra-
European origin recolonizing Europe at T exp. M12, M21: migration rates between northern and southern Europe and vice versa between T const
and present time. M3: migration rates between European and extra-European ranges between T const and present time. Ne X present: effective
population size at present time in the following regions: 0, extra-European range; 1, northern European range; and 2, southern European range.
Ne 1 LGM: effective population size at LGM in the northern European range.

(p. 105) Species with their main present distribution range in areas covered in ice (IC) at LGM. M1: migration rates between the northern
European range under the ice-sheet at LGM and other European ranges between T const and present time. M2: migration rates between the southern
mountain European ranges ice-free and covered in ice at LGM between T const and present time. M3: migration rates between European and
extra-European ranges between T const and present time. Ne X present: effective population size at present time in the following regions: 0,
extra-European range; 1, northern European range under the ice-sheet at LGM; 2a, b, southern mountain European ranges ice-free and covered in
ice at LGM, respectively; 3, Lowland European range south of the northern European ice-sheet at LGM. Ne 3 LGM: effective population size at
LGM in the Lowland European range south of the northern European ice-sheet at LGM.
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Figure S4 Projections of species distribution models (SDMs) calibrated on a set of sampling points (Table S1) for the 15 selected bryophyte
species under present climate conditions onto LGM climatic layers. Climatic suitability increases from red to green colors.
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Figure S5 Observed range (dots) and range predicted (map) by species distribution
models (SDMs) projected onto current macroclimatic layers for selected bryophyte species in
Europe. Climatic suitability increases from red to green colors. Observed data and source
information  are  available = from  Figshare @ with  the  following  DOIs:
10.6084/m09.figshare.7376798  (Plagiomnium undulatum), 10.6084/m9.figshare.7376801
(Homalothecium  sericeum), 10.6084/m9.figshare. 7376804  (Metzgeria  furcata),
10.6084/m9.figshare.7376834 (M. conjugata), 10.6084/m9.figshare.7376807 (Orthotrichum
affine), 10.6084/m9.figshare.7376828  (O.  lyellii),  10.6084/m9.figshare.7376810
(Plagiothecium undulatum), 10.6084/m9.figshare.7376825 (P. denticulatum),
10.6084/m09.figshare.7376813  (Diplophyllum  albicans), 10.6084/m9.figshare.7376822
(Calypogeia fissa), 10.6084/m9.figshare.7376831 (Amphidium mougeotii),
10.6084/m09.figshare.7376843 (A. lapponicum), 10.6084/m9.figshare.7376837 (Scorpiurium
circinatum), 10.6084/m9.figshare.7376840 (Timmia austriaca), 10.6084/m9.figshare.7376846
(T. bavarica).
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Table S1 Please find Table S1, along with additional supporting information online in
the Supporting Information section at the end of  the article.
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.13254
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Discussion and perspectives

General discussion

1. To what extent have the high dispersal capacities of bryophytes erased any
historical signal in the extant spatial patterns of genetic structure and diversity of
their populations (H1)?

The results presented here strongly suggest that the long-distance dispersal (LDD)
capacities of bryophytes did not homogenize the genetic structure of their populations, neither
in an environment characterized by apparent geographic barriers to migration — such as the E-
W-oriented mountain ranges in Europe —, nor in a much more homogeneous environment as in
the lowland Amazonian rainforest. In Europe, the historical scenarios according to which recent
migrations erased any genetic structure in the extant spatial patterns of genetic structure and
diversity of bryophyte populations (scenarios “IF 3” and “IC 6” in Figs 2 and 3, Paper I1I) were
never selected in a sample of 3 and 12 species that are currently distributed in areas that were
covered in ice (IC) or ice-free (IF) at the Last Glacial Maximum (LGM), respectively (Fig. 3,
Paper III). In Amazonia, most strikingly and in sharp contrast to our primary hypothesis that
Amazonian bryophytes exhibit high dispersal capacities eroding any signal of isolation-by-
distance (IBD) at the landscape scale, significant genetic structures were observed in 8 out of
the 10 investigated species (Table 2, Paper I). Our results are in line with experimental
demographic studies of Amazonian leaf-inhabiting epiphytes, which point to dispersal
limitation at both regional- (<50 km) (Zartman & Shaw, 2006) and fine- (<20m) scales
(Zartman, Nascimento, Cangani, Alvarenga, & Snéll, 2012) in understory habitats, but strongly
challenge the perception, based on the homogeneous distribution of species in the landscape,
that Amazonian bryophyte species “behave as one single metacommunity” (Mota de Oliveira
& ter Steege, 2015). In further contradiction with the inverse isolation hypothesis, IBD
consistently remained significant beyond the range of short-distance dispersal (SDD, Table 2,
Paper I), evidencing LDD limitations.

In a recent meta-analysis of the decay of the IBD signal caused by LDD events in
bryophytes, Vanderpoorten et al. (2019) showed that LDD capacities were sufficient to erase
any IBD signal beyond 1000m from the source in 30-50% of the cases. The consistent
persistence of the IBD signal reported here thus suggests that Amazonian bryophyte species
experience more dispersal limitations than species from other biomes. As a comparison, the Sp
statistics, which characterizes the rate of decrease of pairwise kinship coefficients between
individuals with the logarithm of the distance (i.e. how strong the IBD signal is, Vekemans &
Hardy, 2004), has an average value across Amazonian bryophyte species of 0.012 (Table 2,
Paper I). Such a value lays in the range reported for angiosperm species characterized by wind
dispersal (0.012+0.012), while the maximal and minimal values of Sp observed here (0.038 in
Syrrhopodon annotinus and 0.006 in S. helicophyllus) are in the range reported for species with
gravity-dispersed seeds (0.028+0.016) and animal-dispersed seeds (0.008+0.005), respectively
(Vekemans & Hardy, 2004). It is, in fact, striking to consider that, within the same Amazonian
environment, the average Sp in bryophytes, whose spores measure c¢. 20 pum, is actually
comparable to that of the Brazil nut tree Bertholletia excelsa (Sp=0.01-0.03), wherein no
significant fine-scale genetic structures were revealed in 5 out of 9 investigated populations
(Sujii, Martins, Wadt, Azevedo, & Solferini, 2015), and whose seeds are enclosed within a 10-
16 cm globose, functionally indehiscent woody capsule whose dispersal by scatterhoarding
agoutis and acouchis, and occasionally squirrels, is restricted to a few hundreds of meters
(Thomas, Caicedo, Loo Ii, & Kindt, 2014).
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The strong IBD pattern revealed here is consistent with the dispersal traits of the studied
species, together with extrinsic features of their environment of dense rainforests that is not
prone to long-distance wind-dispersal. These dispersal traits include the absence of male
expression (S. annotinus, Pereira, Dambros, & Zartman, 2016), the prevalence of dioicy in
Calymperaceae associated with low sporophyte production (Pereira et al., 2019), the immersion
of the sporophytes within perichaetial leaves or very short setae (S. annotinus and S.
helicophyllus), and the absence of reduction of the peristome (S. annotinus and S.
hornschuchii).

2. What is the relevance of other differentiation mechanisms promoting speciation
and, in particular IBE. across a relatively homogeneous environment without any
apparent geographic barrier to migration (H2)?

While a significant IBD signal characterizes the genetic structure of the vast majority of
the Amazonian bryophyte species investigated here, our results are not consistent with the idea
that isolation-by-resistance (IBR) and isolation-by-environment (IBE) contributed to the
observed spatial patterns of genetic variation (Table 2, Paper I). The similar allele frequencies
found on either side of the Rio Negro in the study area contrasts with Wallace's (1852)
hypothesis, which proposes that the Amazonian hydrographic network acts as barriers to gene
flow between populations inhabiting opposite river banks, promoting speciation through IBR
(McRae, 2006). Wallace's (1852) hypothesis had been however subsequently supported by
molecular evidence in a wide range of organisms including primates, anurans, and squamates
(see Ortiz, Lima, & Werneck, 2018 for review). Regarding IBE, the lack of difference of allele
frequencies in populations from the two distinct main forest types in Amazonia, i.e. the terra
firme and the white-sand forest, contrasts with evidence for the gradient hypothesis (Guevara
et al., 2016), which proposes that the strong environmental differences that exist between these
two contrasting habitats promote IBE (Wang & Bradburd, 2014). While, in angiosperms, a
signature of IBE was found in a meta-analysis in c¢. 20% of the cases (Sexton, Hangartner, &
Hoffmann, 2014), and while, within Amazonia specifically, evidence for ecotypic
differentiation between white-sand forest and terra firme populations is suggestive of an
adaptive mechanism of edaphic specialization (Fine & Baraloto, 2016; Fine et al., 2013), the
absence of significant differences of allele frequencies between terra firme and white-sand
forest populations in the investigated bryophyte species is in line with the idea that bryophytes
exhibit ‘multi-purpose’ genotypes and fail to diversify in heterogeneous environments,
accounting for their failure to radiate (Patifo et al., 2014).

Nevertheless, a low (0.059) but significant (P=0.004) F was found between sympatric
specimens of the sibling Syrrhopodon annotinus and S. simmondsii (see “Results” section in
Paper II), and their average kinship coefficients along a geographic gradient were consistently
higher for conspecific comparisons than for interspecific comparisons (Fig. 2, Paper II). This
points to reproductive isolation between the two sympatric species, which are characterized by
different habitat requirements: S. annotinus mostly occurring on mineral substrates such as rock
and soil, whereas S. simmondsii tends to occur on organic substrates such as dead wood, humus,
and trees (Reese, 1993). Shaw, Meagher, & Harley (1987) similarly found significant
differences in a sympatric pair of moss species (Climacium americanum and C. dendroides)
from different habitats. Although it is not possible to determine whether habitat differentiation
triggered or followed speciation, and even if these empirical results do not challenge the global
idea that IBE does not prevail in extant patterns of genetic diversification in Amazonian
bryophytes, they nonetheless contribute to growing evidence for genetic divergence
(Hutsemékers, Hardy, Mardulyn, Shaw, & Vanderpoorten, 2010; Magdy, Werner, McDaniel,
Goffinet, & Ros, 2016; Mikulaskova et al., 2015; Pisa, Werner, Vanderpoorten, Magdy, & Ros,
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2013; Szovényi, Hock, Korpelainen, & Shaw, 2009) and speciation (Johnson & Shaw, 2015)
observed along environmental gradients, suggesting that adaptation could play a more
important role in shaping genetic patterns than previously thought.

3. What do analyses of the extant spatial patterns of genetic structure and diversity of
bryophyte populations reveal from their post-glacial history (H3)?

Rejection of the hypothesis that high dispersal capacities of bryophytes erased any
historical signal in the extant spatial patterns of genetic structure and diversity of their
populations and, in particular rejection of the inverse isolation hypothesis (see §1 above),
indicate that the data generated in the present thesis are suitable for demographic inference. We
applied coalescence-based approaches to infer the post-glacial history of bryophyte populations
from contrasting environments characterized by the presence (Europe) or the absence (lowland
Amazonia) of apparent geographic barriers to migration. In the latter case, we are currently
implementing a spatially explicit coalescent model (ongoing study IV). I thus focus the
discussion here on the identification of the post-glacial recolonization patterns of bryophytes in
Europe (Paper I1II).

The post-glacial assembly of European bryophytes likely involved a complex history
from multiple sources, since different scenarios of post-glacial recolonization (for scenarios’
description, see Fig. 2 in Paper III) clearly emerged as the best-fit scenario for different species,
within IF species, as well as within IC species (Fig. 3, Paper III). This complexity contrasts
with the prevailing scenario in which IF species migrated northwards from southern refugia
(Hewitt, 2000; Petit, 2003). The validity of this historical scenario has been recently challenged
for North American trees (Lumibao et al., 2017). Our findings thus further challenge the
taxonomic generality of the “southern refugium scenario” that has long been assumed to explain
the distribution of genetic variation in bryophytes based on single-species analyses (Cronberg,
2000; Grundmann, Ansell, Russell, Koch, & Vogel, 2008).

In IF species, however, the scenario of extra-European post-glacial recolonization
(scenario “IF 2” in Figs 2 and 3, Paper III), clearly emerged as dominant (i.e. best-fit for 7 out
of the 12 IF species, Fig. 3, Paper III). The globally balanced genetic diversities and extremely
low divergence observed between southern and northern regions are fully consistent with such
a scenario, in contrast to the gradual decrease of genetic diversity towards the north observed
in seed plants (Petit, 2003). Previous evidence in angiosperms demonstrated the post-glacial
recolonization of a remote Arctic archipelago from distant sources (Alsos et al., 2007).
Individual instances of extra-European refugia (Hutsemékers et al., 2011; Laenen et al., 2011;
Stengien et al., 2011) and a de novo colonization of oceanic areas from Macaronesian ancestors
(Patifio et al., 2015) were further evidenced during the post-glacial history of European
bryophytes. The present study is, however, the first to demonstrate and quantify, from a small
but independent sample of 12 IF species, the substantial contribution from allochthonous
migrants in the post-glacial assembly of European bryophyte floras (posterior distribution of
the proportion of allochthonous migrants in the post-LGM European assembly of 90-100% in
all IF species that conform to a recolonization of Europe from allochthonous origin except
Plagiothecium undulatum, see “Contri” in Fig. S2, Paper I1I). This demonstrates the importance
of LDD for the post-glacial recolonization of Europe by bryophytes and is unparalleled in any
previous phylogeograhic study on other plants and animals.

IC species exhibited a strikingly different pattern of in-situ persistence in Europe (Fig.
3, Paper III), sometimes in regions that were fully glaciated at LGM, which is fully compatible
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with the reported ability of some species to remain viable after more than 1000 years in ice (La
Farge et al., 2013; Roads et al., 2014). However, the mode of the posterior distribution of the
ongoing migration rate between European and extra-European regions is shifted towards the
high values of the range (i.e. at values of 2-4% of migrants per generation, see “M3” in Fig. S2,
Paper III), which is fully compatible with the substantial contribution of extra-European
migrants in IF species.

The difference in the main origins of European bryophyte species is puzzling. This
difference cannot, at first sight, be interpreted in terms of life-history traits. In Amphidium for
example, A. lapponicum produces large numbers of capsules with small spores, but recolonized
Europe from autochthonous populations, whereas in 4. mougeotii, which seldom produces
sporophytes and does not produce specialized asexual diaspores, recolonization took mostly
place from allochthonous migrants (Fig. 3, Paper III).

Projections of our species distribution models (SDMs) onto LGM climatic layers (Fig.
S4, Paper I1I) predict that, with the exception of a few species (Scorpiurium circinatum and, to
a lesser extent, Diplophyllum albicans and Plagiothecium undulatum), southern Europe and the
southern range of northern Europe were extensively climatically favorable at LGM. This
suggests the potential existence of sufficiently large refugia within Europe and challenges the
idea of a substantial contribution from allochthonous migrants in the post-glacial assembly of
European bryophytes. Paleontological evidence indicates, however, that the full-glacial
landscape of Eurasia was largely treeless, with a dominance of steppe and other tundra types of
vegetation, suggesting that paleoclimatic reconstructions, on which our SDMs are built,
predicted a warmer and moister climate than it probably was (Binney et al., 2017; Tzedakis et
al., 2013). Therefore, the limited contribution of the “northern micro-refugium scenario”, on
the one hand — which contrasts with our primary expectations based on the high cold tolerance
of bryophytes — and of the classical “southern refugium scenario”, on the other, to explain the
post-glacial history of the investigated species may be due to the fact that European refugia
have been too small and too scattered as compared to the substantial waves of extra-European
origin to actually contribute to the post-glacial recolonization of the continent. As Semerikov,
Semerikova, Polezhaeva, Kosintsev, & Lascoux (2013) in fact suggested, it should not be firmly
concluded that putative refugial populations necessarily contributed extensively to local
modern populations, as the spread of new individuals from adjacent regions would have
occurred over several millennia as climates changed (Binney et al., 2017).

The consistent signal for a delay in the beginning of the post-glacial expansion of IF
species in Europe since the end of the LGM (19,000 yrs BP), that was evidenced by the shift of
the posterior distribution marking the beginning of the expansion phase towards recent periods
(c. 11,000-12,000 yrs BP, see “T exp” in Fig. S2, Paper III), further supports this idea that
paleoclimatic reconstructions, on which our species distribution models are built, are too
optimistic in the way they describe LGM and post-LGM European suitable habitats. Indeed,
such a delay could be interpreted in terms of either unsuitable conditions at the beginning of
the current interglacial period — supporting the idea of too optimistic paleoclimatic
reconstructions—, and/or a delay in the recolonization of newly suitable habitats. The critical
transition from predominantly glacial to largely interglacial, moister climates inferred from
major changes in fossil pollen records 14,000 yrs BP (Pearson, 2006) supports the first
hypothesis. A delay in the recolonization of newly suitable habitats is, conversely, not
supported by the match highlighted between the predicted and the observed northern limit of
distribution in the bryophyte species investigated here (Fig. S5, Paper III), which contrasts with
the absence of many angiosperm species in the north of their potential distribution areas
(Normand et al., 2011; Svenning, Normand, & Kageyama, 2008).
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In this thesis, we show that the ability of European and Amazonian bryophytes to face
global change is at odds with what could be expected in regard to the ‘resistance’ to migration
of both environments. Indeed, in Europe — where the landscape is shaped by E-W-oriented
mountain ranges acting as barriers to migration for many organisms—, bryophytes — thanks to
their high dispersal capacities —, mostly recolonized the mainland from allochthonous migrants,
whereas in Amazonia — where the landscape is homogeneous without any apparent barrier to
migration —, dispersal is currently limited within the mainland — because of less efficient
dispersal capacities furthermore impeded by the closed landscape of the dense rainforest —,
strongly questioning the ability of Amazonian bryophytes to keep track of their suitable habitats
in the context of ongoing climate changes. The restricted dispersal capacities of Amazonian
bryophytes therefore suggest that they would be more severely exposed to current human-
mediated global change than European bryophytes, wherein striking range shifts have already
been documented during the past decades (Bosanquet, 2012).

Perspectives

Comparing the relative impact of past climate changes and current anthropogenic
disturbances on extant patterns of spatial genetic structure and diversity of
bryophyte populations

Current human-mediated climate changes imply temperature and precipitation
modifications at an unparalleled rate. The diagram of temperature variation across the Holocene
(Fig. 8) in fact shows that we reached, already in 2013, temperatures as high as they were at the
Holocene maximum (c. 7 Kyrs ago, Marcott, Shakun, Clark, & Mix, 2013). While unparalleled
changes on biota are therefore to be expected during the forthcoming decades (see Bellard,
Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012 for review), many other factors, and in
particular land conversion, currently represent a perhaps even more important threat on
biodiversity than climate changes themselves (Parmesan & Yohe, 2003). In ongoing study 1V,
we intend to compare the impact of LGM climate changes, arguably the most important
historical factors that shaped current biodiversity patterns, to the one of recent anthropogenic
disturbances. In particular, we will focus on the deforestation of the Amazonian forest, which
is presently experiencing absolute rates of deforestation, higher than any other region on the
planet (i.e. almost 2.4 million ha/yr in 2002 and 2003, Laurance, Albernaz, Fearnside,
Vasconcelos, & Ferreira, 2004; Nelson et al., 2006).
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Figure 8: Reconstruction of global temperature anomalies relative to 1961-1990.
Globally stacked temperature anomalies for a 5° x 5° area-weighted mean calculation
(purple line) with its uncertainty (lo, blue band). Modified from: Marcott, Shakun,
Clark, & Mix, 2013.

The strong and unexpected signal of dispersal limitation presented in this thesis for
organisms primarily considered as extremely efficient dispersers (Table 2, Paper 1) clearly
suggests that Amazonian bryophytes are severely exposed to forest fragmentation. In ongoing
study IV, we will also assess, based on the posterior distribution of the migration rate between
neighbor pixels, the actual dispersal rates of Amazonian bryophytes to determine how strongly
and how quickly populations might suffer from ongoing deforestation. Finally, we will
determine whether events of LDD occur across Amazonian bryophyte species, by comparing
explicit demographic scenarios where LDD is implemented or not. Indeed, LDD might help to
maintain connectivity among distant patches in the context of current fragmentation.

Available tools to study the impact of past climate changes on the distribution of
species

Studying the influence of past climate changes on the distribution of species contributes
to our understanding of the evolution of life on earth. In this thesis, we took advantage of
demographic inference, especially coalescent simulations, to reconstruct past biogeographic
histories of bryophyte populations. Although this technique increasingly appeared as a
promising tool to infer the demographic history of populations from current genetic data
(Thomé & Carstens, 2016), it has been tailored to the characterization of demographic changes
in existing populations (Chikhi et al., 2018), therefore information from extinct populations is
missing. Furthermore, because coalescent simulations infer demographic histories of
populations from current spatial patterns of genetic structure and diversity, only historical
events which have led to major modifications in populations are recovered. Coalescent
simulations thus prevent the recovery of continuous long-term historical evolution of
populations through time.

The fossil record, the only source of information providing absolute (geological) timing
of historical events (Donoghue & Benton, 2007), has traditionally been used by biologists to
study the long-term historical evolution of populations through time (Morlon, Parsons, &
Plotkin, 2011). When the fossil record is rich, it is possible to trace back continuous
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demographic changes in past populations and to point out past extinctions of populations.
However, many groups of organisms lack an adequate fossil record (Morlon et al., 2011).

A promising tool to trace back the long-term historical evolution of populations through
time is ancient DNA (aDNA, see Anderson-Carpenter et al., 2011 for review). Although not all
fossils recovered contain preserved DNA suitable for current aDNA extraction techniques —
given taphonomic and environmental factors can vary preservation rates dramatically (Knapp
et al., 2012; Lord, Collins, DeFrance, LeFebvre, & Matisoo-Smith, 2018; Orlando et al., 2013)
—, the aDNA recovered from only a couple of individuals may provide evolutionary information
from the entire population, such as its size or its exposure to extinction at a given time
(Palkopoulou et al., 2015). Moreover, a recent technique, called “sedimentary ancient DNA”
(sedaDNA), recovers preserved aDNA from all organisms present within sediment samples,
such as permafrost, cave sediments or lake sediments (Anderson-Carpenter et al., 2011;
Willerslev, 2003; Willerslev & Cooper, 2005). This technique increases the number of fossil
taxa found because it enables the identification of organisms that do not fossilize into
macrofossils, or, easily recognizable microfossils (Birks & Birks, 2016).

As Hewitt (2000) declared, combining genetic and fossil data can greatly help our
understanding of how organisms were affected by past climate changes. As an example, we
could use the information extracted from fossil data and related aDNA, to enhance demographic
inferences — such as coalescent simulations — by providing accurate prior estimations of past
demographic parameters — including past effective population sizes and the timing of past
demographic events. We could also combine demographic inferences with information on past
extinct populations, recovered from aDNA, to improve the global picture of the long-term
historical evolution of populations in organisms with a poor fossil record.

Global change and species conservation

On Monday the 6" of May, the United Nations’ Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES) released a 40-page summary of its
findings for policymakers and the media, suggesting that c¢. 1 million species are currently
facing extinction due to human activity (Diaz et al., 2019). Studying which conditions likely
led to population extinction or survival and subsequent recovery in the past may help to predict
which populations are currently the most endangered in the context of global change. Such
predictions would help to take efficient and timely conservation measures.

Another tool increasingly proposed to support conservation decision making is species
distribution models (SDMs) projected into putative future climatic conditions (Guisan et al.,
2013). The validity of such models has been recently questioned, pointing to the many factors
other than climate that play an important role in determining species distributions, such as biotic
interactions and dispersal abilities (Pearson & Dawson, 2003). Ecologists are thus currently
developing enhanced models that take into account such factors (Engler & Guisan, 2009;
Lehsten et al., 2014; Thuiller et al., 2008).

As presented, we currently have the information and the tools to take adequate
conservation measures in the ongoing context of global change. Let’s now take adequate
political decisions and choices in our everyday lives so that we might not be responsible for the
extinction of 1 million species #WeChangeForLife. https://wechangeforlife.org
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