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Abstract

In the present review, we provide an updated account on the level of knowledge in island bryophyte biogeography. In the
framework of the 50 most fundamental questions for present and future island biology research highlighted by Patifio et al.
(2017), we summarize current knowledge in bryophyte island biogeography and outline main research avenues for the future
in the field. We found that only about 50% of the key current questions in island biogeography have been addressed to some
extent, at least once, in bryophytes. Even fundamental questions that have caught the attention of ecologists since more than
one century, such as the species-area relationship, have only rarely been dealt with in bryophytes. The application of the
Island Biogeography Theory therefore opens an avenue for research in bryology, and we discuss the most salient features,
including species and community phylogenetics, biotic interactions, and invasion biology.

Introduction

In 1967, Robert H. MacArthur and Edward O. Wilson published their seminal work entitled the Theory of Island
Biogeography (see also MacArthur & Wilson 1963): a general mathematical theory to explain the regulation of species
richness on islands. Based on the argument that island biotas eventually reach a dynamic equilibrium between processes
that add species, particularly by immigration (plus, for more remote islands, speciation; MacArthur & Wilson 1963),
counterbalanced by processes that cause local extinction of species. Inspired by former literature on two main patterns
in biogeography, the species—area and species—distance relationships, MacArthur & Wilson (1963, 1967) decisively
contributed to establish the view of islands as ideal models in ecology and evolution.

Here, we aim at assessing our state of knowledge in the field of island biogeography in bryology. In the framework
of'the 50 most fundamental questions for present and future island biology research foci identified by Patifio et al. (2017),
we discuss how much we know and what are the most promising research arenas in island bryophyte biogeography. We
focused on questions that have been addressed in bryophytes and identify, on the basis of the remaining, un-addressed
questions, which topics may have been overlooked and deserve attention for future research.

Methods

We performed a literature search with Scopus, using ‘island’ and ‘bryophyte’ as keywords to obtain a first list of 716
papers. Except for specific questions such as habitat islands, we focused on oceanic islands, i.e. islands of volcanic
origin, and therefore, we excluded continental islands or continental fragments (sensu Whitakker & Fernadenz-Palacios,
2007). We further excluded articles that take place on islands but do not address biogeographic questions, such as
purely floristic or taxonomic papers. In addition, we selected papers only published after the year 2000 (inclusive) to
provide an account on relatively recent bryological contributions to the field. We ended-up with 52 papers, which form
the basis of the present review. The questions highlighted in the subsequent sections and their order are reproduced
from Patifo et al. (2017).

206 Submitted: 18 Oct. 2020, Accepted by Jesus Murioz: 20 Mar. 2021, published: 30 Jun. 2021

Licensed under Creative Commons Attribution-N.C. 4.0 International https://creativecommons.org/licenses/by-nc/4.0/


mailto:jpatino@ull.edu.es
mailto:jpatino.llorente@gmail.com
https://orcid.org/0000-0001-5532-166X
mailto:a.vanderpoorten@uliege.be
https://orcid.org/0000-0002-5918-7709

Island (Macro)Ecology and Biogeography
Global diversity patterns

Q1 What are the relative roles of spatial, historical and ecological processes in driving taxonomic, phylogenetic and
functional diversity patterns of insular systems?

Q2. How do fundamental biogeographic processes interact through time and space to establish the island species—area
relationship?

Q3. How do taxonomic, phylogenetic and functional diversity compare between islands and ecologically similar
continental areas?

Q4. How important are islands as refuges for now extinct mainland lineages and/or ecosystems?

Q5. How important are oceanic islands as generators of biodiversity and for the assembly of continental biota through
reverse-colonization and/or colonization de novo?

Due to their geographic isolation, volcanic origin and elevation range, oceanic islands offer an ideal setting for
disentangle the contribution of environmental and historical factors to diversity patterns (Q1). In bryophytes, a hump-
shape relationship between alpha diversity and elevation has been consistently reported (Henriques ef al. 2017a, Boch
et al. 2019, Hernandez-Hernandez et al. 2019, Marline et al. 2020) and interpreted in terms of the optimal climatic
conditions that prevail at mid-elevation for bryophytes. Among other components of diversity, functional diversity
has increasingly appeared as a complementary metric to taxonomic diversity (Spitale 2016, @ien et al. 2018, Berdugo
& Dovciak 2019). In oceanic islands, functional diversity correlates with elevation (Henriques et al. 2017a). This
relationship differs, however, among communities. In Réunion island, functional richness decreases with elevation in
epiphytes, but not in ground-dwelling communities, suggesting that the latter exhibit similar functional traits across the
elevational gradient and may hence be more robust than epiphytic communities to disturbance (Ah-Peng et al. 2014).
Phylogenetic diversity of bryophyte communities, in turn, has been to date the focus of a single study (Shaw et al.
2005), with no applications in island settings (Qs1, 3).

On oceanic islands, the Global Dynamic Model predicts that species richness is a hump-shape function of island
age (Whittaker et al. 2008). While an increasing number of colonists is expected with time, the carrying capacity and
environmental heterogeneity vary depending on the stage of ontogenetic phase during the typical oceanic island life
cycle (Whittaker et al. 2008). Pocs (2006) noticed that habitat heterogeneity rather than island age per se determines
bryophyte species richness and composition (Q1-2). Subsequent studies confirmed that alpha (Sundberg et al. 2006,
Patifio et al. 2013a, Aranda et al. 2014, Tiselius et al. 2019, Torre et al. 2019, Yu et al. 2019a, b) and beta (Liu et al.
2020) diversity patterns are better explained by ecological drivers of habitat heterogeneity (area and elevation) than
historical factors such as time and geographic isolation that mostly reflect dispersal limitations. These results support
the idea that even parsimonious models such as the species-area relationship should sometimes be preferred as more
parsimonious options as compared to more complex models when describing species richness patterns (Carey et al.
2020).

The low contribution of historical factors accounting for dispersal limitations and speciation rates is in line with the
shape of the species-area relationship in bryophytes. In particular, the lower z-values of the species-area relationship in
bryophytes, particularly in mosses, than in spermatophytes reflects larger range size and lower compositional turnover
due to high dispersal capacities (Patifio ef al. 2014b). Yu et al. (2020) further reported a shift of the slope of the species-
area relationship beyond the Small Island Effect, which was in fact interpreted in terms of the successful filling of
suitable habitats thanks to efficient colonization from mainland sources.

The limited contribution of historical factors for explaining species richness patterns contrasts with the major
contribution of time in the General Dynamic Model of Island Biogeography in other organisms (Whittaker et al. 2008).
This discrepancy can be explained by the fact that, in bryophytes, (i) geographic isolation filters play a limited role
in bryophyte community assembly over geological times and (ii) in-situ speciation contributes much less to species
richness than dispersal, which is characterized by the virtual absence of radiations (Patifio ef al. 2014a).

Despite the long-distance dispersal capacities of bryophytes, disharmony, i.e., differences in species composition
between island and continental biota due to factors such as geographic isolation and species dispersal capacities
(Q3, Konig et al. 2021), has also been reported among insular bryophyte floras (Pocs 2006, Vanderpoorten et al.
2007). In line with the low contribution of historical factors for explaining bryophyte distribution patterns on islands,
Vanderpoorten et al. (2007) primarily interpreted such as disharmony in terms of the lack of important habitats for
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bryophytes, such as limestone outcrops, in the investigated island. Pdocs (2006), however, highlighted the potential
role of random long-distance dispersal. While the hypothesis of a long-distance dispersal filter cannot be ruled-out,
its relevance for explaining species richness patterns in island bryophytes is marginal as in fact, bryophyte island
floras are not poorer, and sometimes richer, than continental ones (Ah-Peng et al. 2012, Patifio et al. 2015a). This
pattern sharply contrasts with the expectations of the island theory. Patifio et al. (2015a) proposed that the apparent
higher carrying capacities on islands result from their globally wetter, colder climates potentially more favourable to
bryophytes as compared to continental regions (Weigelt ef al. 2013). In turn, the high long-distance dispersal capacities
of bryophytes, coupled with the typically buffered island climates and larger carrying capacities of islands during
Pleistocene glacial periods (Fernandez-Palacios et al. 2015), account for the substantial role of oceanic islands as:
(1) a refugium (Q4-5), as evidenced by striking examples of palaco-endemism such as Alophosia azorica (Renauld
& Cardot) Cardot and Rhynchostegiella azorica Hedends & Vanderp. in the Azores (Bell & Hyvonen 2010, Patifio
& Vanderpoorten 2015) or Hedenasiastrum percurrens (Hedenis) Ignatov & Vanderp. in Madeira (Aigoin et al.
2009); and (ii) a source of biodiversity for continental floras that have been dramatically affected during the Ice Ages
(Hutsemékers et al. 2011, Patifio et al. 2015b, but see Stengien ef al. 2014). The role of oceanic islands as a source
of de novo biodiversity for continental regions is unparalleled in any other land plant group (Patifio & Vanderpoorten
2018). As a result, and although bryophytes may speciate at the same rates as angiosperms (Wall 2005), the rates of
island endemism in bryophytes are strikingly low (Patifio & Vanderpoorten 2018, Gradstein & Bernard 2020) due to
the fast rates of continental colonization following endemic speciation.

Island ontogeny and past climate change

Q6. How do rates of colonization, speciation and extinction change during island ontogeny?

Q7. How do diversification rates of island lineages change with island age?

Q8. How important were past geological events and climate change in promoting island colonization and altering
dispersal pathways?

Q9. How has climate change influenced speciation and extinction within islands?

While, as emphasized in response to Q4 and Q5, an increase of effective insular population size and dispersal rates from
islands to continents during glacial periods of the Pleistocene is supported by phylogeographic reconstructions of the
historical demography of island bryophytes (Hutsemékers et al. 2011, Patifio et al. 2015b), analyses of diversification
and extinction rates on islands through time (Q6—7), as well as within-island diversification analyses (Q9), are currently
completely lacking for bryophytes, probably, in part, because island bryophytes typically do not radiate (Patifio et al.
2014a).

Island rules and syndromes

Q10. Is trait evolution fundamentally different on islands than on continents?

Q11. How robust are the various island rules and syndromes relating to body size, loss of dispersal, coloration, breeding
system, woodiness, and clutch size, among others?

QI12. To what extent are island populations genetically impoverished, compared to comparable mainland
populations?

Unlike in organisms characterized by lower dispersal capacities, the colonization of islands and archipelagos
by bryophytes typically results from multiple events and different geographic origins (Vanderpoorten et al. 2008,
Hutsemékers et al. 2011, Laenen et al. 2011, Stengien et al. 2014, Patifio et al. 2016, 2017, Hanusch et al. 2020,
Rodrigues et al. 2020, but see Karlin ef al. 2011). Consequently, any signature of an initial bottleneck should be quickly
erased by immigration (Q10), so that levels of genetic diversity are high (Liu ef al. 2014), with similar or even higher
values on islands, which may have served as refugia during the Ice Age (see above), than on continents (Grundmann et
al. 2007, Laenen et al. 2011, Patifio et al. 2015b). A lower genetic diversity in island than continental populations was,
however, evidenced in Sphagnum palustre L. (Stengien et al. 2014) and Rhynchostegium riparioides (Hedw.) Cardot
(Q12). In the latter, and although clonal reproduction does not necessarily preclude the evolution of high levels of
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genetic diversity, as evidenced in sterile populations of Sphagnum palustre in Hawaii following a single colonization
event (Karlin ef al. 2011), the significantly higher linkage disequilibrium found in island populations as compared
to continental ones was interpreted as a shift towards increased rates of selfing and/or clonality (Hutsemékers et al.
2011).

Such a shift in sexual strategies on islands is consistent with the increase in the proportion of species producing
specialized asexual diaspores, which are assumed to play a role in short-distance dispersal, and a decrease of species
producing spores, which are involved in long-distance dispersal (but see Laenen et al. 2016a), revealed by a meta-
analysis of life-history traits of insular bryophyte floras and species (Patifio et al. 2013b). The pattern observed might
be tentatively linked to the loss of dispersal hypothesis (Q11), a traditional island syndrome (Whittaker & Fernandez-
Palacios 2007, but see Garcia-Verdugo et al. 2017, Burns 2018). Whether dispersal capacity is truly counter-selected
on islands, or shifts in dispersal traits on islands occur as a response to the specificities of the island environment, and
dispersal and ecological filters (Patifio et al. 2013b), remains unanswered.

Island biogeography theory

Q13. How do the dynamics of island communities scale up to generate the biogeographical patterns predicted by island
biogeographical theories?

Q14. How can we reconcile island biogeography theories with other ecological and evolutionary theories to contribute
to a general biodiversity theory?

Q15. How applicable are island biogeographical theories derived from real islands to other forms of insular system,
such as sky islands and seamounts?

Q16. How can we best incorporate population genetic and/or phylogenetic data to advance models of island
biogeography?

The Island Biogeography Theory has been applied to continental island systems in bryophytes in a few instances (Q15).
In soil islands of rocky outcrops in the semi-arid region of Brazil, Silva ef al. (2018) for example failed to evidence
a significant species-area relationship, which they interpreted in terms of random, opportunistic colonization. Due to
relative similarities between trees and oceanic islands in terms of geographic isolation and evolution of the physical
properties during their respective ontogenetic development, the application of the Island Biogeography Theory in
general and the General dynamic Model of Island Biogeography (Whittaker et al. 2008) in particular, has been of
relevance in the case of epiphytic systems (Taylor & Burns 2015). In bryophytes, Patifio ez al. (2018) reported that tree
age was consistently included in all of the best-fit models, reflecting the progressive increase in epiphyte bryophyte
species richness through time. The limited contribution of the quadratic product of time and tree height to the best
models suggested, however, that competition for space is not a key factor on mature trees.

Island (Macro)Evolution
Immigration—speciation—extinction dynamics

Q17. How does the spatial configuration of an archipelago (e.g. intra-archipelagic connectivity) influence colonization,
speciation and extinction over time?

Q18. What is the nature of the relationship between rates of extinction and island isolation, if any?

Q19. How do the extinction probabilities of island endemic species compare to those of non-endemic species?

Q20. How important are diversity-dependent processes for island colonization, speciation and extinction?

Q21. How do anthropogenic extinctions affect estimates of speciation and natural extinction on island systems?

Estimating extinction rates largely depends on the availability of fossil records. Quaternary macrofossils are, however,
typically rare in many oceanic islands, which, such as the Canary Islands, lack peat deposits and wherein lacustrine
deposits, where such fossils can be found, are scarce. In addition, fossilization in bryophytes is much rarer than in
vascular plants due to the lack of decay-resistant lignified tissues, complicating the use of fossil records to document
extinction rates in island bryophytes. As a result, no bryophytes were recorded from the cores performed in the Azores
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(Gois-Marques et al. 2019) or Canary Islands (de Nascimento et al. 2009, Nogué et al. 2013). The recent discovery
of early Pleistocene fossils in Madeira (Goéis-Marques et al. 2018) opens the door to the integration of fossils into
phylogenetic diversification analyses to disentangle speciation and extinction rates. Another promising avenue for
research on immigration/extinction rates in island bryophytes comes from the diachronic analyses of floras of newly
emerged islands. In particular, Ingimundardottir et al. (2014) took advantage of the unique opportunity to measure rates
of colonization and extinctions through the monitoring of the flora of the Surtsey island, formed by a volcanic eruption
south of Iceland in 1963-1967. The number of species doubled between 1971 and 1972, with a subsequent decrease
of the colonization rate of 21% and a putative extinction rate of 71% in 2008. Further research on island bryophyte
fossils and experimental assessments of demographic rates will be necessary to address the series of questions around
diversification patterns (Q17-Q21), which remain almost completely un-addressed presently in bryophytes.

Speciation and diversification

Q22. What functional traits (e.g. relating to dispersal capacity, reproduction, trophic ecology) are associated with high
diversification rates within and across island systems?

Q23. What traits best predict which groups will undergo adaptive radiation on islands?

Q24. What is the relative importance of ecological versus geographical speciation on islands?

Q25. What is the influence of gene flow among islands and/or between islands and mainland areas on speciation
rates?

While databases of functional traits have increasingly become available for island bryophytes (e.g. Henriques et
al. 2017b for Azorean bryophytes), very few analyses have been conducted to date to test the hypothesis that key
innovation triggered bryophyte species diversification (Q22). Wall (2005) tentatively interpreted the diversification of
the moss genus Mitthyridium H. Rob. in Pacific islands as the result of a shift in reproductive strategy from sexual to
asexual, consistent with similar observations based on genetic data and analyses of life-history traits (see above), and
which was proposed as a key innovation. Laenen ez al. (2016b) conversely found that increases in diversification rates
in liverworts are associated with shifts towards bisexuality. These contrasted findings suggest that the question of how
traits can drive diversification rates and what is the importance of adaptative radiations in insular bryophyte floras in
particular, requires further investigation (Q22-24).

Despite that variation of genetic diversity and similarity along elevation gradients (Pisa e al. 2015, Sim-Sim et al.
2015) suggests that island bryophytes may diversify as a response to environmental variation, they are characterized
by non-radiating speciation modes within archipelagic regions (Patifio ef al. 2014a) and thus do not seem to be prone
to ecological diversification (Q23-24). Pocs (2006) discussed potential radiations in Caribbean Pilotrichum P. Beauv.
and epiphyllous liverworts from the Indian Ocean islands, but whether these diversification patterns result from
actual in-situ radiations remains to be tested, as the presence of several congeneric endemics on the same island or
archipelago may not necessarily point to a monophyletic origin. This is best illustrated in the case of Macaronesian
Rhynchostegiella (Schimp.) Limpr. Species, where none of the endemic Macaronesian endemic species form a clade
(Patifio & Vanderpoorten 2015).

High dispersal rates between island and continental populations (Q25) have typically been identified as the cause
of the low levels of endemism in island bryophytes (Vanderpoorten et al. 2011). The lack of evidence for different
regimes in diversification rates across insular and continental lineages in the moss genus Rhiynchostegiella suggests,
however, that diversification takes place at comparable rates in island and continental lineages. This suggests that
restrictions to gene flow in insular environments may be sufficient to elevate diversification rates to levels comparable
to those observed at much larger continental scales, even in organisms with high long-distance dispersal capacities
such as bryophytes. Mounting evidence from fine-scale population genetic studies in bryophytes reveals a significant
partitioning of genetic variation among populations structured by short geographical distances (Vanderpoorten et al.
2019). We thus propose that the minimum geographical distance required for neutral divergence, and hence speciation,
might be much shorter than what bryophytes’ capacity for occasional and random long-distance dispersal suggests.
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Dispersal and colonization

Q26. What is the importance of founder effects for the evolution of island lineages?

Q27. How frequent is inter-island dispersal and is it enough to form an archipelago-wide metacommunity, or are
islands better understood as functionally independent communities?

Q28. How can palaecoecology contribute to the understanding of species arrival, establishment and spread on islands?

The limited number of population genetic studies in island bryophytes prevents the emergence of robust conclusions
on the effects of founder events in insular bryophytes (Q26). No signature of a bottleneck was found in populations of
Bryum argenteum in Tenerife, possibly because of recurrent immigrations events (Pisa et al. 2015). If this pattern is
indeed recurrent, it could prevent endemic speciation due to gene flow intensity (Vanderpoorten et al. 2008, 2011) or
niche pre-emption (Silvertown et al., 2005), assuming that competition could play a sufficient role to shape bryophyte
communities. In the endemic Orthotrichum handiense F. Lara, Garilleti & Mazimpaka, which is represented by a
single population in a small area of the island of Fuerteventura, evidence for a recent bottleneck was found (Patifio et
al. 2013c), but whether it is caused by a founder effect or subsequent local extinction events could not be determined.
In Rhynchostegiella, Patino & Vanderpoorten (2015) documented recurrent cases of allopatric speciation in mainland
areas from continental ancestors, possibly promoted by founder effects. More examples of populations genetic analyses
of island bryophytes, including analyses of their connectivity among populations from different islands and how this
connectivity regulates diversification rates, which are today completely lacking (Q27), would be necessary to address
the question of the evolution of such insular populations, and whether disruption of gene flow among islands could, as
in angiosperms (White et al. 2020), promote allopatric speciation through founder events.

Island Community Ecology
Community assembly

Q29. How do taxonomic, phylogenetic and functional diversities of island communities change during assembly and
disassembly of island systems?

Q30. How do island area, elevation and isolation influence the community composition and dynamics of island
systems?

Q31. What are the relative roles of island age, phylogenetic group and functional ecology in determining natural
(background) extinction rates among oceanic island taxa?

Q32. How does the order of colonization influence emergent outcomes in the assembly of island biotas?

Q33. How important are rare species for the functioning of island communities?

Q34. How does in situ evolution drive the functioning of island ecosystems?

Q35. How do climate and sea-level changes influence biotic interactions on islands?

Q36. How do biotic interactions (within and between trophic levels) influence immigration, extinction and speciation
rates on islands?

Questions around community assembly have seldom been addressed in bryophytes. Pdcs (2006) suggested that,
following chance long-distance dispersal, ‘first incidental colonizers’ quickly spread across suitable habitats,
preventing other species to establish (Q36) and resulting in very different species compositions among islands from
the same archipelago. This mechanism of niche pre-emption (sensu Silvertown et al. 2005) involves a substantial role
for competition, which has been questioned in bryophytes and should be further tested (see below).

Island Conservation and Management

Global change

Q37. How, if at all, do island biotas differ from continental biotas in their response to global change?
Q38. Are island species more prone to extinction than their closest relatives on the mainland, and if so, why?
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Q39. How can we identify which island taxa are most at risk from global change and what are their risk-associated
traits?

Q40. What determines anthropogenic extinction rates among island taxa?

Q41. How do anthropogenic changes within islands impact on the capacity of island species to respond successfully
to climate change?

Q42. How can we identify islands that are more susceptible to biodiversity loss in the coming decade, and what are
the most efficient and cost-effective methods (i.e. policy; education; research; management) for safeguarding their
biodiversity?

Q43. What are the best strategies for in situ conservation of island species impacted by non-native species?

Q44. What are the most effective methods for responding to the anthropogenic extinction crisis on islands?

Q45. How can we best implement long-term monitoring schemes on islands to provide quantitative evidence of changes
within island ecological systems?

Q46. How can conservation interests best be integrated with other island stakeholder interests (particularly tourism)
on populated islands?

Q47. What are the impacts of novel biotic interactions between and among alien and native species on island biodiversity
and ecosystem functioning?

Q48. How does the invasion stage (i.e. colonization, establishment, and long-term adaptation) of alien taxa affect
distribution ranges and biotic interactions of native insular biotas?

Q49. To what extent can alien species act as functional substitutes for extinct native species on islands?

Q50. How do the ecological effects of introduced species differ from those of naturally arriving colonist species on
islands?

The proportion of threatened (sensu IUCN) species in the Canary Islands and Madeira, which reaches 21 and 23%,
respectively (Gonzalez-Mancebo ef al. 2012, Sim-Sim et al. 2014), lays within the range reported for European
bryophytes in general (Hodgetts ef al. 2019). This does not suggest, at first sight, that island species are more prone to
extinction than their closest relatives in the mainland (Q38). However, comparisons of altitudinal ranges of species in
Réunion island with those of continental mountain ranges revealed that the former are narrower than the latter (Ah-Peng
et al. 2012). Furthermore, projections of species distribution models for Macaronesian endemic species onto future
climatic layers pointed to an average decrease of suitable areas of 62—-87% per species (Patifio ez al. 2016), which is
comparatively higher than the 16-42% of range loss predicted for the European bryophyte flora (Zanatta et al. 2020).
Model predictions suggest that even the commonest endemic species would fit either the Vulnerable or Endangered
TUCN categories by 2070 (Patifio et al. 2016). The predicted extinction of approximately 17.1% of the Macaronesian
endemic bryophyte species by 2070 is also higher than the average of 7.9% of extinction due to climate change when
different taxa (including birds, reptiles, amphibians, invertebrates, mammals, fish and plants) worldwide (Patifio et
al. 2016). These results suggest that island endemic bryophytes will be among the first to disappear in a warmer
world, thus at faster rates than continental species (Q37-38). Model predictions further point to substantial differences
in terms of extinction risks among archipelagos (Q42). Thus, predictions for the decrease of the macroclimatically
suitable area of the Macaronesian endemic bryoflora by 2070 are substantially more severe in the Canary Islands
(77-96% on average depending on the investigate climate change scenarios) than in the Azores (55.2-80.5%) and
Madeira (50-79.3%) (Patifio et al. 2016).

The links between species traits important for dispersal and competition on the one hand, and occurrences on the
other (Virtanen 2014), provide baseline information for assessing species rarity (Soderstrom & During 2005) and threat
levels (Bergamini et al. 2019), and hence, identify which taxa are most at risk from global change (Q39). In oceanic
island bryophytes, risks of extinction in fact correlate with life-history strategies (Lloret & Gonzalez-Mancebo 2011).
In particular, the shifts towards increased rates of asexual reproduction (Patifio ez al. 2013b), further illustrated by the
apparently purely clonal reproduction of island populations reported in some instances (Karlin et a/. 2011), along with
evidence for strong intra-island genetic structures (Liu ef al. 2014), suggest at first sight that island species are prone
to extinction due to decreased dispersal capacities. The idea that island species exhibit lower dispersal capacities than
continental ones has, however, been challenged by estimates of migration rates derived from analyses of spatial genetic
structures (Hutsemékers et al. 2011).

Long-term monitoring schemes (Q45), including bryophytes, have been launched in the framework of the main
projects, namely BRYOLAT (Réunion, Comoros, and Madagascar) and Moveclim (MOntane VEgetation as listening
posts for CLIMate change in Pico (Azores), La Palma (Canary Islands), Guadeloupe, Réunion, and Tahiti) to provide
quantitative baselines for detecting changes within island ecosystems and evaluate the effectiveness of conservation
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and management actions (Henriques et al. 2016; Hernandez-Hernandez et al. 2018). Permanent plots were established
every 200 m along the elevational gradient following the protocol described by Ah-Peng et al. (2012) and later included
in the Global Island Monitoring Scheme for the long-term coordinated survey and monitoring of native island biota
(Borges et al. 2018).

The impact of alien species, both spermatophytes and bryophytes, on the native bryophyte flora (Q47, 49) has
only quite recently been investigated. Marignani et al. (2019) for instance reported a low but significant negative
influence of the introduced Carpobrotus N.E. Br. on bryophyte species richness and functional diversity of degraded
sandy seashores in Sardinia. Alien trees may, however, serve as a substitutive habitat for epiphytes. In the Azores for
instance, reduced substratum specificity (Gabriel & Bates 2005) and, in particular, tree host-specificity, results in
rich epiphytic assemblages on alien trees. On islands with extremely severe loss of native vegetation such as in Cape
Verde, alien trees may even represent the only available habitat for the native epiphytic flora (Gonzalez-Mancebo ef
al. 2009). While plantations may hence contribute to the conservation of the native bryophyte flora, on islands but
also in continental environments (Kautz & Gradstein 2001), their impact in insular forest ecosystems requires further
research.

Synthesis and discussion

Island biogeography has been an increasing focus in bryology fueled, among others, by the increasing availability
of checklists, whose comparisons have been possible thanks to standardized species lists worldwide, large-scale
environmental databases, phylogenies and associated bioinformatic tools, and species trait databases. Still, many key
areas in the field remain largely unexplored by bryologists, and we discuss the most salient features hereafter.

Phylogenetic diversity, a measure of the average branch length among species from a community, which has
been largely employed in ecology, evolutionary and conservation biology (Miller et al. 2017) and highlighted as a
crucial addition to advance models of island biogeography (Patifio et al. 2017), has been the focus of a single paper
in bryophytes (Shaw ez al. 2005), with no application to islands. Other phylogenetic community structure metrics
(Miller et al. 2017) have not been applied at all. In particular, phylogenetic turnover can serve as a mean to disentangle
the contribution of selective (habitat specialization) and neutral factors (dispersal limitations) on the spatio-temporal
evolution of biodiversity patterns (Saladin ef al. 2019), and its application to island bryophyte communities would
open the door to novel studies on key issues in ecology, such as niche conservatism.

Such studies are currently impeded by two major shortcomings: (i) the lack of species distribution data; and (ii) the
lack of robust and well-sampled species-level phylogenies. The first issue primarily requires a standardized checklist
of accepted species names, with a list of synonyms. While such a list is now available for liverworts (Soderstrom et
al. 2016), the lack of a similar work for mosses is a major impediment to any macroecological and macroevolutionary
analysis in the group. Secondarily, checklists of species per island are required. In bryophytes, species lists have most
recently become available for islands as Ascension (Pressel ef al. 2017) or Fernando de Noronha (da Costa et al. 2018),
but such basic information is largely missing, not updated or incomplete for many archipelagos (e.g. Hawaii, French
Polynesia, Juan Fernandez).

The second issue calls for the launching of a large, collaborative project to reconstruct the Moss and Liverwort
Trees of Life. Earlier backbone phylogenies for mosses and liverworts (Cox et al. 2010, Laenen et al. 2014) date
back to the Sanger sequencing era, and were hence based on a relatively limited number of loci (three and eight,
respectively). As the number of taxa will progressively become much larger than the number of variable sites as new
species are added, re-analyzing the same data with increasing numbers of Operational Taxonomic Units will likely
result in increasingly poorly supported trees. Next-generation sequencing techniques open the door to the production
of massive amount of data at comparatively low cost. In mosses, a backbone phylogeny was produced (Liu et al. 2019)
based on a protocol of gene capture, subsequently further developed to target over 600 unicopy nuclear loci and their
flanking, non-coding regions, potentially offering suitable levels of variation at the species and infraspecific levels
(Medina et al. 2019). Such a large number of loci would allow the use of Liu’s et al. (2019) phylogenetic hypothesis
as a backbone to subsequently add new OTUs and progressively build a species-level Moss Tree of Life. A similar
protocol could be applied to liverworts in order to generate well-sampled phylogenies at the taxonomic and molecular
levels.

Biotic interactions are a key issue in island biogeography (see Q35-36, 46 and 48). In fact, competition forms the
basis of the niche pre-emption hypothesis proposed by Silvertown et al. (2005) and applied to bryophytes (Pocs 2006),
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according to which colonization rates, and, ultimately, chances of endemic speciation, are controlled by competition.
The importance of biotic interactions for shaping bryophyte communities has, however, been debated (see Patifio &
Vanderpoorten 2018 for review). Mounting concerns about methods based on co-occurrence analyses (Blanchet ef al.
2020) unfortunately render the analysis of such interactions very challenging and call for integrative approaches based
on a combination of environmental, spatial and quantitative trait data in order to disentangle the nature of species
associations.

The issue of biotic interactions is especially of prime importance in oceanic islands due to the sensitivity of the
latter to biological invasions (Q47-50). In the case of bryophytes, Essl ef al. (2013, 2015) were the first to provide a
comprehensive assessment of the environmental and anthropogenic factors driving bryophyte invasions worldwide.
They found that alien bryophyte species occurrences are more frequent on islands and depend on native range
size, and hence probably propagule pressure, and that naturalized bryophytes are more frequent in areas which are
biogeographically separated but climatically similar to the native ranges. As Soderstrom (1992) earlier noticed, however,
assessing the native or introduced origin of bryophytes species is extremely challenging. Essl et al. (2013, 2015) used
criteria such as anomalous geographical distribution, preference for disturbed habitats, and indirect associations with
some means of human transport as criteria to identify aliens. Because bryophytes exhibit high long-distance dispersal
capabilities, and because native species may experience striking expansion phases, mimicking invasions (Hassel et
al. 2005), the reliability of such criteria based on distribution patterns can be questioned (Vanderpoorten & Patifio
2015). In this case, a time-consuming, but more reliable way to assess the native or introduced status of a bryophyte
species, as exemplified by the case of the weedy Bryum argenteum Hedw. in Tenerife (Pisa et al. 2015), involves the
characterization of the genetic structure, as a (recently) introduced species is expected to exhibit signs of a bottleneck
associated with the founding event and no pattern of isolation-by-distance or in-sifu diversification.

Finally, our review reveals that only about 50% of the key current questions in island biogeography (Patiiio et al.
2017) have been addressed, at least once, in bryophytes. As a matter of fact, and as Yu et al. (2020) emphasized, even
fundamental questions that have caught the attention of ecologists since more than one century, such as the species-
area relationship, have only rarely been dealt with in bryophytes. The application of the Island Biogeography Theory
therefore opens an avenue for research in bryology.
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