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Abstract

Aim: Digitization of herbarium specimens and DNA sequencing efforts in the past
decade have enabled integrative analyses of patterns of diversity and endemism in
a phylogenetic context. Here, we compare the best available floristic databases to a
comprehensive specimen database to examine spatial patterns of moss phylogenetic
assembly. We test the hypotheses that (1) mosses exhibit phylogenetic regionaliza-
tion, (2) islands contain significantly high phylogenetic diversity and (3) that moss phy-
logenetic endemism is low on a global scale.

Location: Global.

Taxon: Mosses.

Methods: We developed a phylogeny of 3654 moss species using 25 markers and
compiled a global specimen database from online repositories. We calculated floristic
and phylogenetic measures of diversity and endemism and performed randomizations
to test for significant deviations from expectations. We use rarefaction and extrapola-
tion to alleviate substantial differences in sampling effort across the globe. We used
both phylogenetic and floristic methods to test for spatial regionalization. We com-
pare our specimen-based results to those obtained using a floristic dataset.

Results: Phylogenetic diversity is more robust to missing data than species richness.
Mean phylogenetic distance was significantly higher than expected in areas with high
species richness, indicating that reported richness in these areas is likely a product of

repeated colonization. Phylogenetic endemism is low globally. Phylogenetic regionali-

zations cluster into a Holarctic/Holantarctic temperate region, a pantropical region,

and a region composed of Australia, New Zealand and South Africa.
Main Conclusions: Future efforts for collecting, sequencing and databasing moss spe-

cies should focus on the tropics, particularly Africa and Southeast Asia. We provide

further evidence to support several important theories developed in moss biogeog-

raphy, including the role of long-distance dispersal in shaping floristic patterns, the
dominance of anagenesis in driving patterns of island diversity, and the role of climatic

instability in driving patterns of assembly in the Holarctic.
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1 | INTRODUCTION

Understanding patterns of biodiversity across multiple spatial
scales remains a central goal of ecology and evolutionary biology.
In vascular plants, considerable progress has been made toward
this goal, both in terms of understanding the processes by which
lineages diversify and spread across the globe and how they have
assembled into communities (Spalink, Kriebel, et al., 2018; Zhang
et al., 2021). By contrast, nonvascular plants—such as mosses—
have received far less attention. Mosses are comprised of nearly
13,000 species, which form important components of many ter-
restrial ecosystems across the globe—from tundra to tropical cloud
forests (Ah-Peng et al., 2017; Clymo, 1987; Goffinet & Shaw, 2009).
The distributions of individual species and clades are complex,
ranging from narrowly endemic to nearly cosmopolitan (Geffert
et al., 2013). Patterns of assembly are similarly confounding, with
hotspots of species diversity occurring in tropical, temperate and
arctic ecosystems in both continental and insular regions (Ah-Peng
et al., 2012; Camara et al,, 2019; Geffert et al., 2013; Séneca &
Soderstrém, 2008). Given their evolutionary diversity, ecologi-
cal importance, and functional distinctness from vascular plants,
mosses present a unique system for understanding the patterns of
assembly on a global scale.

Mosses exhibit several traits that should be expected to defy
biogeographical theories developed with vascular plant models.
For example, long distance dispersal (LDD) is common in mosses,
which have tiny, buoyant spores (Patifio & Vanderpoorten, 2018).
A propensity for LDD should be expected to reduce the genetic
isolation and speciation of distant populations (Givnish, 2010), but
diversification rates in mosses are dynamic, much like other groups
of plants (Medina et al., 2018). Further, high rates of LDD can lead
to an inverse isolation effect in some cases, wherein more iso-
lated sites (i.e., islands) receive a greater proportion of diaspores
from increasingly distant sources and thus exhibit higher diversity
than less isolated sites (Barbé et al., 2016; Lonnell et al., 2012;
Sundberg, 2005, 2013; Szévenyi et al., 2012). However, many moss
species exhibit strong genetic structure at both local and regional
scales, suggesting that dispersal alone cannot explain distribution
patterns, and that establishment success may impose stronger
limitations than dispersal (Ledent et al., 2020; Snall et al., 2004;
Vanderpoorten et al., 2019). Further, mosses do not exhibit a
clear latitudinal alpha diversity gradient (Geffert et al., 2013; Mols
et al., 2013; Shaw et al., 2005), likely due in part to the inverse
isolation effect (Patifio & Vanderpoorten, 2018; Sundberg, 2005).
Beyond their dispersal ability, mosses also differ from most vascular
plants in their ability to tolerate extremely cold temperatures and to
withstand drought through opportunistic desiccation and rehydra-
tion (Goffinet & Shaw, 2009). Ultimately, mosses rely on water for
successful growth and reproduction, but moisture availability can
be highly seasonal and come in different forms. These traits should
allow mosses to successfully colonize and diversify within habitats
that would be otherwise limiting to most vascular plants (Patifio &
Vanderpoorten, 2018).
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Despite these differences, biogeographic regionalization in vas-
cular and nonvascular plants appears to be largely congruent. For ex-
ample, similar to vascular plants, liverworts show distinct Laurasian
and Gondwanan signatures (Vanderpoorten et al., 2010). Various
moss clades also show separation across temperature and precipi-
tation gradients at the continental scale similar to that of vascular
plants (Mateo et al., 2016; Van Rooy & Van Wyk, 2013). Though
regionalization appears to be congruent, these patterns have likely
arisen as a consequence of different processes, as exhibited by over-
all low levels of endemism in mosses and hotspots of moss diversity
occurring in different areas from those of vascular plant diversity
(Patifio & Vanderpoorten, 2018).

At a global scale, patterns of diversity in mosses have been
studied several times since the first work of this nature was
conducted by Herzog (1926) (Buck & Thiers, 1989; Geffert
etal., 2013; Hedends, 2007; Norhazrina et al., 2017; Schofield, 1992;
Schuster, 1983; Shaw et al., 2005). Shaw et al. (2005) investigated
global patterns of moss diversity using a dataset of two organellar
genes across 554 different taxa and distribution data based on 86
regional checklists. They found that phylogenetic diversity peaks in
the Southern Hemisphere, but that all major lineages have extant
representatives across all latitudinal partitions. Geffert et al. (2013)
utilized an inventory-based diversity mapping approach using a com-
bined dataset composed of both regional and national checklists.
Mols et al. (2013) approached the issue in a similar way, obtaining
species richness values for specified regions from the literature.
They also found that coastline length and annual precipitation
ranges were significantly correlated to moss species richness in
both tropical and temperate zones, highlighting the relative impor-
tance of moisture over temperature or seasonality in moss diver-
sity. Hedenas (2007) also utilized checklist data to assess patterns
of beta diversity in pleurocarpus mosses across the globe, reveal-
ing that tropical assemblages have much higher species turnover
than extra-tropical ones. In a similar study, Norhazrina et al. (2017)
demonstrated a greater differences in species turnover between,
than within, tropical regions.

These studies primarily used secondary occurrence data, relying
on expert taxonomic opinion and the synthesis of primary occur-
rence data. Ideally, primary occurrence data should be preferred for
such studies because they are more reproducible and increase preci-
sion and resolution (Peterson et al., 2011). Thus, specimens housed
in biological collections represent a wealth of crucial data that spans
across centuries. However, in many cases, these data are subject to
a hoard of potential bias (Meineke & Daru, 2021). These include geo-
graphic, temporal and taxonomic bias in collecting efforts, as well as
bias in sequencing and digitization efforts.

Here, we use massive databases of digitized herbarium speci-
mens and DNA sequences to determine their efficacy in providing
a framework for understanding phylogenetic patterns of moss di-
versity, with direct comparisons to floristic datasets. We explore
three fundamental questions in bryology: (1) What are the patterns
of phylogenetic diversity across all mosses at a global scale? (2) What
are phylogenetic patterns of regionalization in mosses? (3) How do
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the best floristic data compare to species distribution data from on-
line repositories, and how do metrics derived from these two types
of data compare? We test the hypotheses that (1) mosses exhibit
phylogenetic regionalization, (2) islands contain significantly high
phylogenetic diversity and (3) that moss phylogenetic endemism is
low on a global scale.

2 | MATERIALS AND METHODS

2.1 | Taxonomy

We expected sequence data availability to be the limiting taxonomic
factor in our goal to develop a comprehensive moss specimen da-
tabase and global moss phylogeny, so we reduced our search of
occurrence records to only those species for which we could ob-
tain adequate sequence data from GenBank (see below). We used
Tropicos (tropicos.org) to generate a nomenclatural database to
ensure consistency across all datasets. First, species names were
parsed from each GenBank entry. We then identified the accepted
names for these species, synonyms of the accepted names, syno-
nyms of the names as listed in GenBank and synonyms of the syno-
nyms in the R package taxize v0.9.99 (Chamberlain & Szdcs, 2013).
If a species had an accepted name, we used that name. If not, we
used the name as listed in the original GenBank entry. There were
several types of issues that arose during this process. Some names
had dual synonymy. Some names as listed by GenBank had multiple
accepted names. To resolve these issues, we investigated the rel-
evant literature to clarify the most recent taxonomic treatment for
a given species (see Appendix S1). All generic names were standard-
ized to the classification of Goffinet and Buck (2020). We used this
final database to ensure nomenclatural consistency in distributional
and phylogenetic data. Our nomenclatural database is available on
Dryad (doi:10.5061/dryad.905qfttm2).

2.2 | Phylogenetic analyses

We developed a phylogeny of mosses by expanding the taxo-
nomic and molecular sampling in the supermatrix dataset of Rose
et al. (2016). All data used by Rose et al. (2016) were retained in
our analyses, but we added 524 taxa and 5 genes. These new data
were downloaded from GenBank (Benson et al., 2012) using the ren-
trez v1.2.3 R package (Winter, 2017). Sequences for synonymous
taxa were either merged or deleted in AliView (Larsson, 2014) and
R (see Appendix S2). Individual gene alignments were generated in
MAFFT v7.397 (Katoh & Standley, 2013) and individually inspected
in AliView (Larsson, 2014) before concatenation.

We reconstructed a phylogeny from the concatenated superma-
trix using maximum likelihood as implemented in RAXML-HPC v.8
on XSEDE (Stamatakis, 2014) on the Cipres Science Gateway V.3.3
(Miller et al., 2010). We partitioned the dataset by gene region, and
selected the GTRGAMMA model because the most parameter-rich

model has been shown to lead to similar inferences as the ‘best’
model (Abadi et al., 2019). We used the RAxML default rapid hill-
climbing algorithm, with 867 rapid bootstrapping replicates, with the
best ML tree as a topological constraint on the bootstrap replicates.

We used treePL to time-calibrate the phylogeny (Smith &
O'Meara, 2012). The calibration dates used were modified from those
of Rose et al. (2016) (see Appendix S3; Table $3.1). These included
mostly secondary dates from Morris et al. (2018), Newton et al. (2007)
and Villarreal and Renner (2014), but we also included three primary
dates. Additional details are presented in Appendix S2.

The tree was rooted using 91 liverwort and hornwort taxa. The
gene regions represented include two nuclear (ITS1-5.8s-1TS2, 26s),
five mitochondrial (atp1, atpé-rps7, nad2, nad5-nad4) and 18 plastid
(atpB-rbcL, psbB operon [psbT-psbN-psbH], rpl2, trnE, trnM, atpF-
atpH, psbE-psbF-psbL-psbJ, rpl32, trnG, rps4-trnS, ndhF, rbcL, rpoC1,
trnK-psbA, psbA, rpl16, rps4, trnl-trnF) genes.

2.3 | Species distribution data

Distribution data were downloaded from GBIF (https://doi.
org/10.15468/dd.hpjyhk) and iDigBio using the R packages rgbif
v.3.5.2 (Chamberlain et al., 2021) and ridigbio v.0.3.5 (Michonneau
& Collins, 2017), respectively. We downloaded data for each spe-
cies in the phylogeny individually, searching for both accepted and
synonymous names and ensuring nomenclatural consistency using
our newly generated database. Species without scientific names and
authorities were omitted from the datasets to prevent the inclusion
of homonyms in the analysis.

We cleaned the distribution data using the R package
CoordinateCleaner v2.0.18 (Zizka et al., 2019), removing duplicate
records, those within 100 meters of a biodiversity institution, within
10 km of country capitals and country centroids, within 100 meters
of GBIF headquarters, and with identical lat/long points. We also re-
moved records that occurred outside of reference landmasses, using
a customized shapefile that included all minor islands (see Appendix
S3 for additional details). The cleaned distribution data are available
on Dryad (doi:10.5061/dryad.905qfttm2).

2.4 | Biodiversity indices

We calculated several metrics of biodiversity across a global grid of
equal-area cells. We calculated species richness (SR)—the number
of unique species labels in each cell, to compare to previously pub-
lished moss studies. We expect our measures of SR to be low, given
that our sampling is restricted to species for which we have phylo-
genetic data. We subsequently removed cells with fewer than six
species. These cells had very low sampling effort and were likely to
be under-collected (or under-digitized). We calculated phylogenetic
diversity (PD) as Faith's Phylogenetic Diversity (Faith, 1992), and the
mean phylogenetic distance (MPD) among co-occurring species. We
calculated both weighted endemism (WE) and corrected weighted
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endemism (CWE)—and their phylogenetic analogues, weighted phy-
logenetic endemism (PE) and corrected weighted phylogenetic end-
emism (CWPE) (Crisp et al., 2001). The corrected metrics are WE and
PE adjusted for SR and PD, respectively (Crisp et al., 2001).

Digitized moss herbarium records are abundant across the
Northern Hemisphere, particularly North America and Europe, but
are underrepresented in the tropics, particularly Southeast Asia and
Africa. To help account for this spatial bias, we used size-based rar-
efaction and extrapolation (Chaol) as implemented in the R pack-
ages iINEXT v2.0.20 (Chao et al., 2014) and iNEXTPD2 v1.0.3 (Hsieh
& Chao, 2017) for SR and PD, respectively. Rarefaction estimates
the number of expected species in a random subsample that is less
than or equal to the number of samples in the smallest assemblage
(Sanders, 1968). Essentially, rarefaction describes the expected SR of
an assemblage if fewer samples had been collected. Extrapolationis a
related method that predicts SR based on an estimate of asymptotic
richness (Chao, 1984). These two corrections were extended to PD
by Chao et al. (2015). Colwell et al. (2012) proposed the integration
of these two techniques to standardize sample size and calculate SR
without discarding potentially informative data. We tested several
different sample sizes to calculate rarefied/extrapolated SR (SRrare)
and found that the value which parsed the dataset most evenly was
200. We used the same sample size to calculate rarefied/extrapo-
lated PD (PDrare).

We performed randomizations to test whether observed diver-
sity measures were higher or lower than expected by chance. For PD
and MPD, we shuffled the distance matrix labels across all taxa and
recalculated PD diversity metrics at each iteration. This approach
tests whether observed values are greater or lower than expected
if phylogenetic relationships were random. For the endemism met-
rics, we randomly shuffled species ranges while maintaining species
richness in each cell. This approach tests whether endemism within
cells is greater or lower than expected than if species range sizes
were random, given the observed richness in cells. All randomiza-
tions were repeated 1000 times. We calculated WE, CWE and CWE
manually in R. PE was calculated in the R package phyloregion v1.0.5
(Daru et al., 2020). MPD and PD were calculated and randomized in
the R package picante v1.8.2 (Kembel et al., 2010).

Because mosses are under collected, and spatial bias in collecting
and digitisation are evident in the GBIF dataset, we also calculated
global phylogenetic diversity using the floristic dataset compiled by
Geffert et al. (2013). Geffert et al. (2013) note that spatial biases also
exist for floristic data; thus, the purpose of our comparison was to de-
termine the extent to which specimen data reflect floristic patterns.
Using their species lists and spatial shapefile (delimited by political or
regional units), we calculated SR, PD and MPD. Because some spe-
cies present in their dataset were not in our phylogeny, we removed
these species before calculating PD and MPD, and re-calculated SR
for comparative purposes. This reduced dataset is herein referred
to as the “reduced Geffert” dataset. We then overlaid our specimen
dataset onto their shapefile and recalculated those metrics. We used

linear regression and calculated Pearson's correlation coefficient to
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assess how well the reduced Geffert dataset and the specimen data
fit the original results of Geffert et al. (2013).

2.5 | Biogeographic regionalizations

We used both phylogenetic and floristic approaches to identify pat-
terns of regionalization. For the phylogenetic approach, we used the
R package phyloregion to ascertain areas of phylogenetic similarity
and dissimilarity. Phylogenetic beta diversity for each cell was cal-
culated using Simpson's index. The number of clusters (k) was deter-
mined through k-means clustering and chosen by silhouette scores,
and assemblages were agglomerated according to the Ward2 algo-
rithm (Daru et al., 2020; Salvador & Chan, 2004). We used Infomap
Bioregions for the floristic approach (Edler et al., 2017). We speci-
fied the minimum and maximum cell sizes to be 1° x 1° and 2° x 2°,
respectively. We specified a cell capacity of 10-600 species, as our
highest observed richness was 591 species in a 2° x 2° cell. The clus-
ter cost was set to 1.02, and the algorithm was run for five trials.
These parameters were chosen because a higher cluster cost failed
to parse any regions, while a lower cluster cost created numerous bi-

oregions consisting of only single cells (generally with very low data).

3 | RESULTS

3.1 | Phylogenetic analyses

The final phylogeny comprises 3524 species and 129 subspecies/
varieties/forms across the moss phylogeny, representing 94.5% of
families and 79.2% of genera. Our topology is very similar to the
Rose et al. (2016) supermatrix phylogeny. The final concatenated
alignment was comprised of 24 loci, with a final alignment length of
76,596 bases and 83% missing sequences. (see AppendixS2, Table
$2.1; data housed in Dryad (doi:10.5061/dryad.905qfttm2)).

For the dating analyses, we used values of opt = 3, optad = 3
and optcvad = 1, which were the most frequently suggested val-
ues after multiple analyses using the prime command in treePL.
Random cross-validation found that the best smoothing parameter
was 1 x 1078 with a chi-squared value of 8169.2. The results of the
dating analysis are congruent with time estimates from Newton
et al. (2007), Rose et al. (2016) and (Morris et al., 2018).

3.2 | Species distribution data

Out of the 3651 taxa in the phylogeny, 3284 taxa had occurrences
in GBIF or iDigBio, constituting 90% of the species in the phylogeny.
A total of 2,083,613 records with scientific names and authorities
were downloaded from GBIF and iDigBio. After cleaning, the final
dataset had 1,257,129 individual data points (see AppendixS3 for
additional details).
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3.3 | Biodiversity indices and northeastern U.S.A. and adjacent Canada. Across Asia, high SR

was only found in Japan.

Species richness peaks in the Scandinavian Peninsula, with 615 spe- In the rarefaction/extrapolation analysis, 817 cells were rarefied
cies (Figure 1a). Other areas of high SR in Europe include the Alps and and 1472 cells were extrapolated. Well-collected areas tended to
northern Spain. SR was high in the Andes, peaking in Colombia and be rarefied in our analyses, whereas poorly collected areas were
Ecuador. In North America, SR was highest in the Pacific Northwest extrapolated (Figure 2d). Rarefied/extrapolated species richness

(b)

| ____ D s I [
5 4

0 127 249 371 493 615 3.8 82.6 121.5 160.3 200

FIGURE 1 Global patterns of moss (a) species richness (SR) and (b) rarefied/extrapolated species richness (SRrare) calculated from taxa
included in phylogenetic analyses. (a) SR ranges from 5-615 species, and peaks in the Scandinavian Peninsula. (b) SRrare peaks in northern
China and the Taymyr Peninsula

M Rarefied || Extrapolated

<0.01 0.01-0.025 0.975-0.99 >0.99

FIGURE 2 Global patterns of moss phylogenetic diversity. (a, b) Depict Faith's phylogenetic diversity (PD) and significant departures of
PD from expectations of null models, respectively. (c) Depicts rarefied/extrapolated measures of PD. (d) Displays which cells were rarefied,
which were extrapolated, and a single cell containing 200 species (not shown). (a) PD closely mirrors species richness (Figure 4a), peaking in
the Scandinavian Peninsula. (b) Most assemblages exhibit significantly less PD given their species richness than expected by chance, or no
significant difference than random. The exception to this trend is in Tasmania and New Zealand, which exhibit significantly greater PD than
expected. (c) PDrare is overall substantially higher in the tropics and lower in well-sampled areas than raw PD. (d) 817 cells were rarefied,
1472 cells were extrapolated, and one cell had an observed value of 200
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(SRrare) peaks in China and in the Taymyr Peninsula (Figure 1b).
This is largely in congruence with the original results from Geffert
et al. (2013), with the exception of Southeast Asia (Figure S3.1).
SRrare is substantially higher in tropical regions than raw SR, par-
ticularly in Southeast Asia and nearly all of Africa. Overall, however,
SRrare was 91.9% correlated to raw estimates of SR.

Patterns of PD mirror SR, particularly in Europe and North
America (Figure 2a). Again, the Scandinavian Peninsula shows ex-
tremely high PD values. The Mexican states of Veracruz and Oaxaca,
as well as the Andes exhibit markedly high PD. PD is moderately
high in southeastern Australia, Tasmania, New Zealand and north-
east Papua New Guinea. PD is high in Japan and moderately high in
Taiwan. PD is significantly higher than expected by chance only in
New Zealand and Tasmania (Figure 2b).

Rarefied/extrapolated phylogenetic diversity (PDrare) was 97.3%
correlated to raw estimates of PD, and peaks in the Kola Peninsula of
Russia (Figure 2c). PDrare is overall substantially higher in the trop-
ics, South Africa and Madagascar, and lower in well-sampled areas
than raw PD.

MPD is highest throughout most of the boreal and arctic north
(Figure 3a). In more temperate latitudes, MPD was high in eastern
Europe, the east coast of the USA, southeastern Brazil and Uruguay,
Colombia, Argentina, Central-Southern China and northern Japan.
MPD is significantly higher than expected (p > 0.99; Figure 3b) in
high latitudes across the globe, and also in the State of Rio de Janeiro
(Brazil), Uruguay, central Chile, southern Venezuela and the Falkland
Islands. Contrastingly, areas with significantly low MPD (p < 0.01)
were found mostly in tropical, subtropical and temperate regions of
the world.

Non-phylogenetic measures of endemism (WE and CWE; Figure
$3.2) were similar to their phylogenetic analogues (PE and CWPE;
Figure 4), with a few notable exceptions: PE and WE both peak
in Japan, Taiwan, southern China, Southeast Asia, New Zealand,
Tasmania, central Mexico, southeastern Brazil and the Andes
(Figure 4a and Figure S3.2a). High WE and PE was also found in
Australia, Papua New Guinea, the west coast of the U.S.A., Spain,

(b)
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Austria, the Scandinavian Peninsula, the Western Cape region
of South Africa and several islands including New Caledonia, the
Azores, Réunion and Mauritius. WE was relatively lower in Tasmania
and New Zealand than its phylogenetic counterpart. CWE and
CWPE peak in southern and Southeast Asia, in particular in the Tamil
Nadu state of South India, New Caledonia and Fiji (Figures 4b and
Figure S2b). Other areas of striking endemism are mostly oceanic
islands, including the Azores, the Juan Fernandez Islands, ile Saint-
Paul and the Seychelles.

The randomization results for all measures of endemism are sim-
ilar (Figures 4c,d and Figure S2c,d). They indicate that, in general,
endemism is significantly low in the Northern Hemisphere and sig-
nificantly high in the Southern Hemisphere. Exceptions to this pat-
tern include China, Japan and areas with Mediterranean climates in

North America and Europe, which have significantly high endemism.

3.4 | Comparison between floristic and
specimen datasets

We found a 96% correlation in SR between the Geffert dataset
and the reduced Geffert dataset (Figure 5a and Figure $3.3a). The
specimen data show a 67% correlation in SR to the original Geffert
data (2013), with even well-collected and databased continents
such as Europe being underrepresented in our dataset (Figure
S$3.3b). However, in some areas of South America (particularly the
northern Andes) and Central America (particularly Mexico) the
specimen data appear to match the original Geffert dataset well
(Figure 5b and Sl Figure S3.1). In others, SR is higher in the speci-
men data than in the original Geffert data. This trend is apparent
in much of North America, particularly British Columbia (Canada)
and Alaska (USA), the Scandinavian Peninsula and Spain (Figure 5
and Figure S3.3b).

Phylogenetic measures of alpha diversity tend to be more robust
to the missing data than SR. PD calculated from the reduced Geffert
dataset shows a 70% correlation to the specimen data (Figures S3.4a

<0.01 0.01-0.025

0.975-0.99 >0.99

FIGURE 3 Global patterns of moss (a) mean phylogenetic distance among co-occurring taxa (MPD) and (b) significant departures of MPD
from expectations of null models. (a) MPD peaks in the high latitudes in the Northern Hemisphere and is generally low-moderate elsewhere.
(b) Many assemblages in the boreal-Arctic zone contain species that are significantly more distantly related to each other than expected
from null models, whereas those in the tropical and subtropical zones contain species that are more closely related than expected
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28.5

0.975-0.99 >0.99

FIGURE 4 Global patterns of phylogenetically determined estimates of moss endemism. (a, b) depict richness-based phylogenetic
endemism (PE) and per-species phylogenetic endemism (CWPE), respectively. (c-d) depict significant departures of these metrics from
expectations of null models. (a) PE peaks in much of East and Southeast Asia, Oceania and parts of Central and South America, particularly
the Andes. (b) CWPE shows much higher values in much of Asia and several oceanic islands than its taxonomic analogue. (c, d) Across the
Southern Hemisphere, both richness-based endemism and per-species endemism are markedly higher than expected by chance, or no
significant difference than a random expectation. Contrastingly, both measures of endemism are lower than expected according to null

models in the cold northern climates of Europe and North America

and S3.5). Differences between these two datasets are apparent
in North America, with British Colombia, Alaska and Mexico hav-
ing higher PD according to the specimen data than in the floristic
data. Contrastingly, most of the Middle East, as well as Central Asia
and much of China and Mongolia have lower PD in the specimen
data than in the floristic data. A similar pattern arises in Central and
Northern Africa.

MPD calculated from the specimen data shows deficiencies in
the same regions compared to the floristic data (Figure S3.6). The
correlation in MPD between the floristic data and the specimen data
is 76%, indicating MPD tends to be much more robust to bias be-
tween the two datasets. MPD calculated from the specimen data
is noticeably higher than MPD calculated from the floristic data in
Alaska (U.S.A.) and Canada. Interestingly, differences between the
two datasets in terms of MPD were more evenly spread out across
continents (Figure S3.4b).

3.5 | Biogeographic regionalizations

The optimal number of phyloregions recovered was k = 6 (Figure 6a).
The six regions are a Holarctic/Holantarctic region (region 1); a

temperate region (region 2); a region composed of the eastern
U.S.A and Mexico, southern China and the western coast of Peru
and Ecuador (region 3); a region including Central America, the
Caribbean and the South American tropics (region 4); a region com-
prising South Africa, Australia and New Zealand (region 5) and a re-
gion comprised of Southeast Asia and Oceania (region 6). Based on
non-metric multidimensional scaling (NMDS) ordination, 3 regions
of major similarity are clear: Holarctic/Holantarctic temperate re-
gion (regions 1-3), a pantropical region (regions 4 and 6) and a region
composed of Australia, New Zealand and South Africa (region 5)
(Figure S3.7). Region 5 is the most phylogenetically distinct in terms
of Simpson's Index among all six regions.

The floristic approach parsed the data into 15 bioregions (Table
S$3.2; Figure 6b). The major bioregionsidentified included a Holarctic/
Antarctic region (bioregion 3); an American tropical region with a
few cells in Western Africa (bioregion 7); a region composed of cen-
tral/southern Chile, Patagonia and the Falkland islands (bioregion 4);
an East and South African region that includes Madagascar and small
portions of subtropical Eastern Australia (bioregion 9); similarly, a re-
gion that includes parts of South Africa and central Australia (biore-
gion 10); a region encompassing New Zealand, Tasmania, the Eastern
coast and the Southwestern tip of Australia (bioregion 1); a distinct



SANBONMATSU anp SPALINK

E=E ey

1-80 80-159 159-238 238-317 317-396 396-475 475-554 554-633 633-712 712-791

—- ==

FIGURE 5 Comparisons of moss species richness between the (a) the reduced Geffert et al. (2013) dataset, and (b) the GBIF/iDigBio data.
(a) There is a strong correlation (96%) between SR calculated originally by Geffert et al. (2013), and SR calculated using only those species
that are included in our phylogeny. (b) The specimen data show a 67% correlation in SR to the original Geffert data (2013), with even well-
collected and databased continents like Europe being underrepresented by herbarium data. The African and Asian tropics are particularly

underrepresented in the specimen data

region composed of Southeast Asia, Southern India, Sri Lanka,
Melanesia, Micronesia, Macaronesia and North Australia (bioregion
2); a Sino-Japanese region (bioregion 12) and a Himalayan region
(bioregion 14). Two small regions composed of island archipelagos
and characterized by a very distinct species endemic to these areas

were found in Okinawa (bioregion 15) and the Canaries and Madeira.

4 | DISCUSSION

Our results provide evidence to support several important theories
developed in moss biogeography, including the role of long-distance
dispersal in shaping large-scale floristic patterns, the dominance of
anagenesis in driving island diversity and the role of climatic instabil-
ity in the assembly of the Holarctic. Through a comparison of the
best available floristic and specimen-based datasets, we also dem-
onstrate that phylogenetic metrics overcome some of the limitations
of species-based estimates of richness, though substantial gaps re-
main in the global collection, digitization and sequencing of bryo-
phyte specimens.

Comparisons between metrics derived from specimen data to
those derived from floristic data are largely congruent. The main ex-
ception to this trend is in tropical regions across the globe, exempli-
fying a spatial bias in moss specimen databases. Several forms of bias
can be introduced when incorporating specimen occurrence data-
bases with phylogenetic data to examine global patterns of diversity.
First, only a limited number of species have available phylogenetic
data, which can result in both spatial and taxonomic biases as the
result of differential sequencing efforts. Nevertheless, we found a
strong correlation (96%) between SR calculated originally by Geffert
et al. (2013), and SR calculated using only those species that are in-
cluded in our phylogeny (Figure 5a and Figure S3.3a). These results
suggest that the phylogenic sampling does not introduce a strong
spatial or taxonomic bias to observed patterns of diversity.

A more pernicious problem is that herbarium-based meta-
analyses are subject to spatial bias in collecting, digitization and geo-
referencing efforts (Beck et al., 2012; Boakes et al., 2010; Meineke &
Daru, 2021; Spalink, Kriebel, et al., 2018; Spalink, Pender, et al., 2018;
Yang et al., 2013), not to mention potential regional or taxonomic
errors in species identification. Bias is manifest in our data, where
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FIGURE 6 Moss biogeographic regionalizations. (a) depicts phyloregions based on optimized clustering of cells according to Simpson's
phylogenetic index. Based on the NMDS ordination (Figure $3.7), 3 regions of major similarity are clear: A Holarctic/Holantarctic temperate
region (regions 1-3), a pantropical region (regions 4 and 6), and a region composed of Australia, New Zealand and South Africa (region 5). The
colours amount to the difference in beta diversity (turnover) between different regions (i.e., similarity). (b) depicts floristically determined
moss bioregions. Major floristic regions include a Holarctic/Holantarctic region, an Amazonian region, a Southeast Asian region and a Sub-

Saharan African region

sampling effort varies substantially across the globe (Figure 2d).
In general, most collecting, digitization and sequencing efforts in
mosses have occurred in North America, Europe, Japan, Australia
and New Zealand. As a result, sampling effort is low in areas known
to harbour many moss species. Indeed, the Amazon Basin, Eastern
Africa, Madagascar, Southeast Asia, Macaronesia, Micronesia and
Polynesia are all under sampled in our analyses (Geffert et al., 2013;
Mols et al., 2013; Figures 5 and 2d). In the comparison between the

original data from Geffert et al. (2013) and the specimen data, we
found only a 66% correlation in SR (Figure 5 and Figure S3.3b).

A key question is whether phylogenetic metrics can overcome
some of this bias. While we examine a limited number of species in
our analyses, these species are representative of nearly the full evo-
lutionary diversity of mosses. Thus, measures of phylogenetic diver-
sity should be expected to better reflect patterns across the globe
(Mishler et al., 2014; Thornhill et al., 2016, 2017), and we found
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that this is true to an extent. Comparisons of PD from the reduced
Geffert and specimen datasets show a 70% correlation (Figures
S3.4a and S3.5). MPD performs slightly better at 76% (Figures S3.4b
and S3.6). Thus, while a benefit of phylogenetic estimates of diver-
sity is that they can overcome, to some degree, errors resulting from
missing data in floristically based calculations, we remain limited in
the conclusions, we can draw about under sampled regions using

currently available data.

4.1 | Island bryogeography

We expected to see significantly high PD and MPD on islands, as
these should harbour a larger number of unique lineages due to the
inverse isolation effect in mosses (Szévenyi et al., 2012), yet, we only
found significantly high PD in New Zealand and Tasmania. This pat-
tern is somewhat puzzling, given the affinities between the bryoflo-
ras of Southeast Australia and New Zealand (Miller, 1982; Renner
et al., 2017). Indeed, the floristic affinities between these two floras
are corroborated by our data, which show they belong to the same
bioregion and phyloregion (Figure 6). Dispersal between eastern
Australia and New Zealand is largely unidirectional as a consequence
of easterly moving weather systems (Sanmartin et al., 2007). Thus,
the high PD in New Zealand could be expected because of repeated
colonization of Australian lineages, followed by isolation and in-situ
diversification.

While MPD is not higher than expected on most oceanic islands
(except for the Falkland Islands), MPD is notably high on the French
Southern and Antarctic Lands, fle Saint-Paul and the Chatham
Islands (Figure 3). Several island systems with moderate values of
MPD, such as the Hawai'ian archipelago, the Azores, Mauritius and
Réunion, and much of Southeast Asia, also show moderate to high
levels of CWE and PCWE (Figures 4b and Figure S3.2b) but low PD
(Figures 2a,b) and SR (Figures 1a,b). Taken together, these results
corroborate the dominance of anagenesis in driving patterns of is-
land endemism in bryophytes (Patifio et al., 2014). Here, islands are
colonized by lineages that span the moss phylogeny, leading to highly
unique phylogenetic assemblages. Subsequently, these lineages do
not undergo radiations in-situ, but evolve anagenetically into evo-
lutionarily distinct, and thus, range-restricted species. Anagenesis
may be driven by the maintenance of gene flow among islands
through the inverse-isolation effect (Szévenyi et al., 2012). Patifio
et al. (2014) favour an alternative hypothesis; that a mixture of in-
trinsic and external factors shape this pattern, notably a preference
for subtropical environments and long-term stability of these types
of habitats. Subsequent research on the environmental correlates of
diversity in mosses is needed to fully explain these patterns.

4.2 | Patterns of endemism

It is challenging to estimate endemism in lineages that are under col-
lected. Missing data may underestimate species ranges and thereby
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inflate rates of endemism. Conversely, narrowly distributed spe-
cies tend to be rare and are less likely to be observed where they
do occur, resulting in an underestimation of endemism. Further, it
is thus far impossible to implement a standardization technique for
endemism to make equitable comparisons across assemblages. Even
with adequate sampling, noise resulting from taxonomic shortcom-
ings could still bias the results.

Nevertheless, our specimen-based estimates of endemism
(Figure 4a and Figure S3.2a) are largely congruent with the patterns
of endemism reported by Vanderpoorten and Hallingback (2009)
and Patifio and Vanderpoorten (2018), with some differences. Unlike
these studies, we found high endemism in central Chile, southeast-
ern Brazil, Veracruz and Oaxaca (Mexico), Japan and Southeast
Asia, Tasmania and the southeastern tip of New South Wales and
Victoria. Our results in Australia and Tasmania are largely consis-
tent with the findings of Stevenson et al. (2013). Carter et al. (2016)
identified major hotspots for moss endemism in northern California/
Pacific Northwest and the southern Appalachians. Our results con-
firmed these patterns, and our analysis of MPD corroborates their
hypothesis that in situ diversification may have played an important
role in driving patterns of endemism in the North American west
(Figure 3a).

Patterns of endemism are similar in liverworts and mosses
(Patino & Vanderpoorten, 2018; Stevenson et al, 2013;
Vanderpoorten & Hallingback, 2009). However, liverworts show
higher rates of endemism on small oceanic islands, indicating that
barriers to dispersal are a more important driver of endemism
in liverworts. It is difficult to compare mosses and liverworts to
hornworts because of the dearth of studies that exist on pat-
terns of endemism in the latter, but one study in Australia found
that hotspots of endemism for hornworts was similar to that of
other bryophytes (Stevenson et al., 2013). Contrastingly, India is
a hotspot of endemism for the hornwort genera Notothylas and
Folioceros (Villarreal et al., 2014), but is not a hotspot of endemism
in liverworts. Richness-based endemism in India for mosses is low,
while per-species richness in India is high (Figures 4a,b and Figures
S3.2a,b). Buck and Thiers (1989) state that India boasts the rich-
est bryoflora in Asia. Because we have no data for most of India,
we believe that the low levels of richness-based endemism paired
with high per-species endemism in this region is likely an artefact.
Better sampling, databasing and sequencing efforts are needed
across Southeast Asia, especially India, to ascertain whether India

is an endemism hotspot for mosses.

4.3 | The mossy north

The boreal-arctic Northern Hemisphere is characterized by sig-
nificantly high MPD, suggesting the species in these regions tend
to be distantly related and a product of repeated colonization
(Figure 3b). This result, combined with the finding that endemism
is significantly low in these regions (p < 0.01; Figures 4c,d), in-
dicates that these assemblages are composed of widespread
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species that readily track suitable habitat following repeated
glaciations. This finding is corroborated by the fact that species
tend to be relatively widespread across the Northern Hemisphere
(Frahm & Vitt, 1993). Several studies have reported rapid post-
glacial recolonization of moss species, and there are numerous
routes by which moss species could have recolonized northern
areas after the LGM (Ellis & Tallis, 2000; Jonsgard & Birks, 1995;
Kyrkjeeide et al., 2014). These patterns are particularly evident in
the Scandinavian Peninsula, which has been previously shown to
have the highest number of Sphagnum species in Europe (Séneca &
Soderstrom, 2008). This richness is certainly related to the abun-
dance of suitable wetland habitats, but possibly also to the long

history of bryological research in the region.

4.4 | Biogeographic regionalizations

Phylogenetic reconstructions indicate that liverworts split into well-
supported Laurasian and Gondwanan clades, and also appear to seg-
regate at Wallace's line (Vanderpoorten et al., 2010). Further, the
same analysis found another clade that includes Sub-Saharan Africa
and South America. Together, these results indicate that vicariance
has played an important role in shaping liverwort biogeographic
structure at a global scale. Our results indicate that mosses, unlike
liverworts, do not segregate into Gondwanan and Laurasian clades,
but instead tend to segregate into tropical and temperate group-
ings, with the Holarctic and Holantarctic being dominated by similar
phylogenetic assemblages (Phyloregions 1 & 2, Figure 6a and Figure
S3.7; Bioregion 3, Figure 6b). This finding is demonstrated by the
results of the NMDS clustering analysis, wherein phyloregions 1 and
2 are ordinated close together (Figure S3.7).

Our results indicate that long-distance dispersal of diaspores ob-
scures signals of vicariance and ecological filtering plays a major role
in shaping moss distributions. Floristically, moss diversity is well-
parsed into many regions with unique assemblages (Figure éb). This
pattern is particularly evident in the tropics. Hedenas (2007) found
that, at least among the pleurocarpus mosses, the Asian, African and
American tropics segregate into well-differentiated groups based
on the analysis of floristic beta diversity. Previous analyses have
also revealed greater differences in beta diversity between, than
within, tropical regions (Norhazrina et al., 2017), as well as higher
beta diversity within the tropics than outside them (Hedenéas, 2007).
However, we report here that these regions are phylogenetically
similar, suggesting that the high beta diversity in these regions is the
result of species turnover, not lineage turnover. This result would be
expected if these lineages have dispersed across the tropics many
times (Figure 6a and Figure S3.7).

4.5 | Future research

We have demonstrated that there is significant bias in collecting, se-
quencing and databasing efforts for mosses. Like previous studies,

we were unable to find any significant relationship between latitude
and species richness (Geffert et al., 2013; Méls et al., 2013; Shaw
et al., 2005). This lack of an alpha diversity gradient has been ques-
tioned, particularly after Wang et al. (2017) showed a strong latitu-
dinal diversity gradient in liverworts and hornworts. Further, it has
already been demonstrated that, in pleurocarpus mosses, beta di-
versity is strongly latitudinally stratified, with the tropics, subtropics
and Holantarctic regions having much higher beta diversity than the
boreal region (Hedenas, 2007). The main impetus for the criticism of
the “mosses are everywhere” hypothesis stems from extreme taxo-
nomic and distributional shortcomings for tropical mosses (Patifio &
Vanderpoorten, 2018; Wang et al., 2017). Our results further corrobo-
rate these shortcomings. We stress that our results, while corroborat-
ing those of previous studies, remain incomplete. Until a global checklist
of moss names and distributions comparable to the one available for
liverworts and hornworts (Soderstrom et al., 2016) is constructed, the
biogeography, diversity and evolutionary ecology of tropical mosses—
and hence, the latitudinal diversity gradient—will remain obscure.
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