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Introduction

The extraordinary diversity in Amazonia, which hosts the richest
terrestrial biodiversity on Earth (Cheng ez al., 2013), results from
long and complex interactions between geologic, climatic and
ecological processes (Hoorn & Wesselingh, 2010; Smith ez 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, thus promoting spe-
ciation. This hypothesis has subsequently been supported by
molecular evidence in a wide range of organisms including verte-
brates (see Ortiz ez al., 2018 for review) and dominant, canopy-

Summary

e Lowland tropical bryophytes have been perceived as excellent dispersers. In such groups,
the inverse isolation hypothesis proposes that spatial genetic structure is erased beyond the
limits of short-distance dispersal. Here, we determine the influence of environmental variation
and geographic barriers on the spatial genetic structure of a widely dispersed and phylogenet-
ically independent sample of Amazonian bryophytes.

e Single nucleotide polymorphism data were produced from a restriction site-associated DNA
sequencing protocol for 10 species and analyzed through F-statistics and Mantel tests.

e Neither isolation-by-environment nor the impact of geographic barriers were recovered
from the analyses. However, significant isolation-by-distance patterns were observed for 8
out of the 10 investigated species beyond the scale of short-distance dispersal (> 1 km),
offering evidence contrary to the inverse isolation hypothesis.

e Despite a cadre of life-history traits and distributional patterns suggesting that tropical
bryophytes are highly vagile, our analyses reveal spatial genetic structures comparable to
those documented for angiosperms, whose diaspores are orders of magnitude larger. Disper-
sal limitation for tropical bryophytes flies in the face of traditional assumptions regarding their
dispersal potential, and suggests that the plight of this component of cryptic biodiversity is
more dire than previously considered in light of accelerated forest fragmentation in the Ama-
zon.

emergent trees (Nazareno ez al., 2019), but questioned in others
characterized by higher dispersal capacities (Santorelli ez al,
2018), whose distributions are expected to be more strongly asso-
ciated with local environmental conditions rather than with the
presence of barriers or geographic distance (isolation-by-distance,
IBD; Dambros er al.,, 2017). In higher plants for instance, the
gradient hypothesis proposes that strong environmental gradi-
ents, like white-sand forests adjacent to other forests, on relatively
more nutrient-rich soils, called ‘terra firme’, promote isolation by
environment (IBE; Wang & Bradburd, 2014). Mounting evi-
dence for weak spatial genetic structures in flying or wind-dis-
persed organisms such as birds, butterflies and vascular plants,
has, however, escalated the debate as to whether geographic or
ecological barriers are the major barriers to dispersal processes
(Dambros et al., 2017; Santorelli ez al., 2018).

Among land plants, high dispersal capacities and ‘all-pur-
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work suggests that, in contrast to the vast majority of
angiosperms, bryophytes do not tend to develop ecotypes, but
rather display an inherent broad ability to cope with environ-
mental variation (Shaw, 1992). Bryophytes, like all cryp-
togams, produce extremely small diaspores and as a result are
considered excellent dispersers due to their capacity for excep-
tionally long-distance anemochory (Patifio & Vanderpoorten,
2018). Schuster (1983) specifically considered lowland tropical
bryophyte communities as a ‘monotonous assemblage of highly
dispersive species’, and in fact, using null model analyses based
on metacommunity concepts for Amazonian epiphytic
bryophyte communities, Mota de Oliveira & ter Steege (2015)
reported a near absence of floristic dissimilarity in relation to
geographic distance at the continental scale of the Amazon
basin (6 million km?). Experimental studies conducted in tem-
perate regions offer supporting evidence through spore-trap-
ping experiments, demonstrating fat-tailed dispersal kernels
(Sundberg, 2005). A decay of the relationship between spore
densities and distance from the source was observed beyond 1
km, as if spores, once airborne, could travel across any distance
range (Lonnell ef 4/, 2012). In such conditions, an inverse iso-
lation effect, involving a higher genetic diversity of colonizing
propagules with increasing isolation, is predicted to develop
(Sundberg, 2005; Barbé et al., 2016), thus counteracting differ-
entiation. Consequently, no IBD is expected beyond a distance
corresponding to short-distance dispersal events, owing to the
well-mixed and diverse propagule pool (Szovényi er al., 2012),
a pattern that was precisely recovered in the liverwort
Cheilolejeunea rigidula at large spatial scales across Amazonia
(Mota de Oliveira e al., 2011, but see Campos Salazar, 2016).
Evidence for such strong dispersal capacities has substantial
conservation consequences because it would suggest that epi-
phytes maintain dispersal capacities to overcome the rapid frag-
mentation of the Amazonian rainforest. However, experimental
epiphylls
revealed that immigration rates decrease with forest fragment
size (Zartman & Shaw, 2006; Zartman & Nascimento, 2006)
and with reductions in neighbourhood densities (Zartman

demographic studies of Amazonian conversely

et al., 2012), pointing to fine-scale dispersal limitations, as fur-
ther evidenced by analyses of spatial genetic structures (Snill
et al, 2004; Hutsemékers ez al, 2010, 2013; Korpelainen
et al., 2011, 2012, 2013; Hold ez al., 2015).

In the present paper, we test the importance of environmen-
tal variation, geographic barriers and geographic distance in
explaining the spatial genetic structure of Amazonian bryophyte
species. Given the tendency of bryophytes to exhibit broadly
adapted, ‘all-purpose’ genotypes we predict that the spatial
genetic structure of Amazonian bryophytes is not explained by
environmental variation. Furthermore, if, as experimental works
suggest, the density of spore deposition becomes distance-inde-
pendent after a few hundred meters, the inverse isolation
hypothesis should apply. Under such a scenario we predict the
following: first, geographic barriers do not contribute to the
observed spatial genetic structure and, second, any signal of iso-
lation-by-distance is erased beyond the range of short-distance

dispersal.
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Materials and Methods

Study area and taxonomic sampling

Ten bryophyte species, including four liverworts (Archilejeunea
juliformis (Nees) Gradst., Bazzania hookeri (Lindenb.) Trevis.,
Micropterygium  trachyphyllum Reimers, and  Thysananthus
amazonicus (Spruce) Steph.) and six mosses (Leucobryum
martianum (Hornsch.) Hampe ex Miill. Hal., Octoblepharum
albidum Hedw., Octoblepharum pulvinatum (Dozy & Molk.)
Mitt., Syrrhopodon annotinus W. D. Reese & D. G. Griffin (in-
cluding Syrrhopodon simmondsii Steere as both species behave like
one common gene pool, Pereira er al, 2019a), Syrrhopodon
helicophyllus Mitt., and Syrrhopodon hornschuchii Mart.) were
used as models. Specimens of these species were sampled within
an area of ¢ 50 000 km” in the Rio Negro basin north of
Manaus (Fig. 1; Supporting Information Table S1). Eighteen to
57 specimens were sampled per species in the course of a 30 km
transect along the Rio Solimdes, a 150 km transect along the Rio
Negro up to (and including) Jau National Park, and a 150 km
transect between Manaus, Presidente Figueiredo and Balbina.
Our sampling strategy was to collect specimens located > 100 m
from each population, as bryophyte colonies are typically clonal
(Korpelainen ez al., 2013; Mikulaskova ez al., 2014; Hold ez al.,
2015).

Sampling was conducted in the two main forest types of non-
flooded tropical lowland rain forests: upland (zerra firme) and
white-sand (campinarana) forests. White-sand forests have long
been identified as island-like formations (Costa ez al, 2019) of
the most acidic and nutrient-poor soils known, surrounded by
rainforests growing on more typical soils. They have captured the
attention of biologists who have hypothesized that they repre-
sented laboratories of evolution producing a unique white-sand
fauna and flora characterized by unusual structure, function, and
species compositions (Fine & Baraloto, 2016). White-sand
forests are in fact characterized by much lower basal areas, above-
ground biomass, primary productivity, and hence greater light
penetration than terra firme forest (Adeney ez al, 2016). As a
consequence, white-sand forests host characteristic vascular
(Adeney et al., 2016) and bryophyte (Benavides et al, 2016;
Sierra et al., 2018) floras that are distinct from the flora on other
soils even in the immediate vicinity. In the present sample,
B. hookeri, T. amazgonicus, S. annotinus, and S. helicophyllus were,
for instance, completely or largely (< 2 specimens) restricted to
white-sand forests. Furthermore, white-sand forests host substan-
tially heavier epiphyte loads characterized by different species
communities than those of other Amazonian forest types due to
narrow host specificity (Cornelissen & ter Steege, 1989; Bena-
vides et al, 2016; Mari et al., 2016). Therefore, although the
selected  species epiphytic  (A. juliformis,
T. amazonicus, S. helicophyllus, and S. hornschuchii), epiphytic or
(B. hookeri, M. trachyphyllum,
L. martianum, O. albidum, O. pulvinatum, S. simmondsii), or
ground-dwelling (S. annotinus), the differentiation between terra
firme and white-sand forests provided a major habitat differentia-

were  either
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tion for the three sampled functional groups in the six remaining
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Fig. 1 Study area and sampling design.

species, which occurred in both forest types, and wherein we
sought a signature of ecotypification.

Molecular protocols

Samples were frozen in liquid nitrogen for 5 min and DNA was
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 geno-
typing-by-sequencing (GBS) protocol described by Elshire ez 4.
(2011) and starting with the digestion of 100 ng DNA with the
enzyme ApeKI. Modifications included the following: (1) a dou-
ble size selection of DNA fragments of 150—-400 bp using SPRI
beads (New England Biolabs, Hitchin, UK) to only target frag-
ments, which would efficiently amplify and sequence; (2) an
amplification with a Q5 Hot Start High-Fidelity DNA Poly-
merase (New England Biolabs) to enhance specificity and reduce
amplification errors; (3) 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 imple-
mented in Sonah e @l (2013); and (4) a purification of PCR
products using AMPure XP beads instead of the QIAquick PCR
Purification Kit (Qiagen). We gave each individual a forward and
a reverse 4—8 bp 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 for multiplexing. Barcodes were selected
from the 384 barcodes specifically designed to be used with
ApeKI  (https://www.maizegenetics.net). The concentration of
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PCR products was assessed by fluorometry with the Quant-iT
PicoGreen dsDNA Assay Kit (ThermoFisher, Waltham, MA,
USA) before multiplexing to ensure the equimolarity of PCR
products in final libraries. To detect adapter contamination (c.
128 bp), fragment size distribution was measured for each library
with capillary electrophoresis using a QIAxcel (Qiagen). If pre-
sent, adaptor dimers were removed by selecting fragments of >
150 bp on a polyacrylamide gel. Paired-end sequencing (2 X 75
bp) of the libraries was performed with an NextSeq500 sequencer
(Illumina, San Diego, CA, USA) in low-output mode (i.e. 130
million reads per lane).

Bioinformatics processing

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 CuTtaDAPT v.1.16 (https://cutadapt.readthed
ocs.io). IPYRAD v.0.7.28 (https://ipyrad.readthedocs.io) was then
used to demultiplex the libraries and to cluster loci using a mini-
mal percentage of identity of 85% within and among individuals.
Following Paris er 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 ran-
domly selected.

Following Hodel ez al. (2017), who recommended that the
impact of missing data to a level of 10% of sequenced specimens

© 2020 The Authors
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per SNP be explored, the data were submitted to a double filter-
ing to take missing data at both the SNP level and the individual
level into account using two cutoff values. We first discarded any
SNP that was sequenced in either < 10% or < 25% of the indi-
viduals, which resulted in two data matrices M1 and M2, respec-
tively. We then filtered-out any individual that was sequenced for
< 10% of the SNPs. Therefore, because M1 matrices include
many more SNPs than M2, M1 matrices tended to include a
lower number of specimens than M2 matrices. We finally com-
puted the percentage of missing data after this double-filtering
process for each matrix (Table 1).

To address the issue of the low read-depth, and hence, high
missing data rates, we performed a second series of analyses
specifically designed for low read-depth GBS and RADseq data.
Reads from each sample were mapped on loci resulting from
IPYRAD analyses using BwA ALN (Li & Durbin, 2009). Subsequent
analyses were performed using ANGSD, allowing the use of geno-
type likelihoods instead of genotype calls (Korneliussen et al,
2014). Working directly on genotype likelihoods facilitates the
incorporation of statistical uncertainty regarding genotypes,
which arises from several sources, including mapping and
sequencing errors (Korneliussen ez al., 2014; Clark ez al., 2019).

Statistical analyses

To characterize population structure for all samples without any
a-priori partitioning, we first performed a principal component
analysis (PCA) of posterior genotype probabilities implemented
in PCANGSD (Meisner & Albrechsten, 2018). To test for IBD,
we first regressed pairwise kinship coefficients F (Loiselle ez al.,
1995) between individuals and pairwise geographic distances
with SPAGED!I v.1.5d (Hardy & Vekemans, 2002). We used
both raw and log-transformed distances and selected the best-fit
result based upon the 7. Significance of the slopes was tested in
two ways. First, we performed 1000 random permutations of
individuals among sampling points across the entire geographic
range (Mantel test). Second, we implemented a Jackknife of the
loci to recompute the slope after successively pruning one SNP
from the data at a time and estimating the standard deviation of
the slope across SNPs, and hence determining whether its 95%
confidence interval (i.e. 1.96 X the standard deviation for a sig-
nificance level of 0.05) encompasses 0, in which case the slope
would be considered to be nonsignificant.

To determine whether the IBD signal would be due to strong
genetic structures at very short spatial scales, we performed IBD
analyses across restricted ranges. In bryophytes, spore densities
indeed markedly decrease with increasing distance from the
source across the first tens to hundreds of meters (Sundberg,
2005; Lonnell er al., 2012). Spore trapping experiments revealed,
however, that the relationship between spore densities and dis-
tance becomes nonsignificant after 500 m—1 km, suggesting that,
once airborne, spores have no dispersal limitations (Lonnell ez 2/,
2012), which would create the conditions for the applicability of
the inverse isolation hypothesis (Szovényi er al., 2012). To test
this, we re-ran the analyses, considering only pairs of individuals
separated by a distance of > 1 km. Significance of the slope

© 2020 The Authors
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across restricted distance ranges was assessed by replacing all the
distances < 1 km as missing data and assessing the significance of
the slope after 1000 permutations of the geographic distance
matrix, and a Jackknife across loci.

Second, we used ANGSD to compute pairwise genetic distances
between pairs of individuals di/:fol —1;,(b;) where 1, (6;)
is the indicator function, which is equal to 1 when the two indi-
viduals 7 and j have the same base and 0 otherwise, and M is the
number of sites with a read for both individuals. A distance of 0
was used as evidence for genotypic identity across loci in the con-
sidered species pair, and was used as a proxy for clonality. Given
the very low proportion of identical genotypes (Result section),
we did not control for clonality in the IBD analyses. We then
performed Mantel tests between d;; and pairwise geographic dis-
tances.

To compare the results with previous studies on IBD in
bryophytes from a meta-analysis of datasets using haplotype fre-
quencies and SNPs (Vanderpoorten ez al., 2019), and in particu-
lar, to test the hypothesis that differences in the significance of
the IBD signal observed come from an increased statistical power
associated with the higher number of loci with RADseq data
(Discussion), we sub-sampled the data matrix for three species
(A. juliformis, B. hookeri and S. helicophyllus). One hundred
matrices including 100 randomly sampled SNPs (roughly corre-
sponding to an average of 10 loci with 10 alleles each in Vander-
poorten et al, 2019) were generated, and each matrix was
submitted to IBD tests across the entire range and beyond 1000
m.

To compare the fine-scale genetic structure of bryophytes with
that of angiosperms, we also computed the Sp statistic, which
characterizes the rate of decrease of pairwise kinship coefficients
between individuals with the logarithm of the distance (Veke-
mans & Hardy, 2004). The Sp statistic varies as a function of the
mating system and dispersal traits, with low values typically char-
acterizing organisms with high dispersal capacities. The Sp statis-
tic is measured as —bz/(1 — F), where —by is the regression
slope on the logarithm of distance and £, is the mean kinship
coefficient between individuals belonging to the first distance
interval (here, 1 km) that includes all pairs of neighbours. We
computed  the  confidence  interval of < Sp  as
—bp+1.96 x SE/(1— F}), where SE is the standard error of the
slope, as assessed by Jackknife across loci.

To test for IBE and the impact of geographic barriers, we
assigned specimens to one of two groups (terra firme vs white-
sand forest and west or east of the Rio Negro) and computed Fr
between the two groups. Significance of the observed Fsr values
was tested by 1000 random permutations of individuals among
groups and Jackknife across loci (except for the M3 matrix), as
implemented by SPAGED1.

Data availability

RADseq raw data were submitted to the NCBI Sequence Read
Archive (SRA) with bioproject accession no. PRJNA530510.
Sequence data are

PRJNA530510).

available from GenBank (bioproject
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Results

RADseq raw data were submitted to the NCBI Sequence Read
Archive with reference number PRJNA530510. Accession num-
bers for each individual can be found in Table S1. An average
total of 17.6 million reads (£ 13%) per individual was obtained
across species (Table 1). From those reads, the clustering of alle-
les diverging by a maximum of 15% within individuals led to an
average of 9.7 million allele clusters (£ 13%) 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 clus-
ters led to the loss of another 15 £ 1% of them. The clustering
of allele clusters diverging by a maximum of 15% among individ-
uals led to an average of 6196 £ 2726 loci genotyped per indi-
vidual 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 41 866) and 782 (min 143, max 2107)
SNPs for M20 and M35, respectively. In these matrices, 26 £+
6% (min 20, max 36) and 38 &+ 3% (min 35, max 42) of the
SNPs were sequenced on average per specimen per species for
M1 and M2, respectively (Table 1).

The PCAs of posterior genotype probabilities revealed no spa-
tial structure in the data (Fig. S1). Furthermore, genotypic iden-
tity was found only in three species in very low proportions
(B. hookeri, 2 out of 253 pairs; O. albidum, 4 out of 300 pairs;
and S. annotinus, 2 out of 741 pairs).

The slope of the regression analyses between between kinship
coefficients and geographic distance and their P-value, the Fr
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, and the ‘Sp statistics are
presented in Table 2. The slope of the regressions between the
genetic distances between pairs of individuals generated by
ANGsD and geographic distance across the entire geographic range
was significant for 8 out of the 10 investigated species, and
remained significant for pairs of individuals located at > 1 km
from each other. Similar results were obtained with the analysis
of the SNP matrix, but significant IBD patterns were recovered
by either the M1 or M2 matrix, but not both, in most cases. The
spatial autocorrelograms resulting from the regression between
kinship coefficients and geographic distance are shown in Fig. 2.
The Sp statistic was 0.012 on average across species, with a mini-
mum of 0.006 in S. helicophyllus and a maximum of 0.038 in
S. annotinus.

The power of the IBD tests for pairs of individuals located at >
1 km from each other was significantly lower in the analyses of
the 100 reduced data matrices including 100 randomly selected
SNPs than in the full SNP data matrices. In fact, the standard
deviation of the IBD slope computed among pairs of individuals
located at > 1 km from each other, &. |, was systematically lower
than the range of the standard deviations obtained for &. ; across
100 reduced data matrices including 100 randomly selected
SNPs. Thus in A. juliformis, the standard deviation of &, ; for
the complete SNP matrix was 0.008 but had an average of 0.017
£ 0.003 across the 100 matrices of 100 randomly selected SNPs.
In B. hookeri and S. helicophyllus, these values were 0.011 vs
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0.037 £ 0.010 and 0.008 vs 0.024 =+ 0.005, respectively (Table
§2). Therefore, among the 100 randomly sub-sampled matrices
of 100 SNPs, 61 significant IBD patterns across the entire geo-
graphic range, 32 of which remained significant at > 1 km, were
recovered in A. juliformis. In B. hookeri and S. helicophyllus, these
numbers were 40 and 16, and 26 and 4, respectively (Table S2).

Evidence for differentiation due to soil type or geographic bar-
riers was very weak. Significant Fs1 between populations sepa-
rated by the Rio Negro were found in four species, but the results
were very inconsistent across analyses. For example, both ran-
domization and Jackknife tests returned significant Fst with the
M2 matrix in L. martianum and S. annotinus, but this result was
not confirmed by the analyses performed with Angsp (M3
matrix). In terra firme vs white-sand forest comparisons, the per-
mutation test returned a significant Fsr value in A. juliformis
with the M1 matrix, but this was not supported by the Jackknife
test for the same matrix nor by analyses with the two other matri-
ces (Table 2).

Discussion

In sharp contrast to our initial hypothesis that Amazonian
bryophytes exhibit high dispersal capacities eroding any signal of
IBD at the landscape scale, significant spatial population struc-
ture was observed in 8 out of 10 investigated species and
remained significant beyond the range of short-distance dispersal,
thus offering evidence contrary to the inverse isolation hypothe-
sis. Mounting evidence for significant genetic structures contrasts
with the widely accepted notion that bryophytes disperse freely
across the landscape (Medina ez 4/, 2011) and challenges, in par-
ticular, the idea that Amazonian bryophyte species ‘behave as one
single metacommunity’ based on their homogeneous distribu-
tions at very large spatial scales. (Mota de Oliveira & ter Steege,
2015).

As a comparison, the average Sp statistic across species lies in
the range reported for angiosperm species characterized by wind
dispersal (Vekemans & Hardy, 2004). Although the high Sp val-
ues reported here may partly result from the low density of the
sampled populations (Vekemans & Hardy, 2004), it is especially
striking to consider that, within the same Amazonian environ-
ment, the average Sp in bryophytes is comparable to that of the
Brazil nut tree Bertholletia excelsa (Sp = 0.01-0.03) (Sujii ez al,
2015) and to that of natural populations of the palm tree
Astrocaryum  aculearum (Sp = 0.014) (Ramos er al., 2010),
whereas bryophytes diaspores are much smaller (¢. 20 pm) than
those of the latter (¢. 30 mm in A. aculeatum and enclosure of
seeds within a 10-16 cm globose, functionally indehiscent
woody capsule in B. excelsa). The strong IBD pattern revealed
here is, nonetheless, consistent with the dispersal traits of the
studied species, including the absence of male expression (S. an-
notinus, Pereira et al., 2016), the prevalence of dioicy in Calym-
peraceae associated with low sporophyte production (Pereira
et al., 2019b), the immersion of the sporophytes within
perichaetial leaves or very short setae (8. annotinus,
S. helicophyllus), and  reduced  peristomes  (S. annotinus,
S. hornschuchii). This strong IBD pattern is also consistent with
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Table 2 Summary statistics of the genetic structure of Amazonian bryophytes. b(p) and b(1)(p) are the slopes of the regression between F;; and geographic
distance (either linear distances b-lin or their log-transformation b-log, depending on the r* of the regression) across the entire range and for pairs of indi-
viduals located at > 1 km from each other, respectively.

b + SE f2 b(1) + SE r2 FST G SD FST JBE = SD Sp
Archilejeunea juliformis (n = 38) ng = 26, nte = 14,
Ny = 12 Nywse = 24
M1 b-lin = —5.08 + 2.28 x 107> 9x 107" b-log = —0.0062" + 0.0015  0.003 0.00 + 0.50 0.14""+ 0.51 -
M2 b-lin = — 0.02 b-lin = — 0.02 0.03 +£0.019  0.01 +0.017 (0.008)
478" +1.50 x 107* 4.47""" +£1.50 x 1074 0.021 (0.032)
M3 b-lin = 0.0036" "~ 0.19 b-lin =4.70 x 107> """ 0.20 0.06 0.03 -
Bazzania hookeri (n = 23) ng =16, nte =2,
Nyw = 7 Nwrr = 21
M1 b-lin = —6.48 x 107° 0.12 b-log = 0.007 + 0.0041 0.002 0.00 + 0.46 NA -
+4.48 x 107°
M2 b-lin = — 0.05 b-lin = — 0.04 0.00 +0.010  NA (0.004)
519" + 1.50 x 107* 528" +1.50 x 10~* 0.019 (0.033)
M3 b-lin = 0.0019""" 0.06 b-lin =3.24 x 107° """ 0.07 0.07 NA -
Leucobryum martianum (n = 41) ng = 23, niE =9,
nyw = 18 Nwrg = 32
M1 b-log = —0.0150"" =+ 0.0018 0.02 b-log = —0.0120"" + 0.0027  0.007 0.02 + 0.35 0.01 + 0.51 (0.011)
0.016 (0.018)
M2  b-log = —0.0111 £ 0.012 <001  b-log=-0.0084 + 0.0198 <0.01 0.06" £0.02 0.00 + 0.025 -
M3 b-lin=253x107>""" 0.05 b-lin =273 x107°""" 0.06 0.02 0.03 -
Micropterygium trachyphyllum (n =- nge=5ny=8 nm =4
13) Nwrr = 9
M1 b-lin = —4.84 x 107 0.23 b-log = —0.037"" + 0.003 0.25 0.01 + 0.50 0.00 + 0.46 (0.021)
" +438x%x107° 0.026 (0.028)
M2 b-lin=-3.39 x 107" + 0.11 b-log = —0.027"" + 0.005 0.15  0.01 + 0.59 0.00 +0.020  (0.007)
0.002 0.015 (0.023)
M3 b-lin=2.32x10°""" 0.13 b-lin =249 x 107> """ 0.14 0.09 0.02 -
Octoblepharum albidum (n = 26) ng = 14, nre =14,
nw = 12 Nwrr = 12
M1 b-lin=-1.69 + 1.60 x 107* 0.005 b-log = —1.74 + 1.64 x 107*  0.006  0.00 + 0.50 0.00 + 0.49 -
M2  b-log = —0.0240"" + 0.010 0.007 b-log = —0.016 + 0.012 0.004 0.000 + 0.024 0.00 + 0.016 (0.005) 0.0188
(0.042)
M3 b-lin=2.72x1075""" 0.04 b-lin=2.62 x 107> """ 0.04 0.04" 0.02 -
Octoblepharum pulvinatum (n = 31) ng = 10, nw =8,
nw = 21 Nwer = 23
M1 b-lin=-2.02 +2.13 x 107* 0.013 b-lin=-2.02 +£2.16 x 10°*  0.014 0.01 + 0.69 0.00 + 0.74 -
M2  b-lin = 6.29 x 107> 0.0006  b-log = 0.0108 =+ 0.007 0.003  0.00 + 0.01 0.02 + 0.018 -
+ 825 % 107°
M3 b-lin =127 x 107° 0.0002  b-lin=3.55x 107° 0.002  0.03 0.04 -
Syrrhopodon annotinus (n = 40) ng = 23, nw =0,
nw = 17 Nwer = 40
M1 b-lin=-3.75"" + 1.54 x 10™*  0.008 b-lin = — 0.007 0.03 +£0.007 NA (0.009)
3.68"" +1.57 x 1074 0.011 (0.030)
M2  b-log = —0.0337""" + 0.009 0.02 b-log = —0.0432""" £ 0.0164 0.015 0.06 =+ 0.024 NA (0.014)
0.038 (0.051)
M3 b-lin = 2.29 x 10°(0.002) 0.02 b-lin = 2.44 x 107° (< 0.001) 0.02 0.02 NA -
Syrrhopodon helicophyllus (n = 27) ng =23, ne =0,
nw=4 Nwer = 27
M1 b-lin = —=0.0003 + 0.0014 b-lin = 0.0056 + 0.0026 0.03 +0.007 NA -
M2  b-log = —0.014" + 0.011 0.004 b-log = —0.022 + 0.021 0.003 0.10 + 0.08 NA (0.007)
0.014 (0.035)
M3 b-lin=2.59 x 107> """ 0.05 b-lin=2.35x107°""" 0.03 0.05 NA -
Syrrhopodon hornschuchii (n = 22) ng =14, ne =17,
Nyw = 8 Nwrr = 5
M1 b-log = —0.0089" + 0.0016 0.031 b-lin = —1.77 x 107* 0.02 0.00 + 0.67 0.00 + 0.66 (0.005) 0.0093
" +3.69 x 107 (0.012)
M2  b-lin=-433 + 7.28 x 107> 7x10™* b-lin=-6.604+7.60x 107>  0.002 0.00 + 0.016 0.003 +0.015 -
M3 b-lin=3.30%x10">"" 0.16 b-lin=3.22x107>""" 0.14 0.03 0.04 -
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Table 2 (Continued)

b + SE r b(1) + SE r Fst.gs = SD Fsr ge = SD Sp
Thysananthus amazonicus (n = 15) ng =12, nte =0,
Nw = 3 Nnwrr = 15
M1 b-lin=-2.70 x 107> 0.0001  b-lin=-5.88 x 107> 0.0005 0.00 + 0.67 NA -
+1.28 x 107 +1.66 x 107
M2  b-lin =8.24 + 452 x 10~ 0.009 b-lin=-237+571x10"% 0.04  0.00+0.020 NA -
M3 b-lin=-2.95 x 107° 0.009 b-lin = —9.32 x 107° 0.04 0.04 NA -

SE is the standard error of the slope, as assessed by Jackknife across loci (except for the M3 matrices, which are not based on SNP calls). Slopes whose
confidence intervals (i.e. b + 1.96 SE) do not encompass O are considered to be significant. Fst . and Fst _jge are the Fst between populations separated
by the Rio Negro and occurring on different forest types (terra firme vs white-sand forest), respectively. Sp is the Sp statistic, a measure of the rate of
decrease of pairwise kinship coefficients between individuals with the logarithm of the distance (Vekemans & Hardy, 2004). The lower and upper bounds
of the confidence interval of Sp are given in parentheses. Sp statistics were not computed when the IBD slope was not significant, which is indicated by a
minus symbol (-) in the relevant column. M1, M2 and M3 are the data matrices produced by Ipvrap with different levels of missing data (M1-M2) and by

ANGsD (M3). Significant statistics (*, P < 0.05; **, P < 0.01; ***, P < 0.001) are in bold. NA indicates that the statistics could not be computed (species

restricted to a single forest type).

—+A. juliformis

-e—B. hookeri

-a-S. helicophyllus

----- S. hornschuchianus  -e—

----- M. trachyphyllum
-A- L. martianum

E 3 S. annotinus

O. albidum

50 100

Distance (km)

150 200 250

Fig. 2 Spatial autocorrelogram of the variation of kinship coefficients F;; derived from SNP variation between pairs of individuals as a function of
geographic distance in eight bryophyte species showing significant isolation-by-distance slopes (see Table 2 for slope and P-values) in central Amazonia.
(a) Leucobryum martianum, habit. (b—d) SEM photographs of spores (distal view) of L. martianum, Octoblepharum albidum and

Octoblepharum pulvinatum, respectively.

the fact that, while bryophyte species are mostly wind-dispersed
(see Patifio & Vanderpoorten, 2018 for review), anemochorous
plants in dense tropical rainforests typically exhibit tighter clus-
ters than animal-dispersed species because of the barriers imposed
by the dense forest canopy on wind speed (Seidler & Plotkin,
2006). In such conditions, zoochory, whose significance has been
increasingly evidenced in bryophytes (Chmielewski & Eppley,
2019; Russo et al, 2020, and references therein), including by
bats in tropical forest environments (Parsons ez al.,, 2007), might
play an important role.

Significant IBD patterns are thus reported here despite the
comparatively lower number of SNPs than in recent population
genetic studies based on RADseq in bryophytes (Baughman
et al., 2017; Lewis et al., 2017) and angiosperms, wherein 2000—
3000 SNPs are reported  for

independent commonly

© 2020 The Authors
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phylogeographic studies (e.g. Prunier er al, 2017; Bell er al,
2018). In the present study, a substantial drop in the number of
allele clusters occurred when applying the recommended mini-
mum number of raw reads required to form an allele (Paris ez 4/,
2017). This may have been caused by the use of a restriction
enzyme with a high frequency of target sites, resulting in a multi-
tude of DNA fragments in relation to the low number of reads
per fragment (low read depth), thus calling for the use of two
restriction enzymes (ddRAD) in future studies. More consistent
IBD patterns were recovered by analyses based on genotype likeli-
hoods than by analyses based on SNP calling, whose significance
varied, but not systematically in the same direction, depending
on the level of missing data. Our results therefore support the
idea that analyses based on genotype likelihoods perform better
than analyses based on genotype calls with NGS data

New Phytologist (2020) 228: 640-650
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characterized by low read depth and high levels of missing data
(Korneliussen et al, 2014; Meisner & Albrechsten, 2018;
Klonoski et al., 2019).

Most importantly, however, the strong population genetic
structure reported herein at the landscape scale unambiguously
shows that these data are suitable for testing the proposed
hypotheses. In particular, a persisting signal of IBD was consis-
tently reported beyond the range of short-distance dispersal (> 1
km). This contrasts with a recent meta-analysis of fine-scale spatial
genetic structures in bryophytes, which reported the decay of the
IBD pattern beyond that range in 30-50% of the datasets investi-
gated (Vanderpoorten ez al., 2019). We interpret the differences
between the present and previous studies on IBD in bryophytes in
terms of statistical power of the tests, since previous studies were
based on haplotypic or SNP variation at a few loci. This interpre-
tation is supported by our sub-sampling analysis of three datasets,
which revealed that, for a similar number of polymorphic markers
as in Vanderpoorten ez al. (2019), we observed significantly higher
standard deviations of the IBD slopes between pairs of individuals
located at > 1 km from each other in the randomly subsampled
data matrices than in the full matrices, with a corresponding decay
of the significance of the IBD signal beyond 1 km.

Given the strong spatial limitations reported here, one poten-
tial issue could be that the geographical scale of our sampling was
too large to correctly infer IBD, as other historical factors than
IBD per se could potentially contribute to the observed geo-
graphic structures. The very homogeneous climate conditions
that prevail across hundreds of kilometres of the flat Amazonian
landscape, the absence of any apparent ecological or geographic
grouping of individuals in the PCA, and the failure of Fsr analy-
ses to consistently highlight spatial structures associated with dif-
ferences among main forest types and geographic position with
regard to the potential geographic barrier of the Rio Negro, do
not support such a hypothesis. In fact, and although the very
large confidence intervals of the Fsr suggest that additional popu-
lation and molecular sampling could potentially reveal a stronger
ecological structure in the data than revealed by the present anal-
yses, our results are not consistent with the idea that IBE and the
presence of geographic barriers have shaped the genetic structure
of bryophyte species. This is in line with our predictions and in
contrast to Wallace’s hypothesis (Ortiz e al., 2018) and the gra-
dient hypothesis (Guevara ez al., 2016), both of which postulate a
strong imprint of the Amazonian hydrographic network and vari-
ation in soil conditions, respectively, on the genetic structure of
Amazonian biota. While in angiosperms a signature of IBE was
found in a meta-analysis in about 20% of the cases (Sexton ez al.,
2014), and while, within Amazonia specifically, evidence for eco-
typic differentiation between white-sand forest and terra firme
populations is suggestive of an adaptive mechanism of edaphic
specialization (Fine er al, 2013; Fine & Baraloto, 2016), the
absence of significant differences of allele frequencies between
terra firme and white-sand forest populations in the investigated
bryophytes is in line with the idea that bryophytes exhibit ‘muldi-
purpose’ genotypes and fail to diversify in response to environ-
mental heterogeneity (Patifio et al., 2014).

New Phytologist (2020) 228: 640—-650
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In turn, the absence of significant differences in allele frequen-
cies between populations separated by the Rio Negro is, at first
sight, at odds with the fairly severe dispersal limitations revealed
by the IBD analyses. We suggest that the Rio Negro is not a bar-
rier for wind-dispersed organisms like bryophytes because,
instead of being a continuous stretch of water, it is a mosaic of
streams and sand islands potentially acting as stepping stones.
Connectivity may especially have been strong during the glacial
periods of the Pleistocene, when the global Amazonian climate
was much drier than today (Cheng e 4/, 2013). In these condi-
tions, spores may have the dispersal capacity to overcome the nat-
ural fragmentation of the landscape by the hydrographic
network, in line with growing evidence in flying or wind-dis-
persed organisms such as birds, butterflies and vascular plants
(Dambros et al., 2017; Santorelli ez al., 2018).

Altogether, our results thus suggest that Amazonian
bryophytes exhibit substantial spatial genetic structure that points
to unexpected dispersal limitation in light of the reproductive
strategies and life-history characteristics of cryptogams in general.
This raises substantial concerns about the immigration/extinction
balance in such populations of cryptogamic biodiversity in the
botanically richest biome on the planet, which remains under
imminent threat from anthropogenic disturbances.
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