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Abstract Molecular analysis has several problems including (1) small samples, (2) radiation of 
molecular strains or races that separately generate their own species-level lineages, (3) all problems 
associated with cladistics analysis done using morphological data, (4) conflicting studies, (5) reuse of 
data contributing to small samples and absence of experimental replication, (6) no native taxon concept, 
and (7) use of combined data sets to achieve an invented gene history. A macroevolutionary 
re-interpretation of a recent molecular revision of species of Didymodon s.lat. (Bryophyta) introduces a 
monophyletic evolutionary model fully compatible with both molecular and morphological data. 
Multiple molecular races and their contribution to paraphyly and apparent polyphyly are quantized 
through analysis of recent published studies to demonstrate uncertainty of monophyly on the order of a 
distance of 4.5 contiguous nodes per species in molecular cladograms. The number of trait changes per 
speciation event averaged 3.57, on a par with previous studies. This work is the first successful prediction 
of the actual existence of a missing link, Exobryum rufidulum, hypothetically described in a previous 
macroevolutionary analysis. For the first time a taxon higher than genus was established based on an 
extension of the empirical dissilient genus concept. Six new combinations are made in Exobryum. A new 
genus, Aithobryum, is established with three species transferred from Didymodon. Didymodon sinuosus 
and D. californicus are transferred to Vinealobryum.

Introduction
My publication of a revision of the Pottiaceae at the genus level (Zander 1993) was for 

quite a while almost immune to major juggling of higher taxa by molecular systematists. The 
morphological cladistic analysis that I did remained rather similar to the results of molecular 
analyses (e.g., Werner et al. 2004). But within the last decade, problematic alternative cladistic 
classifications based on molecular analyses of various Pottiaceae groups have been advanced. 

The aim of this study is to review a recent important molecular systematics study of the 
genus Didymodon s.lat. (Pottiaceae, Bryophyta) in the light of macroevolutionary techniques. 
These offer insights into evolutionary relationships among the genera of the Pottiaceae such 
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that a monophyletic evolutionary schematic can be established that accounts for all relevant 
and major evidence for both cladistic sister-group and macroevolutionary serial evolution in 
the family. Several guidelines were established to provide a translation from a dichotomous 
cladogram to an often multichotomous caulogram. That is, from a tree whose evolutionary 
continuity is from node to node of dichotomously split character state sets to one of taxon to 
taxon, even if sometimes continuity is necessarily hypothesized by interpolated “missing 
links”. Because phylogenetics uses only shared traits as informative, it cannot use 
autapomorphies (traits unshared at a node in a cladogram) to infer missing links. The process 
of evolution is not just development of shared traits, it is the generation of new, unique traits 
and trait combinations that will, after continued speciation, become shared traits of 
descendants. I have discussed at length transforming cladistic tree-thinking into ancestor-
descendant stem-thinking (Zander 2018: 13, 18, 183). The present paper, on the other hand, 
focuses on combining data on evolution from both morphological and molecular sources into 
one meaningful monophyletic tree, the caulogram of inferred serial evolution of stem taxa and 
their radiative descendants.

A contrived model of types of relationships to be expected in macroevolutionary analysis 
is given in Fig. 1. This is a window of some one time revealing various stages of several 
dissilient genera in two lineages. This model has been successful in interpreting relationships 
in past studies (Zander 2016, 2018). It requires less state changes or reversals than arranging 
taxa in an unbranched series or in a dichotomous tree. Even molecular data, initially selected 
to be sparse and less liable to overwriting, will have state reversals when forced into a 

Figure 1. Fabricated diagrammatic chart of some expected evolutionary changes in two lineages of 
genera from a shared ancestral genus viewed at one time (see text for explanation).
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dichotomous phylogenetic diagram. It would be of value for changes over time in molecular 
data to be modeled with the dissilient concept paralleling radiative adaptation, but with 
constant mutation of all sequences, this may be quite difficult.

Each cluster (Fig. 1) is a genus consisting of a central progenitor and a few short lineages 
of more specialized descendants. A dissilient genus has descendants more closely related to the 
joint progenitor (in numbers of morphological traits changes) than to each other. This 
distinction suggests an algorithm for some future software to generate evolutionary diagrams. 
A progenitor species may be identified by being closest to some outgroup, or being 
biotypically diverse, or necessarily polythetic in traits for identification, or occurring in several 
different habitats, or with traits that appear scattered in related taxa. Large circles represent 
generalist ancestral species which are expected to usually generate another generalist species, 
although that next generalist species may be specialized relative to its progenitor. More 
recently evolved genera are to the upper right, older genera to the lower left. Nevertheless, 
there may be short lineages of specialized descendants from any one central progenitor. Extant 
species are represented by solid circles, extinct species by hollow circles. Older genera exhibit 
more extinction than the younger (numbers 1–3, 8–10), and are more difficult to analyze. 
Because there are more specialized descendants than central progenitors, they are less likely to 
go extinct. The main traits of extinct central progenitors may be inferred when several 
descendants are available (number 8). The oldest genus may be represented by a single 
specialized species (number 1), which may occur at the base of a molecular or morphological 
cladogram. When most-similar two taxa are more distant in numbers of traits than is average 
for the group (i.e., three or four in past studies), a missing link may be postulated (numbers 1, 
3, 5, 8–9). Missing links may also be inferred when a progenitor is absent and serial 
arrangement of two or more descendants requires two reversals as opposed to a single new 
trait from shared ancestry. Isolated distinctive species (numbers 2, 7) may be difficult to 
serialize, but molecular analysis will doubtless be of aid in distinguishing old (number 2) from 
new (number 7) species.

In Genera of the Pottiaceae (Zander 1993: 158), I mentioned that “Didymodon . . . may 
prove to be profitably split by recognizing various sections as genera”. This was done, at least 
partially, 20 years later (Zander 2013). The various papers (Zander 2013, 2014a, 2014b, 
2014c, 2016, 2018) on the macroevolutionary relationships of the genus Didymodon in the 
wide sense were based largely on the 22 species of the genus involved in a phylogrammatic 
study of the genus in North America (Zander 1993). Only one of these species was recognized 
in the genus Exobryum R.H.Zander, E. asperifolium (Mitt.) R.H.Zander, which had a rather 
isolated position at the base of the caulogram.

Four major molecular studies are involved in re-classification involving Didymodon 
s.lat., those of Kučera & Ignatov (2015) focusing on Didymodon sect. Rufiduli (P.C.Chen) 
R.H.Zander, Kučera et al. (2018) on Didymodon tophaceus and allies, and of Werner et al. 
(2005, 2009), which also deals with Didymodon tophaceus and near relatives. The three 
studies include exemplars of other species in Didymodon s.lat. and of other genera. The 
present paper evaluates and emends the first study using macroevolutionary techniques.

Kučera & Ignatov (2015) addressed several species in addition to the ones analyzed by 
Zander (2013). They presented three cladograms, one based on nuclear ribosomal ITS, another 
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on concatenated rps4＋trnM-trnV sequences and then used a combined ITS＋rps4＋trnM-
trnV dataset to generate their central molecular cladogram. On the basis of interpreting the 
combined-data cladogram in the standard manner (sister groups of shared ancestry, strict 
phylogenetic monophyly, and dichotomous descent through nodes), Kučera and Ignatov 
rejected the dissilient (radiative) generic concepts of Exobryum and Fuscobryum of Zander 
(2013, 2016). They placed all taxa in the largest clade, including Didymodon asperifolius (＝
Exobryum asperifolium), D. gaochienii, D. hedysariformis, D. johansenii, D. murrayae, and 
D. zanderi in Didymodon sect. Rufiduli. This was done because a subclade with D. rivicola 
came off near the base of the larger clade. They suggested that D. asperifolius would probably 
be broken into more species because it was paraphyletic in the joint data set cladogram. They 
reduced Fuscobryum to a section of Didymodon apparently because it was sister to D. 
rigidulus and embedded in a clade of relatives of D. rigidulus.

Materials and Methods
The dissilient genus concept (a central progenitor with multiple descendant lineages of 

more specialized species) was used to devise a caulogram of descendant species nested in 
progenitor species. Species of a group are nested one against another to form serial, branching 
lineages of clusters of ancestor species and their descendants. “Missing links” are postulated as 
needed to stitch together lines or branches of species differing by more than a few traits or 
which share traits that would require reversals for linear series. The lineages are multifurcating 
to reflect the results of a central extant or postulated generalist progenitor giving rise to a few 
extant descendants, and also to one or more other generalist species. This method is 
distinguished from phylogenetic practice in which, at a node in a cladogram, a set of traits 
common to a group of species distal on a tree gives rise to two subsets of traits common to 
each of two groups of taxa more distal on the tree. This latter is not a model of evolution. It is 
a hierarchic cluster analysis using trait transformations on a non-ultrametric tree. A true cluster 
analysis (Fig. 2) implemented in PAST (Hammer et al. 2001; Hammer 2018) is presented to 
show morphologically based groupings of species discussed here that match the new genera. 
The data were those in the descriptions of the taxa below.

Methods of macroevolutionary systematics were reviewed at length by Zander (2013, 
2018, 2019). These include Granger causality, two-trait minimum species concept, the 
dissilient genus as central evolutionary unit, Turing-based sequential Bayes analysis using 
Shannon informational bits, equivalent Bayesian posterior probabilities from serial taxon 
transformations, closed causal groups, using extant names for inferred ancestral species, 
ancestry inferred from molecular heterophyly, and taxon-to-taxon evolutionary evaluation 
using an analytic key.

Most simply put, after homology analysis and preliminary sorting, which minimize 
superfluous traits that are identical to traits in other species, whatever traits are left over are 
evolutionarily informative. Each trait is equivalent to a Shannon informational bit, and may be 
added, because exponential, through Turing sequential Bayes, and the sum assigned a 
Bayesian posterior probability of the species contribution to understanding the order of serial 
evolutionary change. The analytic key (Table 1) was constructed (Zander 2013, 2018) to order 
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species as nested sets that represent serial evolution. If an extant species was equivalent to a 
hypothetical progenitor, then the progenitor was given the name of the extant species. Inferred 
trait changes were presented, interpreted as one bit per trait, and Bayesian credibility assigned 
(see table in Zander 2016).

Comparing cladograms and caulograms is difficult because they represent different 
things. A cladogram node represents nested traits shared by a number of species distal on the 
cladogram (except for reversals) while a node on a caulogram models the traits of one named 
species from which other named species are inferred to be derived. Comparisons are not direct 
as far as evolution goes, but clustering remains comparable. Molecular cladograms present 
interpretive difficulties because the nodes represent clusters of molecular races. Species may 
each have many molecular races, and these may split and generate new races or even new 
species from different races, see cladogram for Oxystegus daldinianus (De Not.) Köckinger, 
O.Werner & Ros (in Köckinger et al. 2010).

Three evolutionary processes must be taken into account in Pottiaceae: reduction of 
organs, elaboration of specialized traits, and the continued existence of highly specialized 
descendants of extinct ancient progenitors. The most informative disposition of species on a 
molecular cladogram is (1) general clustering, (2) great distance (beyond reasonable 

Figure 2. Dendrograms of relationships of certain Didymodon s.str. species here placed in Aithobryum 
and Exobryum. On left is neighbor-joining tree. On right is cluster analysis using DICE (Sorensen 
coefficient), which puts more weight on joint occurrences than on mismatches. All analyses showed 
nesting compatible with the caulogram given in the present paper. Aithobryum species are the three on 
the left in each dendrogram, the remainder are Exobryum.
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Table 1. The analytic key shown in this spreadsheet details inferred changes in evolutionary 
relationships needed to parsimoniously reconstruct serial evolution. Black lines indicate postulated 
evolutionary nesting of species. Top abbreviations are Ancestor, Descendant, Second, Third, and Fourth 
Descendants, Shannon Information, and Bayesian Posterior Probability.

Ancest. Desc.
2nd  

desc.
3rd  

desc.
4th  

desc.
Distinguishing traits

Shan. 
infor.

BPP

Exob. 
rufid.

[Operculum cells straight;] stem 
central strand absent or clearly 
present but weak; leaves narrowly 
lanceolate, 1.2–1.5 mm long; apex 
narrowly acute; costa narrow, 
(2–)4–6 cells across, ventral costal 
cells elongate or occasionally 
quadrate in distal 1/2, mostly 2 but 
sometimes 4 cells across, [leaf base 
elliptical to rectangular;] distal 
medial cells 8–10 µm wide, bulging, 
weakly 1-papillose or smooth; 
[basal leaf cells differentiated, larger 
than the medial].

6 bits 0.98

E. fragil. Leaf apices notched, ending in 
cylindric barrels; leaves rectangular, 
stiff, straight or weakly recurved, 
0.5–1.0 mm long.

3 bits 0.89

E. hedys. Leaf apices notched, ending in 
flattened discs that are incurved to 
form a semi-tubular channel; leaves 
ovate, 0.7–1.0 mm long, recurved.

2 bits 0.80

E. zand. Laminal cells large, 13–15 µm wide, 
leaves broadly acuminate to evenly 
narrowing distally, (0.8–)1.0–1.5(–2.0) 
mm long, costa narrower (mostly only 
2–3 cells wide).

4 bits 0.94

E. asper. Leaves lanceolate, channeled-recurved; 
laminal cells large, (10–)12–15 µm, 
lumens commonly angular; costa 
narrow or 4–6 cells across ventral 
surface; leaf apex commonly weakly 
kinked.

5 bits 0.96

E. johan. Sporophytes common; leaf apex 
claviform, caducous; papillae mostly 
lacking.

3 bits 0.89
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Ancest. Desc.
2nd  

desc.
3rd  

desc.
4th  

desc.
Distinguishing traits

Shan. 
infor.

BPP

Aitho. 
rivicol.

Leaves ovate-lanceolate, deeply 
concave, 1.2–2.2 mm long, apex 
abruptly narrowed and broadly 
acute; leaf margins decurrent; costa 
(2–)4–6 cells across at midleaf; 
laminal cells heterogeneous in 
size(8–)13–15(–17) µm; basal leaf 
cells little differentiated. 

4 bits 0.94

Missing 
link

Leaves not deeply concave; laminal 
cells small, 8–10 µm; ventral surface 
of costa 6–8 cells across.

3 bits 0.89

A. norr. Leaves shortly ovate to ovate-
lanceolate, apex sharp, stiffly 
spreading when wet, many 
decurrencies left on stem when 
leaves torn off; lamina unistratose.

3 bits 0.89

A. bistr. Leaf apex blunt, not decurrent, 
lamina bistratose distally.

2 bits 0.80

Fusco. 
nigres.

Operculum cells twisted zee-form; 
leaf apex acuminated, not kinked; 
laminal papillae 1–2 fused and 
massive, flat-topped; leaf base 
ovate, widest at 1/4 length of leaf, 
distal basal cells commonly 
rhombic, radiating; plant color 
black; molecular cladogram 
grouping consensus.

6 bits 0.98

Missing 
link

Leaves ovate, short, apex rounded. 3 bits 0.89

F. perob. Stem short; unicellular axillary 
gemmae.

2 bits 0.80

E. suban. Leaves very small, dimorphic, some 
leaves reduced and sheathing-
cochleariform, not papillose; 
creeping stem.

4 bits 0.94

Table 1. Continued.
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evolutionary propinquity and the range of possible molecular paraphyly discussed below), and 
(3) heterophyly (two molecular lineages of one species bracketing a distal second species, 
which implies a progenitor-descendant relationship). The dissilient genus concept is used here 
as a morphological basis for interpreting molecular cladograms; see also discussion, below. 
The identification of dissilient genera within presently large pottiaceous genera, such as 
Syntrichia, Tortula and Trichostomum, may be a way to reveal “cryptic” taxa on a 
morphological basis, splitting these genera into evolutionarily coherent groups that presently 
are included in polythetic generic concepts.

Primitive traits are taken to be ancient, at one-time advanced traits that turn out to be 
nearly neutral in the environments of the extended lineage, and serve as indicators of 
relationship. Advanced traits are considered to be new traits usually at the ends of short 
specialized branches in a dissilient genus, and are often associated with adaption to unusual 
environments. Some descendants turn out to be generalist in new environments and become 
progenitors of new radiations. Thus, the dissilient genus concept is empiric and well supported 
by theory.

Advanced versus primitive traits
Many clades at the base of a Pottiaceae cladogram (based on either morphology and 

molecular) often have very odd or rare traits or traits that are found in highly specialized 
elements of large extant genera. The hypothesis followed here is two-fold: (1) genera can be 
distinguished as radiating sets of specialized species from a central generalized progenitor, and 
(2) ancient, relictual genera are commonly of rather specialized species because (a) there are 
more specialized species than progenitors, and (b) the specialized species (or their habitats) 
may be less vulnerable to general change or disruption of an ecosystem.

Dissilient genera can be readily distinguished as a generalist species closely related to a 
set of species with the same basic traits but modified as specializations often associated with 
specialized habitats. Recent taxa are those with both generalist and specialized traits. Newly 
evolved central generalist species are commonly closely related to other generalist taxa. 
Morphologically isolated taxa are rare and usually have specialized traits, which signal 
relictual status for the taxa. Some old advanced reduced species have no extant ancestors and 
are difficult or impossible to assign evolutionary relationship. This is a fact, not a problem.

General list of primitive traits in all Pottiaceae 
Primitive traits include peristomes elongate and twisted, capsule cylindric, seta elongate, 

spores small; specialized asexual reproduction absent; elongate stems with central strand, lacking 
hyalodermis; leaves elongate, lanceolate, acute; costa narrow, not ornamented, two stereid bands 
present, the adaxial smaller than the abaxial, guide cells many in one layer, hydroid strand 
usually present; laminal cells nearly isodiametric, thin-walled, papillae present and simple to 
multiplex; basal cells hyaline and narrowly rectangular, forming a rectangular or M-shaped patch 
at the base of the leaf. Example species with traits considered primitive within their genera are 
Barbula unguiculata, Tortula mucronifolia, Syntrichia ruralis, and Oxystegus tenuirostris.
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General list of advanced or specialized traits in all Pottiaceae
Advanced traits include reduction of the sporophyte, including shortening or loss of the 

peristome, enlargement of the spores, short capsule and seta; specialized asexual reproduction 
present; short stems, lacking central strand, hyalodermis present; leaves short, ovate, blunt; 
costa enlarged or widened, often ornamented, adaxial stereid band often absent or rarely larger 
than the abaxial, guide cells few or very many, occasionally in two layers, rarely absent, 
hydroid strand often absent; laminal cells hexagonal or rectangular, sometimes thick-walled or 
bulging, papillae absent or simple or enlarged and branching-multiplex; basal cells often 
colored, often enlarged-rectangular, forming a W- or U-shaped patch at the base of the leaf. 
Example species with traits considered advanced are Luisierella barbula, Scopelophila 
ligulata, Timmiella anomala, Tortula truncata, and Weissia rostellata.

Zander (1993: 142) noted a similarity between Bellibarbula P.C.Chen and Didymodon 
nigrescens by the red coloration, incrassate distal laminal cells, mostly elongate adaxial costal 
cells, and short basal leaf cells, but Bellibarbula species differed by the thicker costa and 
small, simple and to bifid punctulate laminal papillae, 2–4(–5) per lumen. The sinuous costa of 
B. recurva (Griff.) R.H.Zander is found in some species of Exobryum while the habit 
illustrated in Zander (1993: 141) is quite like that of Didymodon norrisii. Bellibarbula may 
not be a direct ancestor though, in its obvious advanced traits such as peristome lacking, 
strongly differentiated perichaetial leaves, and flat distal laminal cell surface. Although the 
basal laminal cells are indeed short-rectangular or quadrate as is the majority of subtribe 
Rufidulinae, that trait is advanced compared to the elongate basal cells of the putative most 
primitive species, Exobryum rufidulum. 

The species Didymodon rufidulus was selected as most primitive and most likely to be 
taxonomically the same as the joint ancestor or ingroup of all species in Kučera and Ignatov’s 
concept of Didymodon sect. Rufiduli. It is also a good candidate for similarity to the ancestral 
taxon for all Didymodon s.lat. genera, because of its generalist morphology and variation in 
costal adaxial cell elongation, an important trait among related genera. Ideally, a primitive 
morphotype might be selected from among species at the base of a morphological cladogram 
of related species with advanced (rare or specialized) traits removed. This is better done in the 
future in the context of a larger survey of more genera.

Results
In the Kučera & Ignatov (2015) study, molecular sequences are combined to produce a 

novel clade representing a novel gene history different from that of the sequences alone. This 
cladogram is dubious and here ignored as spurious. Their molecular study represented by 
cladograms of the two different data sets each alone is somewhat contradicted by the present 
morphological evaluation based on the dissilient genus concept (multifurcating radiative taxon 
lineages).

It was immediately evident that Kučera & Ignatov’s (2015) cladogram of ITS data 
showed that the molecular paraphyly of Exobryum asperifolium could be used to infer direct 
evolutionary descent of certain other species and their inclusion in Exobryum. The ITS 
cladogram reported paraphyly of D. asperifolius with the apophyletic (bracketed taxa) 
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including D. gaochienii, D. hedysariformis, D. johansenii, D. murrayae, and D. zanderi. 
Didymodon asperifolius (based on many exemplars) was scattered among these taxa. The 
concatenated rps4＋trnM-trnV data sets, however, clustered D. asperifolius into two groups as 
basal or sister to the above taxa. From this information, D. asperifolius may be taken as 
equivalent to progenitor of certain of the other species. The two cladograms of the nuclear 
ribosomal ITS sequence and the concatenated rps4＋trnM-trnV sequences support each other 
in terms of revelations of molecular races.

In the Kučera & Ignatov’s (2015) cladograms, both ITS and rps4＋trnM-trnV data sets, 
Didymodon nigrescens, D. perobtusus, and D. subandreaeoides (genus Fuscobryum 
R.H.Zander) clustered apart from other subtribe Rufidulineae species, yet occurred near the 
base of these species with only a few species of genus Didymodon s.str., Trichostomopsis (i.e., 
T. revoluta (Card.) R.H.Zander), and Vinealobryum intermingled. Also, D. norrisii and D. 
rivicola, here placed in Aithobryum, were separated but again were found among Didymodon 
s.str. and Vinealobryum species. Given that primitive ancestors for Aithobryum, Didymodon 
s.str., and Vinealobryum are not extant and their expressed traits must be guessed at from the 
few remaining specialized species such as Vinealobryum sinuosum and perhaps Bellibarbula 
species, morphology must presently take precedence in classification over little-replicated and 
poorly sampled molecular data. Thus, species of the Didymodon segregate genera Aithobryum, 
Exobryum and Fuscobryum are acceptable as a group. This is, in fact, much the same as 
Didymodon sect. Rufiduli as recognized by Kučera & Ignatov (2015) with the exception of 
their exclusion of Fuscobryum.

There may be any number of species between one cladogram node (or terminal taxon) 
and another. A way to estimate the minimum number of morphotaxa is to assume two traits are 
minimum difference between species. Sum the number of nodes and divide by two to get the 
minimum number of species between any two nodes on a cladogram. The total number of 
traits distinguishing any two particular fairly unrelated species, say between the D. vinealis 
and D. norrisii sister species in Kučera & Ignatov’s (2015) ITS cladogram is about 10, thus a 
minimum of five species must exist between these two species, even though there is only one 
node between them, and the identities of these species are unknown. Conversely, if two 
species are morphologically the same or similar but are quite distant in numbers of expected 
morphological trait differences on a molecular cladogram, then taxonomic identity or 
congeneric relationship should be considered. 

Kučera & Ignatov’s (2015) suppression of Fuscobryum as a genus due to cladistics 
principles, in any case, can be rejected as arbitrary taxonomy (see Zander 2018 for rationale), 
but the problem of Exobryum remained.

An “analytic key” (explained by Zander 2016, 2018, 2019) was implemented in an Excel 
spreadsheet (Table1). Species were nested in each other to create a branching evolutionary tree 
for three genera, Aithobryum (a new genus), Exobryum and Fuscobryum. Numbers of traits for 
each speciation event were counted as Shannon informational bits (Table 2), and translated 
into Bayesian posterior probabilities (BPP, see Zander 2016) of support for order of speciation. 
Summing bits gave BPPs of support for the internal branches, assuming a closed causal group 
(i.e., none of the species demonstrated possible relationship elsewhere).

Among these three genera of 14 species (including two missing links), significant new 



11

expressed evolutionary traits numbering an average of 3.57 per speciation event, or 3.57 bits, 
thus each species contributes an average of 0.91 BPP toward understanding serial evolution 
(see bit table in Zander 2016). This may be compared to results of a previous study of 
Didymodon s.lat. including 26 species in six genera. In that study, there were identified an 
average of 3.73 traits per speciation event, such that each species contributed 0.93 BPP 
towards support for understanding the order of serial evolution. This may also be compared 

Table 2. How bits are directly translatable into probability. For each bit is here given its value as a 
power of two, the odds ratio as a proportion of value to 1, the odds ratio presented as a fraction, and the 
percent probability or Bayesian posterior probability of that fraction. The odds ratio is a measure of 
degree of Bayesian surprisal (Itti & Baldi 2009; Baldi & Itti 2010).

Bits 0 1 2 3 4 5 6 7 8

Value 1.00 2.00 4.00 8.00 16.00 32.00 64.00 128.00 256.00
Odds ratio 1 : 1 2 : 1 4 : 1 8 : 1 16 : 1 32 : 1 64 : 1 128 : 1 256 : 1
Fraction 1/2 2/3 4/5 8/9 16/17 32/33 64/65 128/129 256/257
Probability 0.500 0.667 0.800 0.889 0.941 0.970 0.985 0.992 0.996

Figure 3. Caulogram of stem taxa showing evolutionary connectivity with each other and descendants, 
based on the least number of state changes after preliminary homology assessment, as detailed in Table 
1. Bayesian posterior probabilities as calculated in the Shannon-Turing framework are given as 
percentages. Exobryum rufidulus is hypothesized as evolutionarily equivalent to a joint progenitor. The 
genera Aithobryum, Exobryum and Fuscobryum are determined as dissilient (evolutionarily radiative) 
complexes. The two missing links are required when serial order of taxa requires trait reversals that are 
less parsimonious than imposition of a link offering a shared trait.



12

with a similar study of the family Streptotrichaceae (Zander 2018) in which 28 species in 
seven genera yielded an average of 4.04 trait changes per speciation event. Adding the three 
missing links to the number of species gave an average of 3.64 trait changes per event. The 
similarity in these studies is clear and warrants further examination.

In the present study focusing on Didymodon rufidulus and related, putatively descendant 
taxa, the analytic key clarified the 2016 study by showing more parsimonious relationships at 
the base of the evolutionary series, but required additional missing links. These missing links are 
not a problem but are actually well-supported predictions (and retrodictions) of real taxa. The 
caulogram (Fig. 3) is based in part on the analytic key (Table 1), and is intended to clarify past 
hypotheses of evolutionary relationships in Didymodon s.lat. The caulogram clarifies the adage 
that evolutionary descendants are more closely related to their progenitor than to each other.

Uncertainty in molecular cladogram distances
Enough studies by molecularly oriented systematists have been done to reveal the 

numbers of molecular races within species of bryophytes. Of course generic diversity is 
common in mosses (e.g., Shaw & Schneider 1995; Shaw 2000, 2001) but we are concerned 
here with DNA differences at a level important to taxonomy and classification. Table 3 is the 
summary result of tabulation of the number of molecular races per species in the Pottiaceae as 
given in several recent publications (Werner et al. 2005, 2009, 2014; Grundmann et al. 2006; 
Cano et al. 2009; Köckinger et al. 2010; Kučera & Ignatov 2015; Kučera et al. 2013; Alonso 
et al. 2016). Two molecular races are here inferred when two exemplars of the same species 
share a molecular trait not shared by a third exemplar of the same species, i.e., there is an 
internal node with two exemplars terminal and one more basal. Molecular paraphyly is 
identified as a different species inserted on a node between two exemplars of one species. 
When one species is inserted between instances of exemplars of one species, this is once-
paraphyletic, but when two or more two apophyletic exemplars are inserted (interpolated), this 
is twice, thrice, etc., paraphyletic. All entries that show no evidence of molecular races are 
ignored because they either are of one exemplar or the branches to several exemplars of one 
species are multifurcations without internal branches, which may or may not include 
molecular races. Only a single-species multifurcation with one or more internal branches due 
to shared traits gives evidence of more than one race, short of actually comparing details in the 
sequences.

Table 3 shows 71 entries of molecularly multiracial species, some the same species, but 
including 46 different morphospecies (varieties in a cladogram are not included). The total 
number of molecular races among the 46 multiracial species is 208. The average number of 
molecular races for each of the 46 species (number of internal nodes interpretable as signaling 
differently composed sequences), is 4.52.

The total number of paraphyletic instances among the 71 entries is 29. The number of 
different paraphyletic species is 22, or 0.41 of the 46 different known multiracial species. The 
number of different apophyletic species (those distal on a cladogram to a paraphyly) in all 
sequences is 79. The average number of apophyletic species per paraphyly is 3.59. The total of 
maximally distant (on the cladogram) nodes between paraphyletic exemplars is 133, thus the 
average number of nodes between most-distant paraphyletic exemplars of the same species is 
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Table 3. Demonstrable molecular races. A list of all species showing two or more molecular cladogram 
nodes between exemplars of the same species (ignoring varieties). Headings are Species; Number of races as 
number of exemplars minus number of terminal pairs or multifurcations; Number of exemplars of 
demonstrable racially complex taxa; Fraction of races among exemplars; Apophyletic (descendant) taxa as 
those bracketed by a paraphyletic taxon (progenitor); Number of different apophyletic species per taxon; 
Maximum number of nodes between paraphyletic exemplars of one species; Sequence; and Author of study. 
The abbreviations of generic names unambiguously refer to Anoectangium, Barbula, Chionoloma, 
Didymodon, Gymnostomum, Hennediella, Hyophila, Oxystegus, Pleurochaete, Pseudosymblepharis, 
Tortella, Streblotrichum, Trichostomum, and Weissia. Complex sequences are represented by ITS(A) for 
ITS1＋5.8S rRNA＋ITS2; ITS(B) for ITS＋cp atpB-rbcL＋trnG＋trnL-trnF; ITS(C) for nrITS＋cpDNA; 
ITS(D) for ITS1＋ITS2; rps(A) for rps4＋trnM-trnV; rps(B) for rps4-trnS＋trnM-trnV＋indels. Authors of 
relevant papers are (1) Alonso et al. (2016); (2) Cano et al. (2009); (3) Grundmann et al. (2006); (4) 
Ignatova et al. (2012); (5) Köckinger et al. (2010); (6) Kučera & Ignatov (2015); (7) Kučera et al. (2013); 
Kučera et al. (2018); (8) Werner et al. “corrected” (2005); (9) Werner et al. (2009); (10) Werner et al. (2014).

Sp
ec

ie
s

N
um

be
r o

f r
ac

es

To
ta

l n
um

be
r o

f e
xe

m
pl

ar
s

Fr
ac

tio
n 

of
 ra

ce
s a

m
on

g 
ex

em
pl

ar
s

A
po

ph
yl

et
ic

 sp
ec

ie
s

D
iff

er
en

t a
po

ph
yl

et
ic

 sp
ec

ie
s i

n 
al

l s
eq

ue
nc

es

M
ax

im
um

 n
um

be
r n

od
es

 
be

tw
ee

n 
pa

ra
ph

yl
et

ic
 e

xe
m

pl
ar

s

Se
qu

en
ce

A
ut

ho
r

A. aestivum 2 3 0.67 G. calcareum 1 2 ITS(B) (1)
B. amplexifolia 4 8 0.50 ITS (7)
B. gregaria 4 4 1.00 B. cruegeri 1 6 ITS (7)
B. indica 3 4 0.75 B. consanguinea, B. cancellata, 

B. boleana
3 6 ITS (7)

B. unguiculata 2 3 0.67 ITS (7)
B. unguiculata 2 4 0.50 rsp4 (7)
C. bombayense 3 4 0.75 7 species 7 5 ITS(A) (5)
C. bombayense 2 2 1.00 Ps. richardsii, O. tenuirostre 2 2 ITS(C) (3)
D. anserinocapitatus 3 4 0.75 D. icmadophilus 1 3 ITS (6)
D. anserinocapitatus 2 4 0.50 rps(A) (6)
D. asperifolius 7 11 0.64 D. hedysariformis, D. flexicuspis, 

D. zanderi, D. johansenii
4 15 ITS (6)

D. asperifolius 4 9 0.44 D. johansenii 1 6 rps(A) (6)
D. erosus 3 13 0.23 ITS (10)
D. erosus 2 5 0.40 rps(B) (9)
D. fallax 2 3 0.67 ITS (9)
D. fallax 2 3 0.67 rps(B) (9)
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D. gaochenii 2 4 0.50 D. murrayae 1 2 ITS (6)
D. gaochenii 2 4 0.50 D. zanderi 1 3 rps(A) (6)
D. giganteus 3 4 0.75 ITS (9)
D. giganteus 2 4 0.50 rps(B) (9)
D. hedysariformis 2 11 0.18 ITS (6)
D. johansenii 5 9 0.56 ITS (6)
D. maximus 3 4 0.75 ITS (9)
D. murrayae 2 3 0.67 ITS (6)
D. nigrescens 2 3 0.67 ITS (6)
D. nigrescens 2 3 0.67 rps(A) (6)
D. rivicola 4 5 0.80 ITS (6)
D. sicculus 6 7 0.86 ITS (10)
D. sicculus 4 15 0.27 ITS (9)
D. sicculus 2 6 0.33 rps(B) (9)
D. subandreaeoides 2 3 0.67 ITS (6)
D. tophaceus 6 12 0.50 D. sicculus, D. erosus 2 7 ITS (10)
D. tophaceus 4 15 0.27 D. sicculus, D. erosus 2 7 ITS (9)
He. polyseta 2 3 0.67 ITS (2)
He. stanfordensis 2 3 0.67 ITS (2)
Hy. involuta 2 4 0.50 ITS(B) (1)
O. daldinianus 3 7 0.43 O. recurvifolius 1 5 ITS (4)
O. daldinianus 5 8 0.63 O. recurvifolius 1 ITS(A) (5)
O. daldinianus 4 6 0.67 O.recurvifolius, O. tenuirostris 2 8 ITS(B) (1)
O. hibernicus 4 6 0.67 ITS(A) (5)
O. hibernicus 4 7 0.57 ITS(B) (1)
O. minor 2 3 0.67 ITS(A) (5)
O. minor 2 3 0.67 ITS(B) (1)
O. recurvifolius 2 2 1.00 O. daldinianus 1 7 ITS(B) (1)
O. tenuirostris 6 19 0.32 ITS (4)
O. tenuirostris 2 2 1.00 C. bombayense 1 4 ITS (8)
O. tenuirostris 6 10 0.60 ITS(A) (5)

Table 3. Continued.
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O. tenuirostris 7 13 0.54 ITS(B) (1)
Pl. squarrosa 4 13 0.31 ITS(C) (3)
Ps. angustata 3 5 0.60 Tr. dubium, Tr. leptocylindricum, 

Ps. duriuscula
3 7 ITS(B) (1)

Ps. schimperiana 2 3 0.67 ITS(B) (1)
S. convolutum 2 3 0.67 S. enderesii 1 3 ITS(B) (1)
To. arctica 2 4 0.50 To. cuspidatissima 1 2 ITS(D) (11)
To. flavovirens 2 3 0.67 ITS(C) (3)
To. flavovirens 3 4 0.75 ITS(D) (11)
To. fragilis 2 2 1.00 To. arctica, To. tortuosa, To. 

densa, To. inclinata
ITS (8)

To. fragilis 2 2 1.00 To. arctica 1 2 ITS(C) (3)
To. fragilis 2 5 0.40 To. arctica, To. cuspidatissima, 

To. densa, To. inclinata, To. 
tortuosa

5 4 ITS(D) (11)

To. humilis 2 3 0.67 ITS (8)
To. spitsbergensis 2 8 0.25 ITS(D) (11)
To. tortuosa 2 2 1.00 To. arctica, To. fragilis, To. 

rigens, To. inclinata, To. densa
5 2 ITS (8)

To. tortuosa 2 3 0.67 ITS(C) (3)
To. tortuosa 2 3 0.67 ITS(D) (11)
Tr. brachydontium 3 4 0.75 ITS(B) (1)
Tr. crispulum 2 3 0.67 ITS (4)
Tr. duidense 2 3 0.67 Tr. arboreum 1 3 ITS(B) (1)
Tr. leptocylindricum 3 6 0.50 Ps. richardsii, Ps. angustata,  

Ps. schimperiana, Ps. duriuscula, 
Tr. dubium

5 9 ITS(B) (1)

W. condensa 2 3 0.67 11 species 11 4 ITS (8)
W. controversa 5 5 1.00 13 species 13 7 ITS (8)
W. jamaicensis 2 2 1.00 W. brittonianum 1 2 ITS (8)
W. jamaicensis 2 3 0.67 ITS(B) (1)

Table 3. Continued.



16

4.50.
Rieseberg & Brouillet (1994) wondered about the extent of paraphyly among plant 

species, and suggested it was probably common. The present survey indicates that paraphyly is 
evident in nearly half of species in the Pottiaceae. Poor resolution of a molecular cladogram 
among these Pottiaceae species is inferred because (1) large numbers of species have 
molecular races, (2) those with sufficient data to determine the numbers of molecular races 
average 4.52 molecular races, (3) a large percentage (0.41) of all demonstrably multiracial 
species are also paraphyletic, (4) the many apophyletic species (an average of 3.59) per 
paraphyly indicate that an inferred progenitor-descendant relationship commonly involves 
many species or multiple radiation from one ancestor, and (5) the large number of nodes 
between paraphyletic exemplars of the same species, namely 4.50, implies that phylogenetic 
differences between species on a molecular cladogram must take into account possible 
paraphyly by extinct or unsampled material of any one species.

This evaluation doubtless applies to other groups, i.e. the molecular cladogram of 
Feldberg et al. (2010) reveals many molecular races per species as defined in the present 
paper. Estimating and reporting the degree of molecular uncertainty in published studies 
requires at least (1) citation of publication, (2) names of sequences, (3) total numbers of 
species with high BPP support of molecular multiraciality, (4) total number of apophyletic 
species, (5) total number of paraphylies, (6) average number of apophyletic species per 
paraphyly, and (7) average distance in number of cladogram nodes between most distant 
exemplars contributing to paraphyly. The total numbers of species in a study is optional 
because this is not an evidential sample of multiraciality leading to molecular paraphyly.

This means that every species on a molecular cladogram must be expected to have a 
circle of possible molecular paraphyly, i.e., of uncertainty, in order of molecular branching on 
a cladogram, of 4.52 nodes serially in all directions. To avoid overlap, an average of nine 
concatenated nodes of poor resolution between any two species must be allowed to avoid 
overlap of possible molecular paraphyly.

In other words, a species that should be sister to a second different species may, in some 
cases, appear nine nodes distant on a cladogram if both species are represented by only one 
surviving molecular race. This distance is not unusually large, it is in fact an average. Nine 
nodes on a molecular cladogram is the uncertainty distance for both strict and relaxed 
phylogenetic monophyly. Distance of this extent is commonly masked by phylogenetic 
erection of cryptic species, genera and families to account for apparently “polyphyletic” taxa. 
But the lack of resolution of evolutionary relationships only shows up when many exemplars 
of each species are molecularly analyzed.

Lack of molecular resolution is therefore a major reason for rejection of past 
classification in Didymodon s.lat. based largely on molecular analysis. In addition, 
dichotomous molecular or morphological cladograms are misleading because as many as three 
of every four extant morphospecies may share together a direct evolutionary progenitor, often 
also extant. A dichotomous cladogram is only optimum if it smears out the order of branching 
by using shared trivial traits only correlated at that one node. Differences in expressed traits 
imply DNA differences but the reverse cannot be acted on taxonomically without considering 
the distribution of molecular races.
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Taxonomy
Barbuleae subtribe Rufidulinae R.H.Zander, stat. nov. Type: Barbula sect. Rufidulae P.C.Chen.

Barbula sect. Rufidulae ‘Rufidula’ P.C.Chen, Hedwigia 80: 210. 1941.
Didymodon sect. Rufiduli ‘Rufidulus’ (P.C.Chen) R.H.Zander, Bull. Buffalo Soc. Nat. Sci. 

32: 162. 1993. Lectotype: Didymodon rufidulus (Müll.Hal.) Broth., designated by 
Kučera & Ignatov (2015).

The subtribe Rufidulinae are distinguished as genera of red or black plants, costa either 
narrow and tapering or broad, adaxial costal cells either distally quadrate, or occasionally 
elongate, quadrate, or short-rectangular, distal laminal margins commonly minutely but 
sharply crenulate by bulging unipapillate cells, laminal papillae simple or very few per lumen, 
basal cells often quadrate or poorly differentiated, and asexual reproduction common. There 
are three genera, Aithobryum, Exobryum and Fuscobryum. The genera differ as noted in the 
key. This is the first time a taxon higher than genus was established based on an extension of 
the empirical dissilient genus concept. This is a narrower concept than that of Kučera & 
Ignatov (2015), who also included Didymodon revolutus (Card.) R.S.Williams, properly 
Trichostomopsis revoluta (Card.) R.H.Zander, and Didymodon sinuosus, but wider than that of 
Chen (1941), who included D. rivicola and D. rufidulus in his Barbula sect. Rufidulae 
P.C.Chen.

Kučera & Ignatov (2015) placed Didymodon sinuosus (two specimens, the Czech 
Republic and the U.K.) in sect. Rufiduli because it occurred very near the base of the 
Didymodon clade in both ITS and rps4＋trnM-trnV cladograms. The ITS cladogram of 
Werner et al. (2005) placed Didymodon sinuosus (a specimen from Italy) directly at the base 
of all Didymodon species. The anatomy of D. sinuosus is not that of subtribe Rufiduinae. 
Particularly telling are the large stem central strand, long-triangular leaf, plane in distal 2/3, 
basal cells enlarged and rectangular only near the insertion, unique serrate and thickened leaf 
apices, abaxially bulging costa with thick abaxial stereid band but the adaxial missing, and 
distal laminal cells with thickened multiplex papillae. These traits argue for D. sinuosus to be 
best placed, pending more information, in the genus Vinealobryum, near species with much the 
same habit, including V. insulanum (De Not.) R.H.Zander and Vinealobryum californicum 
(J.A.Jiménez, D.R.Toren & Shevock) R.H.Zander, comb. nov. (Didymodon californicus 
J.A.Jiménez, D.R.Toren & Shevock, Phytotaxa 158: 105. 2014, basionym). The proper 
combination is then Vinealobryum sinuosum (Brid.) R.H.Zander, comb. nov. (Tortula sinuosa 
Mitt., J. Bot. 5. 327. 1867, basionym).

Key to Barbuleae subtribe Rufidulinae
1. Operculum cells clearly twisted, peristome elongate; plants black; asexual reproduction 

absent or by unicellular gemmae or fragile stems  ···························  III. Fuscobryum
1. Operculum cells straight or very weakly twisted, peristome short; plants red to dark 

red-brown; asexual reproduction when present by modified, fragile leaf apices ···········  2
2. Leaves ovate-lanceolate, broadest in lower 1/3–1/2, abruptly short-acuminate; costa 4–8 

cells wide at midleaf; laminal cells with 2–4 papillae per lumen, heterogeneous in size or 
small, 8–10 µm wide  ·······························································  I. Aithobryum
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2. Leaves lanceolate to triangular, broadest in lower 1/4–1/3, long-acuminate to long-acute; 
costa 2(–4) cells wide at midleaf; laminal cells with 1(–2) papillae when present, often 
these fused into a low cap; laminal cells larger, 10–13 µm wide but primitively 8–10 µm 
wide   ···················································································  II. Exobryum

I. Aithobryum R.H.Zander, gen. nov.
Filum caulinum centrale praesens. Folia in madido rigide patentia vel patento-recurva, 

1.0–2.2 mm longa, ovata vel brevi-lanceolata; marginibus in medio recurvis, non vel 
decurrentia; base conformi vel ovata; costa lata, plana; cellulis distalibus laminalibus parvis, 
8–10 µm latis vel quoad magnitudinem heterogeneis, laminalis unistratosis vel distaliter 
bistratosis; cellulis basalibus laminae quadratis. Reproductio propria asexualis nulla.

Type species: Aithobryum norrisii (R.H.Zander) R.H.Zander
Etymology: Greek aithos, burning, red, plus bryum, a moss.

Stem central strand present. Leaves spreading stiffy to spreading recurved when wet, 
1.0–2.2 mm long, ovate to short-lanceolate; leaf margins recurved in middle, decurrent or not; 
leaf base undifferentiated to ovate; costa broad, flat, adaxial cells quadrate above short leaf 
base; distal laminal cells small, 8–10 µm wide or heterogeneous in size, lamina unistratose or 
bistratose distally, basal laminal cells quadrate. Specialized asexual reproduction absent.

Aithobryum is distinguished from its closest relatives, Exobryum and Fuscobryum, by the 
abruptly acuminate leaves with relatively broad, flat costa, and basal laminal cells not 
differentiated. It is the only genus in subtribe Rufidulinae that has a species, Aithobryum 
bistratosum, with largely bistratose laminae, here considered an advanced trait because of its 
rarity among related species. A second species in Aithobryum, A. norrisii, has several traits 
that are also quite rare, such as the stiff leaves reflexed from the base and the stem thickly set 
with leaf decurrencies when the leaves are torn off. Thus, to avoid immediate trait reversals, a 
shared ancestor must be postulated as a missing link between these two species and A. rivicola 
as postulated shared ancestral species. It is possible that the similar Didymodon andreaeoides 
Broth. belongs in Aithobryum, based on a specimen from Argentina, Buenos Aires, Chubut 
Lago Futalaulquen, Kunemann 5783 (MO), identified by Juan Jiménez, which has unistratose 
laminal cells and the upper leaf disappearing into a stout, sharp costa. Like most species in 
subtribe Rufidulinae, the laminal cells are bulging superficially, making distal leaf margins 
crenulate, often sharply so.

Key to species of Aithobryum
1. Leaves concave, costa sinuose  ···························································  A. rivicola
1. Leaves shallowly channeled, costa straight  ·······················································  2
2. Leaves spreading-recurved when wet, 1.0–1.2 mm long, short-lanceolate, apex blunt, 

lamina bistratose in distal 1/2–3/4  ···············································  A. bistratosum
2. Leaves stiffly spreading with wet, 1.2–1.6 mm long, ovate, apex sharp, lamina unistratose  

······························································································· A. norrisii
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1. Aithobryum bistratosum (Hébr. & R.B.Pierrot) R.H.Zander, comb. nov.
Didymodon bistratosus Hébr. & R.B.Pierrot, Nova Hedwigia 59: 354. 1994, basionym.

Stem central strand present. Leaves spreading-recurved when wet, 1.0–1.2 mm long, 
short-lanceolate, apex blunt, leaf margins recurved in middle 1/2, not decurrent, leaf base 
undifferentiated to weakly ovate, distal laminal cells 8–10 µm, lamina bistratose in distal 
1/2–3/4, costa at midleaf 4–6 cells across, adaxial cells quadrate above the short leaf base, basal 
laminal cells rounded-quadrate, often weakly porose. Specialized asexual reproduction absent.

Aithobryum bistratosum was discussed by Zander (2007c: 561) and illustrated by Zander 
et al. (2005).

2. Aithobryum norrisii (R.H.Zander) R.H.Zander, comb. nov.
Didymodon norrisii R.H.Zander, Bryologist 102: 112. 1999, basionym.

Stem central strand present. Leaves spreading stiffy when wet, 1.2–1.6 mm long, ovate, 
apex sharp, leaf margins recurved in middle 2/3, decurrent, with many triangular decurrencies 
left on the stem when leaves are torn off, leaf base undifferentiated to ovate, distal laminal 
cells 8–10 µm, lamina unistratose, costa at midleaf 4–6 cells across, quadrate above the short 
leaf base, basal laminal cells quadrate, not porose. Specialized asexual reproduction absent.

This species has been discussed and illustrated by Zander (1999; 2007c: 548).

3. Aithobryum rivicola (Broth.) R.H.Zander, comb. nov.
Barbula rivicola Broth., Symbolae Sinicae 4: 41. 1929, basionym.
Didymodon rivicola (Broth.) R.H.Zander, Ann. Bot. Fenn. 20: 222. 1983.

Stem central strand present. Leaves often widely spreading-recurved when wet, deeply 
concave, 1.2–2.2 mm long, ovate to ovate-lanceolate, apex abruptly narrowed and broadly 
acute; costa commonly sinuous, leaf margins broadly recurved in middle 2/3–4/5 or to base, 
short-decurrent, leaf base little differentiated or oval, distal laminal cells (8–)13–15(–17) µm, 
heterogeneous in size, lamina unistratose, costa at midleaf 4 cells across grading to 6 cells 
wide just below midleaf, tapering distally, adaxial costal cells quadrate above the short or 
elliptical leaf base, basal laminal cells little differentiated, not porose. Specialized asexual 
reproduction absent.

Aithobryum rivicola has been discussed and illustrated by Chen (1941: 213) and Li et al. 
(2001: 168).

The broad, concave leaves with sinuous costa are diagnostic of Aithobryum rivicola. This 
species characteristically has very well-developed laminal papillae, one per lumen.

II. Exobryum R.H.Zander, Framew. Post-phylogenet. Syst. 94. 2013.

The genus Exobryum was described by Zander (2013: 94) to contain only E. 
asperifolium. It is here expanded to include six additional, mostly Asian species with similar 
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mostly unipapillose distal laminal cells. Although Jiménez (2006) treated the genus 
Didymodon for large areas of Eurasia and north Africa, China and India were not included, 
thus missing many of the species recognized here as Exobryum. Many of these have leaf 
apices specialized for asexual reproduction. Following the analytic key (Table 1), E. rufidulum 
is identified as equivalent to the progenitor of the genus, with advanced traits of descendants 
largely being either reduction of leaf base complexity or modification of the leaf apex as an 
asexual propagulum.

Key to species of Exobryum
1. Leaf apex modified as a propagulum, leaves weakly spreading when wet, base elliptic, basal 

cells not porose, stem central strand weak but present  ········································· 2
1. Leaf apex unmodified, leaves often widely spreading-recurved when wet, base ovate, basal 

cells sometimes porose, stem central strand present or absent  ································ 4
2. Leaves 1.2–1.8 mm long, distal laminal cells large, 13–15 µm diam., apex swollen  ··········· 

···························································································  E. johansenii
2. Leaves 0.8–1.2 mm long, distal laminal cells smaller, 8–10 µm diam., leaf apex narrowing 

  ········································································································· 3
3. Leaf apex narrow, apex constricted to several barrel-shaped segments  ······· E. fragilicuspis
3. Leaf apex wider, apex constricted to several incurved laterally-extending disks   

······················································································ E. hedysariformis
4. Leaves narrowly lanceolate, apex narrowly acute, base elliptical to rectangular; distal 

laminal cells 8–10 µm wide, basal cells rectangular  ·····························  E. rufidulum
4. Leaves ovate-lanceolate to ovate, apex acute to broadly acute, base little differentiated, 

basal cells little different from the distal or short-rectangular; distal laminal cells 
13–15 µm wide, basal cells quadrate to short-rectangular ····································· 5

5. Leaves acuminate, apex often weakly kinked, basal laminal cells often porose  
························································································  E. asperifolium

5. Leaves broadly acuminate to evenly narrowing distally, apex not kinked, basal laminal cells 
not porose  ················································································· E. zanderi

1. Exobryum asperifolium (Mitt.) R.H.Zander, Framew. Post-Phylogenet. Syst. 96. 2013.
Barbula asperifolia Mitt., J. Proc. Linn. Soc., Bot. Suppl. 1: 34. 1859, basionym.
Didymodon asperifolius (Mitt.) H.A.Crum, Steere & L.E.Anderson, Bryologist 67: 183. 

1964.

Stem central strand sometimes absent. Leaves often widely spreading-recurved when wet, 
1.5–2.0 mm long, broadly lanceolate, acuminate, apex acute, often kinked, leaf margins 
recurved in middle 4/5 of leaf, not decurrent or occasionally short-decurrent, costa at midleaf 4 
cells across, adaxial costal cells quadrate, occasionally short-rectangular, leaf base little 
differentiated or oval, distal laminal cells 13–15 µm, lamina unistratose, basal laminal cells 
somewhat differentiated, occasionally porose. Specialized asexual reproduction absent.

Exobryum asperifolium has been discussed and illustrated by Aziz & Vohra (2008: 179), 
Crum & Anderson (1981: 325), and Saito (1975: 506) as well as European authors. 
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Often, basal cells are poorly differentiated from the distal medial cells, indicating a 
possible progenitor relationship with species of Aithobryum. Contrary to the statements of 
Kučera & Ignatov (2015), E. asperifolium is seldom without a stem central strand. Saito 
(1975) indicated that Didymodon asperifolius, in Japan in any case, always lacked the central 
strand, but I (Zander 1978) have questioned this. Li et al. (2001), in the Moss Flora of China, 
also asserted there is no central strand in E. asperifolium (as D. asperifolius). In my experience 
only rarely, e.g. Hedderson 5281 and Schofield 78156, is the central strand absent. 
Sporophytes are rare; I have only seen one specimen with sporophytes: Crum & Schofield 
7338, from Manitoba, although such are apparently known for China (Li et al. 2001). 
Specimens with thin-walled laminal cells, e.g., Hagen 232, have leaf sections revealing a 
single papilla on a conic bulge across the cell, similar to the areolation of other papillose 
species of Exobryum.

The paraphyly evident in some molecular cladograms is probably due to Exobryum 
asperifolium being a moving target. Through time, non-coding mutations accumulate 
anagenetically in different molecular races, and descendants from that one species falsely 
appear to be separate lines of species level evolution.

2. Exobryum fragilicuspis (Broth.) R.H.Zander, comb. nov.
Didymodon fragilicuspis Broth., Annales Bryologici: 31. 1928, basionym.
Didymodon gaochienii B.C.Tan & Y.Jia, J. Hattori Bot. Lab. 82: 309. 1997.
Didymodon murrayae Otnyukova, Arctoa 11: 345. 2002 [2003]. syn. nov.
Vinealobryum murrayae (Otnyukova) R.H.Zander, Framew. Post-Phylogenet. Syst. 98. 

2013.

Stem central strand present. Leaves weakly spreading when wet, 0.8–1.0 mm long. long-
lanceolate, apex usually broken and squared off, leaf margins weakly recurved in middle 2/3, 
not decurrent, leaf base short-elliptic to ovate, distal laminal cells 8–10 µm, distal laminal cells 
elongate, becoming quadrate in the apical propagulum, lamina unistratose, costa at midleaf 2 
cells across, basal laminal cells rectangular, not porose. Specialized asexual reproduction by 
leaf apex constricted to several barrel-shaped segments, caducous.

In addition to information in the protologues of the synonyms above, illustration and 
discussion of Didymodon fragilicuspis is given by Kučera & Ignatov (2015), and by Zander 
(2007c: 556) as Didymodon murrayae.

Didymodon fragilicuspis Broth. is based on two syntypes. I here designate “Kashmir, 
vallée Brahma, ca. 3700 m, 6/9/1913” (H) as lectotype. The collector is not given on the label.

Sollman (2006) found that Didymodon gaochienii was identical to the type of the earlier 
name Didymodon fragilicuspis, and the type conformed with key, discussion and illustrations 
given by Otnyukova (2002). I also agree with Kučera & Ignatov (2015) that D. murrayae, 
which I reported for U.S.A in Alaska and Canada in B.C. (Zander 2007c), intergrades with D. 
gaochienii, and recognize the former in synonymy. Specimens examined have elongate cells 
on the adaxial costa except near the caducous apex, where they become short-rectangular or 
even quadrate. The distal laminal cells are bulging, occasionally distinctly low-conic, and 
rarely have a single simple papilla over the lumen although mostly smooth.
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3. Exobryum hedysariforme (Otnyukova) R.H.Zander, comb. nov.
Didymodon hedysariformis Otnyukova, Arctoa 7: 207. 1998, basionym.

Stem central strand present. Leaves weakly spreading when wet, 1.0–1.2 mm long, long-
lanceolate, apex usually broken and squared off, leaf margins broadly recurved in middle 2/3, 
not decurrent, leaf base long and broadly elliptic, distal laminal cells 8–10 µm, lamina 
unistratose, costa at midleaf 2–4 cells across, elongate but grading to quadrate distally and in 
propagulum, basal laminal cells rectangular, not porose. Specialized asexual reproduction by 
apex constricted to several incurved disks, caducous.

Additional discussion and illustration of Exobryum hedysariforme are found in the 
original publication (Otnyukova 1998) and that of Kučera & Ignatov (2015).

Exobryum hedysariforme is easily distinguished from E. fragilicuspis by the distal lamina 
broadly notched into incurving rounded disks of several cells each.

4. Exobryum johansenii (R.S.Williams) R.H.Zander, comb. nov.
Barbula johansenii R.S.Williams, Rep. Canad. Arctic Exped. 1913–18: 4(E). 1921, 

basionym.
Didymodon johansenii (R.S.Williams) H.A.Crum, Canad. Field-Nat. 83: 157. 1969.

Stem central strand present. Leaves weakly spreading when wet, 1.2–1.8 mm long, long-
lanceolate, apex narrowly acute, often broken, leaf margins weakly recurved in middle 1/2, not 
decurrent, leaf base elliptic, distal laminal cells 13–15 µm, lamina unistratose, costa at midleaf 
2–3 cells across, adaxial costal cells elongate but becoming quadrate above the elliptical leaf 
base, basal laminal cells rectangular, not porose. Specialized asexual reproduction by apex 
differentiated as a smooth, cylindric propagulum, caducous or extremely fragile.

Exobryum johansenii is recently discussed by Zander (2007c: 545) and discussed and 
illustrated by Spitale et al. (2012).

Occasional leaves on plants of E. johansenii that have unmodified apices are a good 
match for those of E. asperifolium including the quadrate to short-rectangular adaxial cells of 
the costa.

5. Exobryum rufidulum (Müll.Hal.) R.H.Zander, comb. nov.　Fig. 4.
Barbula rufidula Müll.Hal., Nuovo Giorn. Bot. Ital., N.S. 3: 102. 1896, basionym. 
Didymodon rufidulus (Müll.Hal.) Broth., Nat. Pflanzenfam. 1(3): 405. 1902.
Trichostomum sulphuripes Müll.Hal., Nuovo Giorn. Bot. Ital., n.s. 3: 103. 1896 (fide 

Chen 1941: 210).
Trichostomum nodiflorum Müll.Hal., Nuovo Giorn. Bot. Ital., n.s. 5: 176. 1898 (fide Chen 

1941: 210).
Didymodon handelii Broth., Symb. Syn. 4: 39. 1929 (fide Chen 1941: 210). Type: 

People’s Republic of China, Setschwan, in montis Gonschiga a monasterio Muli, 
branches, 4500 m, Handel-Mazzetti 3084 (MO, isotype).
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Figure 4. Exobryum rufidulum (drawn from type of Didymodon handelii Broth.), inferred as the central 
progenitor of Exobryum. A. Sporophytic plant, with three capsules illustrated. B. Perigoniate plant. C. 
Perichaetial leaf. D–E. Cauline leaves. F. Leaf apex, adaxial. G. Leaf apex, abaxial. H. Leaf section near 
apex. I. Leaf section near base. J. Basal laminal cells. K. Stem section. Scale bars: a＝1 mm for A–B, 
50 µm for F–K; b＝0.5 mm for C–E.
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Stem central strand present or absent. Leaves weakly spreading when wet, 1.2–1.5 mm 
long, narrowly lanceolate, apex narrowly acute, leaf margins narrowly recurved to 1/2–2/3, not 
decurrent, leaf base elliptical or little differentiated in shape, distal laminal cells 8–10 µm, 
lamina unistratose, costa at midleaf 2–4 cells across, adaxial costal cells either quadrate 
distally or quadrate but also grading to elongate near apex, basal laminal cells rectangular near 
insertion, rarely differentiated throughout leaf base, not porose. Specialized asexual 
reproduction absent.

Exobryum rufidulum is discussed and illustrated by Chen (1941: 210) and by Wang et al. 
(2016), and is discussed by Kučera & Ignatov (2015).

Exobryum rufidulum (Fig. 4) matches well the predicted “missing link” of Zander (2016), 
viz. “Exobryum progenitor: Leaves narrowly channeled, carinate; distal laminal papillae 
simple; moist areas; Exobryum sp., unknown ancestral taxon 3 bits, 0.89 BPP”. The stem 
central strand is lacking in Miehe & Miehe 12874 but present albeit weak in Handel-Mazetti 
3084, and Wang et al. (2016) also found it present. In various collections and within 
collections the costa is either attenuate, distally thin, and has 2 rows of elongate adaxial cells, 
or remains thick distally and has about four rows of adaxial cells. The adaxial costal cells in 
the isotype, Giraldi s.n., are elongate in the distal 1/3 of the leaf but quadrate in the central 1/3 
of the leaf. The ancestral morphotype is probably much like a morphological fusion of 
progenitors of the Didymodon segregates Vinealobryum R.H.Zander and Geheebia Schimp, as 
emended by Zander (2013), lacking the specializations of the costal terminal thin spot and 
thick dorsal stereid band of the former and the completely elongate ventral costal cells of the 
latter. The occurrence on branches of this putative progenitor is curiously similar to the habitat 
of the more primitive species of the family Streptotrichaceae (Zander 2018).

6. Exobryum zanderi (Afonina & Ignatova) R.H.Zander, comb. nov.
Didymodon zanderi Afonina & Ignatova, Arctoa 16: 133. 2007. Type: Russian 

Federation, southern Siberia, Transbaikalia, Agin-Butyat Autonomous Area, 
Alkahanai National Park, Afonina 08607 (MO, paratype).

Stem central strand present. Leaves often widely spreading-recurved when wet, 
1.5–2.0 mm long, broadly acuminate to evenly narrowing distally, apex acute to nearly 
ligulate, not kinked, leaf margins narrowly recurved in middle 2/3, not decurrent, leaf base 
little differentiated or oval, distal laminal cells 13–15 µm, lamina unistratose, costa at midleaf 
2–3(–4) cells across, adaxial costal cells quadrate above elliptical leaf base or quadrate and 
also grading to elongate near apex, basal laminal cells rectangular, not porose. Specialized 
asexual reproduction absent.

This species is illustrated and discussed by Afonina & Ignatova (2007) and Kučera & 
Ignatov (2015).

Exobryum zanderi is much like E. rufidulum but differs in leaves broadly acuminate to 
evenly narrowing distally, larger, 1.2–1.4 mm long, costa slightly narrower, 2–3 cells wide as 
opposed to 2–4 cells wide, and apex acute to narrowly obtuse. It is perhaps a recently derived 
species given its rather intermediate morphology between E. rufidulum and E. asperifolius. A 
distinctive trait of at least the Asian specimens seen is the dark red laminal cell walls 
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distinctive against the deep green of the cell lumens, visible in the images of Wang et al. 
(2016). Exobryum zanderi may be confused with Fuscobryum nigrescens but has short-
lanceolate leaves, unipapillose on the dial margins, the costa is slightly broader, 2–3 cells wide 
abaxially versus 2 cells wide abaxially in F. nigrescens, and the basal cells are rectangular and 
parallel with the costa rather than rhombic and divergent.

III. Fuscobryum R.H.Zander, Framew. Post-Phylogenet. Syst. 98. 2013.
Didymodon sect. Didymodon subsect. Fuscobryum (R.H.Zander) Jan Kučera, Arctoa 24: 

91. 2015. syn. nov.

Fuscobryum R.H.Zander includes three species and is well characterized by Zander 
(2013: 98). The species of the genus, F. nigrescens (Mitt.) R.H.Zander, F. perobtusum (Broth.) 
R.H.Zander, and F. subandreaeoides (Kindb.) R.H.Zander are distinguished and described by 
Zander (2007c: 541ff). Representative specimens examined are not given here. For 
comparison with the traits involved in distinguishing species in the other genera of Barbuleae 
subtribe Rufidulinae studied here, a key is presented below. The three species of Fuscobryum 
are well grouped and distinguished in the Kučera & Ignatov (2015) molecular study.

Fuscobryum nigrescens, the putative progenitor (Zander 2013: 82, 2014c: 9), is similar to 
E. asperifolius in the sheathing perichaetial leaves, crenulate distal leaf margins, and thin 
costa, but plants of F. nigrescens are blackened, the peristome is short but somewhat twisted, 
as is the conic operculum, perichaetial leaves are even more strongly sheathing and long-
tapering, the stem central strand is absent or present but weak, the leaves are acuminate above 
a distinctly ovate base, the basal laminal cell walls are often thickened but not porose, and are 
usually spreading from the insertion as a fan of short-rectangular to rhomboidal cells from the 
insertion, and the distal laminal cells usually have at (1–)2–4 low, simple to bifid papillae per 
lumen (sometimes fused as a cap), best seen in the youngest, least colored or incrassate leaves. 
The adaxial costal cells of F. nigrescens are usually elongate but may be quadrate distally or 
just near the apex, those of F. perobtusus are usually quadrate distally but elongate cells may 
occasionally extend to near the leaf apex, those of F. subandreaeoides are quadrate near leaf 
apex but entirely elongate in specialized reduced leaves. The two descendant species, F. 
perobtusum and F. subandreaeoides, are reduced in morphologic complexity, and have 
advanced specializations quite different from those of Exobryum species, indicating that F. 
nigrescens has a rather different evolutionary trajectory or evolvability potential (ability to 
respond to selective pressure) than E. rufidulum, the putative in-group progenitor of 
Exobryum.

Key to species of Fuscobryum
1. Leaves dimorphic: cochleariform, epapillose leaves present on fragile branchlets or portions 

of some stems  ·································································· F. subandreaeoides
1. Leaves monomorphic  ·················································································· 2
2. Plants often with sporophytes; leaf apices acute; gemmae absent  ················  F. nigrescens
2. Plants without fruit; leaf apices obtuse; clusters of unicellular gemmae almost always 
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present in leaf axils  ·································································  F. perobtusum

Discussion
There is much literature evaluating the comparative worth of morphological traits, 

reviewed by Hillis & Wiens (2000), Huelsenbeck (1991), Lee (2004, 2006), Olmstead & 
Scotland (2005), Scotland et al. (2003), and Sites et al. (1996). In the context of these papers, 
my more positive take on morphological data sets is as follows: (1) morphological studies 
involve nearly complete samples of variation, not small random extractions from a much 
larger data set, and do not need a statistical evaluation of the extent to which they represent a 
larger congruent set, (2) morphological data are, like certain DNA sequences, to some extent 
affected by trait reversals because saturated with changes but techniques similar to selecting 
sparsely mutated sequences may be applied to extract information, (3) the morphological data 
in phylogenetic analysis are few because trimmed of data determining autapomorphies, which 
help distinguish higher taxonomic categories, and morphological traits are difficult to score 
although important in the “look and feel” of omnispection, (4) although the source of all 
change is random (even exaptions), all morphological traits must be considered subject to 
selection for the researcher to avoid unwarranted statistically based inferences that assume 
neutral evolution, (5) a polythetic classificatory system may better represent evolution of 
expressed traits, to the extent such can be resolved, given that molecular phylogenies do not 
directly track adaptive evolution, and (6) ancestor-descendant relationships being signaled by 
molecular paraphyly is an appropriate classificatory and explanatory idea in that, although 
molecular data continue evolving after a split (and the molecular “ancestor” necessarily 
disappears anagenetically), expressed traits may not disappear, and a long-surviving extant 
ancestor (say, experiencing stabilizing selection) may generate several extant daughter species 
(Zander 2007a). 

Support of one morphological step can be of considerable evolutionary explanatory 
significance as morphology is determined by one or more exons, regulator genes, and 
promoter sequences, though this is poorly evaluated in bootstrapping (a process that removes 
major integrative traits bit by bit during analysis). Whether to assign weights to morphological 
traits is debatable only in individual cases because all “accepted” morphologically based 
branch arrangements are massively weighted through prior determination of stability and 
correlation with other traits after repeated sampling. Certainly the apparent low ratio of signal 
to noise in morphological data disappears when phyletic constraint is considered, such as 
when evolutionarily distant taxa are evaluated, e.g. (rat, mouse) bird, slug.

Cladistics is now 50-year-old technology. Even the influential Compleat Cladist book 
(Wiley et al. 1991) is more than 25 years old. Cladistics is a modified hierarchic cluster 
analysis, and, like phenetics diagrams, the relationships in a cladogram are not a true model of 
evolution. This is because in nature one set of traits of a group of species do not split into two 
sets of traits each applicable to two subsets of species through processes of natural selection or 
even drift. It is time to abandon what is essentially the last gasp of phenetics, and (1) use serial 
ancestor-descendant models to diagram evolution, and (2) abandon classification by cladistic 
“principles” that split or lump higher taxa without reflecting a process in nature.
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In the Pottiaceae, one can now see Oxystegus and Pseudosymblepharis lumped into 
Chionoloma (Alonso et al. 2016), Pleurochaete into Tortella (Grundmann et al. 2006), and the 
families Cinclidotaceae, Ephemeraceae and Splachnaceae lumped into Pottiaceae (Goffinet et 
al. 2009; Goffinet & Buck 2018) solely based on order of sister group nodes. Cladistic 
principles are cladists’ reaction to not being able to visualize in an enforced dichotomous 
cladogram the naturally multichotomously radiative clusters of ancestor-descendant species 
(see diagrams by Zander 2018: 76, 79). Strict phylogenetic monophyly is an imposition 
forcing a semblance of monophyly on dichotomous dendrograms that do not model 
evolutionary processes. The results of phylogenetic analysis are taxa that are classified but 
uncomprehended.

Of importance is comparing differences between cladograms and between cladograms 
and caulograms. Often cladograms show different relationships between the same species. One 
cladogram may have a lower support value (BPP) than another for a species order. Simply 
using Bayes Formula using one BPP as prior may leave that cladogram with higher support 
with some credibility. But, the Bayes Formula assumes that a 0.50 BPP means an equivocal 
measure, such that any compared BPP for a different test remains the same. On the other hand, 
a cladogram with, say, 0.50 BPP is not equivocal, it only means that one of many alternatives 
has this highest measure and there are many more with lower BPPs. The same is true for any 
BPP of a cladogram higher than 0.50, in that the measure represents rather large support for 
one of many branch arrangements. Therefore, the proper comparison is with Bayes Factors 
(BF), which is simply comparing two studies (different results from two different sequences 
with different gene histories) by the fraction of the highest BPP divided by the lowest BPP, 
expressed as a decimal number. Following Jeffries (1961), support from a BF from 3 to 10 is 
substantial, from 10 to 100 is strong, and more than 100 is decisive. A more stringent criterion 
was proposed by Kass & Raftery (1995), where support from 3 to 20 is positive, from 20 to 
150 is strong, and more than 150 is very strong. Given that a morphospecies has a minimum of 
two distinctive traits, and that two traits may be viewed as two bits of Shannon information, 
which translates to 0.80 BPP, any higher molecular support for a different clustering of much 
the same taxa must be divided by 0.80 to give a relevant Bayes factor. Such support is 
necessarily less than impressive.

Like all phylogenetic study, molecular analysis depends on trait commonalities among 
species. There are two kinds of commonalities, identical homologous shared traits and similar 
shared traits. Cladistics is restricted to the former. Macroevolutionary systematics allows or 
encourages recognition of similarities in autapomorphies that appear to reflect evolutionary 
tendencies or relationship-revealing phyletic constraint unique to a higher taxon. In the present 
study, the three genera, Aithobryum, Exobryum and Fuscobryum are in part distinguished by 
aspects of apparent distinctive evolutionary trajectories, namely by asexual reproductive 
types—specialized asexual reproduction absent, modified caducous leaf tips, and fragile 
branchlets or unicellular gemmae, respectively.

Molecular analysis
Molecular analysis using parsimony or Markov chain Monte Carlo methods provides 

certain evolutionary information, namely (1) general cladogram clustering of related species, 
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(2) demonstration of considerable distance of unrelated species, and (3) heterophyly 
(paraphyly or short-distance polyphyly), which implies an ancestor-descendant relationship. I 
have detailed my objections to the overly broad, deterministic, mechanistic inferences that 
affect classification made in the phylogenetic literature from molecular phylogenetic analysis 
in Zander (2013: 51ff, 110; 2014b; 2016: 322; 2018: 74ff).

Salient problems include (1) small samples, (2) conflicting studies, (3) reuse of data 
contributing to small samples and absence of experimental replication, (4) no molecularly 
native taxon concept, (5) misidentifications, and (6) “cryptic taxa” founded only on the 
phylogenetic principle that excludes one taxon giving rise to another of equal or higher rank. 
Here only those major difficulties relevant to the Kučera & Ignatov (2015) study of 
Didymodon s.lat. are discussed. Of particular importance are (1) missing links cannot be 
inferred in phylogenetics, because only shared traits are considered informative of evolution, 
(2) combining data sets of different gene histories achieve novel cladograms reflecting an 
invented gene history unlike those generated by the individual sets, (3) molecular relationships 
that are different between two sequences or between molecular and morphologically based 
analytic results, and (4) heteroplasy, which is radiation of anagenetically distinct molecular 
strains or races that separately generate their own species-level lineages, leading to molecular 
paraphyly and short-distance polyphyly.

All cladograms imply that there is information linking all terminal taxa. Yet many highly 
modified descendant taxa surviving in lieu of their extinct generalist ancestor require 
inferences of the missing link of a progenitor to allow caulograms with reasonable numbers of 
steps between taxa (see Zander 2016: 328, 2018: 10, 71). Any evolutionary modeling that 
requires analysis of deep relationships at the genus level will have missing links that are not 
modeled as evolutionary realities in cladistic studies. 

As to heteroplasy, there is no evidence that nodes in a molecular cladogram represent 
speciation events. Splits in molecular lineages may occur either within a species or during 
speciation. There is no native species definition for molecular data alone. The order of splitting 
may be quite different from the order of branching of a molecular cladogram. This is because, 
as in morphological studies, a node represents the shared molecular traits of all species distal 
on the cladogram, and the next more distal node represents the traits of all species in a subset 
of those species. Because dichotomy is enforced as optimal, trait reversals during analysis are 
tolerated even though minimized by initial selection of sequences with sparse, not-overwritten 
data. In any case, sets of molecular traits giving rise to two subsets of molecular traits on a 
cladogram is not a model of molecular evolution, it is a cluster analysis and has limited value. 

At this point, the value of Bayesian support measures in molecular systematics, 
particularly those promising absolute certainty (1.00), may be questioned. Even so-called 
statistical certainty is limited by a number of sigmas (standard deviations) less than infinity. 
Cladistic optimality requires compatibility with a dichotomous tree, be it parsimonious or 
Markov chain. Bayesian measures on molecular trees are dubious at best. Problems with 
statistics in science, including statistics of dichotomization, are reviewed by Amrhein et al. 
(2019). Some molecular studies have identified paraphyletic exemplars as representing cryptic 
species with some morphological support. Given much variation of traits within the species, of 
course some morphological traits may correlate with the molecular, but there is never analysis 
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of degree of support for any alternative cladogram, i.e. no correction for multiple tests (as 
extensively discussed by Zander 2013).

Self-nesting laddering (Zander 2013: 53), where morphospecies progenitors may rise to 
terminal positions on a molecular cladogram by continuing as a mutating molecular race 
remains a problem. Ideally progenitors should be basal in any lineage of their descendants but 
stasis by some combination of long-lived habitat and stabilizing selection is not an option in 
molecular analysis. In a molecular tree that includes many descendants of one progenitor, the 
progenitor may appear anywhere or nowhere in the dichotomous cladogram, or in two or more 
places at once (Zander 2013: 110). The model of a series of adaptive bursts in expressed traits 
avoids laddering. It explains why highly specialized morphotaxa may be low in a molecular 
cladogram—they are highly adapted remnants of largely extinct ancient groups.

Understanding the results of analysis of molecular races may be facilitated by Fig. 5. A. A 

Figure 5. Inference of monophyly of molecular races from published cladograms. See text for 
explanation. A. A single exemplar of a species (“a”) may represent a molecular race complex. B. A 
number of branches of a multifurcation of one species (“a”) has no information on molecular races. C. 
Two branches of a single-species multifurcation that share a sequence change imply a distinct molecular 
race. D. Paraphyly of “a”, where “b” is an apophyletic species. E. Three apophyletic species are bracketed 
by two paraphyletic molecular races, “a1” and “a2”. F. An average monophyly breadth of 4.5 nodes imply 
about 4 apophyletic species; the relationships of species “a” and its apophyletic descendants is thus 
monophyletically distinguished, also, species “f” is distinguished from species “a” and descendants 
because “f” does is excluded by the breadth of “a”. G. In this molecular cladogram of single species 
exemplars, a sliding window of 9 molecular nodes of uncertainty shows the possible average molecular 
paraphyly range for each species.
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single exemplar of a species (“a”) may be simply one sample of a molecular race complex, and 
has greatest uncertainty of order of speciation. B. A number of branches of a multifurcation of 
one species (“a”) with five branches may be all of one sequence or two or more, although the 
branches do not share any new traits. C. The only published proof of a molecular race is if two 
branches (“a2” and “a3”) of a single-species multifurcation share a sequence change not found 
in the other branches of the multifurcation, i.e., there are two demonstrable molecular races in 
this diagram. D. Paraphyly is when a second species is interpolated among the nodes of two or 
more branches to one species; here “b” is an apophyletic species, while “a1” and “a2” are two 
exemplars of the same species representing two molecular races. E. Three apophyletic species 
are bracketed by two molecular races, “a1” and “a2.” F. One species has, on average in the 
present study, a monophyly breadth of 4.5 molecular nodes, and on average may encompass 
about 4 apophyletic species; species “a” (represented by exemplars “a1” and “a2”) is thus 
monophyletically distinguished to a large extent from species “f”, “g” and “h”, and, also, 
species “f” is well-distinguished from species “a” and its apophyletic species because “f” does 
not overlap as it is excluded by the breadth of “a”. G. In this molecular cladogram of single 
exemplars, because an average of 4.5 nodes may be encompassed by unsampled or extinct 
paraphyly, a sliding window of 9 molecular nodes of uncertainty (on the right) shows the 
possible hidden or unsampled paraphyly range for each species, thus monophyly through 
serial descent is possible for each species within this wide range.

Macroevolutionary systematics as an alternative 
Given that cladogram nodes are not named, and in fact are not real things in nature, 

details of cladistic relationships are not readily translatable to evolutionary relationships 
without considerable evaluation of other information dealing with serial ancestor-descendant 
relationships. Such analysis of direct descent is commonly possible for fairly recent taxa, and 
is described and exemplified by Zander (2007b, 2008, 2009, 2010, 2013, 2014a, 2014b, 2014c, 
2016, 2017, 2018, 2019) in a series of papers developing macroevolutionary systematics.

Each trait of a descendant that represents an advance over its ancestral species gets one 
informational bit (Shannon entropy). Bits are directly translatable to Bayesian posterior 
probabilities: 1 bit＝0.67 BPP (nearly 1 standard deviation); 2 bits＝0.80 BPP; 3 bits＝0.88 
BPP, 4 bits＝0.94 BPP (nearly 2 standard deviations); etc. Given that a species requires at 
least two new traits (linked by some process like genetic isolation) to distinguish it from its 
ancestor (one trait could just be an allele wandering through the genome), then support for a 
lineage is commonly very high indeed. Bits can be added because they represent probability 
greater than 0.50 and are logarithmic.

The systematist can investigate Shannon entropy by (1) clausal closure (using past 
classifications as starting points, identifying potential radiative clusters by connecting, by a 
kind of gerrymandering on a molecular cladogram, those taxa that fit closed causal groups); 
(2) Husserlian purification (eliminating species that do not fit a step-wise taxon-to-taxon 
transformation); (3) homology assessment (identifying traits that are theoretically the same 
traits increases Shannon entropy by decoding the fact that they are in different species, and 
theoretically sufficiently neutral to survive in a different environment or evolutionary 
trajectory); and (4) macroevolutionary evaluation with an analytic key detailing inferred 
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ancestor-descendant lineages.
Unless one can see nothing but cladograms, anyone familiar with a group of more than 

two or three species can intuitively identify one or more central species around each of which 
there is a cloud of apparent descendants that are more similar to the progenitor than to each 
other. This can be clarified by creating a spreadsheet (an analytic key) with putative 
progenitors in one column and their descendants in the column to the right. If the descendants 
have descendants of their own, use a third column. One should be able to create such a 
spreadsheet with no or few trait reversals.

Basically, instead of expecting a dichotomous tree to represent/model/give information 
on evolution, one should expect radiations of specialized species from more generalized 
progenitors, these progenitors arranged in a series, often branching. One gets a tree similar to a 
series of mini-explosions. A genus is then definable as each explosion of short lineages of 
radiating specialized species from a central progenitor. This is an empirical definition of an 
evolutionary genus, i.e., the dissilient genus.

The principle of strict phylogenetic monophyly is of nested shared sets of traits, not of 
serial evolution of ancestor and descendant. This principle is not necessary in 
macroevolutionary analysis. Cladistics has no innate empirical taxon or category of 
classification, while macroevolutionary theory identifies a cluster of a central generalist 
species with one or more specialized descendant species as the genus, i.e., the next higher 
taxonomic category.

Combining two data sets
Combining data sets, particularly molecular and morphological, has long been a problem 

in phylogenetic systematics (Olmstead & Sweere 1994; Pennington 1996; Givnish & Sytsma 
1997; Graham et al. 1998; and particularly Weins 1998). Systematics research now avoids 
classifications based on expressed traits (e.g., morphology) as central sources of information. 
Instead, apparent non-coding molecular sequences are preferred (though not always available 
with the appropriate rate of mutation for a particular level of phylogenetic analysis) with the 
justification that these avoid convergence (by, through neutral evolution, avoiding selection) 
and simply track speciation events (now narrowly defined as splits in molecular trees).

There are limits to such an assumption of resistance to selection as reviewed by 
Rieseberg & Burke (2001) and Hillis et al. (1996: 11). Some studies have found false support 
for branch arrangements due to wrong models or poor taxon samples (e.g., Philippe & 
Douzery 1994; Naylor & Brown 1998; Soltis et al. 2004; Hedtke et al. 2006). For “deep 
phylogeny” more slowly changing bases in genes are used in spite of the fact that genes used 
in analysis may be subject to selection at sometimes wildly different rates (Jian et al. 2007) 
and exhibit parallelism or convergence (e.g., Rodman et al. 1998).

Weins (1998) concluded, quite rightly, that to the extent data sets are generated by a 
common history, they may be combined, and those areas of conflict should be identified by 
separate analysis and flagged as unresolved or dubious. The two assumptions for combined 
analysis (Hillis et al. 1996) are that the two data sets reflect same evolutionary tree and that the 
same evolutionary processes are involved. Neither may be true in regard to morphological data 
in the cladistic context, or to molecular data about different gene trees. Examples in the total 
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evidence literature of support or a lack of negative effect of combined morphological data sets 
on the molecular results alone are many. When morphological data generate evolutionary trees 
conflicting with molecular clustering of taxa, there should be strong credibility issues. One 
way that phylogeneticists avoid such issues is to map morphological changes on a molecular 
cladogram, ignoring the fact that such distribution of expressed traits involved in evolution can 
be highly non-parsimonious given their importance in taxonomy.

Combining two molecular data sets can result in a third cladogram topology unlike those 
of the other two cladograms because data not important in the first two studies may combine to 
create well-supported but rather random results. For this reason, information from cladograms 
derived from two separate sequences is preferred in the present study over that from a 
cladogram of combined sets. If two molecular cladograms contradict each other, the results 
should be deprecated unless one of them is unreasonable by judging it to be the result of 
complex genetic histories that are not now understood. As an analogy, if one walks to a traffic 
light that has both green and red lights lit, one does not combine the data and march forward 
halfway across the street then stop (or even walk half as fast as usual). One throws out the data 
and instead looks both ways. If the green light is a bit brighter than the red, one does not walk 
2/3 of the way across then stop. This is the same with comparing the results of a 
morphological and a molecular study.

If they are not compatible, then the molecular data and their interpretation need to be 
evaluated first because molecular data is expected to mirror the process of evolution of the 
morphospecies. There is nothing wrong with molecular data as such if well sampled, but data 
critical for evaluating the evolutionary relationships of molecular races may be unsampled, 
poorly sampled, or impossible to sample because extinct or merely ignored because 
considered uninformative given a method that relies solely on shared traits and avoids 
multichotomies.

Significance of this study
This is the first paper detailing how classical systematics based on apprehension of 

morphological evolutionary relationships may produce acceptable monophyletic 
classifications in the face of apparently contrary classifications based on molecular 
phylogenetics. This is the first macroevolutionary paper to also successfully discover a missing 
link previously predicted in a macroevolutionary diagram. Valid information from 
phylogenetics (clustering, distance, and heterophyly) counts as informational bits, using the 
Shannon-Turing model of informational bits and sequential Bayes optimization advanced 
previously (Zander 2013, 2018) in the context of morphological analysis of progenitor-
descendant relationships. Recognition of autapomorphies as distinguishing specialized 
descendants in the context of taxon to taxon descent is critical in modeling evolution for 
classification. Molecular resolution here empirically quantified at the level of nine contiguous 
nodes is very poor in aiding classification by evolutionary relationships. If uncertainty in 
molecular monophyly is limiting, then one should base systematic analysis on evolutionary 
units comprised of expressed traits, namely species, which encompass and better reflect all 
their molecular races extant or extinct.
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Representative specimens of Aithobryum and Exobryum examined
Aithobryum bistratosum: U.S.A. California, Los Angeles Co., Seminole Hotsprings, 

Sagar TS 437B (MO). SPAIN. Prov. Cadiz, environs de Ronda, 820 m elev., Hébrard I–14488 
(MO, isotype of Didymodon bistratosus Hébrard & Pierrot).

Aithobryum norrisii: U.S.A. California, Lake Co., along Manning Creek, Hwy 175.6 km 
W of Lakeport, 400 m elev., Toren s.n., February 5, 1999 (MO). Plumas Co., Beckwourth RD 
Happy Jack, tributary to Middle Fork Feather River, 3 km N of Graeagle, 1525 m elev., 
Dillingham 1473 (MO).

Aithobryum rivicola: CHINA. De-Qin Co., along old Province Highway 214 between km 
road markers 1933–1934, 3440 m elev., Shevock 49141 (MO). NEPAL. Below Surdsha Cunda, 
Miehe & Miehe 8576 (MO).

Exobryum asperifolium: CANADA. Alberta, Mountain Park Divide, Cardinal River 
Divide, Vitt 33470 (MO). British Columbia, Mt. Roosevelt, Churchill Peak Area, Wokkpash 
Lake, Vitt 19844 (MO). Labrador, Torngat Mountains, N side of Sennerkitte Valley, 500 m 
elev., Hedderson 5281 (MO). Manitoba, ridge between Fort Churchill and Churchill village, 
Crum & Schofield 7338 (CANM). Newfoundland, Flower’s Cove, St. Barba, Tuomikoski s.n., 
July 24, 1949 (MO). Nunavut, Bathurst Island, Davey’s Lake and vicinity, Ireland 16656 
(MO). Quebec, Mingan Archipelago National Park Reserve, Petite Ȋle Marteau, Hedderson 
7525 (MO). Yukon Territory, above Dezadeash River, near mile 1022, Alaska Highway, 700 m 
elev., Crum & Schofield 6573 (MO). U.S.A. Alaska, Seward Peninsula, N of Nome, Anvil 
Peak, Steere 12849 (MO); Mt. Hultin, Schofield 78156 (MO). Colorado, Clear Creek Co., 
Summit Lake, 3911 m elev., Zander 4064 (MO); Boulder Co., Silver Lake Valley, Boulder 
Watershed, trait from Island Lake to Lowermost of the Triple Lakes, 3400 m elev., Weber & 
LaFarge B–43763 (MO). Wyoming, Park Co., Beartooth Plateau, Cooke City to Red Lodge 
Highway, head of Wyoming Creek, Weber B–44226 (MO). AUSTRIA. Carinthia, above 
Helligenblut, 2360 m elev., Townsend 91/528 (MO). NORWAY, Nordlands amt, Saltens 
District, Sørfold, Hagen s.n., August 12, 1892 (MO), Hagen 232 (MO). SLOVAKIA. Mones 
Bélské Tatry, Mt. Havran, 2150 m elev., Pilous 299 (MO). SWITZERLAND. Bern, 
Weissenfluh, 2350 m elev., Culman 17629 (MO).

Exobryum fragilicuspis (＝D. gaochienii and D. murrayae): CANADA. British 
Columbia, Wokkpash Lake, SW shore, Mt. Roosevelt-Churchill Peak area, Schofield 66568 
(MO). CHINA. Sichuan, Song Pan Co., km 142, hwy. Huangshengguan to Zhangia, 3000–
3040 m elev., Redfearn 35186 (MO). INDIA. Kashmir, vallée Brahma, ca. 3700 m elev., no 
collector, s.n., July 9, 1913 (H, holotype of Didymdon fragilicuspis Broth.). U.S.A. Alaska, 
Kodiak National Wildlife Refuge, Spridon Peninsula, Chief Cove Area, Talbot 68-25 (MO).

Exobryum hedysariforme: RUSSIAN FEDERATION, Tuva, South Siberia Mountains, 
Todginskaya Valley, Tooro-Khem Village, 850 m elev., Otnyukova s.n., July 18, 2011 (MO).

Exobryum johansenii: CANADA. Alberta, Banff National Park, ca. 16 km W of 
Eisenhower Jct., near Baker Creek, 1520 m elev., Crum & Schofield 4363 (MO); Jasper 
National Park, mouth of Snake Indian River, Vitt 38502 (MO).

Exobryum rufidulum: CHINA. Setschwan, in montis Gonschiga, monasterio Muli, ca. 
4500 m elev., Handel-Mazzetti 3084, (MO, isotype of Didymodon handelii Broth.). Schen-si, 
Kuan-tou-san, Giraldi s.n., July, 1894 (“com. Brotherus”) (JE, isotype of Barbula rufidula 
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Müll. Hal.). NEPAL. Upper Langtang, W lateral moraine, 4880 m elev., Miehe & Miehe 12874 
(MO). 

Exobryum zanderi: RUSSIAN FEDERATION. Southern Siberia, Zabaikalski Territory, 
Drasnochikoysky District, Atsa River basin, Atzinskiy Sanctuary, 450 m elev., Afonina 3011 
(MO); Agin-Butyat Autonomous Area, Alkhanai National Park, Arschan Creek, Afonina 08607 
(MO, paratype of Didymodon zanderi Afonina & Ignatova).
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