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Summary

e Species in the genus Sphagnum create, maintain, and dominate boreal peatlands through
‘extended phenotypes’ that allow these organisms to engineer peatland ecosystems and
thereby impact global biogeochemical cycles. One such phenotype is the production of peat,
or incompletely decomposed biomass, that accumulates when rates of growth exceed decom-
position. Interspecific variation in peat production is thought to be responsible for the
establishment and maintenance of ecological gradients such as the microtopographic hum-
mock-hollow gradient, along which sympatric species sort within communities.

e This study investigated the mode and tempo of functional trait evolution across 15 species
of Sphagnum using data from the most extensive studies of Sphagnum functional traits to
date and phylogenetic comparative methods.

e We found evidence for phylogenetic conservatism of the niche descriptor height-above-
water-table and of traits related to growth, decay and litter quality. However, we failed to
detect the influence of phylogeny on interspecific variation in other traits such as shoot den-
sity and suggest that environmental context can obscure phylogenetic signal. Trait correla-
tions indicate possible adaptive syndromes that may relate to niche and its construction.

e This study is the first to formally test the extent to which functional trait variation among

Sphagnum species is a result of shared evolutionary history.

Introduction

Boreal peatlands, dominated by Sphagnum peat mosses, occupy
less than one-tenth of the Earth’s landmass yet store over one-
quarter of the terrestrial carbon stock (Gorham, 1991; Yu, 2012).
Sphagnum species both create and modify these environments
through ‘extended phenotypes’ that enable them to outcompete
other plant life (Dawkins, 1982; Jones ez al., 1994; van Breeman,
1995). One such phenotype is the production of peat, or incom-
pletely decomposed biomass, that results when rates of growth
exceed those of decomposition. It has been speculated that
Sphagnum has more influence on global carbon cycling than any
other genus of plants because of the accumulation of carbon
stored in peat (Clymo & Hayward, 1982).

In addition to affecting biogeochemical cycles, Sphagnum has
been a model for community structure and niche differentiation
(Horton etal., 1979; Vitt & Slack, 1984; Belyea, 2004). Inter-
specific variation in the propensity of Sphagnum to produce peat
contributes to the establishment and maintenance of ecological
gradients along which sympatric species sort within communities
(Rochefort eral, 1990; Rydin & Jeglum, 2013). Such niche
differentiation permits as many as 20 or more species of
Sphagnum to co-occur within some peatlands.

Certain species of Sphagnum form elevated hummocks while
other species live in hollows at or near the water table. The
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hummock-hollow gradient is thought to be related to rates of
growth and decomposition with hummock-forming species both
growing and decaying more slowly than hollow-dwelling species
(Reader & Stewart, 1972; Johnson & Damman, 1991; Hogg,
1993; Hajek, 2009). Position along the hummock-hollow gradi-
ent is phylogenetically conserved, meaning that closely related
species tend to be more similar than species selected at random
from the peat moss phylogeny (Johnson eral, 2015). Indeed,
phylogenomic analyses of Sphagnum suggest that predominantly
hummock-forming and hollow-inhabiting clades within the
genus diverged relatively early in the evolution of peat mosses
(Shaw et al., 2016). As niche preference with regard to the hum-
mock-hollow gradient is phylogenetically conserved and this gra-
dient is thought to result from interspecific variation in
Sphagnum functional traits, it may be that the traits themselves
are phylogenetically conserved.

Some comparative studies on Sphagnum have addressed inter-
specific functional trait variation, but most such studies have
compared just a few species (for example Johnson & Damman,
1991; Belyea, 1996; Limpens & Berendse, 2003). Nevertheless,
many authors have made the generalisation that hummock-
forming species share a suite of functional traits that correlates
with their typical positions relative to the hummock-hollow gra-
dient. The most extensive studies on Sphagnum functional traits
to date sampled 15 species, quantified intraspecific trait variation
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and included both laboratory and field measurements (Bengtsson
etal., 2016, 2018). In their first paper, Bengtsson ez al. (2016)
found support for trade-offs between traits, such as growth and
decay, using traditional statistical methods and suggested that
one plausible inference of phylogenetic relationships (Johnson
etal., 2015) accounts for 6—26% of trait principal component
variation in phylogenetic multiple regression models. However,
their consideration of phylogeny was limited to a single tree and
did not therefore incorporate phylogenetic uncertainty. In a sec-
ond paper, Bengtsson ez al. (2018) showed that for the same sam-
ples used in their 2016 study, the trade-off between growth and
decay is largely determined by the quality of the litter and that lit-
ter quality may differ between subgenera, as evidenced by tradi-
tional ANOVA and PCA analyses. Both studies from Bengtsson
eral. attempted to incorporate phylogenetic relationships into
their comparative analyses, as has become increasingly common
in ecological studies of organismal traits or habitat preference
(Anacker eral., 2014; Valverde-Barrantes eral., 2014; Cadotte
etal., 2017), but did not specifically test for phylogenetic signal
in their ecological data, nor did they test trait correlations using
phylogenetic comparative methods. Bengtsson ez al. (2018) used
taxonomy as a proxy for phylogenetic relationships.

Evidence for phylogenetic signal can come from multple
sources and the degree of concordance among these sources can
help to establish confidence in a hypothesis that such signals exist
in the data. One approach is to use different methods for assess-
ing the presence of phylogenetic signal; the likelihoods of various
evolutionary models can be compared, or the signal can be quan-
tified with metrics and explicitly tested against predictions under
phylogenetic independence. Model selection based on minimis-
ing an information criterion score does not necessarily imply that
the null model is false given a particular significance level because
information criteria provide relative model support and do not
constitute formal hypothesis tests. However, if models are nested
then likelihood ratio tests can be implemented. Furthermore,
failing to account for uncertainty in the true phylogeny and
intraspecific variation (Ives etal, 2007) could contribute to
improperly rejecting a null hypothesis of phylogenetic indepen-
dence.

Through the utilisation of phylogenetic comparative methods
and previously published trait data (Bengtsson eral, 2016,
2018), this study seeks to rigorously evaluate the influence of
phylogeny on interspecific functional trait and niche descriptor
variation while accounting for intraspecific variation and phylo-
genetic uncertainty. Specifically, we aim to test, first, whether
Sphagnum functional traits are phylogenetically conserved; sec-
ond, how these traits co-vary with one another when phylogeny
is taken into consideration; and, third, which traits are correlated
with the microtopographic hummock-hollow niche gradient.

Materials and Methods

Trait and niche descriptor data

Trait and niche descriptor data were obtained from Bengtsson
etal. (2016, 2018). These datasets were chosen as they include
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the greatest number of species (N=15) in any available study
of Sphagnum traits. The species included represent a small
fraction of the 350-500 species in the genus Sphagnum (Shaw
etal, 2010; The Plant List, 2013), yet are a substantial
component of the dominant taxa found at northern laticudes
and therefore have nontrivial ecological impacts. The same
species and samples were used to generate both datasets. The
species investigated include . angustifolium (Russow) C.E.O.
Jensen, S. balticum (Russow) C.E.O. Jensen, S. capillifolium
(Ehrh.) Hedw., S.contortum Schultz, S.cuspidatum Ehrh. ex.
Hoffm., S.fallax (H. Klinggr) H. Klinggr., S. fiscum
(Schimp.) H. Klinggr., S. girgensohnii Russow, . lindbergii
Schimp., 8. magellanicum Brid., S. majus (Russow) C.E.O.
Jensen, S. papillosum Lindb., S.rubellum Wilson, S. tenellum
(Brid.) Brid. and S. warnstorfii Roll. The niche descriptor
height-above-water-table and 22 functional traits related to lit-
ter quality, stand structure, decomposition rate, growth rate
and photosynthetic capacity were selected from the Bengtsson
studies for further analyses (Table1). Data for plant length
increase, shoot density, bulk density, biomass increase per
shoot and biomass increase per area were restricted to field
season 2012 as this was when the niche descriptor data were
collected. Each trait and niche variable had at least four sam-
pling points for each species. Sphagnum magellanicum Brid.
was treated a single taxon in accordance with other recent eco-
logical studies (Bengtsson eral, 2016, 2018; Mazziotta etal.,
2018) despite the current taxonomic status of S. magellanicum
sensu lato as a species complex (Hassel ezal., 2018).

Sequence data and phylogenetic reconstruction

Gene sequences for 16 loci were used for phylogenetic recon-
struction. These sequences were obtained from the GenBank
database and an in-house database containing unpublished data.
Each of the 15 species was represented by at least two loci, with
an average of 10 loci per species. Plastid loci included photosys-
tem II reaction centre protein T (psé7), ribulose-bisphosphate
carboxylase large subunit (7bcL), plastid ribosomal gene (1p/16),
RNA polymerase subunit beta (7poC1), ribosomal small protein
4 (rps4), RNA(Gly) (UCC) (#712G) and the trnl (UAA) 59 exon-
trnF (GAA) region (trnl). Nuclear loci included a ribosomal
internal transcribed spacer (/79), two introns in the LEAFY/FLO
gene (LL and LS) and five anonymous regions (415, ATGc89,
rapdA, rapdB and rapdF). One mitochondrial locus, an intron
within the nicotinamide adenine dinucleotide (NADH) protein-
coding subunit 5 (7ad5), was included. Associated accession
numbers are given in Supporting Information Methods S1.
In total, 37 of the 156 included sequences were previously
unpublished (c. 24%).

Each locus was aligned using MarrT (Katoh & Standley,
2013) and alignments were manually refined using ALIVIEW
(Larsson, 2014). These refined alignments were concatenated to
produce a final dataset of 12788 molecular characters. Each
locus was assigned to a separate dataset partition with plastid
loci treated as a single partition. Phylogenetic inference was per-
formed using the program BEasT 2 (Bouckaert eral., 2014). A
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Table 1 Trait and niche variables used in comparative analyses.
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Variable Description Category Study

Mass loss in field Mass loss under field conditions (%) Decomposition  Bengtsson et al. (2016)
Mass loss in laboratory Mass loss under laboratory conditions (%) Decomposition  Bengtsson etal. (2016)
Height-above-water-table Distance between water table and top of plant shoots (mm) Niche descriptor  Bengtsson et al. (2016)

Litter nitrogen concentration
Litter carbon concentration

Litter C: N ratio

Litter phosphorous concentration

Holocellulose concentration
Sphagnan concentration

Cation exchange capacity
Soluble phenolic concentration

Insoluble Klason lignin concentration
Soluble Klason lignin concentration
Total Klason lignin concentration
Absorbance ratio

Shoot density

Bulk density

Length increase

Biomass increase per shoot
Biomass increase per area
Photosynthetic capacity per shoot

Concentration of nitrogen as % of dry litter mass (mg g™")

Concentration of carbon as % of dry litter mass (mg g~ ")

Ratio of carbon concentration to nitrogen concentration in dry litter

Concentration of phosphorous in perchloric acid-treated litter
(mgg™"

Concentration of polysaccharides in chlorite-treated litter (mg g~")

Concentration of hot-water hydrolyzable pectic polysaccharides
(mgg™"

NH,* exchange capacity at pH 7.0; proxy for unesterified pectic
polysaccharides (meq g~ ")

Concentration of acetone-soluble simple phenolics with 4-
hydroxybenzoic acid standard (mg g~ ")

Concentration of acid-insoluble lignin-like polyphenolics (mg g~")

Concentration of acid-soluble lignin-like polyphenolics (mg g~")

Concentration of total lignin-like polyphenolics (mg g~ ")

Ratio of light absorbance at 205 nm to absorbance at 280 nmin
acid-digested litter; proxy for carbohydrate chemical degradability

Number of shoots per unit area for field season 2012 (cm~2)

Shoot mass per unit volume for field season 2012 (g cm—3)

Shoot length increase for field season 2012 (mm)

Biomass increase per shoot for field season 2012 (g)

Biomass increase per unit area for field season 2012 (g cm~?)

CO, net exchange rate per shoot (mgh™")

Litter quality
Litter quality
Litter quality
Litter quality

Litter quality
Litter quality

Litter quality
Litter quality
Litter quality
Litter quality
Litter quality
Litter quality

Stand structure
Stand structure

Bengtsson et al. (2018)
Bengtsson et al. (2018)
Bengtsson etal. (2018)
Bengtsson et al. (2018)

Bengtsson et al. (2018)
Bengtsson et al. (2018)

Bengtsson et al. (2018)
Bengtsson et al. (2018)
Bengtsson et al. (2018)
Bengtsson et al. (2018)
Bengtsson et al. (2018)
Bengtsson et al. (2018)

Bengtsson et al. (2016)
Bengtsson et al. (2016)

Photosynthetic capacity per dry weight
Photosynthetic capacity per area

CO, net exchange rate per unit dry mass (mgg~"h™")
CO, net exchange rate per unit area (mgcm 2h™")

Growth Bengtsson et al. (2016)
Growth Bengtsson et al. (2016)
Growth Bengtsson et al. (2016)
Photosynthesis ~ Bengtsson et al. (2016)
Photosynthesis ~ Bengtsson etal. (2016)
Photosynthesis ~ Bengtsson et al. (2016)

Data are from Bengtsson et al. (2016, 2018). A short description and category are provided for each trait or niche descriptor. The species investigated
include Sphagnum angustifolium (Russow) C.E.O. Jensen, S. balticum (Russow) C.E.O. Jensen, S. capillifolium (Ehrh.) Hedw., S. contortum Schultz,
S. cuspidatum Ehrh. ex. Hoffm., S. fallax (H. Klinggr) H. Klinggr., S. fuscum (Schimp.) H. Klinggr., S. girgensohnii Russow, S. lindbergii Schimp.,

S. magellanicum Brid., S. majus (Russow) C.E.O. Jensen, S. papillosum Lindb., S. rubellum Wilson, S. tenellum (Brid.) Brid. and S. warnstorfii Roll.

log-normal uncorrelated relaxed clock branch length prior was
assigned to each dataset partition (Drummond eral, 20006).
Site and substitution models were inferred during the phyloge-
netic analyses with BMODELTEST (Bouckaert & Drummond,
2017).

Resolution of deep nodes in the Sphagnum phylogeny were
weakly supported in analyses like the one described here based
on limited numbers of loci, so we enforced reciprocal mono-
phylly of the clade containing species in subgenera Sphagnum
and Acutifolia relative to that containing species in subgenera
Cuspidata and Subsecunda because this topology was strongly
supported in previous analyses based on organellar (plastid,
mitochondrial) genome data (Shaw eral, 2016). Three repli-
cate BEAST 2 analyses were conducted with each chain allowed
to run for 100 million generations. For each analysis, a 10%
burn-in was applied and logs were stored every 100 000 gener-
ations. Convergence and acceptable mixing were evaluated
using TRACER (Rambaut eral, 2018) and the R package
‘RwTY (Warren etal., 2017). Tree files for the three analyses
were concatenated and the resulting posterior distribution of
2703 trees was summarised into a maximum clade credibility
tree with median node heights using TREEANNOTATOR within
the BEasT 2 toolkit.
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Modelling continuous trait and niche descriptor evolution

Phylogenetic comparative methods were used to determine
which model of evolution best fit each continuous functional
trait and niche descriptor. Model fitting was performed using
the ‘GEIGER’ package (Pennell ezal, 2014) in the R statistical
programming environment (R Core Team, 2018). For each
variable, five commonly used models of evolution were evalu-
ated: White Noise (WN), Brownian Motion (BM), Orn-
stein—Uhlenbeck (OU), delta (8) and lambda (A). White Noise
served as the null model in which the species values are indepen-
dent of phylogenetic relatedness. The BM model (Felsenstein,
1985) predicts that variance in trait or niche descriptor values
increases at a constant rate proportionate to evolutionary
distance, with more closely related species having more similar
values, indicating that the variable has phylogenetic signal. The
OU model (Martins & Hansen, 1997), described by some
authors as a model of stabilising selection (Buter & King,
2004), also predicts phylogenetic signal but values are allowed
to trend towards some optimal value. Two additional models, A
and 9, allow for deviations in the BM model (Pagel, 1999). In
the A model, a trait or niche variable can have phylogenetic sig-
nal that is weaker than predicted under the BM model; a A
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value of zero is equivalent to the WN model and a A value of
one is equivalent to the BM model. Finally, the 8 model pre-
dicts phylogenetic signal with value changes concentrated
towards either the base (§<1) or tips (8>1) of the tree; a §
value of one is equivalent to the BM model. The BM model is
nested within the OU, A and & models while the WN model is
nested within all four other models.

Data for each trait and niche descriptor were assessed for
normality using a Shapiro—Wilk test (Shapiro & Wilk, 1965).
Raw data for mass loss in the field, plant length increase, cation
exchange capacity and shoot density were natural log-
transformed to meet assumptions of normality present in the
evolutionary models. A negative reciprocal transformation was
applied to litter phosphorous concentration data. Model fitting
utilised both the maximum clade credibility (MCC) tree and a
randomly selected set of 1000 trees from the Bayesian posterior
distribution to account for topological uncertainty. As
intraspecific variation and/or measurement error can affect phy-
logenetic comparative methods (Ives ezal, 2007), trait and
niche variable means and associated standard error estimations
for each species were included as input data for models incor-
porating phylogenetic signal. Models were evaluated under
maximum likelihood with a small-sample-size corrected version
of the Akaike information criterion (AICc) and the model with
the lowest AICc score was preferred (Burnham & Anderson,
2002). Preferred models that incorporate phylogenetic signal
were also required to be significanty different from the null
WN model in likelihood ratio tests for acceptance. Addition-
ally, the maximum likelihood value for Pagel’s A was estimated
and its significance was evaluated with a likelihood ratio test
against a null model in which A was constrained at zero.
Blomberg’s K (Blomberg ez al., 2003) was estimated as another
test of phylogenetic signal and the significance of the observed
K value was evaluated with 1000 permutations of the data
using the R package ‘PicanTE” (Kembel ez al, 2010). A value of
one for Blomberg’s K corresponds to the BM model and values
larger than one indicate that the trait or niche descriptor has
more phylogenetic signal than predicted under the BM model.
Significance testing for likelihood ratios, Pagel’s A values and
Blomberg’s K values across the set of trees from the posterior
distribution were adjusted using the Benjamini—Yekutieli pro-
cedure to control the false discovery rate at 0.05 for multiple
comparisons under dependence (Benjamini & Yekutieli, 2001).

Trait and niche variable correlations

Pairwise trait and niche variable correlations (N=253) were
assessed with linear regressions under ordinary least squares
(OLS). Data for mass loss in the field, mass loss in the labora-
tory, height-above-water-table, sphagnan concentration, cation
exchange capacity, soluble phenolic concentration, insoluble
Klason lignin concentration, total Klason lignin concentration,
shoot density, length increase, biomass increase per shoot, pho-
tosynthetic capacity per area and photosynthetic capacity per
dry weight were natural log-transformed for regression analyses
to meet assumptions of residual error normality. A negative
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reciprocal transformation was applied to litter phosphorous con-
centration data. Residual errors were tested for heteroskedastic-
ity with Breusch—Pagan tests (Breusch & Pagan, 1979) and for
autocorrelation with Durbin—Watson tests (Durbin & Watson,
1950, 1951). Regression models with autocorrelated or
heteroskedastic residuals were evaluated using generalised least
squares (GLS) with the R package ‘NLME™ (Pinheiro eral,
2018).

Several papers have suggested that the application of phyloge-
netic regression is inappropriate unless the residuals, not the
variables themselves, possess phylogenetic signal (Revell, 20105
Uyeda eral., 2018). As such, each set of residual errors was also
evaluated for phylogenetic signal by fitting evolutionary models
on the MCC tree. Phylogenetic signal was determined by the
selection of a model incorporating phylogenetic signal based on
AICc score and rejection of the null WN model following a
likelihood ratio test. If a given set of residuals had phylogenetic
signal when either of the trait or niche variables was the
response, then the regression was evaluated using phylogenetic
generalised least squares (PGLS; Grafen, 1989; Martins &
Hansen, 1997), with the R package ‘caPErR’ (Orme ez al., 2018).
The MCC tree was used to estimate the evolutionary vari-
ance—covariance matrix for PGLS models. The P-values from
all regression models were then adjusted with the Ben-
jamini—Yekutieli procedure to control the false discovery rate.
The R coefficient was obtained using the R package ‘CAPER’
(Orme et al., 2018) for PGLS models and the R package ‘PIECE-
WISESEM’  (Lefcheck, 2016) for GLS models, although the
disputed definition of R in such models with correlated data is
noted (Nakagawa & Schielzeth, 2013; Ives, 2019).

For trait and niche variables possessing phylogenetic signal
consistent with the BM model, multivariate evolutionary mod-
els were fitted using the R package ‘MvMorreH’ (Clavel eral.,
2015) as additional tests of correlation. The niche descriptor
height-above-water-table and six functional traits were selected
for these analyses; these traits included mass loss in the labora-
tory, biomass increase per area, cation exchange capacity, sol-
uble  phenolic  concentration, insoluble Klason lignin
concentration and total Klason lignin concentration. For each
pair of variables, a bivariate BM model was fitted and the evolu-
tionary covariance between the variables was estimated. The
likelihood of this model incorporating variable covariance was
compared with a constrained model without covariance using a
likelihood ratio test and the resulting P-values were adjusted
using the Benjamini—Yekutieli procedure to control the false
discovery rate.

Data availability

Trait and niche descriptor data available from the Dryad Digital
Repository:  https://doi.org/10.5061/dryad.62054  Bengtsson
etal. (2016); https://doi.org/10.5061/dryad.4f8d2.2 Bengtsson
etal. (2018). The molecular dataset and phylogenetic trees avail-
able from the Dryad Digital Repository: https://doi.org/10.
5061/dryad.1{p853q.
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Results

Phylogenetic analysis

The dataset of 12788 molecular characters contains 12 127 con-
stant characters (94.8%), 454 variable parsimony-uninformative
characters (3.6%) and 207 parsimony-informative characters (1.6-
%). Within subgenus Cuspidata, the sister relationship of
S. balticum (Russow) C.E.O. Jensen to S. fallax (H. Klinggr.) H.
Klinggr. was resolved at 0.999 posterior probability, while the sis-
ter relationship of S. zenellum (Brid.) Brid to the clade containing
S. cuspidarum Ehrh. ex Hoffm. and S. majus (Russow) C.E.O.
Jensen was resolved at 0.996 posterior probability. Within sub-
genus Acutifolia, the sister relationship of S. fuscum (Schimp.) H.
Klinggr. to S. warnstorfii Roll was resolved at 0.612 posterior
probability. All other nodes in the phylogeny, with the exception
of the single constrained node, were resolved at 1.00 posterior
probability (Fig. 1). Substitution models for each dataset partition
inferred during phylogenetic inference are given in Table SI.

Evaluation of univariate evolutionary models

The evolutionary model that best describes the majority of traits
(16 of 22) is WN, suggesting a lack of phylogenetic signal
(Table 2). Discordance among the various methods for detecting
phylogenetic signal was absent for mass loss in the field, litter
C: N ratio, litter phosphorous concentration, holocellulose con-
centration, soluble Klason lignin concentration, shoot density,
bulk density, length increase, photosynthetic capacity per shoot
and photosynthetic capacity per dry weight providing strong sup-
port for the independence of phylogeny and interspecific varia-
tion in these traits. Model preference based on AICc scores
indicated that litter nitrogen concentration, litter carbon concen-
tration, sphagnan concentration, absorbance ratio, biomass
increase per shoot and photosynthetic capacity per area are phylo-
genetically conserved. However, likelihood ratio tests using both
the MCC tree and the posterior tree distribution did not reject
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the null WN model (Tables 2, S2). Sphagnan concentration had
significant values of Blomberg’s K for the MCC tree and of
Pagel’s A for both the MCC tree and 99.6% of the posterior tree
distribution, despite the inability to reject the null WN model
(Tables 2, S3). Absorbance ratio and biomass increase per shoot
also had significant values of Blomberg’s K for the MCC tree
contributing to discordance among methods (Table 2).

The BM model of evolution, incorporating phylogenetic sig-
nal, was preferred for the niche descriptor height-above-water
table and the other six traits (Table 2). Discordance among meth-
ods was absent for cation exchange capacity, insoluble Klason
lignin concentration and total Klason lignin concentration. Inter-
specific variation in mass loss in the laboratory, the niche descrip-
tor height-above-water-table, soluble phenolic concentration and
biomass increase per area is consistent with the BM model. How-
ever, likelihood ratio tests across the majority of the posterior tree
distribution failed to reject the null WN model after controlling
the false discovery rate (Tables2, S2). Furthermore, values of
Blomberg’s K for soluble phenolic concentration and height-
above-water-table were significant for the MCC tree, but not
different from randomised data for the posterior tree distribution
after controlling the false discovery rate (Tables 2, S3).

Trait and niche variable correlations

Fourteen of the 253 pairwise linear regressions between trait
and niche variables were significant at 2<0.05 after controlling
the false discovery rate (Table3). More than one-third of
regression models (37.5%) required the application of PGLS
(Table S4). Mass loss in the laboratory is negatively correlated
with litter quality measurements of soluble phenolic concentra-
tion, insoluble Klason lignin concentration and total Klason
lignin concentration. These litter quality measurements are pos-
itively correlated with one another. Litter C: N ratio is nega-
tively correlated with litter nitrogen concentration. Biomass
increase per shoot is negatively correlated with shoot density
and is positively correlated with both length increase and

 — S. magellanicum

Subgenus Sphagnum

Fig.1 Maximum clade credibility tree.

——— s papillosum

Species in the subgenera Sphagnum and
Acutifolia tend to form elevated hummocks,
while those in subgenera Subsecunda and
Cuspidata tend to occur in hollows at or near

S. girgensohnii

S. capillifolium

. rubellum

Subgenus Acutifolia

the water table. Nodes not supported at 1.0
posterior probability are labelled. The species
investigated include Sphagnum

. fuscum

. warnstorfii

. contortum | Subgenus Subsecunda

angustifolium (Russow) C.E.O. Jensen,

S. balticum (Russow) C.E.O. Jensen,

S. capillifolium (Ehrh.) Hedw., S. contortum
Schultz, S. cuspidatum Ehrh. ex. Hoffm.,

S. fallax (H. Klinggr) H. Klinggr., S. fuscum
(Schimp.) H. Klinggr., S. girgensohnii
Russow, S. lindbergii Schimp.,

S. magellanicum Brid., S. majus (Russow)
C.E.O. Jensen, S. papillosum Lindb.,

S. rubellum Wilson, S. tenellum (Brid.) Brid.
and S. warnstorfii Roll.
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Table 2 Summary of tests for phylogenetic signal in trait and niche variables.

Phylogenetic ~ Accepted  LRT Discordance
Variable signal model significance A (significance) K (significance)  (source)
Mass loss in field Absent WN na <0.001 (ns) 0.507 (ns) Absent
Mass loss in laboratory Present’ BMT o 1.000 (**) 1.370 (¥%*) Present
(LRT — posterior)
Height-above-water-table Present” BM® * 0.761 (*) 0.981 (*) Present

(LRT — posterior)
(Blomberg's K — posterior)

Litter nitrogen concentration Absent’ WNT ns <0.001 (ns) 0.790 (ns) Present

(AICc — Both)
Litter carbon concentration Absent’ WNT ns 0.852 (ns) 0.792 (ns) Present

(AICc - both)
Litter C : N ratio Absent WN na <0.001 (ns) 0.724 (ns) Absent
Litter phosphorous concentration Absent WN na <0.001 (ns) 0.560 (ns) Absent
Holocellulose concentration Absent WN na <0.001 (ns) 0.559 (ns) Absent
Sphagnan concentration Absent' WNF ns 0.720 (%) 0.960 (*) Present

(AICc — both)

(Pagel's A — both)
(Blomberg's K — MCC)
Cation exchange capacity Present BM ke 1.000 (%) 1.943 (*+*) Absent
Soluble phenolic concentration Present’ BMT *ok 1.000 (**) 1.175 (**) Present
(LRT — posterior)
(Blomberg's K — posterior)

Insoluble Klason lignin concentration Present BM ok 1.000 (**) 1.774 (**) Absent
Soluble Klason lignin concentration Absent WN na <0.001 (ns) 0.687 (ns) Absent
Total Klason lignin concentration Present BM ok 1.000 (**) 1.861 (%) Absent
Absorbance ratio Absent' WNF ns 0.662 (ns) 0.943 (%) Present
(AICc — both)
(Blomberg's K — MCC)
Shoot density Absent WN na <0.001 (ns) 0.707 (ns) Absent
Bulk density Absent WN na <0.001 (ns) 0.563 (ns) Absent
Length increase Absent WN na 0.110 (ns) 0.547 (ns) Absent
Biomass increase per shoot Absent’ WN' ns 0.658 (ns) 0.814 (*) Present
(AICc - both)
(Blomberg's K — MCC)
Biomass increase per area Present’ BMT ok 1.000 (**) 1.240 (**) Present
(LRT — posterior)
Photosynthetic capacity per shoot Absent WN na 0.036 (ns) 0.623 (ns) Absent
Photosynthetic capacity per dry weight ~ Absent WN na 0.093 (ns) 0.714 (ns) Absent
Photosynthetic capacity per area Absent’ WNT ns 0.583 (ns) 0.708 (ns) Present
(AlCc - both)

Variables were scored for the presence of phylogenetic signal based on the accepted evolutionary model using the maximum clade credibility tree (MCC)
and for the presence of discordance () among methods relative to the accepted model. Accepted models had the lowest corrected Akaike information
criterion (AlCc) score and those incorporating phylogenetic signal were distinguishable from the null White Noise model at P <0.05 in a likelihood ratio test
(LRT); significance of LRTs on the MCC is reported. If a model incorporating phylogenetic signal had the lowest AlCc score but was not different from the
null model in LRT(s), the null model was accepted and AlCc score was listed as a source of discordance. Pagel's & and Blomberg's K were calculated as addi-
tional metrics of phylogenetic signal and significance of these metrics was assessed with LRT(s) against a null model where & was constrained at zero and a
permutation test with 1000 permutations of the data, respectively. Values for Pagel's A and Blomberg's K on the MCC and their corresponding significance
was reported. The Benjamini—Yekutieli procedure was used to control the false discovery rate for all tests performed across the Bayesian posterior tree dis-
tribution. Sources of discordance are described for results from the MCC, across the majority of the Bayesian posterior tree distribution (Posterior) or both
the MCC and Posterior (Both) that conflict with the accepted evolutionary model. The species investigated include Sphagnum angustifolium (Russow)
C.E.O. Jensen, S. balticum (Russow) C.E.O. Jensen, S. capillifolium (Ehrh.) Hedw., S. contortum Schultz, S. cuspidatum Ehrh. ex. Hoffm., S. fallax (H.
Klinggr) H. Klinggr., S. fuscum (Schimp.) H. Klinggr., S. girgensohnii Russow, S. lindbergii Schimp., S. magellanicum Brid. S. majus (Russow) C.E.O. Jensen,
S. papillosum Lindb., S. rubellum Wilson, S. tenellum (Brid.) Brid. and S. warnstorfii Roll. BM, Brownian motion; WN, White noise; ns, not significant; na,
not applicable.

*, P<0.05; **, P<0.01; *** P<0.001.

photosynthetic capacity per shoot. The litter quality trait cation ~ with biomass increase per area. Plant bulk density is negatively
exchange capacity is positively correlated with both sphagnan  correlated with the growth trait of length increase. A
concentration and the niche descriptor height-above-water-  detailed summary of all linear regression models is given in

table, while sphagnan concentration is negatively correlated ~ Table S4.
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Table 3 Trait and niche variable correlation indicated by significant linear regression models.

Variable 1 Variable 2 Model Slope R R? Significance
Mass loss in laboratory Soluble phenolic concentration OLS —1.730 —0.872 0.761 ok
Mass loss in laboratory Insoluble Klason lignin concentration OLS -1.375 -0.815 0.663 *
Mass loss in laboratory Total Klason lignin concentration OLS —1.886 —0.838 0.702 *
Height-above-water-table Cation exchange capacity OLS 4.899 0.883 0.780 ok
Litter nitrogen concentration Litter C: N ratio OLS —-0.013 —0.992 0.984 oAk
Sphagnan concentration Cation exchange capacity OLS 0.901 0.804 0.646 *
Sphagnan concentration Biomass increase per area OLS —18.387 —0.830 0.689 *
Soluble phenolic concentration Insoluble Klason lignin concentration OLS 0.746 0.877 0.768 ok
Soluble phenolic concentration Total Klason lignin concentration OLS 1.003 0.884 0.781 ok
Insoluble Klason lignin concentration Total Klason lignin concentration GLS 1.329 0.997 0.994 ook
Shoot density Biomass increase per shoot PGLS —0.709 —0.889 0.790 ok
Bulk density Length increase PGLS —0.007 —0.840 0.705 *
Length increase Biomass increase per shoot OLS 0.631 0.822 0.676 *
Biomass increase per shoot Photosynthetic capacity per shoot OLS 39.323 0.838 0.702 *

Regression models were fitted under ordinary least squares (OLS) for each of the 253 variable pairs. Regression model residuals were evaluated for the
presence of phylogenetic signal using evolutionary models on the maximum clade credibility tree; acceptance of an evolutionary model incorporating the
presence of phylogenetic signal required such a model to have the lowest corrected Akaike information criterion score and be distinguishable from the null
White Noise model at P<0.05 in a likelihood ratio test. Models were evaluated under phylogenetic generalised least squares (PGLS) if the residuals had
phylogenetic signal and under generalised least squares (GLS) if either heteroskedasticity or autocorrelation was detected. The maximum clade credibility
tree was used to estimate the variance—covariance matrix for PGLS models. All tests of significance for regression models had 13 degrees of freedom. The
trend line slope when variable 1 is the response, R, R?, and significance were reported for those regression models that are significant at P < 0.05 following
control of the false discovery rate using the Benjamini—Yekutieli procedure. The species investigated include Sphagnum angustifolium (Russow) C.E.O.
Jensen, S. balticum (Russow) C.E.O. Jensen, S. capillifolium (Ehrh.) Hedw., S. contortum Schultz, S. cuspidatum Ehrh. ex. Hoffm., S. fallax (H. Klinggr) H.

Klinggr., S. fuscum (Schimp.) H. Klinggr., S. girgensohnii Russow, S. lindbergii Schimp., S. magellanicum Brid., S. majus (Russow) C.E.O. Jensen,
S. papillosum Lindb., S. rubellum Wilson, S. tenellum (Brid.) Brid. and S. warnstorfii Roll.

* P<0.05; **, P<0.01; *** P<0.001.

Multivariate BM models for trait and niche variables that pos-
sess phylogenetic signal indicated that most of these variables
have significant evolutionary covariance (Fig. 2). These variables
included the traits mass loss in the laboratory, cation exchange
capacity, soluble phenolic concentration, insoluble Klason lignin
concentration, total Klason lignin concentration and the niche
descriptor height-above-water-table. In total, 20 of the 21 bivari-
ate models were significant at < 0.05 after controlling the false
discovery rate. The model including the traits soluble phenolic
concentration and cation exchange capacity was the only model
not significantly different from a constrained model with covari-
ance absent. Mass loss in the laboratory has positive covariance
with biomass increase per area and negative evolutionary covari-
ance with cation exchange capacity, soluble phenolic concentra-
tion, insoluble Klason lignin concentration, total Klason lignin
concentration and the niche descriptor height-above-water-table.
Biomass increase per area has negative evolutionary covariance
with the litter quality traits and the niche descriptor height-
above-water-table. All other bivariate models indicated positive
covariance between variables. A detailed summary of all muld-
variate evolutionary models is given in Table S5. Seven of the 21
significant evolutionary models were also significant in linear
regression, while all significant regression models for these vari-
ables were also significant in evolutionary models (Table S6).

Discussion

Detectable phylogenetic signal is present for the niche descriptor
height-above-water-table and only a handful of traits (V=0)

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

investigated. Interspecific variation in height-above-water-table
and the traits mass loss in the laboratory, biomass increase per
area, cation exchange capacity, soluble phenolic concentration,
insoluble Klason lignin concentration and total Klason lignin
concentration is phylogenetically conserved and best explained
by the BM model of evolution. Variation among species for the
majority of Sphagnum traits (N=16) is independent of
phylogeny, suggesting that the traits are evolutionarily labile and
fast rates of evolution had erased any phylogenetic signal. Results
obtained from various methods of measuring phylogenetic signal
were not entirely consistent, as discordance between methods was
present for 10 of the 23 trait and niche variables and such discor-
dance may reflect the relatively small number of species included
in the dataset (N=15). When phylogenetic signal was detected,
the BM model was always accepted and the inability to prefer
models with additional parameters (Ornstein-Uhlenbeck, A, or &
models) might be due to the low statistical power associated with
small sample sizes (Blomberg ez al., 2003; Cressler ez al., 2015).
An important finding of this work is that some of the traits
hypothesised to drive interspecific variation along the hummock-
hollow ecological gradient are phylogenetically conserved. The
detection of phylogenetic signal in height-above-water-table in
this study is in accordance with a previous study of Sphagnum
niche preference (Johnson ez al, 2015) and the results presented
here suggest that mass loss in the laboratory, biomass increase per
area and various traits related to litter quality are also phylogenet-
ically conserved. Multivariate evolutionary models indicated sig-
nificant evolutionary covariance between the niche descriptor
height-above-water-table and the traits biomass increase per area,
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Mass loss in lab
Height-above-water-table

Cation exchange capacity

Soluble phenolic concentration
Insoluble Klason lignin concentration

Total Klason lignin concentration

Fig.2 Multivariate models indicated evolutionary covariance between trait and niche variables that have phylogenetic signal. Bivariate Brownian motion
evolutionary models were fitted for variables that have phylogenetic signal on the maximum clade credibility tree. Significance was assessed using
likelihood ratio tests against models constrained by the absence of evolutionary covariance between variables. Evolutionary covariance was scored as
positive (blue), negative (red), or absent (white). The Benjamini—Yekutieli procedure was used to control the false discovery rate. The species investigated
include Sphagnum angustifolium (Russow) C.E.O. Jensen, S. balticum (Russow) C.E.O. Jensen, S. capillifolium (Ehrh.) Hedw., S. contortum Schultz,

S. cuspidatum Ehrh. ex. Hoffm., S. fallax (H. Klinggr) H. Klinggr., S. fuscum (Schimp.) H. Klinggr., S. girgensohnii Russow, S. lindbergii Schimp.,

S. magellanicum Brid., S. majus (Russow) C.E.O. Jensen, S. papillosum Lindb., S. rubellum Wilson, S. tenellum (Brid.) Brid. and S. warnstorfii Roll.

* P<0.05; **, P<0.01; *** P<0.001.

mass loss in the laboratory, cation exchange capacity, soluble phe-
nolic concentration, insoluble Klason lignin concentration and
total Klason lignin concentration. However, the only trait related
to height-above-water-table in linear regression models is the lit-
ter quality trait of cation exchange capacity that may indicate that
the other relationships are nonlinear or which the number of taxa
sampled (NV=15) was insufficient to statistically support linear
relationships. Overall, there was support for the often quoted
tenet that Sphagnum species growing higher above the water table
tend to have lower decomposability, lower productivity and
higher litter concentrations of phenolics and pectic polysaccha-
rides (Turetsky ezal, 2008; Hajek eral, 2011; Limpens ezal.,
2017).

However, many traits hypothesised to be correlated with
height-above-water-table or decomposability had no detectable
phylogenetic signal and such widespread covariance was not evi-
dent from our analyses. Contrary to some previous observations
(Coulson & Butterfield, 1978; Bragazza eral, 2006) and in
agreement with others (Thormann eral, 2001; Moore eral.,
2007; Turetsky et al., 2008), litter C: N ratio is not significantly
correlated with measurements of decomposability or height-
above-water-table. No support was found for a relationship
between shoot density or bulk density and either height-above-

New Phytologist (2019) 223: 939-949
www.newphytologist.com

water-table or decomposability in disagreement with previous
studies that did not account for phylogeny (Hajek, 2009;
Elumeeva eral, 2011; Mazziotta etal., 2018). Indeed, even the
trade-off between rates of growth and decomposition per se
(Turetsky eral., 2008; Laing ez al., 2014) is only supported for
biomass increase per area and mass loss in the laboratory in mul-
tivariate evolutionary models consistent with recent analyses that
acknowledged that support for such a trade-off is weak (Mazz-
iotta et al., 2018). It should be noted, however, that the increased
probability of type II error associated with small sample size in
this study likely contributes in part to the observation of relatively
few significant regression models.

This meta-analysis highlights the importance of using phyloge-
netic comparative methods when addressing questions related to
the evolutionary history of organismal traits and correlations
between traits. Bengtsson eral. (2018) argued that clustering of
species in a traditional principal component analysis of litter
quality traits was an indication of ‘strong phylogenetic signal’.
Such an analysis does not address whether phylogenetic signal is
present in the data, nor does it account for nonindependence
between species. Bengtsson ez a/. (2018) also argued that phyloge-
netic signal could be inferred from the observation of significant
differences among subgenera in mean trait values following post

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust



New
Phytologist

hoc ANOVA tests. However, the problem of sample noninde-
pendence between and within subgenera remains and phyloge-
netic signal was not explicitly tested. Furthermore, variation
partitioning using redundancy analyses that treat taxonomic clas-
sifications as explanatory variables do not test for phylogenetic
signal. For example, Limpens ez a/l. (2017) employed such a strat-
egy and suggested that interspecific variation in Sphagnum holo-
cellulose concentration is driven by shared phylogenetic history, a
finding not recapitulated in this study. In summary, stating that
traits have phylogenetic signal is inappropriate and sometimes
positively misleading unless the methods employed are explicitly
testing for such signal. While Bengtsson eral (2016) utilised
phylogenetic multiple regression to quantify the extent to which
functional trait principal component variation is explained by
phylogeny, they first did not test the residuals for phylogenetic
signal to justify the inclusion of an evolutionary variance-
covariance matrix in the model and, second, did not show that
such a model was statistically distinguishable from a null model
with no phylogenetic covariance. Moreover, 37 of the 42 signifi-
cant pairwise linear correlations among litter quality traits and
decay reported in Bengtsson eral (2018) were not significant
when species were used as the units of comparison (rather than
replicates as in Bengtsson ezal., 2018) and regression residuals
were corrected for the presence of phylogenetic signal when
appropriate (Table S7). For example, Bengtsson eral (2018)
reported a significant positive linear relationship between mass
loss in the laboratory and litter nitrogen concentration, yet this
study found no such support.

These results also indicate that additional nuance may
sometimes be needed in the description of interspecific varia-
tion in Sphagnum traits. For example, phylogenetic signal is
present for mass loss in the laboratory but not for mass loss
in the field. Bengtsson ezal. (2016) suggested that the two
measurements are positively correlated (£=0.0006) but used
all replicates (N=155) as independent data points rather than
the number of species (N=15). In fact, all their assessments
of trait correlations inflated degrees of freedom by considering
each replicate to be an independent data point. When species,
rather than replicates, are treated as the units of comparison,
this correlation between mass loss in the laboratory and that
in the field is not evident (Table S8). Significant correlations
between mass loss in the laboratory and various other traits
were not observed for mass loss in the field. Laboratory-based
measurements of Sphagnum decay are perhaps more accurate
measurements of intrinsic biomass decomposability as field-
based measurements are more heavily influenced by environ-
mental input. If there is an interaction between field decom-
position rate estimates and the microenvironment in which
the experiment was conducted, as expected, results of such
analyses would likely vary from study to study depending on
the environmental impacts. Furthermore, annual variation in
environmental factors may impact the inference of phyloge-
netic signal. Biomass increase per area has phylogenetic signal
in a wet season (year 2012) but not in a dry season (year
2013) or when the data are averaged over both seasons

(Tables S9, S10). The limited growth of many Sphagnum
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species in drier seasons (Bengtsson eral, 2016) may influence
patterns of interspecific variation. However, such discrepancies
were absent in the other four traits for which data from mul-
tiple field seasons were gathered.

Since Darwin’s seminal publication of On the Origin of
Species (Darwin, 1859), biologists have recognised that phylo-
genetic history plays an essential role in shaping interspecific
variation in organismal traits. Phylogenetic conservatism, in
which closely related species tend to be more similar than
species selected at random from a phylogeny, has been previ-
ously invoked without sufficient evidence to explain patterns of
interspecific variation in various functional traits of Sphagnum
peat mosses. Indeed, generalities on how hummock species dif-
fer in functional traits relative to hollow species (that is those
that differ relative to height-above-water-table) have been based
on just one or a few hummock species compared with a similar
number of hollow species (for example Johnson & Damman,
1991; Belyea, 1996) before the studies of Bengtsson eral.
(2016, 2018). The results presented in this study suggest that
many Sphagnum traits investigated are in fact not phylogeneti-
cally conserved, perhaps because the traits are evolutionarily
labile and that a high rate of evolution has erased any phyloge-
netic signal. Although future studies that include a greater
number of species are likely to be required to fully describe the
suite of functional traits that underlie niche construction in
peat mosses, these results demonstrate phylogenetic conser-
vatism in traits related to Sphagnum growth, decomposability
and some aspects of litter quality, while providing evidence for
their correlated evolution with specificity along the ecological
hummock-hollow gradient.
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