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ABSTRACT

Ecologists have frequently observed a pattern of fungal succession during litter decomposition, wherein different fungal
taxa dominate different stages of decay in individual ecosystems. However, it is unclear which biological features of fungi
give rise to this pattern. We tested a longstanding hypothesis that fungal succession depends on the evolutionary history of
species, such that different fungal phyla prefer different decay stages. To test this hypothesis, we performed a
meta-analysis across studies in 22 different ecosystem types to synthesize fungal decomposer abundances at early, middle
and late stages of plant litter decay. Fungal phyla varied in relative abundance throughout decay, with fungi in the
Ascomycota reaching highest relative abundance during early stages of decay (P < 0.001) and fungi in the Zygomycota
reaching highest relative abundance during late stages of decay (P < 0.001). The best multiple regression model to explain
variation in abundance of these fungal phyla during decay included decay stage, as well as plant litter type and climate
factors. Most variation in decay-stage preference of fungal taxa was observed at basal taxonomic levels (phylum and class)
rather than finer taxonomic levels (e.g. genus). For many finer-scale taxonomic groups and functional groups of fungi, plant
litter type and climate factors were better correlates with relative abundance than decay stage per se, suggesting that the
patchiness of fungal community composition in space is related to both resource and climate niches of different fungal
taxa. Our study indicates that decomposer fungal succession is partially rooted in fungal decomposers’ deep evolutionary
history, traceable to the divergence among phyla.
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INTRODUCTION their activity to drive the decay of dead organic matter (i.e. lit-
ter) and influence ecosystem C cycling (Kjgller and Struwe 2002).
Fungal decomposer communities show patterns of assembly
similar to those observed among plant and animal communities
(Rayner and Boddy 1988; Lindner et al. 2011; Ottosson et al. 2014),
where different species become dominant at different points in

Decomposer fungi cycle up to 36 Gt carbon (C) per year through
soils (Talbot 2017), releasing ~3x more CO, to the atmosphere
annually than human emissions (Lal and Follett 2009; Giardina
et al. 2014). Nevertheless, we still have a limited understanding
of how fungal species in these diverse communities coordinate
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time (i.e. succession) (Odum 1969). It has been observed anecdo-
tally that closely related fungal species can dominate the same
stages of decomposition in different habitats (Fig. 1). If such a
phylogenetic pattern of fungal succession exists, it would sug-
gest that the assembly of decomposer communities—and per-
haps even the rate and process of decay—could be predicted
simply from where fungal species in a decomposer community
sit on the evolutionary tree of life. It would also suggest that the
biology of decomposer organisms is an important control over
their activity in nature, perhaps even more so than environmen-
tal factors (Zhang et al. 2008; Todd-Brown et al. 2012). Fungal suc-
cession is one of the most widespread and universal patterns of
community assembly and activity in ecosystem ecology (Kjgller
and Struwe 2002), so understanding key taxonomic features of
this process could bring insight into the biology behind one of
the largest fluxes of C and energy through the biosphere.

There are several competing hypotheses about how fungal
succession is structured phylogenetically across ecosystems.
One longstanding hypothesis is that fungal decomposer succes-
sion follows a predictable pattern according to species’ deep evo-
lutionary history, where species in different fungal phyla domi-
nate early and late stages of decay (Frankland 1998; Kjgller and
Struwe 2002; Treseder et al. 2014). Specifically, fungi in the phy-
lum Ascomycota are thought to proliferate earlier in decay than
fungi in the phylum Basidiomycota, because they possess dif-
ferential capacity for the breakdown of plant biopolymers that
change in relative abundance throughout decay (Osono 2007).
For example, the Basidiomycetes contain most of the white
rot fungi, which are thought to be the primary decomposers
of recalcitrant plant biopolymers like lignin (Rayner and Boddy
1988; Morgenstern, Klopman and Hibbett 2008) that have higher
concentrations later in decomposition (Berg and McClaugh-
erty 2014). In addition, fungal phyla differ in their inherent
growth rates and reproductive strategies; most Ascomycota can
reproduce either sexually or asexually and proliferate quickly
under favorable circumstances, whereas many Basidiomycota
are thought to be obligate sexual reproducers and so may grow
more slowly during the decomposition process (Webster and
Weber 2007). Such relationships between preferred decay stage
and the inherent growth rates of fungi would be consistent with
island biogeography theory developed for plants and animals,
which suggests that species with high reproduction and growth
rates are more likely to establish during the early stages of suc-
cession (MacArthur and Wilson 1967; Andrews et al. 1987). Never-
theless, it is unclear whether or not the preferred decay stage of
fungi (i.e. the stage at which each taxon reaches its highest rel-
ative abundance (Monkkonen et al. 2011; Treseder and Lennon
2015; Norros and Halme 2017)) can be traced back to the diver-
gence of fungal phyla. Early studies documented high abun-
dances of Ascomycota during early stages of decay at individual
study sites, based on fruiting bodies and culturing of fungal iso-
lates from wood and decomposing litter (Frankland 1966; Aneja
et al. 2006; Osono 2007; Voriskova and Baldrian 2013). However,
other fungal phyla (e.g. lineages in the phyla Zoopagomycota
and Mucoromycota) are important decomposers of plant matter
(White et al. 2006; Mundra et al. 2016) and no clear hypothesis
has been laid out regarding the decay-stage preference for these
lineages.

An alternative hypothesis is that there may be no deep evolu-
tionary roots to fungal succession and instead, fungi may prefer
different decay stages based on decay traits that evolve rapidly
within lineages. Recent studies of fungi have revealed that func-
tional traits (such as specialization in cellulose degradation) can
be overdispersed (i.e. not clustered among closely related taxa)

across fungal decomposer lineages (Hibbett and Donoghue 2001,
McGuire et al. 2010; Treseder et al. 2014) and functional traits of
fungi are often assigned at the genus level, rather than at higher
taxonomic levels (Treseder and Lennon 2015; Nguyen et al. 2016).
Indeed, important decomposer traits such as white rot or brown
rot decay biochemistries can vary among fungal genera within
families (Hibbett, Donoghue and Olmstead 2001) and seminal
review articles on fungal succession regard fungi as ‘important’
players in early or late stages of litter decomposition in different
ecosystems based on their genus-level classifications (Kjgller
and Struwe 2002; Osono 2007). For example, one emerging idea
is that fungal genera that act as foliar endophytes are some of
the earliest-acting decomposer fungi, as they are found in the
phyllosphere of live plants and may switch to decomposers after
leaf senescence (Promputtha et al. 2007; VotisSkova and Baldrian
2013). The hypothesis that decay-stage preference of decom-
poser fungi occurs primarily at the genus level is also consis-
tent with recent studies of plant and animal succession, which
suggest that phylogenetic relatedness is often not a sufficient
stand-in for similarity of ecological function (Losos 2008; Swen-
son and Enquist 2009; Purschke et al. 2013).

Physical and/or environmental factors may also interact with
fungal biology to shape community succession, such that the
taxonomic patterns of succession could be largely unique to
individual habitats, rather than universal across systems. While
certain fungal genera have been described as major players
in decomposition (e.g. Aureobasidium, Cladosporium, etc. (Kjgller
and Struwe 2002; Osono 2007)), the data that support this
claim come from mixed hardwood/coniferous forest ecosystems
that have similar climate conditions and plant species. Other
biomes can be dominated by different genera of decomposer
fungi (e.g. Stigmina in Mediterranean ecosystems (Pasqualetti
et al. 1999), Nigrospora and Pestalotiopsis in tropical ecosystems
(Osono et al. 2009), and Phoma in temperate grassland ecosys-
tems (Mincheva et al. 2014)), perhaps because fungal species
have different climate tolerances (Hawkes et al. 2011; Crowther
and Bradford 2013; Looby and Treseder 2018). Furthermore, plant
species can impact microbial decomposer community composi-
tion (Bollen 1953; Melillo, Aber and Muratore 1982; Kattge et al.
2011; Urbanova, énajdr and Baldrian 2015; Bruder et al. 2016;
Sayer et al. 2017) as can plant tissue type (e.g. leaf vs. stem)
(Fogel and Cromack 1977), potentially because plant species and
tissues vary in the initial chemical composition of their litter
(Bollen 1953; Fogel and Cromack 1977; Cornwell et al. 2008; Meier
and Bowman 2010; Kattge et al. 2011) and fungal species often
vary in their preference for plant biopolymer resources (McGuire
et al. 2010; Sinsabaugh et al. 2014). Indeed, recent observations
indicate that soil fungi can exhibit strong endemism at the
species level (i.e. ~85% of fungal species turnover in soil samples
that are 1000 km apart), as well as at the genus and family levels
(Talbot et al. 2014). If taxonomic patterns of fungal succession
are entirely unique to individual biomes, it would suggest that
our most widely used predictive models of terrestrial C cycling,
which ignore biological information about decomposer organ-
isms and instead use climate and plant characteristics to param-
eterize litter decay rates (Manzoni and Porporato 2009), are suffi-
cient to represent fungal activity in the terrestrial C cycle. On the
other hand, if a common taxonomic pattern of fungal succession
is detectable across regions with different climate and resource
environments when we control for climate and resource fac-
tors, it suggests that terrestrial C cycle models may bene-
fit from explicitly representing fungal taxonomy, as changes
in fungal community composition could disrupt the decay
process.
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Figure 1. Hypothesized changes in fungal decomposer community composition during litter decomposition (Kjgller and Struwe 2002; Berg and McClaugherty 2014).
The concentration of plant biopolymers changes as labile litter chemicals (i.e. soluble carbohydrates) degrade faster than recalcitrant material (i.e. lignin). Lines on
the relative abundance graph represent the change in relative abundance of the corresponding color-coded genera, as reported by Kjgller and Struwe (2002).

In this study, we aimed to answer two overarching ques-
tions about the taxonomic patterns and potential drivers of
fungal decomposer succession across ecosystems: (i) Is there a
common taxonomic pattern of fungal succession across ecosys-
tems (i.e. are the same fungi dominant at the same stages of
decay regardless of habitat)? and (ii) If so, at what point in
evolutionary history does a taxonomic pattern of fungal suc-
cession emerge? To answer these questions, we conducted a
meta-analysis of published fungal decomposer succession stud-
ies, including studies that have used recently developed high-
throughput DNA sequencing technologies, as well as studies
that used older culturing and microscopy techniques. Due to
longstanding precedent in the literature, we hypothesized that
there is a common taxonomic pattern to fungal decomposer
succession across different ecosystems and that the pattern
exists at the phylum level, where different fungal phyla prefer
(i.e. reach their highest relative abundance at) different stages
of decay. We also hypothesized that there would be a taxo-
nomic pattern to succession across studies that emerged at the
genus level, due to different resource specializations among fun-
gal genera (Hanson et al. 2008). However, we hypothesized that,
because fine taxonomic groups of fungi exhibit endemism (i.e.
species and genera) (Talbot et al. 2014), a taxonomic pattern to
succession across ecosystems would be detectable more so at
coarser taxonomic levels (i.e. phyla) than at finer levels of tax-
onomy (i.e. genera).

METHODS
Study dataset

We conducted a meta-analysis of fungal succession during plant
litter decomposition using published studies of fungal taxon

abundances reported for particular time points in the decay pro-
cess. Candidate studies were identified by searching literature
from 1950-2018 using the terms ‘fungal succession leaf litter’,
‘fungal succession decay’, ‘fungal succession waste’, ‘mycologi-
cal succession’, ‘fungi succession’ and ‘fungal diversity’ in Web
of Science (ISI). We then screened the methods and results sec-
tion to select primary research articles that included (i) rela-
tive abundance of individual fungal taxa (at the species level)
during experimental decomposition of plant litter, (ii) a tax-
onomic ID (i.e. genus, species name) and relative abundance
measure of individual fungi matched to a specific time point
since onset of decay (i.e. after time 0) and (iii) % litter mass
loss at each specific time point during decay (i.e. exact time
of the onset of decay was known, and litter mass was mea-
sured at onset of decay and at each sampling time point). Per-
cent litter mass loss follows a well-studied trajectory and is
regarded as a proxy for decay stage (Berg and McClaugherty
2014). A total of 1700 candidate fungal succession studies were
considered and 22 studies met the criteria for inclusion (Table
S1, Supporting Information). Studies spanned four biomes (tem-
perate, tropical or subtropical, Mediterranean and boreal) and
four broad plant categories: deciduous trees (11 studies), conif-
erous trees (4 studies), non-coniferous evergreens (2 studies),
grasses and herbs (5 studies) and shrubs (2 studies), as well as
four plant tissue types: leaf litter only (18 studies), stem and leaf
(2 studies), leaf and root (1 study) and reproductive tissue (beech
cupules; 1 study). One of three methods was used to quantify
fungal taxon abundances: culturing fungi from decomposed lit-
ter (17 studies), sequencing fungal rDNA extracted from litter
(4 studies used ITS rDNA for identification and 1 study used
18S rDNA) and counting the incidence of a taxon on decom-
posing litter samples using microscopy (1 study). For culture
studies, taxonomy was assigned to unique colonies or conidia.
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Relative abundance of each taxon was determined by calculat-
ing the percentage of litter samples that yielded each species
(11 studies), counting the number of conidia per unit dry litter
mass (6 studies) or estimating the population using the plate
count method (1 study). Sequencing studies measured taxon
abundances as raw counts of an operational taxonomic unit
(OTU), which were constructed in each study by using a 97%
sequence similarity cutoff and rarefaction (Table S1, Support-
ing Information). We considered OTUs to be individual fungal
taxa, because the 97% sequence similarity cutoff is known to
approximately delineate fungal species (Smith et al. 2007). Stud-
ies reported relative abundance data from 5 to 792 fungal species
(culture/microscopy studies: average 24, SD 17; sequence stud-
ies: average 414, SD 356). We assigned taxonomy to individual
species using the original taxonomic classifications from each
study and we assigned functional guild (white rot/brown rot,
endophyte/non-endophyte and yeast/filamentous) to species
according to published functional guild and life-strategy obser-
vations (Tedersoo, May and Smith 2010; Kurtzman, Fell and
Boekhout 2011). While the accepted taxonomy for some groups
has changed (i.e. Zygomycota is now know to comprise the phyla
Zoopagomycota and Mucoromycota (Spatafora et al. 2016)), we
use the older term ‘Zygomycota’ to maintain the taxonomic
assignments made in early culture and microscopy-based stud-
ies and to keep consistent taxonomic names across studies, as
most culture studies included in our meta-analysis were per-
formed before the taxonomic re-assignment of this phylum in
2016. The taxonomic distribution in the final dataset included
7 phyla, 27 classes, 125 orders, 277 families and 835 genera of
fungi, with 1 to 37 species per genus (average 2, SD 3).

Data acquisition

Fungal taxonomic identification, the relative abundance of each
taxon at each sampling time point and the % litter mass loss
at each sampling time point were obtained directly from each
study manuscript. In cases where fungal abundance and % litter
mass loss were provided graphically, data were extracted using
WebPlotDigitizer (Rohatgi 2014). Initial litter % C and N data
for plant species were either obtained directly from the study
manuscript (in the case of three of the four sequence studies)
or downloaded from the TRY database (Wilson, Baldocchi and
Hanson 2000; Kattge et al. 2011; Yguel et al. 2011; Wright and
Sutton-Grier 2012), which provides data aggregated from pub-
lished studies for a plant type. Initial C was available for 13 plant
species (across eight studies) and initial N was available for nine
plant species (across five studies). Mean annual temperature and
mean annual precipitation were obtained for each study loca-
tion, based on latitude and longitude of each study site, from
WorldClim’s bioclimatic variables (Fick and Hijmans 2017) using
R’s raster package (Hijmans 2016).

Data normalization and aggregation

Data were normalized in each study to the % relative abun-
dance of the total fungi detected in each sample ([detected abun-
dance of each taxon in each sample]/[total abundance of all taxa
detected in the sample] x 100). We chose to normalize data
from each study in this way because relative abundance is an
informative measure of community composition in both clas-
sic ecological studies (Peet 1974; James and Rathbun 1981) and
recent microbial sequence studies (Koenig et al. 2011; Fierer et al.
2012; Koren et al. 2013). Therefore, we normalized data from
all studies, regardless of measurement methodology (culture,

microscopy or DNA sequence) using this procedure. Data points
for use in all downstream statistical analyses were calculated by
averaging data by study, sampling time point, litter plant species
and litter tissue type (i.e. taxon abundances are averaged over
a sampling time point for a tissue type within a plant species
within a study). This data aggregation resulted in a total of 1 to
23 data points per study (average 7, SD 5) (culture/microscopy
studies: range 1 to 23, average 7, SD 5; sequence studies: range
6 to 15, average 9, SD 4), 7 to 162 data points per fungal phy-
lum (average 54, SD 53 data points per study) and 1 to 15 data
points per fungal genus (average 9, SD 5 data points per study).
Because using several observations from each study violated the
assumption of independence among data points that was nec-
essary for our subsequent statistical analyses, we accounted for
the effect of study by weighting data points by inverse variance
following Vevea and Hedges’ method (Vevea and Hedges 1995;
Marin-Martinez and Sdnchez-Meca 2010) prior to phylogenetic
and statistical analyses.

Phylogenetic tree construction

To test for a phylogenetic signal to fungal succession, we built a
phylogenetic tree representing taxa in all fungal genera detected
across the 22 studies using 28S sequences downloaded from the
SILVA ribosomal RNA database (version 128) (Quast et al. 2012).
Sequences were downloaded for 1-3 individual species in each
of 538 genera, and a single high-quality sequence was selected
as a representative of the genus. Selected sequences were
aligned to the SILVA SEED LSU nucleotide alignment and used
to construct a phylogenetic tree in RAXML using the GTRGAMMA
model of nucleotide substitution rates, with 100 bootstrap repli-
cates followed by ML optimization (Stamatakis 2014). The final
phylogeny was visually checked against the currently accepted
fungal phylogeny according to James et al. (2006), and Blackwell
et al.’s Fungal Tree of Life Web Project (James et al. 2006; Blackwell
et al. 2012).

Statistics

We tested the hypothesis that a common taxonomic pattern
to fungal decomposer succession exists across ecosystems by
analyzing relationships between the relative abundance of fun-
gal taxa, decay stage (represented by % original litter mass
loss) and other environmental variables (e.g. climate, plant cat-
egory) across studies. This analysis was conducted in two ways:
(i) by testing for relationships using the relative abundance of
fungi identified to the phylum level and the genus level without
accounting for phylogenetic relatedness (Fernandez et al. 2017)
and then (ii) testing for a phylogenetic signal to preferred decay
stage of each fungal genus (Monkkonen et al. 2011; Treseder et al.
2014; Norros and Halme 2017). For the first (non-phylogenetic)
analysis, we regressed relative abundance of fungal taxa against
% mass loss using a random effects generalized linear multi-
ple regression model (Yee and Mitchell 1991) that is commonly
used to model relative abundance data (Warton et al. 2015).
Separate regression models were run for either relative abun-
dance of individual fungal phyla or relative abundance of indi-
vidual fungal genera as the dependent variable. In addition to
% mass loss, other environmental variables (mean annual tem-
perature, mean annual precipitation, litter plant category and
litter tissue type) were used as independent covariates in each
model. To test the hypothesis that initial litter chemistry was
responsible for correlations between plant category or litter tis-
sue type and fungal taxon relative abundances, we replaced



plant category and tissue type with initial litter C and N in any
multiple regression models for which plant category or tissue
type showed a significant relationship with fungal taxon rela-
tive abundance. To obtain the final multiple regression model
that best explained variance in taxon relative abundances, a
combination of forward and backward selection (Yan and Su
2009) was applied using the stepAIC function in R’s MASS pack-
age (Venables and Ripley 2002). We focused our phylum-level
analysis on three major fungal phyla (Ascomycota, Basidiomy-
cota and Zygomycota), as they are the most frequently observed,
the most abundant and believed to be the most critical in the
decay process (Kjgller and Struwe 2002). To investigate the effect
of measurement method (sequence vs. culture) on fungal rel-
ative abundances, we analyzed the sequence and culture data
for each phylum both separately and together. While Ascomy-
cota were detected frequently in both study types, Basidiomy-
cota and Zygomycota were so infrequently detected in culture
studies that culture study data provided insufficient statistical
power to be informative for these two phyla. Therefore, data
from sequence studies only was used to determine the final
models for Basidiomycota and Zygomycota. However, for the
Ascomycota, analyses of DNA sequence data alone, culture data
alone and sequence and culture data together resulted in the
same final model (Table S2, Supporting Information). Therefore,
in order to use as much information as possible in our hypoth-
esis testing, we analyzed data from all methodologies together
for the Ascomycota. We focused our genus-level analysis on the
34 fungal genera detected in four or more biomes, as well as
5 additional fungal genera with succession patterns frequently
reported in individual studies (39 total). We regressed relative
abundance of each genus against % mass loss and environmen-
tal variables (i.e. mean annual temperature, mean annual pre-
cipitation, litter tissue type and litter plant category) using a
generalized additive model (GAM) (Wood 2007) to allow for test-
ing of non-symmetric response curves (Yee and Mitchell 1991).
Because some genera were identified in very few studies, we
used both sequence and culture data to maximize statistical
power in genus-level regressions. When performing regressions
for these 39 common and/or well-studied genera, we chose not
to adjust P-values for multiple comparisons because adjust-
ments increase the risk of false-negative errors and could result
in a failure to flag important correlations for future study (Roth-
man 1990; Gelman, Hill and Yajima 2012; Crowther et al. 2015);
this is especially true in the case of the analysis of nonrandom
natural/ecological observations (Rothman 1990; Crowther et al.
2015).

For the second (phylogenetic) analysis, we tested for a phy-
logenetic signal to preferred decay stage in two ways. First, we
determined the % mass loss of each genus’ highest relative
abundance, then fit a likelihood model for evolution of preferred
decay stage to the phylogenetic tree of fungal genera using the
fitDiscrete function in R’s geiger package (Harmon et al. 2008)
and compared it to a null model using a chi squared test. Sec-
ond, we determined the taxonomic level at which most varia-
tion in preferred decay stage can be detected using contribution
index calculated with the Phylocom software (Webb, Ackerly and
Kembel 2008). In this analysis, we also used the % mass loss of
each genus’ highest relative abundance as the dependent vari-
able, to reflect the ‘preferred decay stage’ of a genus. The con-
tribution index describes each node’s proportion of contribution
to the total variation of a given trait across a phylogenetic tree.
To test for whether the contribution index of each taxonomic
level (e.g. class, order and genus) to variation in preferred decay
stage among fungi differed significantly from other taxonomic
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levels, we ran an ANOVA with taxonomic level as the indepen-
dent variable and contribution index as the dependent variable.
Significant differences among taxonomic levels in contribution
index were detected using a Tukey post-hoc test (Enderlein 1970;
R Development Core Team 2011).

RESULTS

We found a common taxonomic pattern of succession across
studies at the phylum level, where the relative abundance of
Ascomycetes correlated negatively with % litter mass loss and
Zygomycetes correlated positively with % mass loss (Fig. 2).
However, the relative abundance of Basidiomycete fungi did not
vary significantly throughout decay. We also found a significant
phylogenetic signal to preferred decay stage of fungi (P < 0.001)
(Figure S1, Supporting Information). Partitioning the variance in
relative abundance of fungi across different taxonomic levels in
the phylogenetic tree (using the CI metric), we found that the
greatest variation in preferred decay stage occurred at the phy-
lum and class levels (P < 0.001) (Fig. 3). Fungi in the Ascomycota
were consistently of highest relative abundance across studies,
compared to fungi in other phyla (Figure S2, Supporting Infor-
mation), and correlated negatively with mean annual precipita-
tion and temperature (Figure S3, Supporting Information). Rel-
ative abundance of Ascomycetes also varied by plant category
and litter tissue type, having the highest relative abundance on
coniferous plants, leaves and stems (Figure S4, Supporting Infor-
mation). Zygomycete relative abundance correlated positively
with mean annual precipitation, as well as with plant category
and litter tissue type (Figures S3 and S4 and Table S2, Support-
ing Information), such that the relative abundance of fungi in
the Zygomycota was highest on litter from deciduous plants
and grasses/herbs. For both Ascomycota and Zygomycota, rel-
ative abundance correlated with initial litter C and N (Figure S4
and Table S3, Supporting Information), such that relative abun-
dance of Ascomycota correlated positively and Zygomycota cor-
related negatively with initial C and N of litters. Relative abun-
dance of Basidiomycetes did not correlate with any factor used
in our analysis (Table S2, Supporting Information). Insufficient
data was available to determine relationships between abun-
dance of other phyla (Chytridiomycota, Rozellomycota and Neo-
callimastigomycota) and any predictors (% litter mass loss, lit-
ter plant and tissue type, temperature and precipitation) across
studies.

The relative abundance of 9 of the 34 most cosmopolitan gen-
era (identified in 4+ biomes) varied significantly by % litter mass
loss (Fig. 4). Five genera had highest relative abundance dur-
ing early decay (Pestalotiopsis, Epicoccum, Umbelopsis, Aureobasid-
ium and Flagellospora), while Cladosporium reached two separate
peaks in relative abundance: one in early decay and the other
in late decay. The other three genera had highest relative abun-
dance during late decay (Mucor, Articulospora and Lemonniera). In
addition, environmental factors correlated significantly with the
relative abundance of the most cosmopolitan genera; plant cat-
egory correlated significantly with the relative abundance of Tri-
choderma, Cladosporium, Mucor, Penicillium, Umbelopsis, Cryptococ-
cus, Geniculosporium, Gyoerffyella and Lachnum, and tissue type
correlated significantly with the relative abundance of Phoma,
Xylaria, Cryptococcus, Epicoccum, Lachnum and Tetracladium. While
more genera were detected in DNA sequence studies than in
culture-based studies (480 in culture studies vs. 677 in sequence
studies), about two-thirds as many unique genera were found in
the culture studies as were found in the sequence studies. Tak-
ing both sequence and culture studies into account (836 genera
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Figure 2. Relationship between relative abundance of major decomposer fungal phyla and % litter mass loss during decay. Each point represents individual sampling
time point on a litter type in a published sequence study (n = 34 per phylum). Lines represent single linear regression model trend lines. P-values and adjusted R?

values represent the results of the single regression model for each phylum against % litter mass loss.

in total), decay-stage preference of fungal genera did not vary
by functional guild (e.g. white rot, brown rot, foliar endophytes)
(Figures S5 and S6, Supporting Information). However, the white
rot members of Basidiomycota varied significantly by plant cate-
gory and were particularly high on coniferous plant litter (Figure
S5, Supporting Information).

DISCUSSION

Fungal decomposer community composition has frequently
been observed to change through decay time (Frankland 1966;
Kjoller and Struwe 2002; Votiskova and Baldrian 2013; Treseder
et al. 2014), yet it is not clear which biological or environmen-
tal factors drive fungal decomposer succession or how they vary
across ecosystems. We hypothesized that there would be a com-
mon taxonomic pattern of fungal succession across ecosystems,
and that this pattern would be rooted in the evolutionary his-
tory of fungi, where different fungal phyla prefer early vs. late
stages of decay across ecosystems. In support of this hypothesis,
we found that fungi in the phylum Ascomycota preferred early
decay stages, while fungi in the phylum Zygomycota preferred
later decay stages (Fig. 2), suggesting that a set of fundamen-
tal biological principles underlie fungal activity in nature. How-
ever, we also found that the relative abundance of fungi in the
Basidiomycota remained relatively constant throughout decay.

Moreover, we found that the relative abundance of many fungal
lineages, including most fungal genera, do not vary predictably
with % mass loss during decay when taking climate and plant
litter factors into account. These observations support the idea
that different fungal taxa often have unique resource and cli-
mate niches, a feature of the kingdom which may contribute to
the regional endemism of terrestrial fungal communities (Talbot
et al. 2014). Nevertheless, a handful of widely distributed fun-
gal genera do have significant decay-stage preferences (Fig. 4)
and may have important roles in shaping fungal community
composition or the decomposition process at each stage of
decay.

Several aspects of fungal biology may contribute to decay-
stage preferences of certain fungal phyla during litter decompo-
sition. If Ascomycetes primarily target labile C sources during
decay, it may account for their high relative abundance early in
decomposition and allow them to persist at high relative abun-
dance throughout the decay process. Furthermore, asexually-
reproducing species in the Ascomycota could have faster rates
of growth and establishment relative to species in the Basid-
iomycota due to the lower energy cost of asexual reproduction
(Heitman, Sun and James 2013), as similar connections between
growth rate and dominance has been found for plant and ani-
mal communities (MacArthur and Wilson 1967; Odum 1969; Baz-
zaz 1979). While the Basidiomycota include specialized, effi-
cient lignin degraders (Morgenstern, Klopman and Hibbett 2008;
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Figure 3. The contribution of each taxonomic level to the total variation in pre-
ferred decay stage across the phylogenetic tree. Bars represent the mean con-
tribution index, calculated using aotf in Phylocom (Webb, Ackerly and Kembel
2008), for each taxonomic level (n = 9-207). Higher bars represent greater varia-
tion in preferred decay stage at that taxonomic level. Error bars represent stan-
dard errors around the mean.

Floudas et al. 2012), we found that lignin-degrading fungal gen-
era (i.e. white rot fungi) did not vary in relative abundance
during decay (Figure S5, Supporting Information). Recent stud-
ies indicate that lignin degradation occurs throughout decay
(Klotzbiicher et al. 2011; He et al. 2016), which may allow lignin-
degrading Basidiomycetes to support consistent growth from
early through late decay.

We found clear bias in reporting the relative abundance of
fungal lineages across studies based on methodology, which
may have impacted the strength of decay-stage preference we
observed for different fungal lineages. For example, the rela-
tive abundance of Basidiomycota and Zygomycota were higher
in DNA sequence studies than culture studies, possibly because
fungi in the Basidiomycota and Zygomycota are difficult to cul-
ture than fungi in the Ascomycota (Tanabe et al. 2000; Hunt et al.
2004; Rizzo and Pang 2005; Kjgller and Rosendahl 2014). The rela-
tively low number of published high-throughput DNA sequence
studies, and the fact that sequence studies may detect DNA from
inactive species (Carini et al. 2017), may have led to the signifi-
cant but weak correlation between relative abundance of phyla
with % litter mass loss that we observed (Fig. 2). Nevertheless, we
found that methodology had no impact on trends for lineages
that are easily cultured (i.e. the Ascomycota), indicating that
changes in relative abundance detected via DNA sequencing
may reflect true shifts in the decomposer community through-
out decay.

The relative abundance of fungal phyla during decay cor-
related with other environmental factors besides % mass loss
(Figures S3 and S4 and Table S2, Supporting Information),
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supporting the idea that fungi also have resource and climate
niches that are rooted in evolutionary history. Mean annual
precipitation was positively correlated with relative abundance
of fungi in both the Ascomycota and Zygomycota (Figure S3,
Supporting Information), consistent with previous reports that
these phyla correlate positively with precipitation and soil mois-
ture (McHugh and Schwartz 2015; Zhao et al. 2017; Wang et al.
2018). Consistent with previous findings that different plant lit-
ter types host different fungal communities (Mincheva et al.
2014), litter type and tissue type were also significant correlates
of relative abundance for Ascomycetes and Zygomycetes (Fig-
ure S4, Supporting Information). Initial C and N accounted for as
much variation in Ascomycota and Zygomycota relative abun-
dance as litter plant category (Figure S4 and Table S3, Support-
ing Information), suggesting that the correlation between rela-
tive abundance of these phyla and plant category is due to vari-
ation in growth resources for fungi among plant types (Osono
and Takeda 2001). While initial C and N and litter tissue type did
not correlate with the relative abundance of the Basidiomycota,
itis possible that other aspects of resource availability for which
we were not able to obtain data (e.g. soil pH and calcium con-
tent) could better explain the relative abundance of Basidiomy-
cota, as they can correlate with fungal community composition
in soil (Tedersoo et al. 2014; Purahong et al. 2016).

Consistent with our hypothesis that environmental variables
would correlate more with the relative abundance of fungi at
the genus level than at coarser taxonomic levels, plant category
and tissue type correlated strongly with relative abundance of
most fungal genera (Table S4, Supporting Information). These
results are consistent with work showing differentiation in pri-
mary sources of C among fungal genera (Hibbett and Donoghue
2001; Hanson et al. 2008; McGuire et al. 2010; Tedersoo, May
and Smith 2010; Nguyen et al. 2016), including brown rot fungi
(Kerem, Jensen and Hammel 1999), plant pathogens (King et al.
2011), mycorrhizal fungi (Riley et al. 2014) and white rot fungi
(Floudas et al. 2012). In line with this idea, we found that the rel-
ative abundance of white rot fungi was significantly correlated
with plant category (Figure S5, Supporting Information). White
rots were most abundant on coniferous litter, which could be
due to the high initial lignin content of coniferous litter (>25%)
(Melillo, Aber and Muratore 1982). While we did not find evi-
dence that brown rot or white rot fungi varied predictably with
decay stage (Figure S5, Supporting Information), it is possible
that finer-scale differences in C-source preferences within or
across these groups could account for genus-level patterns to
succession.

Certain frequently observed genera (Cladosporium, Flagel-
lospora, Pestalotiopsis, Articulospora, Aureobasidium, Lemonniera,
Mucor, Umbelopsis and Epicoccum) showed significant decay-stage
preferences that remained consistent across multiple biomes
(Fig. 4; Table S4, Supporting Information). Some of these patterns
parallel those reported in a large literature review of fungal suc-
cession (Kjgller and Struwe 2002); for example, we found that
Cladosporium and Epicoccum are generally early colonizers, and
that Aureobasidium tended to decline in relative abundance after
mid decay. However, our data indicate that changes in these gen-
era over time do not follow the hump-shaped trajectories that
are traditionally referenced in discussions of succession (Fig. 1).
In addition, we found that fungi in the genus Mucor prefer mid
and late decay on average, whereas it has been reported in the
literature as an early colonizer. Many of the other genera that
have been anecdotally described as having distinct decay-stage
preferences across studies (such as Penicillium, Fusarium and Tri-
choderma) (Kjgller and Struwe 2002) did not vary significantly
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Figure 4. Smooth curves illustrating significant relationships between weighted relative abundance of genera and % litter mass. P-values and adjusted R? values
represent the results of generalized additive multiple regression models. Shaded areas represent 95% confidence interval around the mean.

across decay stages in our study. This discrepancy may be due
to (i) bias in culture studies, which fail to pick up less easily cul-
tured taxa, (ii) bias in DNA studies, in which inactive sequences
are detected; or (iii) genera having different decay-stage pref-
erences in different locations (Kjgller and Struwe 2002). Alter-
natively, early-colonizing fungi may shape subsequent commu-
nity dynamics (i.e. priority effects) (Sridhar et al. 2009; Fukami
et al. 2010; Peay, Belisle and Fukami 2012; Hiscox et al. 2015),
either through competition (Hibbing et al. 2010; Lin et al. 2015)
or facilitating the growth of other species (Datta et al. 2016).
Traits related to competitive ability and resource use within
the immediate community may therefore be some of the more
rapidly evolving traits among fungal taxa that lead to succession
dynamics within individual ecosystems.

CONCLUSION

Laboratory and field studies show that different fungal species
possess different abilities to break down plant biopolymers and
have different effects on soil C cycling (Hanson et al. 2008;
McGuire et al. 2010; Hattenschwiler, Fromin and Barantal 2011;
Kubartova, Ottosson and Stenlid 2015; Treseder and Lennon
2015; Kyaschenko et al. 2017; Bhatnagar, Peay and Treseder 2018).
Therefore, understanding the factors that control fungal com-
munity composition (Weber, Vilgalys and Kuske 2013) is criti-
cal to developing better predictions of decomposition rates and
atmospheric C concentrations (Waldrop, Balser and Firestone
2000). We found a phylogenetic signal to succession of fungal
decomposer communities across ecosystem types, such that dif-
ferent fungal phyla change in relative abundance throughout the

decomposition process. These data indicate that, in addition to
the critical role environmental factors play in fungal community
assembly, evolutionary history plays a role in determining fun-
gal succession regardless of ecosystem type or environmental
condition. Incorporating fungal biology into predictive models of
decomposition could therefore improve our simulations of ter-
restrial C cycle dynamics (Schmidt et al. 2011; Todd-Brown et al.
2012).

Because different fungal lineages have different trajecto-
ries during the decomposition process, we may be able to pre-
dict successional dynamics during decay based on the genet-
ics of fungal decomposer species. Such predictions require fur-
ther studies of the genomic differences among fungi that reach
their highest relative abundance at early, middle and late decay,
which could reveal the biological features of fungi that drive
changes in abundances throughout decay. The results of this
study also suggest that disturbance and environmental change
that lead to the loss of whole lineages of fungi could also lead to
potentially irreversible loss of some decomposer functions.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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