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ABSTRACT 29 

Our study used a ~360-year fire chronosquence in northern Sweden to investigate post-fire microbial 30 

community dynamics in the boreal bryosphere (the living and dead parts of the feather moss layer on 31 

the forest floor, along with the associated biota). We anticipated systematic changes in microbial 32 

community structure and growth strategy with increasing time since fire (TSF) and used amplicon 33 

pyrosequencing to establish microbial community structure. We also recorded edaphic factors (relating 34 

to pH, C and N accumulation) and the physical characteristics of the feather moss layer. The 35 

molecular analyses revealed an unexpectedly diverse microbial community. The structure of the 36 

community could be largely explained by just two factors, TSF and pH, although the importance of 37 

TSF diminished as the forest recovered from disturbance. The microbial communities on the youngest 38 

site (TSF = 14 yrs) were clearly different from older locations (> 100 yrs), suggesting relatively rapid 39 

post-fire recovery. A shift towards Proteobacterial taxa on older sites, coupled with a decline in the 40 

relative abundance of Acidobacteria, suggested an increase in resource availability with TSF. 41 

Saprotrophs dominated the fungal community. Mycorrhizal fungi appeared to decline in abundance 42 

with TSF, possibly due to changing N status. Our study provided evidence for the decadal-scale 43 

legacy of burning, with implications for boreal forests that are expected to experience more frequent 44 

burns over the course of the next century. 45 

 46 

Key-words: boreal forest, climate change, microbial community structure, feather mosses, nutrient 47 

cycling, post-fire succession 48 
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INTRODUCTION 51 

Bryophytes are important components in many ecosystems, including bogs, boreal forests and the 52 

biological soil crusts of arid regions. Microbes living on moss tissue can have great ecological 53 

significance in these habitats [1-4]. The boreal bryosphere (i.e., the living and dead parts of the feather 54 

moss layer on the boreal forest floor, along with the associated biota) is particularly significant [5]. It is 55 

spatially extensive, accounts for a significant proportion of boreal forest biomass and plays a critical 56 

role in biogeochemical cycling [6]. The ecological function of microbes dwelling in the boreal 57 

bryosphere is disrupted by fire, a disturbance which may increase in severity and/or frequency with 58 

climate change [7]. However, whilst there has been extensive research into the effects of burning on 59 

communities of plants and animals, relatively little work has been carried out on the long-term 60 

(decades – centuries) fate of microbial communities following fire disturbance. We therefore set out to 61 

infer long-term changes in the bacterial and fungal communities of the boreal bryosphere following fire 62 

disturbance. We also aimed to relate these changes to disturbance-related shifts in environmental 63 

(primarily edaphic) conditions. 64 

 65 

Upland moss communities of the boreal forest are dominated by two pleurocarpous moss species: 66 

Pleurozium schreberi (Brid.) Mitt., Hylocomium splendens (Hedw.) Schimp. and the acrocarpous moss 67 

Polytrichum commune (Hedw.) Hylocomium and Pleurozium can account for 30 to 95% of average 68 

cover of the boreal forest floor, yield a net primary productivity (NPP) of 240 – 440 kg ha-1 yr-1 and a 69 

total biomass of up to 2000 kg C ha-1 [8,9]. This photosynthetic capacity is reflected in an ecosystem 70 

productivity that rivals and at times (early to mid-succession) surpasses that of the overstory [10]. 71 

Further, the moss bottom layer serves a variety of functions in the boreal forest, acting to detoxify 72 

water, regulate nutrient uptake and minimize nutrient loss [5]. 73 

 74 

To a large extent, the microbes of the moss layer underpin the cycling of carbon (C) and nitrogen (N) 75 

in boreal forests. DeLuca et al. [11] estimated that Cyanobacteria living in the bryosphere are 76 

responsible for the fixation of 1.5 – 2.0 kg N ha-1 yr-1 in mid- to late-successional boreal forests. 77 

Cyanobacterial activity is therefore a major determinant of boreal forest productivity because these 78 

ecosystems are N limited [12]. Heterotrophic organisms which feed on or interact with Cyanobacteria 79 
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within the bryosphere are likely to play a key role in the turnover and cycling of fixed N at an 80 

ecosystem level [5]. 81 

 82 

Microbially-mediated biogeochemical processes are disrupted by fires that affect the moss and 83 

underlying humus layer. Aside from obvious losses of microbial biomass [13], previous studies have 84 

shown that burning releases a pulse of mineralised N into the soil, resulting in higher N turnover rates 85 

and availability [14]. Burning also reduces soil organic carbon, promotes the formation of chemically 86 

recalcitrant charcoal and increases pH, all of which have long-term impacts on ecosystem function. 87 

 88 

Temporal changes in microbial community structure following disturbance have been studied before 89 

and there is a small body of work on the post-fire recovery of soil microbial communities [SMCs: see, 90 

e.g., 13,15,16-18]. In addition, microorganisms living in boreal forests, particularly soil fungi, have 91 

been the subject of previous studies [see, e.g. 19,20-23]. However, whilst a number of researchers 92 

have investigated comparatively short-term microbial succession, few have concentrated on long-term 93 

(decades-centuries) changes in community composition and structure [24]. Furthermore, with a few 94 

notable exceptions [25,26], microbes dwelling in the bryosphere have received little attention. This is, 95 

to our knowledge, the first study to encompass both the bacterial and fungal communities of the boreal 96 

bryosphere. 97 

 98 

Previous research has demonstrated that SMCs are heavily influenced by edaphic factors [27-29]. It is 99 

reasonable to assume that microbes in the bryosphere respond to similar factors, as bryophytes form 100 

a continuous interface between the soil organic layer and the forest understory. In a spatially extensive 101 

study, Fierer and Jackson [30] found that the abundance of major bacterial phyla varied systematically 102 

according to resource availability. In soils where resources were plentiful, communities were 103 

dominated by bacteria with copiotrophic (r-selected) growth strategies. These bacteria preferentially 104 

consume labile C, have high nutritional requirements and high growth rates. Conversely, where 105 

resources were limited, oligotrophic (K-selected) soil bacteria were more prevalent. Studies of soil 106 

fungi have also highlighted differences in life history strategy related to edaphic factors. For example, 107 

Lindahl et al. [31] found that newly shed litter on the floor of a boreal forest was dominated by 108 

saprotrophic fungi, which were more efficient at utilising fresh plant tissue. More decomposed 109 
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substrates were characterised by a) ‘late’ colonizing saprotrophs capable of metabolising recalcitrant 110 

substrates and b) mycorrhizal (MR) fungi. Given the significance of environmental factors to microbial 111 

community structure, it is reasonable to posit that microbial communities in and around the soil 112 

environment will respond to the progressive changes in edaphic factors that accompany post-fire 113 

succession. 114 

 115 

The bryosphere is an intermediate layer between below- and above-ground components of the boreal 116 

forest [32] and, as such, it is influenced by both the underlying soil and the forest canopy. Even though 117 

the feather mosses that make up much of the bryosphere have non-vascular rhizoids rather than 118 

roots, previous research has demonstrated that changes in nutrient availability during succession may 119 

be reflected in the chemistry of moss tissue [see, e.g., 33] and direct uptake of C and N from the soil 120 

has been described in feather moss species such as P. schreberi [34]. Higher N turnover during early 121 

succession results in higher N deposition and availability after a fire [35], which may also influence 122 

microbial community composition in the bryosphere. We therefore anticipated that microbial 123 

community composition and structure in the bryosphere would vary systematically with time since fire 124 

(TSF). We expected r-selected bacteria to dominate shortly after disturbance, as these taxa can 125 

proliferate rapidly when resources are plentiful (e.g. mineralised nutrients released by burning and 126 

labile organic matter in the form of dead roots and microbial cells). K-selected bacteria should be 127 

dominant on older sites where diverse communities have established, nutrients have been leached or 128 

tied-up in chemically-recalcitrant organic compounds and nutrient cycles are less ‘leaky’. Similarly, we 129 

anticipated saprotrophic fungi would dominate on ‘young’, regenerating sites. On older sites, where 130 

trees and ericaceous shrubs have become established, we anticipated a higher proportion of 131 

mycorrhizal fungi [36]. 132 

 133 

 134 

METHODS 135 

We investigated long-term changes in microbial community structure using space-for-time substitution, 136 

i.e. by comparing sites that only varied in terms of TSF (commonly referred to as a fire 137 

chronosequence). This approach has well known limitations [37]. For example, in studies utilising fire 138 

chronosequences there are, by definition, no control sites (unburnt locations of a similar age). 139 
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Furthermore, the patchy nature of fire disturbance makes it difficult (frequently impossible) to identify 140 

replicate sites. Despite these limitations, the use of chronosequence studies has gained wide 141 

acceptance in ecology [38-40], including microbial ecology [16,41-43]. Indeed, in many circumstances 142 

it may be the only way of gaining a long-term perspective on ecological processes [44]. Most 143 

commentators agree that the most important consideration in such studies is good age control [37]. 144 

 145 

STUDY SITE 146 

The study was conducted in the boreal forest of northern Sweden, utilising five sites that formed a 147 

363-year fire chronosequence (Table 1). The characteristics of the sites have been described in detail 148 

elsewhere [45-47]. The natural fire return period for this habitat has been estimated to be ~60 years 149 

[48]. Vegetation succession following fires is relatively slow: locations < ~80 years since burning are 150 

considered to be in the early stages of succession; those ~100 – 200 years are mid-succession, and 151 

sites >200 years are in the later stages of succession [46]. The sites were chosen to a) minimise 152 

differences in state factors, other than TSF and b) to encompass a broad age range, with an even 153 

temporal spacing of sites at early, mid and late stages of forest succession. The soils on the sites 154 

were podzolic (Typic or Entic Haplocryods) and formed on granitic glacial tills. The altitude of the sites 155 

was similar (300 – 400 m above sea level); mean annual temperatures on the sites average ~1°C, with 156 

approximately 570 mm of precipitation annually. Background rates of nitrogen (N) deposition are low 157 

(< 2 kg ha-1 yr-1). The sites were characterised by the dominance of Scots Pine (Pinus sylvestris L.) 158 

and a feather moss ground layer (primarily P. schreberi) that increased in % cover with TSF. The 159 

feather moss layer is home to populations of Cyanobacteria (primarily Nostoc sp.) that play a key role 160 

in the boreal N cycle [11]. Dwarf shrub cover on the sites also increased with TSF. Vaccinium myrtillus 161 

L. and V. vitis-idaea L. were the dominant shrubs on young sites, but were replaced with ericaceous 162 

species (Empetrum hermaphroditum (Lange) Hagerup, Calluna vulgaris L.) as TSF increased. 163 

 164 

Table 1 165 

 166 

SAMPLING 167 

Pleurozium schreberi shoots from five sites (abbreviated as RUS, LAD, GUO, TJA and REV: see 168 

Table 1) were analysed. We randomly selected shoots from six locations along an established 169 
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transect on each site (10-15 shoots/location); the shoots were consistently 5-7 cm in length. The 170 

shoots were placed in sterile plastic sample bags and stored at -20°C shortly after collection. The 171 

collected material comprised both green and brown sections of the moss shoot. The brown sections 172 

were attached to the green tips and were largely intact (i.e. they retained recognisable leaves). 173 

 174 

EDAPHIC FACTORS AND FEATHER MOSS LAYER THICKNESS 175 

In addition to sampling moss shoots, we also collected samples of the (mainly organic) material 176 

underlying the moss layer, in order to characterise edaphic conditions on each site. Samples were 177 

taken from twelve 1 m2 plots, arranged in 100 – 300 m long transects. Five 2.5 cm diameter cores 178 

were collected a short distance (within ~1 m) from each plot. The moss/litter layer was removed from 179 

each core, which was then divided into a humus layer and mineral soil component (only the humus 180 

layer is considered in this study because we were most interested in conditions in the immediate 181 

proximity of the mosses). The five subsamples were then bulked to create a single sample for each 182 

plot, sealed in plastic bags and kept refrigerated (5°C) until they were analysed. Through-fall N (NH4
+ - 183 

N and NO3
- - N) was monitored over the period of a year (June 2012 – June 2013) using through-fall 184 

collectors as described in Rousk et al. [34]. 185 

 186 

Our analysis focused on edaphic factors that have been demonstrated to influence the structure of 187 

SMCs, on the assumption that similar factors would structure the microbial community of the moss 188 

layer. Particular emphasis was placed on N status, as boreal ecosystems are generally N-limited, and 189 

burning has been demonstrated to influence levels of soil N. Hence, we collected data on the following 190 

characteristics of the humus layer: total C & N, dissolved organic C (DOC), total dissolved N (TDN), 191 

extractable inorganic N (EIN), dissolved organic N (DON), through-fall N and the pH of the humus 192 

layer. 193 

 194 

Total C and N were determined by dry combustion using a C elemental analyzer (Leco Corp, St 195 

Joseph, MI, USA), following drying of the humus samples at 60°C. In order to establish DOC and 196 

TDN, 5 g (dry weight equivalent, DW) of humus was placed in 25 ml of 0.05 M K2SO4, shaken for 30 197 

min and centrifuged at 3000 g for 5 min. The K2SO4 extracts were 10-fold diluted with deionized water 198 

and analysed using a Shimadzu TCV-TNM1 analyser (Shimadzu Corp., Kyoto, Japan). Extractable 199 
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inorganic N (EIN) was also determined using a Shimadzu TCV-TNM1 analyser, after placing 5 g (DW) 200 

of humus in 25 ml 1M KCl, shaking the mixture for 30 min and centrifuging at 3000 g for 5 min. DON 201 

was calculated as TDN – EIN. Humus pH was established with an electronic pH meter after 202 

suspending 1 g (DW) of humus in 25 ml 0.01 M CaCl2. 203 

 204 

The thicknesses of a) the green and brown parts of the moss layer and b) the humus layer were 205 

recorded at each forest site in order to identify changes in the structure of the moss layer with TSF 206 

[49]. The brown moss tissue was distinguished from the humus layer according to structural integrity 207 

and degree of decomposition: if dead tissue was clearly attached to green tissue, it was classified as 208 

‘brown’. If the dead tissue was detached, obviously decomposed and/or fragmented, it was considered 209 

part of the humus layer. On each site, depth of moss (green and brown parts) and humus layer were 210 

recorded in twelve 1 m2 plots along 100 – 300 m long transects. 211 

 212 

MOLECULAR ANALYSIS 213 

DNA was extracted and cleaned with a MoBio Powersoil kit (MoBio Laboratories Inc, Carlsbad, CA) in 214 

accordance with the manufacturer’s instructions. Two whole shoots (comprising both green and brown 215 

sections) were placed in each reaction tube (30 reactions in total). Aliquots (15 μl) were taken from 216 

each DNA extract and pooled according to site i.e. five pooled samples were sequenced. The pooled 217 

samples were then analysed via tag-encoded FLX amplicon pyrosequencing, utilising a Roche 454 218 

FLX instrument (454 Life Sciences, Branford, CT). The primer set 104F (5´-219 

GGACGGGTGAGTAACACGTG-3´), 530R (5'-GTATTACCGCGGCTGCTG-3') was used for bacteria; 220 

the primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS4 (5'-221 

TCCTCCGCTTATTGATATGC-3') were used for fungi (i.e. the fungal dataset was primarily based on a 222 

~700 bp region spanning the ITS1, 5.8S and ITS2 regions). The pyrosequencing was performed by 223 

Molecular Research LP (MR DNA, Shallowater, TX) based upon their published protocols. 224 

 225 

The number of Cyanobacterial reads generated by the 104F-530R assay was found to be low. To 226 

check the analysis, a second pyrosequencing assay was performed using a different moss shoot 227 

sample and a primer set targeted at Cyanobacteria i.e. CYA359F (5'-GGGGAATYTTCCGCAATGGG-228 

3') and 781R (5'-GGGGAATYTTCCGCAATGGG-3') [50]. To avoid flooding the sample with moss 229 
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chloroplasts, we immersed the moss shoots in 2 ml sterile water, agitated the sample, and performed 230 

the extraction on 750 µl of the supernatant. The PCR conditions were the same as those used for the 231 

first bacterial assay (i.e. utilising the primer set 104F-530R). 232 

 233 

PROCESSING OF MOLECULAR DATA 234 

Mothur 1.32.1 [51] was used to process raw sequence data generated by the amplicon 235 

pyrosequencing, following the pipelines described in Cutler et al. [24]. 236 

 237 

Bacterial 16S rRNA and fungal ITS gene flow files were trimmed and denoised with the mothur 238 

implementation of PyroNoise [52]. Bacterial sequences were aligned using the corresponding SILVA 239 

reference alignments [53] and only sequences spanning the targeted regions were kept. Data were 240 

denoised by clustering together sequences with 1 bp mismatch per 100 bp, and chimeras were 241 

removed using the mothur implementation of uchime [54]. Bacterial rRNA sequences were classified 242 

against the SILVA reference databases using the Wang method [55], with a cutoff value of 60% for 243 

taxonomic assignment. Bacterial sequences were also clustered into operational taxonomic units 244 

(OTUs) at the 97% similarity level, which corresponds approximately to the species level. 245 

 246 

For fungal ITS sequences, following denoising, the ITS1 region was extracted using the ITS Extractor 247 

tool on the PlutoF Workbench [56,57] and sequences shorter than 100 bp were discarded. Chimeras 248 

were removed using the mothur implementations of uchime. Sequences were clustered into OTUs at a 249 

93% similarity level, based on the average sequence divergence between named species in GenBank 250 

[58]. For OTU clustering, a distance matrix was constructed in mothur using pairwise distance values, 251 

with consecutive gaps treated as one and ignoring gaps at the end of pairs. Sequences were 252 

classified against the UNITE+INSDC fungal ITS database [59], modified as previously described [24], 253 

with a cutoff value of 50% for taxonomic assignment. 254 

 255 

All sequence data were uploaded with MIMARKS-compliant metadata to the NCBI Sequence Read 256 

Archive under Bioproject number PRJNA287796. 257 

 258 
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STATISTICAL ANALYSIS 259 

Microbial community structure was analysed using canonical correspondence analysis (CCA). Highly-260 

correlated edaphic variables were manually removed to progressively simplify the model (refer to 261 

Online Resource 1 for further details). An ANOVA-like permutation test (using 100 permutations) was 262 

used to test the significance of the resulting CCA. Random sampling was used to standardise the 263 

number of reads in each sample, to ensure comparability. Individual-based rarefaction curves were 264 

produced to assess the impact of standardisation on the number of OTUs in each sample. As most 265 

environmental microbial communities are under-sampled, we also extrapolated the OTU data to 266 

estimate the ‘true’ underlying richness of the samples using the Chao 1 metric [60]. Shannon diversity 267 

was then calculated using the standardised datasets (including singletons). A Mantel test was used to 268 

assess the correlation between matrices of geographical distance (calculated from the coordinates of 269 

each site) and community dissimiliarity metrics (Bray-Curtis dissimilarity). The significance of the 270 

Mantel statistics was evaluated by randomly permuting the rows and columns of the first dissimilarity 271 

matrix (100 permutations). Regression analysis was used to test whether edaphic properties, through-272 

fall N and moss layer thickness varied with TSF. We fitted regression models ranging from linear to a 273 

degree-3 polynomial to determine the simplest model sufficient to explain the relationship between 274 

each variable and TSF [61]. We performed ANOVA to compare the regressions, using an F-test [61]. 275 

A Bonferroni adjustment was performed on p-values with the significance level set at p < 0.001. All 276 

analyses were performed in R unless specified otherwise [62]. 277 

 278 

RESULTS 279 

 280 

EDAPHIC FACTORS AND MOSS THICKNESS 281 

The humus layer was acidic: pH ranged from 2.9 – 4.1, with the highest mean value (pH = 3.5) 282 

recorded for the GUO site (Table 2). The pH of the humus layer did not vary systematically with TSF. 283 

Accumulation of C and N (t ha-1 in the humus soil) were positively correlated with TSF but decreased 284 

on the oldest site (Fig. 1a; N not shown). The total C:N ratio of the humus layers stayed relatively 285 

constant at ~45, with the exception of the LAD site, where low total N resulted in a mean C:N ratio of 286 

99.4±2.6. DOC and TDN were also found to be positively correlated (Kendall’s rank correlation, tau = 287 

0.72, p < 0.001). The highest values of DOC were recorded on sites of an intermediate age, resulting 288 
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in a humped relationship when plotted against TSF (Fig. 1b). EIN was positively correlated with TSF 289 

(Kendall’s rank correlation, tau = 0.30, p < 0.03) but was also somewhat lower on the oldest site (Fig. 290 

1c). Through-fall N did not vary systematically with time for the sites sampled in this study (Fig. 1d). 291 

 292 

The length of the green portion of the moss layer stayed constant with TSF (mean length 2.4±0.1 cm) 293 

whereas the length of the brown tissue increased with TSF (Fig. 1e). The depth of the humus layer 294 

was also positively correlated with TSF, although it was somewhat shallower on the oldest site, REV 295 

(Fig. 1f). 296 

 297 

Fig. 1 298 

Table 2 299 

 300 

MICROBIAL COMMUNITY STRUCTURE 301 

A number of potential constraining variables were omitted from the analysis due to high levels of 302 

collinearity (Online Resource 1). The ordination of bacterial community constrained by TSF and pH 303 

(humus) was significant (p = 0.025) and explained about 62% of the variance in the bacterial 304 

community. The constraining variables were of similar overall significance (Fig. 2). The CCA biplot 305 

showed a clear separation of the youngest site, RUS, on an age gradient and the differentiation of the 306 

older sites along a pH gradient, with GUO, the site with the highest mean pH, as an outlier. When 307 

CCA was performed on the bacterial communities of the older sites (i.e. omitting RUS), with a) TSF 308 

and pH and b) pH only as constraining variables, the results were not significant. The Mantel 309 

correlation between matrices of geographical separation and community dissimilarity was not 310 

significant, either (Mantel correlation = 0.32, p = 0.37). 311 

 312 

Fig. 2 313 

 314 

For the fungal sites, the CCA also included TSF and pH as constraining variables (Fig. 3). The model 315 

was highly significant (p < 0.01) and explained about 64% of the variance in the data. Axis CCA1 was 316 

closely correlated with TSF; CCA2 was correlated with pH. As with the bacterial community, the CCA 317 

biplot showed a clear separation of the youngest site along CCA1 and the differentiation of the older 318 
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sites along a pH gradient. The CCA that excluded the RUS site was not significant with TSF and pH 319 

as constraining variables. However, CCA with only pH as a constraining variable was significant for 320 

the older sites (p =0.04). In this analysis, pH explained 45% of the variance. There was no significant 321 

correlation between geographical separation and fungal community dissimilarity (Mantel correlation = 322 

0.89, p = 0.08). 323 

 324 

Fig. 3 325 

 326 

BACTERIAL COMMUNITIES 327 

Amplicon pyrosequencing generated 12336 bacterial reads, grouped into 895 OTUs. The number of 328 

reads per sample varied from 1215-4253 (samples were standardised to 1215 reads). Rarefaction 329 

analysis indicated that the sites had not been sampled to the point of saturation (Online Resource 2): 330 

observed richness in the standardised samples ranged from 48-61% of estimated community richness 331 

(Online Resource 3). 332 

 333 

The bacterial communities on each site were highly uneven, with a few dominant taxa and many rare 334 

OTUs. Bacterial diversity was similar on each of the sites and did not appear to vary systematically 335 

with TSF (Table 3), nor was it obviously correlated with edaphic factors that are commonly thought to 336 

structure bacterial communities e.g. C:N and pH. 337 

 338 

A total of nine bacterial phyla were identified, but only three of these were represented by significant 339 

numbers of reads: Proteobacteria (64% of all reads), Acidobacteria (29%) and Actinobacteria (5%). 340 

Most of the Proteobacterial reads were associated with the Gammaproteobacteria (Table 4). 341 

Prominent Gammaproteobacterial taxa included Pseudomonas sp. and Serratia sp. Sequences 342 

associated with the Betaproteobacteria were also abundant; most came from the genus Burkholderia. 343 

Most Acidobacterial sequences were Edaphobacter sp. Total numbers of Acidobacterial sequences 344 

appeared to decline with TSF (Fig. 4); Proteobacterial abundance exhibited the opposite pattern. The 345 

Actinobacterial reads were dominated by the family Actinomycetales. 346 

 347 
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The bacterial assay using the 104F-530R primer set revealed very few sequences that could be 348 

confidently associated with Cyanobacteria. The second assay utilising a targeted primer set identified 349 

more Cyanobacterial reads, but the level of taxonomic resolution was low. The sequences from the 350 

second assay were dominated by Nostoc sp. and mostly associated with the older sites (TJA in 351 

particular). 352 

 353 

Table 3 354 

Table 4 355 

Fig. 4 356 

 357 

FUNGAL COMMUNITIES 358 

The analysis generated a total of 64647 fungal reads (10143 – 25854 per sample) before 359 

standardisation, encompassing 1162 OTUs. The number of reads was standardised to 10143 per 360 

sample. The 839 OTUs present in the standardized samples were more-or-less evenly distributed 361 

between the sites (Table 3). As with the bacterial assay, rarefaction analysis suggested that none of 362 

the communities had been sampled to saturation. There was also some crossing of the rarefaction 363 

curves, indicating that richness in the standardised samples might not reliably indicate underlying 364 

community diversity (Online Resource 2). Chao 1 estimates indicated that observed richness in the 365 

standardised samples represented 39-66% of extrapolated community richness (Online Resource 3). 366 

The ordering of the sites according to estimated richness differed from ranking based on the 367 

standardised samples. However, when the error of the estimates was taken into account, richness 368 

was similar on four of the five sites (estimated richness was markedly lower on the GUO site: Online 369 

Resource 3). Fungal diversity was generally higher than bacterial diversity. 370 

 371 

Only three fungal phyla were abundant: the Ascomycota, Basidiomycota and Zygomycota (Table 5). 372 

Reads from the Ascomycota accounted for 62% of the total. The Basidiomycota accounted for 23% 373 

and Zygomycota 3.8%. Approximately 11% of reads could not be matched to databased sequences at 374 

a phylum level. 375 

 376 

Table 5 377 
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 378 

Fungi from the class Leotiomycetes were by far the most common Ascomycetes: they were mostly 379 

from the family Helotiales (the genus Crocicreas was prominent). The class Sordariomycetes was also 380 

abundant: prominent members included Hypocrea avellanea and Pestalotiopsis sp. However, a 381 

substantial minority of reads (~19%) were unclassified below sub-phylum level. 382 

 383 

Most of the Basidiomycetes were from the class Agaricomycetes, although few could be resolved to 384 

finer taxonomic levels. Mycena sp. (saprotrophs from the order Agricales) and Clavulina species (a 385 

putative mycorrhizal fungus from the order Cantherellales) were notably abundant on the youngest 386 

site (RUS). Reads from the class Tremellomycetes were also relatively abundant, notably 387 

Cystofilobasidium sp. and Cryptococcus sp. The class Microbotryomycetes was mainly represented by 388 

Rhodotorula sp. (pigmented yeasts). 389 

 390 

Where the level of taxonomic resolution was suitably high, taxa were tentatively assigned to ecological 391 

groups, based on published literature (ultimately, about a third of fungal sequences were resolved to 392 

at least genus level). A variety of different lifestyles were represented, including saprotrophs, 393 

endophytes/plant parasites and mycorrhizal fungi. Saprotrophic fungi, notably Mortierella sp., 394 

Crocicreas sp., Aureobasidium sp. and a variety of yeasts (Cystofilobasidium sp., Cryptococcus sp., 395 

Rhodoturula sp.) were dominant on sites of all ages. The saprotrophic fungi encompassed a range of 396 

‘early’ and ‘late’ varieties, as classified by previous studies of fungal succession. For example, 397 

Ascomycetes from the Dothideomycetes (e.g. Aureobasidium and Cladosporium spp.) are often 398 

considered early/primary colonists; Mortierella is considered a late/secondary variety [31,63,64]. 399 

Reads associated with mycorrhizal fungi were relatively uncommon throughout and appeared to 400 

decline with time since burning (Table 6). All the putative mycorrhizal taxa identified were 401 

ectomycorrhizae. 402 

 403 

Table 6 404 
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 405 

DISCUSSION 406 

The analysis of the sequencing data indicated temporal changes in both the bacterial and fungal 407 

communities of the bryosphere. Variations in community structure could be largely explained with just 408 

two constraining variables, TSF and pH of the humus layer. However, the significance of TSF was 409 

largely driven by the youngest site, RUS, which was an outlier in terms of microbial community 410 

composition. Shifts in community structure were accompanied by changes in life history strategy: 411 

copiotrophic bacteria became dominant as TSF increased, and mycorrhizal fungi declined in relative 412 

abundance. 413 

 414 

EDAPHIC FACTORS AND MOSS THICKNESS 415 

Overall, C and N appeared to accumulate in the moss layer over time. This trend is consistent with 416 

well-established models of ecological succession [65]. The LAD site was located in a small forest 417 

stand and a more pronounced edge effect (e.g. more frequent desiccation) may have been less 418 

favourable for N fixation, resulting in a higher C:N ratio. Most models of forest succession predict 419 

decreased soil pH over time as organic acids accumulate [44]. This was not observed in the moss 420 

layer, possibly because organic acids were leached from the base of the moss layer into the mineral 421 

soil (an increase in mineral soil pH with TSF was recorded (results not shown)). The moss layer data 422 

were also predictable: the length of the photosynthesising portion of the shoot stayed constant whilst 423 

more recalcitrant C accumulated in brown tissue and the underlying humus layer. 424 

 425 

MICROBIAL COMMUNITY STRUCTURE 426 

The ordinations indicated that TSF was an important factor in explaining microbial community 427 

structure. Strictly speaking, time is not an environmental factor; rather, it integrates an array of 428 

changes, both biotic and abiotic, that occur over time. In this case, TSF was closely related to several 429 

edaphic factors (notably total C, total N and EIN) and the physical attributes of the bryosphere (moss 430 

layer thickness and moss litter accumulation). Progressive changes in these factors are likely to have 431 

impacted on microbial community structure. However, the chronosequence had few young sites, and 432 

this made it difficult to infer microbial community dynamics in the earliest stages of succession. A 433 

future study might usefully focus on the 121-year period separating the two youngest sites, as it is 434 
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likely that many changes occurred early in the recovery of the ecosystem. One of the most striking 435 

features of the CCA plots was the isolation of the youngest site, RUS (14 years since burning) from 436 

the older sites (TSF > 100 years). The distinct community on this site may well have been due the 437 

relatively early successional stage (i.e. differences in canopy structure, light availability, moisture 438 

regime, etc.) This outlier increased the significance of TSF: it is likely that the importance of this factor 439 

declines for mid- and late successional sites, as evidenced by the CCA performed on only the older 440 

sites. 441 

 442 

Previous studies have reported that pH plays a key role in structuring SMCs [27-29], including those in 443 

boreal locations [13,17,20,21]. In the present study, CCA indicated that pH was important to the 444 

microbes of the bryosphere, too, particularly those on the older sites. In fact, pH was nearly as 445 

important as TSF in terms of accounting for community structure, reinforcing the link between the 446 

attributes of the bryosphere and edaphic properties. As with TSF, it is likely that pH is a proxy for other 447 

biochemical properties (e.g. the availability of mineral nutrients or cytotoxic Al3+), rather than a 448 

proximate cause of community variation [20]. After rapid changes in the early stages of secondary 449 

succession, factors such as slight variations in pH become more significant than TSF in determining 450 

microbial community structure (particularly fungi). 451 

 452 

BACTERIAL COMMUNITIES 453 

The most common bacterial taxa occurred on all of the sites: community turnover was relatively low. 454 

However, the bacterial ordinations suggest that the youngest site (RUS) was distinct from the older 455 

sites in terms of community composition. It is possible that bacterial communities either resist fire-456 

induced changes or assemble and equilibrate relatively quickly (years-decades) after burning. Xiang et 457 

al. [17] observed that soil dwelling bacteria in a boreal soil were relatively insensitive to fire 458 

disturbance, and recovered to pre-fire levels within 11 years of burning. Bergner et al. [66] also 459 

commented on the robustness of soil bacteria in the face of fire disturbance. 460 

 461 

At a phylum level, the bacterial communities of the bryosphere were broadly similar to those described 462 

for boreal soils. A number of studies have reported the dominance of Proteobacteria in boreal soils 463 

along with high relative abundances of Acidobacteria and Actinobacteria [21,67,68]. Smith et al. [13] 464 
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reported that Betaproteobacteria were highly characteristic in boreal soils one year after fire; Alpha- 465 

and Gammaproteobacteria were associated with unburnt treatments. Similarly, Xiang et al. [17] noted 466 

an increase in the relative abundance of Betaproteobacteria after burning and a concomitant decrease 467 

in Alphaproteobacteria. In our study, Gammaproteobacteria certainly appeared to be associated with 468 

sites that had recovered from burning (high numbers of reads on mid- to late-successional sites). 469 

However, Betaproteobacterial reads increased with TSF, whilst Alphaproteobacterial reads decreased. 470 

The timescales involved in our study were much longer than those in published accounts and transient 471 

changes in Alpha-/Betaproteobacterial communities that occurred immediately after burning would 472 

have been missed. A sparsity of reads, coupled with poor taxonomic resolution, meant it was not 473 

possible to comment on changes in Cyanobacterial community. 474 

 475 

An absence of plant roots (and the exudates that can support dense concentrations of bacteria), 476 

periods of desiccation and exposure to UV radiation might all be expected to imposed stringent 477 

environmental filters on bacterial colonisation in the moss layer, with the net effect of suppressing 478 

diversity. However, Shannon diversity metrics for the bacterial communities (3.6 – 4.6) fell within the 479 

range previously reported for boreal soil communities. Dimitriu and Grayston [20], for example, 480 

recorded bacterial Shannon diversity figures around 3.5 (range 2.9 – 5.8) in boreal Canada; Neufeld 481 

and Mohn [68] observed values ~5. Bacterial diversity was probably enhanced by the synchronous 482 

sampling of two distinct niches (living and senescent tissue). Rarefaction analysis indicated that the 483 

communities had not been sampled to saturation, i.e. bacterial richness was underestimated. 484 

However, the Chao 1 estimates suggested that richness was consistently underestimated in the 485 

standardised samples. Overall, there was no overriding pattern in diversity with TSF. 486 

 487 

Changes in the relative abundance of the main bacterial phyla with TSF were suggestive of systematic 488 

shifts in life history strategy. Proteobacterial reads generally increased with TSF; Acidobacterial 489 

sequences exhibited a corresponding decrease (Fig. 4). Proteobacteria often adopt copiotrophic 490 

strategies where resources are plentiful [69]. In contrast, studies suggest that Acidobacteria are 491 

capable of metabolising a range of substrates, including moderately recalcitrant to recalcitrant 492 

compounds such as hemicellulose, cellulose, and chitin [70]. As such, they are often associated with 493 

oligotrophic conditions and should be able to survive in habitats unfavourable to copiotrophs [30]. A 494 
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similar trend has also been observed in bryophytic soil crusts where high C availability was related to 495 

a higher abundance of Bacteroidetes compared to Acidobacteria [4]. Therefore, an increase in 496 

Proteobacterial abundance, coupled with a decline in reads from Acidobacteria, may indicate 497 

ameliorating growth conditions for bacteria with time and an overall shift from K- to r-strategies as 498 

plant succession progresses and carbon and nitrogen accumulate in the system [71]. This was at odds 499 

with our original expectation of a shift from r- to K-selected bacterial life history strategies. 500 

 501 

FUNGAL COMMUNITIES 502 

As with the bacteria, the ordinations suggested that the youngest site (RUS) was qualitatively different 503 

from the older sites in terms of its fungal community. A number of authors have noted the sensitivity of 504 

fungal communities to burning [13,16,66] and forestry practices [72]. However, even though fungi are 505 

sensitive to disturbance, and slower than bacteria to recover, fungal communities are likely to return to 506 

a pre-fire state within a few decades of disturbance. LeDuc et al. [18], for example, observed few 507 

changes in ectomycorrhizal communities on sites >25 years old in a fire chronosequence. Similarly, 508 

Treseder et al. [73] found that ECM in the Alaskan boreal forest returned to pre-fire levels within 15 509 

years and Holden et al. specified a fungal recovery period of at least 24 years [16]. Davey et al. [72] 510 

reported the recovery of fungal communities associated with boreal feather mosses within 30 years of 511 

clear-cutting. 512 

 513 

Based on our findings and other published reports, it is likely that the re-establishment of fungal 514 

communities in the moss layer, either from spores or hyphae surviving in the soil, is rapid in 515 

successional terms [years or decades: see 15]: most of the major structural changes on our sites 516 

occurred early on. The recovery of the fungal community may have been related to the recovery of the 517 

moss layer [which takes 20-30 years: 46] and/or the re-establishment of understorey herbs and shrubs 518 

[19,25,74]. If burning of the forest becomes more frequent, i.e. if the return period of fires becomes 519 

less than the recovery period of the fungal community, fungi might be suppressed and the microbial 520 

community could be kept in a perpetually early stage of succession. Restraint on the development of 521 

fungal taxa could have implications for the cycling of recalcitrant C in the moss layer. 522 

 523 
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Ascomycetes are often the dominant fungi in soil habitats. The ratio of Ascomycetes to 524 

Basidiomycetes in the moss layer was similar to the figures reported for soil fungi. Hartmann et al. 525 

[67], for example, reported an Ascomycete:Basidiomycete ratio of 2:1 in the soil of a coniferous forest 526 

in British Columbia. Davey et al. [25,75] recorded ratios of 1.5 – 2:1 in studies of boreal mosses. Many 527 

of the fungal taxa observed were familiar from soil habitats elsewhere. Davey et al. [75], for example, 528 

recorded the dominance of Basidiomycetes from the order Agaricales in a survey of boreal moss 529 

microbes. Mortierella, a genus that is reported in many studies of forest soil microfungi [e.g. 19,23,76], 530 

was also common on the study sites, along with a number of hyphomycetes and yeast-like fungi 531 

previously reported from forest litter e.g. Cystofilobasidium, Cryptococcus and Rhodotorula spp. [77]. 532 

Other fungi commonly recorded in comparable boreal habitats (notably Penicillium, Trichoderma and 533 

Umbelopsis spp.) were much less abundant. Furthermore, taxa more usually associated with the 534 

phyllosphere were common on some sites, e.g. Pestalotiopsis spp. (usually found on pine cones and 535 

needles) and Cercospora spp. (plant pathogens that cause leaf spots). Other researchers have 536 

reported the role that the bryosphere plays in the interception of litter from vascular plants in the forest 537 

canopy and understory [78]. The bryosphere can therefore be characterised as an interface between 538 

aboveground and litter/soil habitats, with characteristics of both. Such a variety of ecological niches 539 

may well promote fungal diversity in this habitat. 540 

 541 

The youngest site (RUS) was characterised by the abundance of two saprotrophic taxa, Mycena sp. 542 

and Crocicreas sp., which were rare on older sites. Reads associated with Mortierella sp. and 543 

Trichoderma sp., were rare on the RUS site and most abundant on the two oldest sites. These taxa 544 

are often considered ‘late’ fungal colonists i.e. they are usually associated with well-decomposed 545 

organic matter. An increase in the relative abundance of ‘late’ fungal colonists on older sites might 546 

reflect a higher proportion of senescent material in the moss layer. Similarly, the rarity of 547 

hyphomycetes on RUS might also be indicative of systematic difference in litter quality between the 548 

youngest site and locations > 100 yrs old. 549 

 550 

The predominance of saprotrophic fungal taxa was consistent with previous studies conducted in 551 

boreal forests. The composition of the mycorrhizal community was also as expected: trees and shrubs 552 

in boreal forests often exhibit an obligate need for ericoid and ectomycorrhizal fungi [79]. Some 553 
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mycorrhizal fungi can penetrate the moss layer from below in boreal forests [75] and appeared to have 554 

done so in this study, although it was not possible to distinguish between active and inactive cells. 555 

However, ECM fungi were greatly outnumbered by saprotrophs and non-mycorrhizal root endophytes 556 

and there wasn’t any evidence for a shift from saprophytic to mycorrhizal fungi consistent with our 557 

expectations. Indeed, the opposite pattern was observed: the number of sequences from putative 558 

mycorrhizal taxa was highest on the youngest site and declined thereafter. This might not be 559 

representative of the boreal mycorrhizal community generally. For example, it might result from a 560 

decline in MR species that forage in the moss layer, or a general decrease in the exploitation of moss 561 

as a substrate. However, it could be associated with important changes in the bryosphere associated 562 

with succession. 563 

 564 

The decline in the proportion of reads associated with mycorrhizae could represent either an absolute 565 

decline (MR biomass decreases) or relative decline (MR biomass stays the same, but other fungi 566 

proliferate) in mycorrhizal abundance in the bryosphere. An absolute decline could be driven by 567 

changes in nutrient status or biotic factors. Nitrogen availability has been implicated in changes in 568 

mycorrhizal communities: for example LeDuc et al. [18] found that changes in mycorrhizal community 569 

structure related to the availability of DON and free amino-acid N in soil. Högberg et al. [80] 570 

hypothesised that ECM might decline in abundance as N concentrations increase and plants allocate 571 

less C belowground. Usually, N increases during succession as organic matter accumulates in the 572 

system [65]. Clear temporal trends in N availability were not generally apparent in our study, but the 573 

RUS site, which had the highest number of reads associated with putative mycorrhizal fungi, was 574 

characterised by the lowest figures for TDN and DON (possibly due to the thinness of the humus layer 575 

on this site). It is possible that mycorrhizal mycelia diminished as N accumulated during succession. 576 

 577 

Changes in biotic factors may also have impacted on the mycorrhizal community. For example, Davey 578 

et al. [72] reported that stressed feather mosses in young forest stands (<5 years since clear-cutting) 579 

were readily colonised by mycorrhizal fungi. The abundance of these fungi would be expected to 580 

decline as growth conditions for the feather mosses ameliorated over time. Compositional changes in 581 

the bacterial community might also drive a decline in mycorrhizal biomass. The abundance of 582 

Proteobacteria within the genera Burkholderia and Serratia increases with TSF and these bacteria 583 
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have been demonstrated to restrict the growth of plant pathogens (notably fungi) on some occasions 584 

[81-84]. It is possible that these bacteria are antagonistic towards fungi in the boreal moss layer and 585 

suppressed colonisation by mycorrhizae [85,86], although the presence of bacteria such as 586 

Burkholderia may be positive in certain circumstances [e.g. when they act as 'helper bacteria': 87]. 587 

 588 

As with the bacteria, fungal richness in the standardised samples was underestimated. There was 589 

some variation in the shape of the rarefaction curves; however, the Chao 1 estimates indicated that 590 

fungal richness was broadly similar on four of the five sites and not clearly related to TSF. The 591 

Shannon diversity figures told a similar story. The low estimated richness of the GUO site was 592 

probably connected with an extremely uneven distribution of reads between OTUs (Table 3). 593 

 594 

Unusually, fungal diversity was comparable to, or higher than, bacterial diversity (although still within 595 

the range observed by Holden et al. [16] across a 100-year fire chronosequence in the Alaskan boreal 596 

forest). It should be noted that the number of reads used to calculate fungal diversity was much higher 597 

than the equivalent figure for bacteria (10143 vs 1215, respectively). Nevertheless, the factors that 598 

mitigate against bacterial growth e.g. desiccation, low pH, exposure to UV radiation and recalcitrant C 599 

compounds, are less limiting for fungi. A variety of substrates (from both the moss layer and vascular 600 

plant layers) may promote fungal diversity. It is also known that fungal communities vary with depth 601 

within the moss layer [64], with different communities in green and brown tissue. Along-stem variation 602 

in substrate quality might increase fungal diversity, while bacterial diversity decreases with depth 603 

along the moss stem (Arróniz-Crespo et al. unpublished results). 604 

 605 

Spatial segregation might also explain the seemingly contradictory development of the bacterial and 606 

fungal communities over time. Changes in the bacterial community suggest an amelioration of growth 607 

conditions, but this occurs alongside increasing fungal dominance. This pattern is explicable if the 608 

bacteria responded to changes in green tissue (which remained at a constant length), but the fungal 609 

community was primarily influenced by changes towards the base of the moss layer. An analysis that 610 

looked at along-stem variation in bacterial and fungal communities with TSF could resolve this issue. 611 

 612 
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CONCLUSIONS 613 

Both the bacterial and fungal communities of the bryosphere were similar to those reported in studies 614 

of boreal SMCs. Taxonomic diversity was also comparable, even though the bryosphere is a 615 

potentially stressful habitat for microbes. Overall, the bryosphere appeared to be an interface between 616 

aboveground and belowground habitats and this configuration might promote fungal diversity. Our 617 

study provided evidence for post-fire changes in bacterial and fungal communities in the bryosphere. 618 

The youngest site (RUS, 14 years since burning) was qualitatively different from the older sites in 619 

terms of microbial community composition. Presumably, most of the major changes in community 620 

structure occurred during the post-fire recovery of the moss layer (20-30 years). Thereafter, the 621 

communities appeared to differentiate along a narrow pH gradient. In terms of community 622 

composition, the bacterial community shifted from oligotrophic to copiotrophic life history strategies, 623 

suggesting an amelioration in growth conditions. Fungal communities were dominated by saprotrophs, 624 

but there was an apparent decline in MR fungi with TSF, possibly related to changing N status. 625 

Evidence for the decadal-scale legacy of burning has implications for the ecology of boreal forests if, 626 

as predicted, the return period of wildfires decreases over the next century. Most notably, reduced fire 627 

return periods could keep the microbial communities of the bryosphere (particularly fungi) at an early 628 

successional stage, with a knock-on effect on the cycling of recalcitrant C. 629 

  630 
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TABLES 891 

 892 

Table 1: Summary information for sampling locations. 893 

 894 

Site name 
Site 
code Location 

Time 
since fire 

(yrs) 

Rusklidtjärns RUS 64° 47' 49'' N 
18° 41' 46'' E 

14 

Laddock LAD 65° 56' 43'' N 
18° 22' 37'' E 

135 

Guorbäive GUO 65° 48' 57'' N 
19° 02' 54'' E 

182 

Tjadness TJA 65° 47' 28'' N 
18° 43' 52'' E 

255 

Reivo REV 65° 46' 28'' N 
19° 06' 19'' E 

366 
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Table 2: Edaphic factors for the five boreal forest sites. The analysis was performed on the humus 897 

layer. The figures presented for mean pH are derived arithmetically, but the values are almost identical 898 

to the geometric means. Values represent means ± SE (n = 12). 899 

 900 

Site Total N (t ha-1) TDN (mg kg-1) C:N pH 

RUS 0.3 ± 0.03 39.4 ± 7.6 44.6 ± 1.6 3.30 ± 0.04 

LAD 0.1 ± 0.01 120.7 ± 15.9 99.4 ± 2.6 3.06 ± 0.02 

GUO 0.4 ± 0.01 NA 45.1 ± 1.4 3.48 ± 0.18 

TJA 0.5 ± 0.01 95.4 ± 1.9 43.5 ± 0.3 2.98 ± 0.02 

REV 0.3 ± 0.01 54.8 ± 7.2 44.8 ± 1.0 3.11 ± 0.05 

 901 

 902 

903 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Cutler et al. 

33 

 

Table 3: Microbial diversity for the five boreal forest sites, based on standardised samples; H = Shannon 904 

diversity. 905 

 906 

  Bacterial diversity Fungal diversity 

Site TSF (yrs) No. OTUs H No. OTUs H 

RUS 14 219 4.4 479 3.7 

LAD 135 258 4.6 402 4.0 

GUO 182 190 3.8 399 4.3 

TJA 255 211 4.2 405 3.0 

REV 366 169 3.6 418 3.5 
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Table 4: Proportion of bacterial reads in each sample by taxonomic group; u/c = unclassified. 909 

 910 

   RUS LAD GUO TJA REV 

Acidobacteria Acidobacteria Acidobacteriales           

  Acidobacteriaceae      

  Edaphobacter sp. 42.8 35.8 8.6 17.1 12.7 

  Other Acidobacteriaceae 4.3 6.9 3.0 6.0 5.3 

  u/c Acidobacteriaceae 0.2 0.6 0.2 0.9 0.2 

Actinobacteria Actinobacteria Actinomycetales      

  Frankineae 2.3 1.6 2.0 0.9 0.5 

  Micrococcineae 0.4 1.9 1.4 3.1 0.4 

  Other Actinomycetales 1.5 2.1 0.5 0.3 0.2 

  u/c Actinomycetales 1.0 0.7 1.1 0.7 0.4 

  Other Actinobacteria 0.1 1.6 0.0 0.8 0.2 

  u/c Actinobacteria 0.1 0.0 0.0 0.1 0.1 

Proteobacteria α-proteobacteria Caulobacterales 2.0 2.4 0.8 0.7 0.3 

  Rhizobiales 10.3 3.1 1.5 2.0 1.0 

  Rhodospirillales 11.4 7.9 4.9 4.4 3.7 

  Other Alphaproteobacteria 0.2 0.2 0.6 0.7 0.0 

  u/c Alphaproteobacteria 0.7 0.1 0.1 0.5 0.0 

 β-proteobacteria Burkholderiales      

  Burkholderiaceae      

  Burkholderia sp. 0.2 17.5 5.6 15.8 55.1 

  Other Burkholderiales 0.6 0.5 1.4 0.6 1.0 

  u/c Burkholderiales 2.4 0.8 0.8 0.4 0.7 

 γ-proteobacteria Enterobacteriales      

  Enterobacteriaceae      

  Serratia sp. 0.0 0.2 10.3 17.9 0.6 

  Other Enterobacteriaceae 0.0 0.2 0.0 0.2 0.7 

  Pseudomonadales      

  Pseudomonadaceae      

  Pseudomonas sp. 0.0 4.1 46.6 19.0 14.1 

  Other Pseudomonadaceae 0.0 0.0 0.2 0.0 0.1 

  u/c Pseudomonadaceae 0.0 0.0 0.6 0.1 0.2 

  Xanthomonadales      

  Sinobacteraceae 15.5 2.7 4.1 0.7 1.3 

  Xanthomonadaceae 0.0 0.0 0.0 0.0 0.0 

  Dyella sp. 0.0 3.8 3.3 2.6 0.2 

  Other Xanthomonadales 0.0 1.9 0.7 1.0 0.3 

  u/c Gammaproteobacteria 0.2 0.1 0.2 0.1 0.0 

 Other Proteobact.  0.4 0.3 0.0 0.0 0.0 

 u/c Proteobacteria  0.3 0.4 0.2 0.2 0.2 

Other phyla   1.8 1.9 1.1 2.4 0.2 

Unclassified     1.5 0.6 0.3 0.6 0.2 
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Table 5: Proportion of fungal reads in each sample by taxonomic group; u/c = unclassified; 1 primarily 912 

from the sub-phylum Pezizomycotina; 2 primarily from the sub-phylum Pucciniomycotina 913 

 914 

   RUS LAD GUO TJA REV 

Ascomycota Dothideomycetes Capnodiales 0.2 0.7 0.8 0.7 0.5 

  Dothideodiales      

  Dothioraceae      

  Aureobasidium sp. 0.0 1.2 1.4 5.8 7.0 

  Other Dothioraceae 0.0 0.0 0.5 0.0 0.1 

  Other Dothideomycetes 0.3 0.3 0.3 0.2 0.1 

 Leotiomycetes Helotiales      

  Helotiaceae      

  Crocicreas sp. 19.6 0.1 3.3 1.1 0.2 

  Other Helotiales 1.0 11.0 1.9 1.9 4.0 

  Unclassified Helotiales 10.1 14.0 32.5 2.7 6.6 

  Other Leotiomycetes 2.5 0.3 0.7 0.9 0.8 

  u/c Leotiomycetes 0.4 7.3 2.4 2.5 13.6 

 Sordariomycetes Hypocreales      

  Hypocreaceae      

  Hypocrea avellanea 0.0 2.5 0.0 29.3 0.4 

  Trichoderma sp. 0.0 0.3 0.0 0.7 1.2 

  Other Hypocreales 0.0 0.0 0.0 0.1 0.0 

  u/c Hypocreales 0.0 0.0 0.0 0.1 0.0 

  Sordariales      

  Chaetomiaceae      

  Chaetomium sp. 2.0 0.0 0.0 0.0 0.0 

  Other Sordariales 0.0 0.1 0.2 0.2 0.2 

  Xylariales      

  Amphisphaeriaceae      

  Pestalotiopsis sp. 0.0 0.0 0.0 7.4 5.6 

  u/c Xylariales 0.1 0.0 0.0 0.0 0.1 

  Other Sordariomycetes 0.0 0.0 0.7 0.1 0.2 

 Other Ascomycota  0.7 0.8 0.4 1.0 0.7 

  u/c Ascomycota1   8.7 11.2 33.5 20.8 20.3 

Basidiomycota Agaricomycetes Agaricales           

  Mycenaceae      

  Mycena sp. 4.2 0.0 0.0 0.0 0.0 

  Other Agaricales 0.1 0.5 0.0 0.3 0.3 

  u/c Agaricales 0.0 0.2 0.2 0.1 0.7 

  Cantharellales      

  Clavulinaceae      

  Clavulina sp. 1.6 0.1 0.7 0.1 0.0 

  Other Agaricomycetes2 1.2 23.6 2.3 11.8 6.8 

  u/c Agaricomycetes 4.7 5.1 2.6 1.8 3.0 

 Tremellomycetes Cystofilobasidiales      
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  Cystofilobasidiaceae      

  Cystofilobasidium sp. 0.0 3.7 0.8 0.2 5.1 

  Filobasidiales      

  Filobasidiaceae      

  Cryptococcus sp. 0.0 2.0 0.2 0.2 2.6 

 Microbotryomycetes Sporidiobolales      

  Incertae sedis      

  Rhodotorula sp. 0.5 3.7 3.9 2.8 4.0 

  u/c Microbotryomycetes 0.0 1.6 0.2 0.1 0.8 

 Other B. mycota  0.0 4.6 0.3 0.8 1.3 

  u/c Basidiomycota   0.3 1.2 1.0 0.5 2.9 

Zygomycota Incertae sedis Mortierellales           

  Mortierellaceae      

  Mortierella sp. 0.1 2.9 0.6 5.2 10.0 

Unclassified     41.8 0.9 8.4 0.5 1.0 
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Table 6: Fungal lifestyles, based on the number of sequence reads from taxa that could be assigned 918 

to genus level or lower (‘Total at genus level’). 919 

 920 

Site 
code 

Time 
since fire 

(yrs) 

Total at 
genus 
level 

No. 
saprotroph 

reads 

Proportion 
saprotroph 

(%) 

No. 
mycorrhizal 

reads 
% 

mycorrhizal 

RUS 14 3283 2701 82 442 13 

LAD 135 2116 1474 70 116 5 

GUO 182 1480 1091 74 95 6 

TJA 255 5735 1710 30 134 2 

REV 366 4138 3141 76 52 1 
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FIGURE LEGENDS 923 

 924 

Fig. 1. Selected edaphic factors (humus layer) and moss/humus layer thickness plotted against TSF. 925 

Dotted lines indicate 95% confidence intervals. 926 

 927 

Fig. 2. CCA of bacterial community structure. TSF = time since fire; pH = pH of the humus layer. The 928 

two constraining variables accounted for 62% of the variance in the community data. 929 

 930 

Fig. 3. CCA of fungal community structure. TSF = time since fire; pH = pH of the humus layer. The two 931 

constraining variables accounted for 64% of the variance in the community data. 932 

 933 

Fig. 4. The relative abundance of the major bacterial phyla, showing the general increase in 934 

Proteobacterial reads with TSF, and the accompanying decrease in Acidobacteria. TSF increases 935 

from left to right. 936 

 937 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Fig. 1 Click here to download Figure Fig 1.jpg 

http://www.editorialmanager.com/meco/download.aspx?id=58103&guid=ec89ac84-e249-41ba-92a8-3953e49e37f6&scheme=1
http://www.editorialmanager.com/meco/download.aspx?id=58103&guid=ec89ac84-e249-41ba-92a8-3953e49e37f6&scheme=1


Fig, 2 Click here to download Figure Fig. 2_rev.JPG 

http://www.editorialmanager.com/meco/download.aspx?id=58104&guid=9f1fca73-954f-4ce7-816f-69db5b3d2584&scheme=1
http://www.editorialmanager.com/meco/download.aspx?id=58104&guid=9f1fca73-954f-4ce7-816f-69db5b3d2584&scheme=1


Fig, 3 Click here to download Figure Fig. 3_rev.JPG 

http://www.editorialmanager.com/meco/download.aspx?id=58105&guid=059afed8-55f5-4609-9e99-c771c6c1aded&scheme=1
http://www.editorialmanager.com/meco/download.aspx?id=58105&guid=059afed8-55f5-4609-9e99-c771c6c1aded&scheme=1


Fig. 4 Click here to download Figure Fig. 4.JPG 

http://www.editorialmanager.com/meco/download.aspx?id=58102&guid=8884e8b2-8ef5-4151-a2c2-221ad9b710e6&scheme=1
http://www.editorialmanager.com/meco/download.aspx?id=58102&guid=8884e8b2-8ef5-4151-a2c2-221ad9b710e6&scheme=1


  

Online resource 1

Click here to access/download
Supplementary Material
Online resource 1.pdf

http://www.editorialmanager.com/meco/download.aspx?id=58106&guid=78ddfb58-11e0-4b13-8c0b-f1b3243362fa&scheme=1


  

Online resource 2_rev

Click here to access/download
Supplementary Material

Online resource 2_rev.pdf

http://www.editorialmanager.com/meco/download.aspx?id=58108&guid=01128f18-8713-46c8-8af4-6f3f866be003&scheme=1


  

Online resource 3

Click here to access/download
Supplementary Material
Online resource 3.pdf

http://www.editorialmanager.com/meco/download.aspx?id=58109&guid=e1f3afe0-ea43-4328-af06-43ff49b26916&scheme=1

