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Abstract 18 

Wildfire has increasingly profound and pervasive consequences for forest ecosystems via 19 

directly altering soil physicochemical properties and modulating microbial community. In 20 

this study, we examined the changes in soil properties and microbial community at different 21 

periods after highly severe wildfire events (44 plots, 113 samples) in the Chinese Great 22 

Khingan Mountains. We also separated charcoals from burnt soils to establish the 23 

relationship between soil microbes and the microbes colonized on the charcoal. Wildfire 24 

significantly altered bacterial and fungal community structures across a 29-year 25 

chronosequence. The network analysis revealed that from 17 years after fire, the complexity 26 

and connectivity of bacterial and fungal communities were significantly increased. 27 

Differential abundance analysis suggested that bacterial and fungal OTUs were enriched or 28 

depleted only during 0-4 years after fire. In addition, soil factors, including soil pH, total C 29 

and N, soil water content, and dissolved C and N, are key determinants of soil bacterial and 30 

fungal communities from 17 years after fire. The fire-derived charcoals provided a new and 31 

unusual niche for microbial colonization and charcoal microbes had a significantly different 32 

community structure from the burnt soil microbes. Our data suggest that soil bacterial and 33 

fungal communities changed dramatically during the recovery from fire events in terms of 34 

the abundance and co-occurrence networks in the boreal forest ecosystems. 35 

Importance 36 

Pervious research has reported fire altered soil microbial community composition and 37 

function during short-term succession in boreal forests. However, the long-term effect of fire 38 
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and fire-derived charcoals which are regarded as fire legacy effect on soil bacterial and 39 

fungal communities composition and structure have not previously been shown. 40 

Understanding how soil microbes particularly the keystone taxa and determinative soil 41 

factors, respond to fire and its legacy matter charcoal, is critical for predicting how future 42 

fire influences soil nutrient transformations and biological processes. We accessed time 43 

chronosequence to examine the effect of fire history on soil microbial abundance and 44 

co-occurrence network. These findings suggest that soil microbes can be reshaped by fire 45 

and its legacy effect of fire-derived charcoal even in the long periods after fire and provide 46 

further insights into fire and its legacy effect. 47 

Keywords:  Wildfire; Fire history; Legacy effect; Microbial community; Charcoal; Soil 48 

factors; Forest ecosystems  49 
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Introduction  50 

Fire is one of the most important disturbance agents in terrestrial ecosystems and a 51 

worldwide phenomenon in our earth (1). Ecosystems such as boreal forests, shrublands, 52 

grasslands and savannas, which have been regarded as “flammable systems”, are often 53 

disturbed by wildfires over millions of years (2). Triggered by heat, fire affects soil 54 

microbiota and nutrient cycling directly and indirectly (3, 4). Basically, severe wildfire 55 

changes critical biotic and abiotic processes to cause complex consequences, including 56 

significant removal of plant shoot and organic matter, destruction of the soil physical 57 

structure and porosity, increase in nutrient losses through leaching and volatilization and 58 

considerable shift of chemical properties (3, 5–7). Fire breaks biomolecules (8) by exposing 59 

soil microbes directly to extremely high temperatures and lowers bacterial and fungal 60 

biomass (by 33 - 49%) (4, 9). Meanwhile, fire-based disturbance also modifies microbial 61 

community diversity and phylogenetic structure, which link to carbon dynamics and thawing 62 

of permafrost (10, 11). 63 

 Boreal forest is a major fire-prone biome, covering approximately 30% area of the 64 

global forest area. Distributed in high-latitude regions of Eurasia and North America, boreal 65 

forests have low productivity and are easily forced by fire and climate change (12). During 66 

long-term persistence and repeated succession, boreal forest ecosystems are tied to 67 

corresponding fire patterns and post-fire effects. Future climate change (such as global 68 

warming and drought) is likely to increase fire frequency and severity (13–15). Fire regimes 69 

have brought international concerns in the global boreal forests.  70 
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 In China, boreal forest landscapes encompass the most southern parts of the global 71 

boreal forest (16). Most fires occur as a surface fire which is usually of moderate to high 72 

severity, with an estimated historical fire interval period of 30-120 years (17). Chinese boreal 73 

forests store approximately 24-31% of total carbon storage (1.0-1.5 Pg C) in China (14) and 74 

the average of annual carbon emissions from boreal forest fire up to 0.54 Tg (18). Moreover, 75 

strict fire suppression has been implemented in this region for over a half of century (19), 76 

since a catastrophic wildfire (20) occurred on 6 May 1987. Such a human control has already 77 

changed the fire regime—the patterns of fire spread, intensity, severity, frequency, 78 

seasonality and ecological effects (2, 21). 79 

 The formation of charcoals is another important phenomenon during vegetation 80 

burning, especially in the boreal forest region. Most carbon is converted to CO2 releasing to 81 

the atmosphere while a small portion of forest fuel (plant biomass and soil organic matter) is 82 

pyrolyzed into other forms of pyrogenic carbon (PyC) (22). The PyC is a term synonymous 83 

with black carbon (23) and is mainly produced as solid charred residue including 84 

visually-defined charcoal and much lower proportions of volatile soot (24). Charcoal is part 85 

of the PyC continuum. Because of its resistance to decomposition, it serves as (1) historic 86 

records of fire and estimates for fire activities (1, 25), (2) an important long-term carbon sink 87 

(22, 23, 26) and (3) different habitat patches for soil microorganisms (27–29). In addition, 88 

incorporation of fire-derived charcoal into forest soils has an impact on soil C and nutrient 89 

cycles, and vegetation regeneration (30–32). Owing to the presence of charcoal, burning per 90 

se contributes to the shifts in ecological properties (including soil biological properties). 91 
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Therefore, charcoal is thought to function as fire’s black legacy. However, some studies have 92 

revealed that charcoal produced in fire would re-mineralize or degrade more rapidly than 93 

expected (33, 34). Charcoal persistence directly influences soil properties in decades and 94 

indirectly affect microbial community succession. 95 

 The effect of fire on soil biogeochemical and microbial processes can last for decades 96 

and even centuries (35). The short-term effects of fire on soil pH, water content, organic 97 

matter content, soil autotrophic respiration, and concentrations of total N, ammonium and 98 

cations (K, Na, Ca, and Mg) are also observed in the boreal region (7, 37, 38). These effects 99 

on soil properties in turn influence soil microbial community diversity and structure (7). 100 

However, recovery patterns of soil microbial community and the functioning from fire 101 

events are currently unclear in boreal ecosystems. The information is limited about the direct 102 

and indirect impacts of fire, associated changes in edaphic factors and fire-derived charcoal 103 

on soil microbes over long-term scales. The knowledge gap still exists in understanding 104 

complex and diversified interactions among soil microorganisms with the soil environment 105 

(such as in the soil-charcoal system). In addition, we use “space-for-time” substitution (39) 106 

as a judicious strategy for chronosequence research. On the other hand, it is difficult to 107 

separate charcoal particles from the soil and hence to identify specific taxa colonized in the 108 

charcoal or soil samples. Consequently, we are not able to quantitatively assess the effect of 109 

each individual factor even if charcoal could affect microbial community assembly through 110 

several known pathways (40). 111 
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 In this field study, we used a 29-year chronosequence to examine the effect of fire 112 

history on soil microbial community recovery processes. Specifically, we quantified the 113 

responses of soil microbes to fire and its legacy effect of fire-derived charcoal, and 114 

determined the key determinants of bacterial and fungal community structure. We 115 

hypothesized that (i) bacterial and fungal co-occurrence networks would become more 116 

complex and connected with increasing time since fire (TSF), and (ii) the fire-derived 117 

charcoal provided a unique niche for soil microbes and had microbial communities distinct 118 

from the soil, and (iii) some soil properties would be the key determinants of soil microbial 119 

community structure in soils with different fire histories. 120 

 121 

Results 122 

Effect of fire on soil properties and microbial communities 123 

Fire enhanced the mean concentration of soil available P from 5.4 to 19.3 μg g-1 (p < 0.01) 124 

(Table S2) in A horizon. Compared with the unburnt controls, middle-term fires (MF) 125 

increased available P by 224% and old fires (OF) increased available P by 257%. However, 126 

no significant changes (p > 0.05) in soil properties were observed in O horizon. Severe 127 

wildfires significantly increased soil C/N ratio and the concentrations of available P in both 128 

horizons (p < 0.05) (Fig. S2). There was no statistical difference in other soil properties (Fig. 129 

S2). 130 

 In total, 10480 bacterial and 56 archaeal OTUs were identified from 16S sequences, 131 

while 2711 classified fungal OTUs assigned from 18S sequences. Proteobacteria 132 
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(30.6%-40.4%) were the most abundant phylum of bacteria overall in the soil samples (Fig. 133 

1d), followed by Actinobacteria (22.2%-32.0%), Acidobacteria (12.6%-16.6%) and 134 

Verrucomicrobia (4.2%-10.9%) (Table S3). Relative abundances of Proteobacteria, 135 

Actinobacteria and Acidobacteria were generally constant across different fire histories 136 

(Table S3), irrespective of soil horizon. Most of fungal OTUs were in Ascomycota 137 

(41.3%-60.1%), with fewer in Basidiomycota (26.1%-49.4%) and Mucoromycota 138 

(8.3%-13.2%) (Table S3). The proportions of dominant phyla were variable in the post-fire 139 

soils. Overall, there is no significant temporal variation on taxonomic composition after fire 140 

(Fig. 1d). Alpha diversity indices (includes Shannon index and OTU richness) of bacterial 141 

and fungal communities did not vary significantly between the fire-affected (RF, MF, OF) 142 

and unaffected groups (UF) (Fig. 1c). However, wildfire caused significant differences (p < 143 

0.001, PERMANOVA) in 𝛽-diversity of soil microbial community (Fig. 1a & b) across 144 

different fire histories (RF, MF, OF and UF). The NMDS of Bray-Curtis dissimilarities also 145 

displayed that bacterial and fungal 𝛽-diversities in O horizon were significantly (p < 0.005, 146 

PERMANOVA) different from those in A horizon (Table S4). 147 

Effect of fire on differential OTUs 148 

Differential abundances in bacterial and fungal community composition after wildfire across 149 

a chronosequence were identified (Fig. 2). The enrichment and depletion effects on bacterial 150 

communities in O (20 vs. 0) and A (13 vs. 1) horizons were the most remarkable in the 151 

recent burnt soils (RF). There are no differential abundances in bacterial community 152 

composition after middle-term and old fires, compared with the unburnt soil (Table S5). 153 
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After fire (RF vs. UF), the changes of bacterial composition were mostly positive. In the 154 

period of 0-4 years after fire, differential OTUs had at least 3.5-fold enrichment in bacteria in 155 

both O and A horizons (Fig. 2a). There were a number of spore-forming bacterial taxa, 156 

including the group of Terrabacteria (Battistuzzi and Hedges, 2009). Terrabacterial phyla 157 

(Order Bacillales and Order Micromonosporales) were only significant in O horizon but not 158 

found in A horizon. However, the abundance of many fungal OTUs (e.g. Ascomycota and 159 

Basidiomycota) were declined significantly after recent fires, especially in A horizon (Fig. 160 

2b). Similarly, the RF group also had the most enriched and depleted fungal OTUs in O (17 161 

vs. 7) and A (11 vs. 20) horizons compared with the unburnt soils (Table S6). There were 162 

more fungal differential OTUs in A horizon than in O horizon (Fig. 2b). Moreover, the MF 163 

group had only one significantly enriched OTU while the OF group had only one depleted 164 

OTU (Table S6). 165 

Bacterial and fungal co-occurrence networks 166 

To identify the co-occurrence patterns of bacterial and fungal communities in soils with 167 

different fire histories, we constructed bacterial and fungal networks for the two horizons. 168 

The networks displayed remarkable differences in their structure and topology (Figs 3 & 4). 169 

The bacterial network of the UF group in O horizon consisted of 64 nodes (i.e. taxa) and 57 170 

edges (associations between taxa), while the RF group in O horizon consisted of 60 nodes 171 

and 30 edges. In stark contrast, the OF group in O horizon consisted of 222 nodes and 380 172 

edges (Table 1). The average degree and the average number of neighbors of bacterial 173 

network in the OF group were also considerably higher than the UF and other fire-affected 174 
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groups. The higher complexity and connectivity in the OF bacterial network showed that the 175 

special and complicate modules had been formed during long periods after wildfire (Fig. 2d). 176 

There were similar results in A horizon that more complex coupling among bacteria occurred 177 

during the post-fire succession process (Figs S5a & d). 178 

 Multiple topological properties of the fungal co-occurrence networks pronouncedly 179 

varied in different fire histories (Table S7). The fungal network of the OF was largest with 180 

152 nodes and 253 edges and had the highest average degree in O horizon (Table 1). Higher 181 

complexity in the OF group was visible, indicating that many fungi had developed a number 182 

of associations (Fig. 3). We observed that both modularity and average path length of fungal 183 

network in the OF group were highest in O horizon, showing more structured fungal 184 

communities within the network. Unlike bacterial patterns, fungal co-occurrence patterns of 185 

the OF group were more modular than the corresponding unburnt soil networks. Moreover, 186 

the connections between fungi in A horizon were gradually increased after wildfire 187 

disturbance (Fig. S6). 188 

The effects of fire-derived charcoal 189 

To gain insight into the fire legacy effect, we compared microbial properties in charcoal 190 

samples with soils. Despite common patterns in the relative abundance of main taxa at the 191 

phylum level, microbial community composition, especially for fungi, had some apparent 192 

divergences between charcoal and soil, and between different fire histories (Fig. 1d). The 193 

predominant phyla (ascomycota, basidiomycota, and mucoromycota) significantly differed 194 

in their relative abundances in the charcoal and unburnt soils (Table S3). Unlike burnt soils, 195 
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charcoal samples had an enhanced colonization of differential bacterial and fungal OTUs 196 

from the unburnt controls (Fig. 2c & d). On the other hand, the burnt soil samples of O 197 

horizon had more similar microbial composition to the unburnt sites than to charcoal samples, 198 

as indicated by nearly zero differential OTUs (Fig. 2c & d). Bray-Curtis dissimilarity was 199 

used to assess the structure of microbial community colonized on the surface of fire-derived 200 

charcoal or inhabited within the soil. NMDS ordination revealed significant differences (p < 201 

0.001, PERMANOVA) among charcoal, unburnt, and burnt soil samples (Fig. S4) for 202 

bacteria (R2 = 0.30, pseudo F = 23.5) and fungi (R2 = 0.19, pseudo F = 13.2). These results 203 

showed that the charcoal colonized distinct microbial community, as fire legacy effect. The 204 

explanation of variance to 40.7% in the soil fungal community structure on SEM (including 205 

charcoal microbial community) while explanation of variance decreased slightly to 41.4% 206 

for bacterial community structure (Fig. 6a & b). Based on SEM, fire significantly affected 207 

bacterial and fungal community in charcoal and bacterial community in charcoal also 208 

significantly affected bacterial community in soil. 209 

The influence of soil properties on microbial community 210 

The relationships between soil properties and soil microbial community structure varied with 211 

different fire histories and horizons (Fig. 5). Soil pH, soil organic matter, total N, total P, 212 

dissolved organic C, and dissolved organic N had significant relationships with bacterial 213 

community structure in both O and A horizons of the OF group. However, in the RF and MF 214 

groups, most of soil factors had no significant correlations with bacterial community 215 

structure. Soil factors, such as pH, soil organic matter, total P, dissolved organic C and 216 
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dissolved organic N, significantly correlated with the structures of fungal community in O 217 

horizon (Fig. 5). More soil factors had significant relationships with bacterial than fungal 218 

community structure. In O horizon of the OF group, bacterial community structure correlated 219 

highest with pH (r = 0.8095, p = 0.0001) while fungal community structure correlated 220 

highest with dissolved organic C (r = 0.6691, p = 0.0001) across all the environmental 221 

variables (Table S8). 222 

 223 

Discussion 224 

Temporal patterns of bacterial and fungal communities in response to fire 225 

This study demonstrates that wildfire has an impact on bacterial and fungal composition, and 226 

thereby modulates the patterns of soil microbial community succession over three decades 227 

after fire in the boreal forest region. Translated spatial differences into temporal changes, our 228 

results clearly show that temporal patterns of bacterial and fungal communities occur across 229 

a chronosequence. Supported by previous findings about bacterial diversity shifts under fire 230 

disturbance (7), wildfire does not show significant impacts on microbial 𝛼-diversity 231 

(Shannon index and OTU richness) both in O and A horizons. Only fungal 𝛼-diversity in A 232 

horizon significantly declined by the recent fires, corresponding with fungal co-occurrence 233 

networks in this horizon (Fig. S6b). This is in agreement with previous studies that fungal 234 

diversity changed significantly in 2 years after fire across a 152-year chronosequence (41). In 235 

addition, the fire-related effect on species richness of ectomycorrhizal fungi has not been 236 

observed on many fire-affected soils, and mycorrhizal colonization of roots may increase 237 
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after a fire event (42). However, in Alaskan boreal forests, soil fungal community diversity 238 

(Shannon index) varied significantly only in the 90-year-old site, not in sites with 239 

shorter-term fire history across a 100-year chronosequence (43). Therefore, soil bacterial and 240 

fungal community diversities have concomitantly and rapidly recovered, suggesting that fire 241 

only has a limited impact on bacterial and fungal diversity across a chronosequence. 242 

 In general, wildfire is reported to have a distinct effect on soil microbial community 243 

composition. Our results demonstrate that the bacterial and fungal community compositions 244 

differ among fire history. Bacterial and fungal community structures have an underlying 245 

trend clustered with increasing TSF (Fig. S3), which means fire has a significant effect on 246 

soil microbial structure across a chronosequence. This phenomenon goes beyond previous 247 

results reporting that bacterial community altered dramatically after 16 weeks since fire (44) 248 

and could return to similar levels of the controls after 11 years (45). Yet, there are different 249 

temporal patterns for bacteria and fungi under fire disturbance. Bacteria under the MF and 250 

UF groups were closely clustered in the NMDS plot. Their co-occurrence networks and 251 

topological networks are similar to those of other fire-affected groups in both O and A 252 

horizons (Fig. S5). However, fungal co-occurrence always differs between the fire-affected 253 

groups and the unburnt group, suggesting that the fungal communities still change after 29 254 

years since fire. Our partial Mantel data show that bacterial community structure is 255 

correlated with many soil factors in the OF group but correlated with few soil factors in the 256 

RF and MF groups. These results indicate that fire-derived changes in soil properties become 257 

the major determinants of soil microbial community composition in the post-fire succession 258 
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process. Our analysis further suggests that soil properties have significant effects on soil 259 

microbial community especially for bacterial community as environmental filters from 17 260 

years after fire. Furthermore, bacterial community was complexly modulated by soil factors 261 

more significantly than fungal community. 262 

 Soil microbial co-occurrence networks, that provide insight into ecological interactions 263 

among taxa, were influenced by fire history. The major changes in topological properties of 264 

the bacterial and fungal networks have more nodes and edges under the OF group than the 265 

UF group (Figs 2, 3, S5 & S6), predicting that microbial communities have more 266 

connections and complex functional modules under fire disturbance. Fire reshapes soil 267 

microbial network and makes microbial interaction stronger in both O and A horizons after 268 

17 years since fire. In addition, during 1-15 years since fire (RF and MF groups), taxa only 269 

form weak relationships and lower-complexity modules in most of the samples. Clearly, 270 

bacteria and fungi need more than 15 years to recover and reconstruct ecological functioning 271 

after fire events. Our results are in contrast to the short-term experiments (within 12 months 272 

after fire) showing that fire did not alter co-occurrence network generally (46). 273 

Specific bacterial and fungal taxa in response to fire 274 

By using differential OTU abundance analysis across a chronosequence, we observed that 275 

only RF groups serve an enrichment/depletion role for microbial OTUs relative to the 276 

unburnt soil. There are few differential OTUs found in the MF and OF groups although 277 

microbial co-occurrence network in the MF and OF groups is significantly different from 278 

that in the UF group. These results indicate the number of most OTUs in post-fire boreal soil 279 
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back to pre-fire level after 7 years. Many bacterial species are able to cope with extreme 280 

environments such as high temperature by forming resistant substances such as spores and 281 

endospores (10). We observed that the RF group serves an enrichment role for a subset of 282 

bacterial OTUs relative to the unburnt soil. The recent fires increased the number of 283 

spore-forming OTUs in the order Micromonosporales (phylum Actinobacteria) and the 284 

Gram-positive Bacillales (phylum Firmicutes). The Bacillales can generate dormant and 285 

resistant spores that make them survive under harsh conditions for years (47). The Bacillales, 286 

that consist of many spore-formers, allow themselves to recover better and faster from 287 

stresses. Micromonosporales (genus Actinoplanes) also form spores by fragmentation to 288 

reproduce (48). These post-fire increases in the number of bacterial OTUs are more in O 289 

horizon than in A horizon, which could be linked to higher fire severity or upper fire loading 290 

density in O horizon. The results of these differential bacterial OTUs are consistent with the 291 

findings of many previous studies showing pronounced effects on soil bacterial community 292 

in the short-term, mostly within 36 months after fire (6, 10, 49). Furthermore, apart from fire 293 

severity, environmental factors (soil pH, soil water content, total C, dissolved C and N) are 294 

also key determinants driving soil bacterial community. Some bacterial OTUs depend on 295 

plant-soil feedback (50) and are strongly affected by aboveground community during forest 296 

regeneration (51, 52). 297 

 We observed that there are many depleted ectomycorrhizal OTUs (such as Family 298 

Tricholomataceae) in O and A horizons, which is consistent with a previous study showing 299 

that forest fire caused a significant loss of ectomycorrhizal fungi biomass in the litter and 300 
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organic horizons (53). Severe fire consumes the most portion of humus on soil surface and 301 

kills most of trees, and hence the death of ectomycorrhizal fungi although some 302 

ectomycorrhizal fungi have sporophytes (54). Moreover, during the early successional phase 303 

after fire disturbance, the regeneration has not reached pre-wildfire levels in the Great 304 

Khingan Mountain. The impact of vegetative recovery on fungal community may play an 305 

important role in enriched OTUs in O horizon. Furthermore, most of differential OTUs in A 306 

horizon are depleted probably because vegetation including herbaceous species and shrubs 307 

still cannot influence soil microbes in A horizon. However, many fungal species can still 308 

survive and largely remain intact even after a high-intensity wildfire. The regeneration of 309 

post-fire pyrophilous ascomycetes is well documented for the reasons such as the tolerance 310 

of high pH and other physicochemical consequences of wildfire (42). 311 

Fire legacy effect on soil microbial community 312 

Our study, for the first time, examined the effect of fire-derived natural charcoal on soil 313 

microbial community along a chronosequence in a boreal forest region, and showed that the 314 

microbial community colonized on the charcoal can influence the responses of soil microbial 315 

community to wildfire. Due to specific porous structure and absorbed nutrients, charcoal is a 316 

habitat for soil microbes and these microbes are significantly different from those in the 317 

burnt soils (Fig. S4). The major taxa and 𝛼-diversity of microbes in the charcoal (Figs 1 & 318 

S4) are also distinct with the burnt forest soils, highlighting a new and unique habitat 319 

produced by fire (28). Moreover, there are more than 680 bacterial OTUs and more than 120 320 

fungal OTUs in the charcoal samples (Fig. 2c & d). Together these observations provide 321 
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strong evidence that fire-derived charcoal create distinct environments (including abiotic 322 

factors and biotic factors) as the habitat for fire-responsive microbes. Because of its higher 323 

pH value, charcoal causes a localized increase in soil pH (55, 56) and shifts the way of soil 324 

pH effect on soil microbial community to some extent. Charcoal microbial community has a 325 

significantly positive relationship with soil bacterial community (Fig. 6a), indicating that 326 

microbes in soil are more likely impacted by post-fire charcoal. Charcoal microbial 327 

community is also related to soil pH, dissolved organic C and total P which regulate 328 

microbial activity with nutrient cycling. Previous studies have shown that charcoal absorbs 329 

some labile C compounds to inhibit or activate some microbial processes (29, 40, 57). 330 

However, our present study has not found that dissolved organic C has any specific 331 

relationship with bacteria or fungi in the charcoal. Based on SEM, fire (represented by TSF) 332 

affects soil microbial community via the indirect effect of charcoal. Furthermore, charcoal 333 

community structure varied with TSF showing that the ecological recovery processes after 334 

fire occur in the charcoal particles and the fire legacy effect gradually changes over time. 335 

Conclusions 336 

This study provides the key evidence how large-scale wildfire events and the derived 337 

charcoal (fire legacy effect) affect soil microbial community along a 29-year chronosequence 338 

of the boreal forest region in northeast China. It reveals that wildfire significantly impacts on 339 

bacterial and fungal community structures. The complexity and connectivity of bacterial and 340 

fungal communities were significantly enhanced from 17 years after fire when soil pH, total 341 

C and N, soil water content, and dissolved C and N are key determinants of soil bacterial and 342 
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fungal communities. Furthermore, the charcoal formed at fire events and its colonized 343 

microbes have important ecological functions of mediating post-fire successional boreal 344 

forests although our current knowledge of the succession patterns about soil microbes 345 

post-fire and charcoal functions in flammable boreal forest ecosystems is limited. Our 346 

research highlights an important step forward to clarifying the effects of fire and its charcoal 347 

on soil microbial community. Further research may aim at (i) identifying specific 348 

physiological and biochemical processes in response to fire events and fire history and (ii) 349 

distinguishing charcoal microbial community from post-fire soil microbial community in 350 

finer details. 351 

 352 

Materials and methods 353 

Study area and experimental design  354 

This study was carried out in the boreal forest region, the Great Khingan Mountains 355 

(50’10’N-53’33’N, 121’12’E-127’00’E), north-eastern China (Fig. S1). The mean annual air 356 

temperature in this region is -2 to -4 ℃ and the mean annual rainfall is 350~500 mm (18). 357 

The soil at the sampling sites is classified as dark brown forest soil (Inceptisol) and the 358 

parent material is granite bedrock (45, 58). The vegetation of this region is representative of 359 

boreal coniferous forests, forming the southern extension of the Siberian boreal forests. 360 

Transition plant species, dominated by larch (Larix gmelini), are late-successional and 361 

widely distributed from a wildfire (14) or harvesting. Broadleaf trees as the pioneer species, 362 
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mainly birch (Betula platyphylla), are the earliest re-generation in the post-fire soil. They are 363 

succeeded by boreal conifer tree species in the wildfire-disturbed boreal forest ecosystems. 364 

We selected a total number of 44 plots (50 × 50 m) at altitudes ranging from 209 m to 365 

466 m a.s.l. (Table S1) in July 2015. Plots including fire-affected and unaffected groups, 366 

were located at the National Reserve and State-owned Forest with minimal human 367 

interventions (e.g. prescribed fire, and logging). Due to the difficulty of long-term studies 368 

and specificity of fire researches, we followed a classical space-for-time substitution method 369 

to assess the impacts of fire and its legacy charcoal. Fire-affected groups consisted of a 370 

chronosequence of burnt forests that were representative of different TSF (59), considered as 371 

different fire histories. These affected groups were divided into Recent Fires (RF: 0-4 years 372 

since fire, n=9), Middle-term Fires (MF: 7-15 years since fire, n=12), and Old Fires (OF: 373 

17-29 years since fire, n=12) based on TSF. Each fire-affected site was considered as an 374 

independent replicate and more information about TSF is given in the Supplementary 375 

Information.  376 

According to the historical records from the State Forest Administration and remote 377 

sensing images, each of the fire-affected sampling sites had suffered one highly severe 378 

wildfire during 1915-2015. The highly severe wildfire here means destroying at least one 379 

hundred hectares of forests and removing litter and organic soil layer (60). To save 380 

expenditure, we only sampled fire-unaffected controls (UF, n=11) nearby the burnt plots 381 

with distinct burnt borders. The minimum distance between each plot was 100 meters. For 382 

reducing spatial heterogeneity, all plot samples were comprised of more than five 383 
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subsamples (10 × 10 m) and each subsample was homogenized by at least ten soil cores. 384 

Given that plots were structurally analogous, all samples followed by unified strict selection 385 

criteria including a slope of < 15°, the same soil type and a similar landform. 386 

Sampling, charcoal separation and physicochemical analysis 387 

During sampling, the litter layer (a laminated mixing of small twigs, roots and fungal 388 

hyphae) was first removed and the organic layer (O horizon) comprising dark colored 389 

materials with fewer small roots and charcoal pieces were collected. Then, the top 15-cm 390 

mineral soil (A horizon) was collected using a soil auger (4 cm diameter). Soils were placed 391 

in the aseptic plastic bags for subsequent processing. Samples were transported to laboratory 392 

on ice, immediately sieved through a 2-mm mesh and stored at -80 ℃ (for DNA extraction) 393 

and 4 ℃ (for physicochemical analyses). Soil physicochemical properties included total C 394 

(%), N (%), P (mg kg-1), soil organic matter (SOM), pH, soil gravimetric water content, 395 

available P, dissolved organic C, dissolved inorganic C, dissolved organic N and 396 

exchangeable Na, K, Mg, and Ca. Detailed information on soil analyses is given in the 397 

Supplementary Information. 398 

 To minimize disturbance of microbial community, we adopted a direct hand-picked 399 

method (61, 62), rather than the water-floating method, to separate charcoal particles from 400 

the O-horizon soil. These “charcoal” particles in this study were defined as solid residual 401 

pieces derived from the pyrolysis of plant biomass by fire. Many researches showed that 1-3 402 

mm char-particles (including biochar, charcoal) are easily extracted from soil (63–65), and in 403 

view of this phenomenon, we separated macroscopic charcoal particles (≥1 mm in diameter) 404 
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from the sieved soil. We used a specific tweezer (N5, Dumont, Switzerland), which could 405 

isolate visible charcoal particles larger than 50 µm under microscope. Followed by the same 406 

criteria of microscopy and mineralogy, we collected charcoal approximately 15 g per plot for 407 

later analyses and characterization. The details of charcoal isolation from soil are presented 408 

in Supplementary Information. Collected charcoal pieces were crushed gently, homogenized 409 

and stored at -80 ℃ for DNA extraction and physicochemical analyses. 410 

Illumina sequencing and bioinformatic analysis 411 

DNA was extracted from all soil (0.50 g) and charcoal (0.2-0.4 g) samples using the MP 412 

FastDNA SPIN Kit for soil (MP Biomedicals, Solon, OH, USA) according to the 413 

manufacturer’s protocol. Extracted DNA was stored at -20℃ for a maximum of one week 414 

until amplicon library preparation began. PCR amplification was performed on the V4-V5 415 

region of bacterial 16S rRNA gene using primers 515F/907R (66, 67) and the V4 region of 416 

18S rRNA using primers 528F/706R (68, 69). The concentration and purity of DNA were 417 

monitored on 1% agarose gels. According to actual concentration, DNA was diluted to about 418 

1 ng μL-1 using sterile water. 16S /18S rRNA genes were amplified used specific primers 419 

with the barcode. All PCR reactions were carried out in a volume of 30 μL using 15 μL of 420 

Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM of forward 421 

primers, 0.2 μM of reverse primers and 10 μL sample DNA. The PCR consisted of 98 °C for 422 

1 min, then 30 cycles at 98°C for 10 s, 50 °C for 30 s, 72 °C for 30 s, and finally 72 °C for 5 423 

min. PCR products were mixed in equidensity ratios and purified before sequencing libraries 424 

were generated. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo 425 
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Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on an 426 

Illumina HiSeq 2500 and 250 bp paired-end reads were generated. 427 

 Briefly, the raw sequences from HiSeq platform were merged by using FLASH (70) and 428 

were assigned to each sample according to the specific barcodes. The sequences were 429 

pre-filtered and removed chimeras (71) by QIIME’s (72) quality filters. All effective 430 

sequences were then clustered into operational taxonomic units (OTUs) by Uparse (73) 431 

based on 97% similarity level. We picked the highest frequent sequence for each OTU as 432 

their representative sequences. We used the Ribosomal Database Project’s classifier (74) 433 

against the SILVA 132 database (75) to annotate taxonomic information for bacteria (16S) 434 

and eukaryotes (18S). RDP classifier bootstrap confidence values were 0.8-1. We 435 

normalized the read counts in OTU table by rarefying to the minimum sequence number 436 

within all samples. Moreover, to parse fungal OTUs by ecological guilds, we used 437 

FUNGuild to annotate fungal taxa into different functional groups (i.e. saprotroph, 438 

pathotroph and symbiotroph) (76). Raw sequence data were deposited into the Genome 439 

Sequence Archive (GSA) database under accession numbers CRA002389 that are publicly 440 

accessible. 441 

Statistical analysis 442 

All statistical analyses were performed using R v. 3.5.3 (77) using the rarefied data on 443 

the following packages: phyloseq (78), ggplot2 (79), reshape2 (80), plyr (81), except for the 444 

analysis using non-rarefied data (82). Here, 𝛼-diversity metrics included Shannon index and 445 

OTU richness (namely species richness), which were calculated using the “plot_richness” 446 
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function (phyloseq) and Picante package (83). The vegan package (84) was used to assess 447 

𝛽-diversity via non-metric multidimensional scaling (NMDS) ordination using “metaMDS” 448 

function, based on Bray-Curtis dissimilarities. Bacterial and fungal communities in charcoal 449 

and soil samples were determined separately by the differential abundance analysis 450 

compared with the unburnt soils in each soil horizon. The package ‘DESeq2’ (85) was used 451 

to calculate the differential abundance (Log2 fold change in relative abundance of OTUs) 452 

using non-rarefied data. DESeq2 was run using the Wald test and an alpha of 0.01. 453 

To reduce network complexity, we removed OTUs with relative abundances less than 454 

0.001% of the total number of bacterial and fungal sequences, respectively. We then 455 

calculated all possible Spearman’s rank correlations between OTUs more than three 456 

sequences using the WGCNA package (86). The nodes in the networks represent microbial 457 

taxa (OTUs) and the edges represent significant correlations between the nodes. The p values 458 

were adjusted using the the Benjamini-Hochberg false discovery rate (FDR) controlling 459 

procedure (87), as implemented in the multtest package (88). A valid co-occurrence network 460 

was considered a statistically robust correlation between taxa when the correlation 461 

coefficients threshold was above 0.8 and FDR-adjusted p value was below 0.01. Network 462 

visualization was conducted using Cytoscape version 3.8.0 (89), and topographical 463 

properties (including average degree, average path length, network diameter, and clustering 464 

coefficient) of networks were calculated using Gephi software (90). 465 

To investigate the importance of fire effect and soil properties, a permutational 466 

multivariate analysis of variance (PERMANOVA) was performed on Bray-Curtis 467 
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dissimilarities using the “adonis” function of vegan (nperm=9999). Partial Mantel tests were 468 

conducted to test the effects of soil properties on the compositional similarity of OTUs using 469 

vegan package. Moreover, the effects of spatial variation (i.e. longitude and latitude) were 470 

controlled while testing the correlation of soil factors and the microbial community of burnt 471 

and unburnt soils. Soil properties, the relative abundances of taxa and 𝛼-diversity indices 472 

were performed by ANOVA, and pair-wise differences were assessed by Tukey’s HSD 473 

post-hoc tests as implemented in agricolae package. The Kruskal-Wallis test instead was 474 

used for the data with abnormal distribution or homoscedastic. To further test the effect of 475 

fire (including TSF and charcoal) on soil factors and soil community structure of bacteria 476 

and fungi, we built Structural Equation Modeling (SEM) by “sem” function from the lavaan 477 

package. A priori models based on the results of linear mixed-effect model (Fig. S7). We 478 

used fire effect (TSF) and fundamental edaphic factors (pH, dissolved organic C) as 479 

exogenous variables, and soil total N and P, and microbial community in charcoal as 480 

endogenous variables (Fig. 6). Exploratory analyses showed dissolved organic C had a better 481 

fit and explanation than soil organic matter or total C. Importantly, the microbial community 482 

colonized on the separated charcoal particles were hypothesized as key links between fire 483 

effect and soil microbial community. The goodness of fit was considered on the basis of 484 

chi-square test and root-mean-square error of approximation (RMSEA). A model could be 485 

accepted when p-value > 0.05, comparative fit index (CFI) > 0.95 and RMSEA < 0.05. 486 

 487 
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Tables 737 

Table 1. Topological properties of networks obtained at the different fire histories in O 738 

horizon. Fire histories are recent fires (RF), middle-term fires (MF), old fires (OF) and 739 

unfired (UF). 740 

 741 

Topological properties UF RF MF OF 

Bacteria 

Number of nodes 64 60 72 222 

Number of edges 57 30 62 380 

Average degree 1.781 1 1.722 3.423 

Modularity 0.845 0.967 0.907 0.737 

Average clustering coefficient 0.723 NA 1.000 0.490 

Average path length 1.68 1 1 4.052 

Average number of neighbors 1.78 1 1.72 3.42 

Fungi 

Number of nodes 67 48 16 152 

Number of edges 83 38 8 253 

Average degree 2.478 1.583 1 3.329 

Network diameter 4 4 1 7 

Modularity 0.807 0.828 0.875 0.917 

Average clustering coefficient 0.702 0.661 NAa 0.689 

Average path length 1.599 1.421 1 1.827 

Average number of neighbors 2.48 1.58 1 3.33 

aNA means not applicable.742 
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Figures 743 

 744 

Figure 1. Microbial composition and structure in soils and charcoal samples of different fire 745 

histories and soil horizons. Non-metric multidimensional scaling ordination plot based on 746 

Bray-Curtis dissimilarity showing the change of soil bacterial (a) and fungal (b) community 747 

structure. Purple, red, orange and green symbols represent unburnt controls (UF), and recent 748 

(RF, 0-4 years), middle-term (MF, 7-15 years) and old fire (OF, 17-29 years), respectively. 749 

As listed in the legend, solid circles and squares represent samples from the O and A 750 

horizons, respectively. Boxplots of 𝛼-diversity (c) for bacterial and fungal communities in 751 

the soils and charcoal samples of different fire histories (UF, RF, MF and OF) in O and A 752 

horizons. Boxes are bounded on the first and third quartiles, divided by median lines. Boxes 753 

with different lower-case letters are significantly different (p < 0.05) by Bonferroni’s post 754 

hoc tests. Relative abundances of bacteria and fungi among different fire histories in O and 755 
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A horizons at the phylum level (d). “Unclassified” OTUs indicate no taxonomic information 756 

matched in the database. Charcoal samples only were separated from burnt soils in O 757 

horizons. 758 
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Figure 2. Enrichment (above 0) and depletion (below 0) of bacterial (a) and fungal (b) OTUs in soils after recent fires (RF, 0-4 years) compared 760 

with unburnt soils by differential abundance analysis. The OTUs (singleton is exclusive) are arranged by family on the x-axis and each point 761 

represents an individual OTU. The y-axis indicates fold change in log base 2 units. Skyblue points represent differential OTUs found in O 762 

horizon while pink points represent differential OTUs found in A horizon. The significant threshold is 0.01. Enrichment (yellow triangles) and 763 

depletion (green triangles) of OTUs (singleton is exclusive) about bacterial community (c) and fungal community (d) by differential abundance 764 

analysis. Enrichment and depletion of certain OTUs in the charcoal and soil samples of recent (RF, 0-4 years), middle-term (MF, 7-15 years) and 765 

old fire (OF, 17-29 years) compared to unburnt soil samples (black dots) in O horizon. The significant threshold is 0.01. Colored numbers 766 

represent the number of differential OTUs. 767 
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 768 

Figure 3. The co-occurrence networks of the bacterial community in O horizon under recent 769 

fires (RF, b), middle-term fires (MF, c), old fires (OF, d) and unburnt groups (UF, a). A 770 

connection stands for a strong (Spearman’s p > 0.8) and significant (p < 0.01) correlation. 771 

The size of each node is proportional to the relative abundance, as is shown in the legend. 772 

The thickness of each edge is proportional to the value of Spearman’s correlation 773 

coefficients. The grey edges represent positive interactions between two bacterial nodes, 774 

while red edges represent negative interactions. 775 
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 776 

Figure 4. The co-occurrence networks of the fungal community in O horizon under recent 777 

fires (RF, b), middle-term fires (MF, c), old fires (OF, d) and unburnt groups (UF, a). A 778 

connection stands for a strong (Spearman’s p > 0.8) and significant (p < 0.01) correlation. 779 

The size of each node is proportional to the relative abundance, as is shown in the legend. 780 

And the thickness of each edge is proportional to the value of Spearman’s correlation 781 

coefficients. All edges are grey, which means positive interactions between two fungal 782 

nodes. 783 
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 784 

Figure 5. Associations of bacterial (a) and fungal (b) community structures with soil factors, by Partial Mental test, in different fire histories and 785 

different horizons (O and A). Fire histories are recent fires (RF), middle-term fires (MF), old fires (OF) and unfired (UF). All, all environmental 786 

factors. The correlations (r) and significance (p) are determined with a Bray-Curtis distance matrix and a Euclidean distance matrix for 787 

environmental factors, controlled with spatial variation. Different colors in the cells indicate different mantel statistic correlations (r), shown in 788 

the legend. The p values in the cells with *, ** and *** indicate p < 0.05, p < 0.01, p < 0.001, respectively. Significance for each test is 789 

calculated from 9999 randomized Monte Carlo runs. 790 
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 791 

Figure 6. Fire legacy effect on bacterial (a) and fungal (b) community structures of the burnt soil in O horizon. Best-fitted structural equation 792 

models depicting the major pathways of fire, charcoal and representative environmental variables on microbial community structures. The 793 

bacterial and fungal community structures of charcoal and soil represented by the first axis of NMDS. DOC, dissolved organic carbon; TN, total 794 

nitrogen content; TP, total phosphorus content; Fire, time since fire. R2 values denote the amount of variance explained by the model. Solid (blue) 795 
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and dashed arrows (red) indicate positive and negative effects, respectively. Arrow thickness is proportional to the standardized coefficients (std. 796 

coeff.), interpreted as the relative importance of effects. Only significant (*p < 0.05, **p < 0.01, ***p < 0.001) estimate numbers are noted at 797 

each arrow. The goodness of fit was satisfactory (n = 31, p value = 0.483, CFI = 1.000, RMSEA = 0.000, SRMR < 0.015). 798 
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