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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Prescribed burning altered aboveground 
vegetation and soil properties altering 
the structure of prokaryotic 
communities.

• Co-occurrence networks show positive 
links in non-burn topsoil and antago
nistic links in short-rotation burn 
treatments.

• Prokaryotic communities show unique 
indicator species after prescribed burns, 
helping estimate the site's burning 
history.

• The study highlights the potential 
impact on soil biogeochemical processes 
mediated by prokaryotic communities in 
peatlands.

A R T I C L E  I N F O

Editor: Damia Barcelo

Keywords:
Prescribed burning
Peatlands
Biogeochemical cycles
Prokaryotic community
Co-occurrence network
Soil

A B S T R A C T

Prescribed burning is a common management strategy in peatlands that has the potential to affect soil phys
icochemistry, alter biogeochemical cycles and trigger changes in vegetation structure. How burning affects 
prokaryotic community composition across different soil profiles is not well understood. This study explored the 
effects of prescribed burning on the diversity of prokaryotic communities in peat soils. Soil samples were 
collected from Moor House Nature Reserve, UK, a long-term monitoring site initiated in 1954 subject to three 
burning treatments: Burning at short rotations every 10 years, burning at long rotations every 20 years and a 
non-burn control. Observed species richness for archaea was highest in the topsoil of the non-burn control plots 
and highest for bacteria in the topsoil of the non-burn control and plots under a long rotation regime. Community 
composition was significantly different between different burn treatments and soil depth. Archaeal community 
structure was shaped by NH4

+ and pH in the topsoil; by Pb, moisture and Al in the 20–40 cm profile; and by total 
N, total C, Al, Ca, Fe and pH in the 40–60 cm profile. Bacterial community structure was shaped by NH4

+, heather 
cover, pH and Mg in the topsoil; by Fe, K and Pb in the 20–40 cm profile; and by Al, Ca and Fe in the 40–60 cm 
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profile. A co-occurrence network analysis revealed that the topsoil of the non-burn control plots had a more 
complex network structure with more positive links than those under a rotational burn, but a higher average 
connectivity with a higher number of negative links was observed in the long rotation 20–40 cm profile. The 
results provide a new insight into the response processes of soil prokaryotic communities to burning in peatland 
soils, providing valuable knowledge that can support the evaluation and management of ecosystem services in 
peatlands.

1. Introduction

Peatlands provide a wide range of ecosystem services including 
sequestration of carbon, providing habitat for biodiversity, and safe
guarding drinking water (Lal, 2004; Rosario-Ortiz et al., 2016; Smith 
et al., 2015; Yang et al., 2009). Soil microbes are essential in sustaining 
the peatland ecosystem, and degradation of peatlands due to human 
activities can threaten peatland function which is recognised to be 
linked to shifts in archaeal and bacterial community structure (Evans 
et al., 2014; Mendes et al., 2015). Therefore, archaea and bacteria have 
been identified as essential indicators for ecological processes in peat
lands and it is important to describe the factors that drive the abundance 
and diversity of these communities (Ritson et al., 2021; Wiesmeier et al., 
2019). Despite soil microbial communities being heterogeneous in time 
and space it has become widely concluded that site-specific environ
mental parameters such as soil pH, soil texture, climate conditions, the 
type of land management and land-use intensity are major drivers of soil 
microbial community structures (Bauer et al., 2017; Kallenbach et al., 
2016; Thomson et al., 2015). On the other hand, it is also recognised that 
microbes in the soil are ecosystem engineers which alter the physico
chemical properties of the soil (Cary et al., 2010; Elliott et al., 2019; 
Jones et al., 2010), thus the interaction between organisms and the 
environment is a dynamic one that can be altered by anthropogenic 
activity.

Prescribed burning is a common management method for peatlands 
used for land clearance, the prevention of wildfires, and the creation of 
habitat suitable for game birds such as red grouse (Lagopus lagopus). 
Burning regimes play a key role in structuring plant communities and 
limiting ecological succession (Whitehead et al., 2021), as well as having 
an impact on above and below-ground C stocks through combustion, 
and continuous effects on the subsequent ecosystem recovery (Clay 
et al., 2015; Heinemeyer et al., 2018; Marrs et al., 2019). Prescribed 
burning can alter critical biotic and abiotic processes and have drastic 
consequences on vegetation community structure as well as alter soil 
structure causing nutrient loss through leaching, considerably shifting 
chemical properties (de Vries et al., 2018; Pilkington et al., 2007). Due 
to the effects on microbial and plant populations, fire can have a long- 
lasting effect on ecosystem processes. Because soil microbial commu
nities are connected to important soil ecosystem processes, burning may 
impact the community's ability to withstand future disruptions (Jansson 
and Hofmockel, 2020). Microbial community responses to fire may 
therefore influence ecosystem stability and control how an ecosystem 
changes throughout recovery from a C source to a C sink (Balser et al., 
2006). In addition to directly affecting the microbial community and soil 
environment, fire-induced losses to plant biomass can also have an in
direct effect by reducing plant uptake of water and nutrients from the 
soil, reducing the amount of litter added.

In boreal regions, the short-term effects of prescribed burning on 
cation concentrations have been observed (Brown et al., 2014; Fontúrbel 
et al., 2021) which in turn affect microbial community structure. Many 
studies have focused on microbial community structure in surface peat 
(e.g. Andersen et al., 2013; Elliott et al., 2015; Myers et al., 2012; Pel
toniemi et al., 2015; Thormann and Rice, 2007). However, many key 
ecosystem responses occur in the sub-surface soils (Urbanová and Bárta, 
2016), which have received much less research attention. Changes in 
soil condition, as well as water table fluctuation, may drive changes in 
the depth profiles of archaeal and bacterial communities, which are 

crucial for regulating peatland biogeochemical cycles (Andersen et al., 
2013; Lamit et al., 2017; Lin et al., 2014; Peltoniemi et al., 2015; Wang 
et al., 2019). Microbial communities in the subsoil also vary greatly and 
exhibit different characteristics from those in the surface soil (Fritze 
et al., 2000), and community turnover can be under greater influence in 
deeper soil because of more difficult dispersal, heterogeneous environ
mental niches and due to the isolation from the surface soil (Du et al., 
2021). As archaea and bacteria play an important role in peatlands, 
governing soil C cycling, it is important to understand how these com
munities are affected by land management actions such as prescribed 
burning throughout different soil profiles.

The conservation management of peatlands has focused mainly on 
above-ground visible communities such as plants (Couwenberg et al., 
2011; Nishimura et al., 2009; Noble et al., 2018; Noble et al., 2019). 
However, to better understand essential processes such as soil health 
and functioning it is increasingly recognised that it is useful to also take 
the microbiome into account (Elliott et al., 2015; Ritson et al., 2021). 
The technological advancements in DNA sequencing has opened up 
large scale studies concerning the microbial communities (Oulas et al., 
2015; Tan et al., 2015).

The relative balance of community assembly processes determines 
the structure of microbial communities (Stegen et al., 2015). Therefore, 
in order to understand potential differences in community structure in 
peatlands, we may gain insight through identifying the community as
sembly processes that are at work. Microbial community assembly is 
governed by ecological processes such as selection; thus, microbial 
interaction should contribute to microbial community assembly by 
acting as a force of selection (Hunt and Ward, 2015) and its implications 
on biogeochemical cycling (Morriën et al., 2017). Microbial co- 
occurrence networks have been studied in diverse environments by a 
growing number of researchers (Agler et al., 2016; Shi et al., 2016; Wang 
et al., 2016; Wang et al., 2018). Networks provide an additional un
derstanding into the organisation of communities, such as demon
strating that a diverse community composition and multiple interactions 
are critical to the stability of biological communities (Mougi and Kon
doh, 2012). In addition, microbial interactions have been highlighted as 
essential to understanding the changes in microbial community assem
bly in the face of global climate change (Yuan et al., 2021). Since most 
studies only focus on microbial communities in the topsoil (e.g. 0–10 
cm) there is limited knowledge about how these communities interact in 
the subsoil under prescribed burning. This is because the aim of 
‘controlled burns’ is to remove the canopy layer of vegetation without 
igniting underlying peat. Network analysis is also useful for identifying 
keystone species that are essential for maintaining the communities' 
overall structures and functions (Deng et al., 2012), yet the effects of 
burning on microbial interactions and keystone taxa are unknown. 
Therefore, it is also vital to consider the indirect impact of prescribed 
burning practises on microbial community networks in the topsoil and 
subsoil.

This research aims to evaluate the impact of prescribed burning on 
prokaryotic communities in peat soils and determine (1) how abiotic soil 
parameters affect below-ground soil communities, considering key 
chemical parameters to assess these impacts, (2) identify key microbial 
taxa which are indicators or keystone species of specific burn treat
ments, (3) Assess the impact of burning on soil microbial communities at 
different depth profiles, (4) Determine how co-occurrence network 
patterns respond to burning regimes. Based on this the following 
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hypotheses were tested: (1) There will be significant changes in bacterial 
and archaeal alpha diversity between burn treatments and different soil 
profiles. It is expected that the diversity of bacteria and archaea will be 
greater in unburned plots due to the lack of disturbance and greater 
variety of microsites providing more available niches as a result of the 

differences in vegetation and the influences on soil parameters mediated 
by fire; (2) The community composition of archaea and bacteria com
munities will significantly change across different burn regimes and soil 
depths due to changes in soil environmental conditions; (3) Environ
mental characteristics across different burn treatments shape the 

Fig. 1. Map of the Moor house Nature Reserve's experimental plots used for this study (54 = Not burned since 1954), 20 = Long rotation (Burned every 20-years), 10 
= Short rotation (Burned every 10-years). All plots used in this study were fenced to exclude grazing.
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variation of microbial community structure; (4) Prokaryotic network 
structure will be more complex and less modular in the control non- 
burned plots compared to burn regimes, since unburned plots contain 
microbial communities and plants that have interacted over a longer 
period of time.

2. Materials and methods

2.1. Study site, experimental design and soil physicochemical 
measurements

Details of the study site, experimental design and soil physico
chemical measurements used in this study were previously described by 
Allingham et al. (2024). Briefly, the study was conducted in July 2020 at 
the Hard Hill long-term burning experiment (54◦43′N 2◦23′W) (Fig. 1). 
In the North Pennines of the United Kingdom, on a blanket peatland 
region at Moor House-Upper Teesdale National Nature Reserve (NNR). 
The long-term monitoring program was started in 1954. The climate is 
cold and wet with January and July mean temperatures of 0.9 ◦C and 
12.2 ◦C respectively and an average annual precipitation of 2054 mm 
(ECN, 25-year means, www.ecn.ac.uk).

The experimental blocks are divided into four blocks, each with six 
30 m × 30 m plots. Half of each block (three plots) are fenced to exclude 
grazing, and three rotational burning treatments are subsequently 
replicated in both halves - burned every ten years (short-rotation, most 
intensively burned), burned every twenty years (long-rotation, inter
mediate burn) and unburned since 1954 (non-burn). All of the different 
burn and control samples in this study were taken from the fenced 
(grazing exclusion) plots. Since the experimental plots were set up in 
1954, the short rotation plots have been burned seven times, and the 
long rotation plots four times. These fires have been used to track the 
responses of plant communities to prescribed burning (e.g. Lee et al., 
2013; Milligan et al., 2018; Noble et al., 2018; Noble et al., 2019). The 
disadvantage of this design is that different treatments have different 
numbers of fires and intervals between fires. This is because the long 
rotation and short rotation treatments were both last burned in 2017 
(Clutterbuck et al., 2020), the non-burn plots have not been burned since 
1954. Thus, burn “regime” rather than burning frequency is most 
appropriately attributed to treatment effects.

Four repeats of each fenced prescribed burning regime were set up. 
Three quadrats (1 m × 1 m) were thrown randomly into each treatment 
per block (n = 36). The percentage of vegetation cover in each quadrat 
was calculated. The plants were divided into groups based on their 
morphology, such as heather, graminoid, other ‘non-Sphagnum’ moss 
and other vascular plants. Next, using a 10 mm diameter Haglöf Soiltax 
soil sampler, five soil samples were taken vertically from each quadrat 
across three depth profiles (0–20 cm, 20–40 cm, and 40–60 cm). Sam
ples were collected for chemical and microbiological analyses from the 
quadrat's corners and the centre. Twelve samples for each treatment and 
depth (a total of 108 samples) were gathered.

2.2. DNA extraction

DNA was extracted using the DNeasy® PowerSoil® kit (Qiagen, 
Manchester, UK). Due to the low bulk density of peat soil 0.10 g of 
freeze-dried soil was weighed (rather than 0.25 g) in consultation with 
the manufacturer. The soil was homogenised and rewetted with 150 μl 
of nuclease-free water. The manufacturer's instructions were followed, 
with the addition of a 30 min incubation period at 65 ◦C following the 
addition of the C1 lysis buffer and 10 min of vortexing. The extracted 
DNA was quantified using a Qubit4 Fluorometer (Invitrogen, UK) and 
stored at − 20 ◦C for subsequent analysis.

2.3. PCR amplification and sequencing

Extracted DNA was used as a template for PCR reactions and 

sequencing. The primer pair Bakt_341F (5′-CCTACGGGNGGCWGCAG- 
3′) and Bakt_805R (5′ GACTACHVGGGTATCTAATCC-3′) was used to 
amplify the V3 and V4 region of bacterial 16S rRNA gene (Herlemann 
et al., 2011) whereas the V6-V8 region of the archaeal 16S rRNA was 
amplified using the primer pair A956F (5′- TYAATYGGANTCAACRCC- 
3′) and A1401R (5′-CRGTGWGTRCAAGGRGCA′3′) (Comeau et al., 
2011). PCR reactions were performed using a 20 μl mixture containing 
10 μl 2× Qiagen Multiplex PCR master mix, 2 μl forward primer, 2 μl 
reverse primer, 5 μl of RNase/DNase-free water and 1 μl of DNA tem
plate. The PCR reactions were conducted in a thermocycler PCR system 
(MJ Research ptc-225 peltier thermal cycler) using the following pro
gram: 3 min of denaturation at 95 ◦C, 35 cycles for 30 s at 95 ◦C, 30 s for 
annealing at 55 ◦C, and 45 s for elongation at 72 ◦C, and a final extension 
at 72 ◦C for 10 min for archaea and 3 min of denaturation at 95 ◦C, 25 
cycles of 30 s at 95 ◦C, 30s for annealing at 50 ◦C, and 45 s for elongation 
at 72 ◦C, and a final extension at 72 ◦C for 10 min for bacteria. The 
presence of a PCR product of the correct size was verified using 1 % 
agarose gel electrophoresis. PCR products were cleaned using Agencourt 
AMPure XP magnetic beads (Beckman Coulter, Indianapolis, USA), then 
a secondary PCR was conducted with barcoded Fi5 and Ri7 identifier 
sequences ligated to each sample. The secondary PCR mixtures (20 μl) 
contained 1 μl of Fi5 primer, 1 μl Ri7 primer, 8 μl of product from PCR 1 
and 10 μl of Qiagen multiplex master mix. The following program was 
used: 95 ◦C for 15 min followed by 12 cycles of 98 ◦C for 10 s, 65 ◦C for 
30 s and 72 ◦C for 30 s. Following the second PCR, a FLUOstar Optima 
(Promega) was used to measure 2 μl of product from each reaction. 
Based on these results samples were standardized to equal concentra
tions, pooled into groups of 12 and cleaned using AmPure XP beads 
(Beckman Coulter, Indianapolis, USA). The Illumina-tagged DNA con
centration of each pool was determined using the KAPA Library Quan
tification Kit on an Applied Biosystems QuantStudio 12 K and DNA 
fragment size was determined using an Agilent 2100 Bioanalyzer (Agi
lent Technologies Ltd., Stockport, UK). The KAPA Library Quantification 
Kit and a QUBIT 3.0 with the dsDNA HS test (Invitrogen, UK) was used to 
quantify the final pools. Libraries were sequenced on an Illumina MiSeq 
platform at 2 × 250 bp paired-end sequencing (Magoč and Salzberg, 
2011) at the Centre for Genomic Research University of Liverpool. The 
raw reads were deposited into the National Center of Biotechnology 
Information (NCBI) Sequence Read Archive (SRA) database under the 
BioProject accession number PRJNA1002628.

2.4. Bioinformatics

Sequences were processed using QIIME2 v2019.7 (Bolyen et al., 
2019). First, primer sequences were removed using cutadapt v1.9.1 
(Martin, 2011). Sequences were then quality filtered and arranged as 
amplicon sequence variants (ASVs) (expected error rate = 2). Chimeras 
were removed and reads were joined, all using DADA2 (Callahan et al., 
2016). Before ASV generation, forward and reverse reads were truncated 
at a length of 234 bp and 226 bp for archaea and a forward truncation 
length of 0 bp and reverse truncation length of 229 bp for bacteria. The 
q2-dada2 plugin generates amplicon sequence variants (ASVs) or 
sequence clusters with 100 % similarity instead of the commonly chosen 
97 % similarity, which estimates the true biological variation within 
each sample. DADA2 results in fewer erroneous sequences and clusters, 
as well as a more accurate representation of the true biological variation 
present (Callahan et al., 2016). The taxonomic assignment was per
formed using the SILVA 138 database (Quast et al., 2012). Extrinsic 
domain ASVs were removed prior to further analysis. Rarefaction curves 
were generated using the R package “ampvis2” (Andersen et al., 2018) 
and rarefaction curves reached asymptote in all cases (Fig. S1), indi
cating that sufficient sequencing depth was achieved. Although the 
overall results of the analysis using rarefied and unrarefied data were 
similar, it is thought that rarefied data can overlook the presence of rare 
species and lead to false interpretation (McMurdie and Holmes, 2014). 
Therefore, the analysis was based on unrarefied data. Following quality 
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filtering, three samples of archaea data had very low reads (<1000) 
which was considered insufficient for a statistically powerful analysis 
and thus may cause a potential source of bias. As a result, these read- 
poor samples were removed from further downstream analyses. Rare 
microbial taxa were excluded from ordination analyses, leaving only 
ASVs with a total relative abundance of >0.001, as ordination analysis is 
sensitive to rare species (Legendre and Gallagher, 2001).

2.5. Statistical analyses

All statistical analyses were carried out using R version 4.0.2 soft
ware (R Development Core Team, 2020). One-way analysis of variance 
(ANOVA) was used to evaluate differences caused by burn treatments on 
vegetation characteristics (vegetation height and percent cover of plant 
groups), followed by Tukey's post-hoc honest significant difference 
(HSD) multiple comparison test (P < 0.05) after checking for normality 
and homogeneity of variance with the Shapiro-Wilk test and the Bartlett 
test. Analysis to assess the effects of burn treatment, soil depth and their 
interaction on the measured soil physicochemical parameters was con
ducted by two-way analysis of variance with Tukey's post-hoc test for 
multiple comparisons following the Shapiro-Wilk test and the Bartlett 
test for normality and homogeneity of variance respectively. Further, 
when the interaction was not significant, one-way ANOVA and Tukey's 
post-hoc test for multiple comparisons were used to evaluate differences 
based on burn treatments within a soil layer, and among the three soil 
layers within a given burn treatment. Principal Component Analysis 
(PCA) was then used to explore the differences in soil physiochemical 
properties between the different burn treatments using the R package 
FactoMineR (Lê et al., 2008). Alpha diversity was calculated to compare 
microbial community diversity between burn treatments and depth, 
including observed richness, Shannon and Simpson diversity using the R 
package ‘Phyloseq’ (McMurdie and Holmes, 2013). Two-way analysis of 
variance with Tukey's post-hoc test for multiple comparisons was used to 
test the effects of burn treatment and soil depth on alpha diversity 
following the Shapiro-Wilk and Bartlett tests for normality and homo
geneity of variance, respectively.

The ASV table was normalised for the analysis of community 
composition (β-diversity) by transforming to proportions using the R 
package microbiomeSeq (Ssekagiri et al., 2017). Other normalisation 
techniques were tested including rarefying, variance-stabilizing trans
formation and the “trimmed means of M" (TMM) with the R package 
‘edgeR’ (McCarthy et al., 2012; Robinson et al., 2010). All methods 
showed similar results. However, in this study proportions were used as 
it has been shown to produce more accurate dissimilarities and is more 
efficient at standardizing read depths (McKnight et al., 2019). Differ
ences in microbial community composition were visualized using prin
cipal coordinates analysis (PCoA, Gower, 1966) based on a Bray-Curtis 
distance matrix using the R package ‘Vegan’ (Oksanen et al., 2013). 
Permutational Multivariate Analysis of Variance (PERMANOVA) 
(Anderson, 2001) was conducted to assess the significance of different 
effects (burn treatment and soil depth) using the adonis function in 
Vegan with 999 permutations.

The relationship between environmental variables and prokaryotic 
communities was assessed using redundancy analysis (RDA) after stan
dardizing the ASV matrix using the Hellinger transformation. The ‘best’ 
explanatory environmental variables were chosen with forward selec
tion using the ordistep function (Blanchet et al., 2008). Significant 
environmental variables, as confirmed by analysis of variance, were 
retained for the final RDA. The variation inflation factor (VIF) was used 
to check non co-linearity among the explanatory variables (VIF < 10), as 
recommended by Montgomery and Peck (1992). RDA analysis was 
performed on topsoil (0–20 cm) and subsoil (20–40 cm and 40–60 cm) 
separately. Using the function indval in the R package ‘labdsv’, indicator 
species significantly associated with each treatment were determined 
(Indval values > 0.3 and P < 0.05 are strong indicators) (Roberts, 2016).

2.6. Network analysis

The Molecular Ecological Network Analyses Pipeline was used to 
conduct the network analysis based on Random Matrix Theory (RMT) 
(Deng et al., 2012). Specifically, for each treatment, only ASVs occurring 
in >50 % of the total samples were used for network computation. 
Bacteria and archaea data were combined and the original data (ASV 
table) was classified and uploaded according to the MENA format. The 
Pearson's correlation of any two ASVs was used to create the correlation 
matrix, which was then converted into a similarity matrix. Based on 
random matrix theory, the similarity threshold was automatically 
identified, and the similarity matrix was converted into an adjoining 
matrix to the connection strength between ASV nodes. Network prop
erties were calculated based on the determined similarity threshold 
(Network reports in MENA). All of the robust correlations discovered 
through pairwise ASV abundance comparisons form a correlation 
network, with one ASV represented by a node and each edge indicating 
the significance of a correlation between the nodes. To describe network 
topology, the number of nodes and edges, average path length, har
monic geodesic distance, average connectivity, average clustering co
efficient and modularity was calculated. The topological roles of each 
node were evaluated by the threshold values of Zi and Pi (Guimera and 
Amaral, 2005). Node topologies were categorized by the following: (1) 
Zi > 2.5 = highly connected nodes within module hubs; (2) Zi > 2.5 and 
Pi > 0.62 = nodes which are highly connected within the entire network; 
(3) Pi > 0.62 = nodes connecting modules, and (4) Zi < 2.5 and Pi <

0.62 = interconnected nodes within modules (Deng et al., 2012; Zhou 
et al., 2011). These topological features indicate the significance of a 
node as capable of holding communicating nodes together and were 
used to define keystone species. Module hubs, connectors, and network 
hubs are ecologically similar to generalists and are classified as keystone 
taxa (Zhou et al., 2011). The networks were visualized using Gephi 
version 0.9.2 (Bastian, 2017).

3. Results

3.1. Effects of burn treatment on plant cover and soil properties

Overall vegetation height was significantly different between the 
three burn treatments (F = 30.65, P = 0.007) being highest in the non- 
burn control (M = 47.66 cm, SD = 8.55) followed by the long rotation 
(M = 33.66 cm, SD = 5.74) and short rotation (M = 23.75 cm, SD =
8.00) treatments. The percentage of Sphagnum moss cover also showed a 
significant difference between burn treatments and was highest in plots 
under a short rotation burn (M = 31.66 %, SD = 20.61) (F = 5.67, P ≤
0.0001). Other ‘non-Sphagnum moss’ cover was equally high in the short 
rotation burn plots (M = 11.25 %, SD = 3.88) and long rotation burn 
plots (M = 14.00 %, SD = 2.35) and lower in the non-burn control (M =
3.25 %, SD = 1.95) (F = 45.99, P ≤ 0.0001). Percentage of heather cover 
was significantly higher in non-burn control plots (69.00 % ± 12.00) 
and lowest in plots under short rotation regimes (M = 1.91 %, SD =
0.96) (F = 99.48, P ≤ 0.0001). Likewise the cover percentage of other 
vascular plants was higher in non-burned plots (M = 13.91 %, SD =
10.00) (F = 17.07, P = 0.001). Graminoid cover percentage was 
significantly higher in plots under a short rotation regime (M = 53.00 %, 
SD = 21.01) and lowest in non-burn control plots (M = 3.00 %, SD =
4.01) (F = 28.92, P = 0.0001) (Fig. 2).

A PCA showed that soil physicochemistry was distinctly different 
between burn treatments across all three depth profiles. All of the var
iables for all of the tested scenarios are presented graphically in Fig. S2. 
The first and second principal components (DIM1 and DIM2) explained 
37.2 % and 27.6 % respectively in the 0–20 cm profile, 36.7 % and 22 % 
in the 20–40 cm profile and 31.8 % and 21.2 % in the 40–60 cm profile. 
In the 0–20 cm profile, the first axis correlated highly with the following 
variables: Total N, NO3

− , Fe, Ca, P, K and Al. The second axis was posi
tively correlated with moisture and negatively correlated with pH, Zn, 
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NH4
+, Mn, Total C, Mg, Pb and Cu. In the 20–40 cm profile the first axis 

correlated with Fe, Ca, Al, P and Cu generally associated with the long 
rotation regime. In the 20–40 cm profile, the second axis correlated with 
Pb, Mg, pH, Zn, Total N, Total C, NH4

+, NO3
− , K and moisture associated 

with the non-burn. The second axis of the 40–60 cm was correlated with 
total N, NO3

− , pH, Mg and Zn associated with the non-burn control while 
Cu, Fe, Mn, Ca, P and Al were associated with the long rotation regime 
(Fig. S2). In PC1, Pb showed a higher loading value (− 0.36) while in 
PC2, Fe showed a higher loading value (− 0.42). In the 20–40 cm profile 
Pb (− 0.38) showed a higher loading in PC1 and Fe in PC2 (− 0.46) 
respectively (Table S1). Likewise, in the 40–60 cm profile Fe showed the 
highest loading value (0.41) in PC1 while in PC2 Al showed the highest 
loading value (0.36) (Table S1).

Two-way ANOVA showed that burn treatment, soil depth and their 
interaction had significant effects on soil properties, except for pH, P, K 
and Al (Fig. 3, Table S2). Soil pH was significantly higher in the non- 
burn control and only increased with depth in the long rotation burn 
treatment. The content of P was significantly different in top soil across 
treatments being highest in the long rotation plots (Fig. 3, Table S2). The 
content of K was significantly different in between burn regimes and 
depth being higher in the topsoil. The content of K was higher in the non- 
burn control in the 20–40 cm and 40–60 cm depth profiles. Al was 
significantly different across burn treatments being highest in the long 
rotation burned plots (Fig. 3, Table S2).

3.2. General characteristics of archaea and bacteria communities across 
burn treatments and depth

The relative abundance of different phyla showed clear changes 
across the three burn treatments and soil depth. The three most domi
nant archaeal phyla across all samples were Crenarchaeota (36 %), 
followed by Thermoplasmatota (35 %) and Halobacterota (29 %) 
(Fig. 4). The phyla, Asgardarchaeota, Euryarchaeota and Micrarchaeota 
were present in very low abundance representing <1 % across all 
samples. Acidobacteriota was the most abundant bacterial phylum 
overall at 48 % followed by Desulfobacterota (22 %) and Proteobacteria 
(14 %) (Fig. 5). In the topsoil, Crenarchaeota was the most abundant 
phylum across all burn treatments, with relative abundances of 41 % 
followed by Thermoplasmatota (35 %) and Halobacterota (30 %) 
(Fig. 4). Acidobacteriota was the most abundant bacterial phylum in the 
topsoil overall being highest in plots under a long rotation regime (59 %) 
(Fig. 5). In the 20–40 cm profile the abundances of archaeal phyla were; 
Crenarchaeota (34 %), Thermoplasmatota (36 %) and Halobacterota 

(30 %). The phylum Thermoplasmatota had the highest abundance (37 
%) in the lower soil profile (40–60 cm) followed by Crenarchaeota (32 
%) and Halobacterota (30 %). Compared to the long rotation burn 
regime, the relative abundance of Crenarchaeota was higher in plots 
under short rotation regimes (49 %), followed by the non-burn control 
(42 %) in the topsoil (Fig. 4). However, the relative abundance of 
Crenarchaeota became lower in plots under a short rotation regime (18 
%) and higher in the non-burn control (38 %) and long rotation burns 
(36 %) in the 40–60 cm profile (Fig. 4). In the 20–40 cm profile, the 
bacterial phylum Acidobacteriota was the most dominant phylum 
overall (54 %) followed by Desulfobacterota (27 %) and Proteobacteria 
(8 %). In the 40–60 cm profile Proteobacteria increased (22 %) in plots 
under a short rotation regime (Fig. 5).

The relative abundance of Acidobacteriota was higher in the long 
rotation burned plots across all depth profiles (ANOVA, P ≤ 0.05) 
(Fig. 5), whereas Desulfobacterota was higher in the non-burn control 
across all three depth profiles (ANOVA, P ≤ 0.05) (Fig. 5). In addition, 
the relative abundance of Proteobacteria was higher in the short rotation 
in subsoil profiles (Fig. 5).

3.3. Archaea and bacteria diversity and community composition

Two-way ANOVA showed that burn treatment, soil depth and their 
interaction had a significant effect on observed, Shannon and Simpson 
diversity for archaea communities (Fig. 6; Table S3). Likewise, there was 
a significant two-way interaction between burn treatment and soil depth 
on observed, Shannon and Simpson diversity for bacterial communities 
(Fig. 6; Table S4).

Using the Bray-Curtis dissimilarity, principal coordinate analysis was 
conducted to illustrate the archaeal and bacterial community variance of 
samples along the different soil depth gradients in different burn treat
ments. Overall, community composition of archaeal communities was 
significantly different between burn treatment (PERMANOVA, F = 9.27, 
R2 = 0.154, P ≤ 0.001) and soil depth (PERMANOVA, F = 8.42, R2 =

0.143, P ≤ 0.001). The first axis explained 33.5 % of variance and the 
second axis explained 24.9 % (Fig. 7A). Likewise, there was clear vari
ation in bacterial communities across different burn treatments (PER
MANOVA, F = 7.90, R2 = 0.131, P ≤ 0.001) and soil depth 
(PERMANOVA, F = 11.17, R 2 = 0.176, P ≤ 0.001). The first axis 
explained 36.6 % of variance and the second axis explained 17.6 % of 
the variance respectively (Fig. 7B).

Fig. 2. Percentage cover of graminoids, Heather, other ‘non-Sphagnum’ moss, Sphagnum and other vascular plants (n = 36). Different letters indicate significant 
pairwise differences using Tukey's HSD post-hoc analysis at a confidence level of 95 % (P < 0.05).
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Fig. 3. Two-way ANOVA of soil physicochemical properties across three different soil depths under three burn treatments. Result is reported as the mean ± SE (n =
12). The data in bold indicate soil properties that were affected by soil depth, burn treatment and their interaction at a confidence level of 95 % (P < 0.05). Different 
uppercase letters indicate statistically significant differences among the three burn treatments in the same soil layer, different lowercase letters indicate statistically 
significant differences among the three soil layers across burn treatments and different letters with an asterisk indicate a significant difference among treatments 
based on a significant interaction between burn treatment and soil depth (Tukey's HSD, P < 0.05).
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3.4. Effects of environmental properties on soil microbial communities

To identify the significant environmental variables influencing 
archaeal and bacterial community structure, forward selection redun
dancy analysis (RDA) was used. The results showed that the archaeal 
and bacterial community structures in the three burn treatments are 
different in relation to soil depth. The average importance of each 

parameter was calculated separately for archaea and bacteria (Fig. 8). 
Important variables that influenced archaeal communities were NH4

+

and pH in the topsoil, Pb, moisture and Al in the 20–40 cm profile and 
total N, total C, Al, Ca, Fe and pH in the 40–60 cm profile. All final 
models were significant (P ≤ 0.05) (Fig. 8 A–C). Important environ
mental variables that influenced bacterial communities were NH4

+, pH, 
heather cover % and Mg in the topsoil, Fe, K and Pb in the 20–40 cm 

Fig. 4. Relative abundances of the top 3 archaeal phyla across three different soil depths under three burn treatments. The bars indicate the mean values of each 
treatment, with the error bars representing the standard error. Non-burn 0–20 cm (n = 11), non-burn 20–40 cm (n = 12), non-burn 40–60 cm (n = 12), long rotation 
0–20 cm (n = 12), long rotation 20–40 cm (n = 10), long rotation 40–60 cm (n = 12), short rotation 0–20 cm (n = 12), short rotation 20–40 cm (n = 12), short 
rotation 40–60 cm (n = 11).

Fig. 5. Relative abundance of the top 10 bacterial phyla across three different soil depths under three burn treatments. The bars indicate the mean values of each 
treatment, with the error bars representing the standard error. Non-burn 0–20 cm (n = 12), non-burn 20–40 cm (n = 12), non-burn 40–60 cm (n = 12), long rotation 
0–20 cm (n = 12), long rotation 20–40 cm (n = 11), long rotation 40–60 cm (n = 12), short rotation 0–20 cm (n = 12), short rotation 20–40 cm (n = 12), short 
rotation 40–60 cm (n = 12).
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profile and Al, Ca and Fe in the 40–60 cm profile. All final models were 
significant (P ≤ 0.05) (Fig. 8 D–F).

3.5. Indicator analysis

Archaeal indicators for each treatment represented seven classes 
(Table S5). The number of indicators varied widely across burn treat
ment and soil depth with non-burn topsoils having six indicators while 
there were also six significant indicators in the long rotation subsoil 

(20–40 cm) and short rotation burns contained four indicators. One 
indicator from the class Methanosarcina was found in the short rotation 
40–60 cm profile. No archaeal indicators were detected in non-burn 
subsoils, long rotation topsoil, long rotation 40–60 cm profile or short 
rotation 20–40 cm profile (Table S5). Likewise, bacterial indicators for 
each burn treatment represented twenty-nine classes (Table S6). Bac
terial indicators for each treatment varied widely with the non-burn 
topsoil having thirty indicators while the long rotation topsoil had 
eleven indicators and the short rotation topsoil contained three 

Fig. 6. Diversity indices for archaea observed richness (A), Shannon index (B) and Simpson index (C). Non-burn 0–20 cm (n = 11), non-burn 20–40 cm (n = 12), 
non-burn 40–60 cm (n = 12), long rotation 0–20 cm (n = 12), long rotation 20–40 cm (n = 10), long rotation 40–60 cm (n = 12), short rotation 0–20 cm (n = 12), 
short rotation 20–40 cm (n = 12), short rotation 40–60 cm (n = 11). Bacteria observed richness (D), Shannon index (E) and Simpson index (F). Non-burn 0–20 cm (n 
= 12), non-burn 20–40 cm (n = 12), non-burn 40–60 cm (n = 12), long rotation 0–20 cm (n = 12), long rotation 20–40 cm (n = 11), long rotation 40–60 cm (n = 12), 
short rotation 0–20 cm (n = 12), short rotation 20–40 cm (n = 12), short rotation 40–60 cm (n = 12) across three different soil depths under three burn treatments. 
Boxplots with different letters indicate a significant difference among treatments based on a significant interaction between burn treatment and soil depth (Tukey's 
HSD, P < 0.05).
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indicators. The subsoil of each burn treatment had fewer indicator 
species overall (Table S6). Alphaproteobacteria, Verrucomicrobiae and 
Dehalococcoidia were the classes containing the most indicators of non- 
burn soils (3 indicators of each class). Indicator ASVs for long rotation 
burns were from classes Acidobacteriae (4 indicators), Acidobacteriae (2 
indicators), Alphaproteobacteria (2 indicators) and Bacteroidia (2 in
dicators). Gammaproteobacteria, Chlamydiae, Polyangia, Syntrophia, 
Verrucomicrobiae and WPS-2 were all found with 1 indicator species. 
Plots under a short rotation regime had fewer indicator species from 
classes Bacteroidia and Alphaproteobacteria (Table S6).

3.6. Network analysis of prokaryotic communities

Individual networks for burn treatments - soil depth combinations 
were built, their topological parameters measured and were distinctly 
different across burn treatments (Fig. 9; Table 1). The topsoil of the non- 
burned control network was more complex than for long rotation and 
short rotation treatments and was identified by having a greater number 
of nodes, more links and an increased average connectivity (avgK). 
However, smaller modularity was found in the topsoil of the short 
rotation regime (Table 1). The long rotation 20–40 cm layer had a higher 
average connectivity but with more negative links (Table 1). Multiple 
measures showed that all empirical networks were different from 
random networks generated by the randomization procedure, suggest
ing that the randomly generated networks were distinct from the 
observed interactions.

3.7. Module hubs and connectors

Connectivity within and between modules was used to infer potential 
roles of each node in the networks. One of four topological roles (pe
ripherals, module hubs, network hubs or connectors) could be assigned 
to each node. The nodes belonging to connectors, module hubs, or 
network hubs are critical both within their respective modules and 
among modules. Generally, the nodes with Pi > 0.62 or Zi > 2.5 are 
recognised as super generalists (Deng et al., 2012).

Of the total nodes, peripherals occupied 96 % in all networks. An 
increased number of module hubs and connectors were observed in the 
non-burn control (Fig. S3). Various microbial taxa were distributed 
among module hubs and connectors. Specifically, five module hubs were 
observed in the non-burn control plots, three in the long rotation plots 
and six in short rotation burn plots, respectively (Fig. S3). Compared 
with the module hubs, more connectors were detected ranging from 
eighteen in non-burn plots, ten in long rotation burn plots to four under 
short rotation burn plots (Fig.S3). Module hubs and connectors were 
occupied by common taxa such as Acidobacteriota and Desulfobacterota 
but also rare phyla such as Proteobacteria, Spirochaeota, Sva0485, 
Verrucomicrobiota and RCP2.54. These rare phyla made up 34 % of 
module hubs and connectors. Although these microbial phyla were 
relatively low in abundance they were keystone taxa (0.004–0.10 % in 
the non-burn vs 0.004–0.26 % in long rotation burn regimes vs. 0.005 % 
-0.24 % in short rotation regimes). Archaeal taxa were also identified as 
keystone taxa representing 30 % of module hubs and connectors 
(Fig. S3).

Fig. 7. Principal coordinates analysis of the archaeal communities (A). Non-burn 0–20 cm (n = 11), non-burn 20–40 cm (n = 12), non-burn 40–60 cm (n = 12), long 
rotation 0–20 cm (n = 12), long rotation 20–40 cm (n = 10), long rotation 40–60 cm (n = 12), short rotation 0–20 cm (n = 12), short rotation 20–40 cm (n = 12), 
short rotation 40–60 cm (n = 11) and bacterial communities (B). Non-burn 0–20 cm (n = 12), non-burn 20–40 cm (n = 12), non-burn 40–60 cm (n = 12), long 
rotation 0–20 cm (n = 12), long rotation 20–40 cm (n = 11), long rotation 40–60 cm (n = 12), short rotation 0–20 cm (n = 12), short rotation 20–40 cm (n = 12), 
short rotation 40–60 cm (n = 12) across three different soil depths under three burn treatments. Different colours indicate three burn treatments including red for 
non-burn, green for long rotation and blue for short rotation. Different shapes indicate different soil depth profiles including circle for 0–20 cm, triangle for 20–40 cm 
and square for 40–60 cm.
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4. Discussion

This study demonstrates that prescribed burning is a strong driver of 
plant cover percentage, soil physicochemistry and soil microbial com
munity composition. The diversity of archaea and bacteria was reduced 
under a short rotation burn regime. The effects of prescribed burning on 
vegetation cover, soil physicochemistry and prokaryotic communities 
are strongly evident in the top soil (0–20 cm) and also in the sub soil 
(20–40 cm, 40–60 cm) but to a lesser extent. The study found that the 
effects of prescribed burning on archaeal and bacterial communities are 
significant and that there are associated changes in soil 
physicochemistry.

4.1. General characteristics of communities across burn treatments

Analysing variations in the relative abundances of microbial taxa can 
help to understand the functional mechanism of soil biogeochemistry 
after prescribed burning. In this study, the archaeal phyla Thermo
plasmatota was equally abundant across burn treatments in the topsoil 
and increases under a short rotation regime in the lower soil layers 

(Fig. 4). Thermoplasmatota are moderately thermophilic and meso
philic, growing in a variety of conditions with increased abundance in 
deeper soils, and are important contributors to C mineralization (Lin 
et al., 2015). Crenarchaeota were highest under a short rotation regime 
in the topsoil. The phylum Crenarchaeota appears to have important 
relationships with plants. Therefore, the observed differences in the 
relative abundance of Crenarchaeota could be attributed to plant com
munities and cover associated with different burning rotations (Nicol 
et al., 2003). Halobacterota was generally more prominent in plots 
under a long rotation regime. Halobacterota are halophilic heterotro
phic microbes with a high salt tolerance. This phylum is known to sur
vive in high salt concentration environments (Xiao et al., 2021). NO3

− , 
Ca, Fe, P, K and Al were all higher in soils under a long rotation regime 
and serve as readily available nutrient and sources of energy that meet 
the energy requirements related to the metabolic processes in Hal
obacterota (Wang et al., 2010).

The results indicate that Acidobacteriota, Desulfobacterota and 
Proteobacteria were the most abundant bacterial phyla accounting for 
84 % of the total phyla found in the study (Fig. 5). Acidobacteriota were 
found to be more abundant in plots under a long rotation burn regime. 

Fig. 8. RDA ordination plots showing soil related drivers of archaeal communities A = topsoil (0–20 cm), B = subsoil (20–40 cm), C = subsoil (40–60 cm). Non-burn 
0–20 cm (n = 11), non-burn 20–40 cm (n = 12), non-burn 40–60 cm (n = 12), long rotation 0–20 cm (n = 12), long rotation 20–40 cm (n = 10), long rotation 40–60 
cm (n = 12), short rotation 0–20 cm (n = 12), short rotation 20–40 cm (n = 12), short rotation 40–60 cm (n = 11) and bacterial communities D = topsoil (0–20 cm), 
E = subsoil (20–40 cm), F = subsoil (40–60 cm). Non-burn 0–20 cm (n = 12), non-burn 20–40 cm (n = 12), non-burn 40–60 cm (n = 12), long rotation 0–20 cm (n =
12), long rotation 20–40 cm (n = 11), long rotation 40–60 cm (n = 12), short rotation 0–20 cm (n = 12), short rotation 20–40 cm (n = 12), short rotation 40–60 cm 
(n = 12) collected at three different depths under three burn treatments. Only significant variables (P ≤ 0.05) are shown. Different colours indicate three sampling 
treatments. The ASV data were standardized with Hellinger transformation using the Vegan package.
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Fig. 9. Overview of networks under three different burn treatments across three soil depths with node size proportional to node connectivity. Nodes are coloured for 
different phyla. A red link indicates a negative correlation and a blue link indicates a positive correlation. (A) Non-burn 0–20 cm, (B) Non-burn 20–40 cm, (C) Non- 
burn 40–60 cm, (D) Long rotation 0–20 cm, (E) Long rotation 20–40 cm, (F) Long rotation 40–60 cm, (G) Short rotation 0–20 cm, (H) Short rotation 20–40 cm, (I) 
Short rotation 40–60 cm.
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Acidobacteriota have been described as a late successional phylum and 
are considered to be oligotrophic (Thomson et al., 2010). Low pH in 
plots under a long rotation regime could explain the higher relative 
abundance of Acidobacteriota as many representatives the phylum 
thrive in low pH (Hartman et al., 2008). In contrast, soils subjected to 
short rotation burn regimes had an increase in the relative abundance of 
Proteobacteria (Fig. 5). The ability of Proteobacteria to cope with abiotic 
stress such as desiccation and their fast-growing life strategies is likely 
the reason for their higher abundance under short rotation burns (Lladó 
and Baldrian, 2017; Zachow et al., 2014). Ecological patterns may not be 
shared by archaeal and bacterial phyla (Fierer et al., 2007). However, 
the patterns observed in this study are consistent with the available 
ecological data (Fierer et al., 2007; Lladó and Baldrian, 2017; Zachow 
et al., 2014). Broadly, prescribed burning appears to have increased the 
abundance of certain archaeal and bacterial taxa that are able to colo
nize and take advantage of limited nutrients while non-burn plots are 
associated with slower growing taxa. For example, the phylum Acid
obacteria has been reported to be a versatile heterotroph with a K- 
selected lifestyle (Yao et al., 2017). The increase in Acidobacteriota 
under burning regimes is consistent with their ability to colonize 
nutrient-limited soils, in which Acidobacteriota contributes to the 
enhancement of soil nutrients (Yao et al., 2017). In addition, indicator 
taxa were mainly among Acidobacteriota and Proteobacteria in burned 
soils. For example, Xanthobacteraceae and Acetobacteraceae are among 
families that were positively affected by fires and are essential in the N 
cycling process including denitrification and N fixation (Jang et al., 
2020). These indicator taxa can promote plant growth by fixing nitrogen 
(Cooper and Scherer, 2012). As a result, taxa within these groups may 
have a unique adaptation to, or preference for soil conditions.

4.2. Diversity and community composition across burn treatments and 
depth

In line with the first hypothesis, alpha diversity was affected by 
burning regime and the observed diversity for archaea was higher in the 
non-burn topsoil than in soils under prescribed burning, while the 
observed diversity for bacteria was higher in the topsoil of the non-burn 
control and under a long rotation regime (Fig. 6). Microorganisms may 
be eliminated after a fire (Barreiro et al., 2015) and may take several 
years to return to a pre-burn state. The higher observed diversity may be 
due to vegetation litter being maintained in non-burned plots influ
encing the growth of microorganisms. Sun et al. (2017) found that re
sidual leaf litter and vegetation positively influences the diversity of the 
soil microbial communities which also improves soil fertility.

Soil profiles can represent strong environmental gradients under 
different land management regimes (Chen et al., 2021) yet the effects of 
prescribed burning on archaeal and bacterial communities in relation to 
different soil profiles is largely unknown. The diversity of archaea and 
bacteria across soil profiles varied across burn treatments (Fig. 6). Ac
cording to these findings, the majority of the effects of prescribed 
burning are limited to the topsoil (0–20 cm) and may extend to the lower 
profile (20–40 cm) in the case of bacteria (Fig. 6D) which is consistent 
with the findings that prescribed burning had on soil physicochemistry 
(Fig. S2 & Fig. 3) and may partially be due to the changes in microcli
mate caused by the effects of vegetation cover (Fig. 2). Community 
composition for both archaea and bacteria differed significantly with 
burn treatment and depth (Fig. 7 A & B). This is widely in line with the 
effects wildfire has on soil physicochemistry (Holden et al., 2016; 
Knelman et al., 2019; Li et al., 2019) and indicates that prokaryotic 
community assembly is strongly driven by prescribed burning. These 
results suggest that the environmental variability caused by prescribed 
burning across soil profiles can act as a strong environmental filter.

4.3. Effects of environmental factors on archaeal and bacterial diversity

Distinct mechanisms by which prescribed burning influenced Ta
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archaea and bacteria were distinguished. Edaphic factors such as NH4
+

and pH influenced archaeal communities in the topsoil and NH4
+, pH, 

percent cover of heather, and Mg influenced bacterial communities. 
Likewise, important factors such as Pb, Moisture, Al, total N, total C, Ca, 
Fe and pH were important factors for archaeal communities in the 
subsoil (20–40 cm and 40–60 cm) and Fe, K, Pb, Al and Ca for bacterial 
communities in the subsoil (Fig. 8). This is consistent with global trends 
indicating that important environmental factors, particularly pH, in
fluence the composition of microbial communities (Bahram et al., 2018; 
Fierer and Jackson, 2006; Kaiser et al., 2016) since pH can mediate other 
soil nutrients and influence microbial growth (Zhalnina et al., 2015). As 
burning produces hydroxides and oxides it was assumed that pH would 
be higher in burned plots (Sun et al., 2015). However, in this study, 
higher soil pH was observed in the control non-burn plots. Importantly, 
prescribed burning influenced changes of soil elements such as Al, Fe 
and Ca which affected archaeal and bacterial communities (Fig. 8). 
Importantly, changes in cations induced by prescribed burning were the 
main predictors of microbial diversity, particularly in the subsoil. Cat
ions are essential for prokaryotic metabolism (Paul, 2014) and future 
studies should include these essential nutrients to help understand the 
impact they have on microbial communities. Moreover, the anaerobic 
nature of peat soils in deeper horizons will affect the growth of archaea 
and bacteria. The differences in soil environmental factors at different 
depths may increase or decrease the relative abundance of archaea and 
bacteria, resulting in taxonomic differentiation. The RDA analysis shows 
that some of the same environmental factors were important for both 
archaea and bacteria. Wei et al. (2020) found that similar edaphic fac
tors impact bacteria and archaea supporting the third hypothesis that 
archaeal and bacterial communities will be shaped by soil environ
mental factors.

4.4. Contrast in microbial co-occurrence networks

Different burning regimes caused vertical changes of soil microbial 
networks. Different microbial taxa generally prefer different conditions 
for growth and survival (Chen et al., 2021). The main changes in 
network features were accompanied by changes in community compo
sition and overall richness. The increase in negative links observed in 
plots under short rotation burns suggests an increase in competitive and 
antagonistic interactions for acquiring substrates or environmental 
filtering (Jing et al., 2015), while positive interactions may be the result 
of ecological and functional similarity (Hernandez et al., 2021) and may 
indicate that these taxa compete less due to the occupation of specific 
niche spaces (Wang and Or, 2013). Non-burn soils and the 20–40 cm 
layer under a long rotation regime had the highest average connected
ness and a more complex coupling among microbes. The network from 
the 40–60 cm profile under a short rotation regime showed the lowest 
modularity. Modularity indicates how well a network can be subdivided 
into modules, which may be a consequence of resource partitioning, 
habitat heterogeneity and specific interactions (Deng et al., 2012). 
Therefore, the lower modularity under a short rotation regime suggests 
that as a result of the more frequent prescribed burning, the microbial 
groups that occupy the soil share a common niche.

The fine-scale distribution of microbes can be positively affected by 
root exudates. Plant roots can help to re-establish microbial networks as 
ecological succession progresses and associated increases can lead to 
more positive interactions (Lange et al., 2015). The ecological succes
sion can allow plant roots to extend deeper and create conduits for the 
movement of nutrients through to the subsurface (Clark and Zipper, 
2016). It is suggested that an increased microbial network complexity 
leads to greater stability of the community (Ghoul and Mitri, 2016; 
Mougi and Kondoh, 2012). Furthermore, it has been demonstrated that 
compact networks with stronger connections between competitors could 
improve nutrient transfer when compared to those inhabiting a frag
mented space (Morriën et al., 2017).

Prescribed burning regimes also changed the distinct keystone taxa 

within microbial networks favouring Acidobacteriota and Proteobac
teria as keystone taxa for different burn regimes increased (Fig. S3). In 
soil ecosystems, Proteobacteria is a dominant nitrogen-fixing bacterial 
phylum (Gaby and Buckley, 2011). However, the prokaryotic commu
nity networks of different burn treatments at different depth profiles had 
different keystone taxa, which further confirms that there was niche 
differentiation among taxa across both prescribed burning and soil 
depths. Keystone species can act as gatekeepers of the ecological func
tions of microbial communities and have important implications for 
biogeochemical cycling (Lynch and Neufeld, 2015). These keystone taxa 
are critical in the management of carbon sources, in which they play an 
active role (Khodadad et al., 2011; Lehmann et al., 2011; O'neill et al., 
2009) and their removal can cause significant changes in microbiome 
functioning (Herren and McMahon, 2018).

4.5. Limitations of the study

This study was based on samples taken from the Hard Hill long-term 
burning experiment at a single time point in 2020. The Hard Hill 
experiment did not record certain useful data such as burn severity, fuel 
load and moisture, however the experiment does represent the common 
practice for UK heather burning. Sampling at a single time point does not 
capture the full temporal progression of ecological recovery and suc
cessional changes over time, for instance in the burn treatments we 
observed higher levels of Sphagnum moss, but this may not be a stable 
condition. As the plots recover from burning and the heather (Calluna 
vulgaris) canopy closes over time, it is likely that Sphagnum abundance 
will decrease due to shading and competition; the balance between these 
species will be determined by the hydrology at the site, with Sphagnum 
preferring wetter sites and Calluna drier sites. Furthermore, our study 
compares plots at different stages of heather development: the burned 
plots are in a ‘building’ phase, characterized by a tighter canopy, early 
successional stages with acrocarpous bryophytes and greater open 
ground, whereas the unburned plots are in a more ‘mature’ or ‘degen
erate’ phase, where canopy cover is greater, and vegetation commu
nities including pleurocarpous bryophytes reflect later successional 
stages. These differences in canopy openness and vegetation structure 
inherently influence microbial diversity and ecosystem function. Long- 
term monitoring is necessary to fully understand the trajectory of 
these ecological changes and their effects on both vegetation and mi
crobial communities over time.

5. Conclusions

This study analysed and compared the diversity, community struc
ture and network structure of archaeal and bacterial communities across 
different prescribed burning regimes throughout peat soil profiles, and 
highlights the significant influence of environmental dissimilarities 
caused by prescribed burning on archaeal and bacterial communities. 
The most complex microbial community networks and positive in
teractions were found in the non-burn topsoil. It is possible that the lack 
of disturbance has allowed the community to adapt over time. The in
crease in negative interactions in the short rotation burn treatment 
suggests an antagonistic and competitive interaction which was con
current with a decrease in soil nutrients within plots under a short 
rotation burn regime. Archaea and bacteria both had different indicator 
species in soils under prescribed burns, and these furthermore differed 
by depth compared to the control non-burn, showing that site burning 
history can be estimated from microbial community data.

Loss of microbial diversity may be a consequence if peatlands are 
burned under a short rotation regime. The results of this study show that 
surface burning of peatland vegetation alters soil physicochemical 
properties as well as the prokaryotic microbiome composition across soil 
profiles at least to a depth of 50 cm. The impact is shown for both short 
and long burn regime, and extends deeper than the surface soil (Ashby 
and Heinemeyer, 2021), demonstrating that there is a probable 
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functional impact of burning not only in the surface but also in deeper 
soil beneath the rooting zone. The functional implications of this require 
further work to fully investigate. Determining how microbes recover 
over time and their relationship with above-ground plant communities 
undergoing ecological succession is essential for determining the long- 
term impacts of burning in peatlands and other ecosystems. This work 
has provided new insights into the impact of prescribed burning upon 
the microbial community composition of soils from surface layer down 
to 60 cm. Results show that burning impacts microbial community 
composition of the soil profile extensively and that these impacts may 
persist for many years.
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