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A B S T R A C T   

Microbes in peatlands provide key ecosystem services and are essential for their role in biogeochemical cycling. 
Prescribed burning is a common aspect of peatland management but the practice has been criticized for being 
ecologically damaging due to its effect on the biological, chemical and physical properties of the soil. It is poorly 
understood how burning affects soil N cycling and previous studies have focused predominantly on the topsoil 
whilst giving less attention to changes with soil depth. This study investigated the changes of microbial abun
dance (bacterial 16S rRNA and fungal 18S rRNA) and the abundance of N-cycle functional genes involved in 
archaeal and bacterial ammonia oxidation (amoA-AOA and amoA-AOB), denitrification (nirK and nirS), N fixation 
(nifH) and organic N decomposition (chiA) in soil profiles across three burn treatments on a managed peatland 
landscape (a ‘non-burn’ since 1954 control, 20 years burn interval, and 10 years burn interval). Our results 
indicate the abundance of bacterial 16S rRNA and fungal 18 s rRNA was affected by burn treatment, soil depth 
and their interaction and were greater in the non-burn control plots. The abundances of amoA-AOA, amoA-AOB, 
and nifH were significantly higher in the topsoil of the non-burn control plots while the abundance of nirK was 
higher in plots subject to short rotation and long rotation burn regimes but also decreased significantly with soil 
depth. The abundance of nirS was not affected by burn treatment or soil depth. ChiA abundance was affected by 
burn treatment, soil depth and their interaction. N-cycle functional gene abundance responded differently to 
environmental factors associated with prescribed burning and varied with soil depth. These findings suggest that 
the practice of burning affects microbial N turnover potential and provides an important insight into the soil N- 
cycling potential of peatlands under different burning regimes.   

1. Introduction 

Peatlands cover an estimated 4 million km2 globally and are essential 
for their biodiversity conservation, hydrological function and climate 
change mitigation through carbon sequestration (Xu et al., 2018). Pre
scribed burning has been widely used as a management tool in the UK to 
decrease the risk of wildfire and maintain peatland vegetation for game 
bird populations (Simmons, 2003; Yallop et al., 2006). However, 
burning can influence peatland function particularly due to vegetation 
change, which modifies below-ground microbial communities (Ciccolini 
et al., 2016; Evans et al., 2014a, 2014b). 

Burning has been a common management regime in the UK since the 
early 1900s and has been recognised as a major driver for vegetation 
change (Holden et al., 2015; Milligan et al., 2018) and surface hydraulic 
conductivity (Holden et al., 2014). As plant communities change there is 
an indirect effect on decomposer organisms altering ecosystem carbon 
fluxes (Harte et al., 2015). However, the magnitude of the change de
pends on the severity and frequency of the burn. Rotational burning is 
the most common type of burning where vegetation is burned to facil
itate the growth of heather (Douglas et al., 2015) and is still a common 
practice on UK peatlands dominated by Calluna vulgaris and managed for 
grouse shooting (Douglas et al., 2015; Thacker et al., 2000; Yallop et al., 
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2010). The severity of burning varies, but ‘cool’ burns that remove the 
vegetation’s canopy layer, without igniting the underlying peat or 
consuming the moss and litter layers, have been recommended (Ashby 
and Heinemeyer, 2021; Noble et al., 2019). However, there has been 
debate about the long-term viability of current practices and concern 
about the potential impact the practice might have on ecosystem func
tion (e.g. Ashby and Heinemeyer, 2021; Harper et al., 2018; IUCN, 
2020). However, little is known about how burning affects nitrogen 
turnover in different soil profiles within peatlands. 

Nitrogen is a critical factor in peatland management as a principal 
limiting factor for microbial function as well as plant productivity 
(Blodau and Zajac, 2015; Levy-Booth et al., 2014). Nitrogen dynamics in 
these environments are primarily driven by N-cycling microbes and are 
closely linked to soil function and atmospheric nitrogen processes 
(Shukla et al., 2021). Availability of nutrients such as carbon and ni
trogen also affects microbial composition and diversity (Berthrong et al., 
2013). Soil N-cycling genes have been investigated using molecular 
markers in previous studies, including studies on grasslands (Song et al., 
2019), agricultural land (Li et al., 2018), forests (Tang et al., 2018) and 
tropical peatlands (Espenberg et al., 2018; Nurulita et al., 2016). Bio- 
available nitrogen in the soil is predominantly fixed from the atmo
sphere by the nitrogenase enzyme encoded by the nifH gene, and organic 
matter decomposition is linked to the chitinase enzyme encoded by the 
chiA gene. N fixation for atmospheric nitrogen and nitrogen organic 
matter decomposition both depend on the amount of organic matter 
available (Pajares and Bohannan, 2016; Song et al., 2019). The amoA 
gene encodes the ammonia monooxygenase subunit A, which is involved 
in the initial stage of autotrophic nitrification, where ammonia- 
oxidising archaea and bacteria oxidise ammonia to hydroxylamine to 
obtain energy and fix carbon (Che et al., 2018). NirK and nirS genes 
encode for nitrite reductases which participate in the conversion of ni
trite to nitric oxide during denitrification and completing the N cycle. 
Thus, due to the centrality of nitrogen in the ecosystem, all key stages of 
the soil nitrogen cycle must be considered in order to gain a thorough 
understanding of nitrogen transformations in soils under land 
management. 

Many studies on the effects of anthropogenic disturbance on the 
abundance of microbes and functional genes have focused on the topsoil 
and ignored the changes of nutrients in relation to soil depth (Espenberg 
et al., 2018; Fisk et al., 2003; Urbanová and Bárta, 2016). Given the 
important roles of functional genes in the nitrogen cycle, determining 
their response to burning, especially across different soil profiles is 
essential for gaining a process-based understanding of burning as a 
management strategy on peatlands. This knowledge can help predict 
how peatlands will respond to land management actions, and thus assist 
in better decision making processes. 

The aim of this research is to assess the influence of burning on 
microbial abundance and microbially-driven nitrogen turnover in 
peatlands based on quantification of relevant genes at different depths in 
the soil profiles including the topsoil (0–20 cm) and the subsoil layers, 
(20–40 cm, 40–60 cm). The study site is the Moor House nature reserve 
United Kingdom, which has been managed with three different burning 
regimes since 1954. The reserve is a flagship Environmental Change 
Network (ECN) monitoring site with extensive historical and ongoing 
data collection available across the 74 km2 site which is characterised by 
vegetation cover typical of many upland blanket bogs in upland Britain 
(NVC M19/M20 communities/EUNIS Q1) (Rodwell, 1998). 

The following hypotheses were tested. 1) The abundance of bacteria 
and fungi will decrease with the frequency of burn treatment and be 
higher in the unburned since 1954 control plots, 2) The abundance of N- 
cycling genes will vary across burn treatments. It is expected that the 
non-burn plots will have enhanced microbial nitrogen turnover poten
tial which will be characterised by a higher abundance of functional 
genes due to the changes in soil environmental factors and vegetation 
cover caused by burning, 3) There will be vertical differences in N- 
cycling gene abundance with AOA and AOB related to energy 

acquisition and nifH and chiA genes related to nitrogen acquisition being 
higher in the topsoil due to higher nutrient content and 4) nirS and nirK 
genes involved in denitrification being more abundant in the anoxic 
subsurface soil characteristic of peatlands. 

2. Materials and methods 

2.1. Study site 

The experiment was carried out at the Hard Hill long term burning 
experiment (54◦43′N 2◦23′W, Fig. 1) in July 2020. The area is a Calluna 
vulgaris-Eriophorum vaginatum blanket mire, a form of blanket bog 
typical of the English Pennines that has undergone variable degrees of 
modification due to management practises such as grazing and burning. 
Over the course of a 33-month research, the water table depth at the site 
was measured using dipwells and ranged from 0 (peat surface) to 671 
mm (Clay et al., 2009). The experiment was established in 1954 on an 
area of blanket peatland at Moor House-Upper Teesdale National Nature 
Reserve (NNR) in the North Pennines, UK. Since the installation of 
experimental plots in 1954 the short rotation plots have been burned 
seven times and the long rotation plots four times and have been used to 
monitor the ecological response of plant communities to this burn- 
severity gradient (e.g. Lee et al., 2013a; Lee et al., 2013b; Milligan 
et al., 2018; Noble et al., 2018; Noble et al., 2019). The drawback of this 
design is that the treatments vary in the number of fires and the amount 
of time that has passed since the last fire. This is because the long 
rotation and short rotation treatments were both last burned in 2017, 
while the non-burn plots have not been burned since 1954 (Clutterbuck 
et al., 2020). Therefore treatment effects are most accurately attributed 
to burn ‘regime’ rather than the frequency of burning. The climate is 
cold and wet with average temperatures between 0.9 ◦C and 12.2 ◦C 
between January and July respectively with an average annual precip
itation of 2054 mm (Rennie et al., 2020). 

2.2. Experimental design and soil sampling 

Soil sampling was conducted in July 2020. The experiment is divided 
into four blocks, each with six 30 m × 30 m plots. The experimental 
treatments are unburned since 1954 (non-burn), short-rotation burning 
(10 year interval), and long-rotation burning (20 year interval) (Fig. 1). 
The surrounding vegetation outside of experimental plots has remained 
unburned for at least 90 years (Noble et al., 2019). Each burning regime 
was arranged into four repeats. In each sampling area, three quadrats (1 
m × 1 m) were randomly thrown in each treatment per block (n = 36). In 
each quadrat, the percent of vegetation cover was recorded. Plants were 
grouped by their morphology (i.e. heather, graminoid, Sphagnum moss, 
other ‘non-Sphagnum’ moss and other vascular plants). Next, using a 10 

Fig. 1. Location of Moor house Nature Reserve and arrangement of experi
mental plots used for this study (54 = Not burned since 1954, 20 = Long 
rotation (Burned every 20-years), 10 = Short rotation (Burned every 10-years). 
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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). Samples were collected from four corners of 
the quadrat and the centre for chemical and microbial analyses. A total 
of 108 samples, 12 samples for each treatment and depth were collected. 
Soil samples for microbial analysis were brought to the laboratory and 
stored at − 20 ◦C prior to DNA extraction. The soil characteristics of 
sampling sites are shown in Table 1. 

2.3. Soil physicochemical analysis 

A Jenway 3510 pH metre was used to measure the pH of fresh peat, 
which was weighed at 2.5 g, combined with deionized water at a ratio of 
1:5, and agitated for one hour. Soil moisture content was determined 
gravimetrically following oven drying at 105 ◦C for 48 h (Rowell, 2014). 
An elemental analyzer (vario MACRO cube, Elementar Analysensysteme 
GmbH, Langenselbold, Germany) was used to measure the concentra
tions of nitrogen and carbon by dry combustion at a temperature of 
450 ◦C. Ion chromatography (Dionex ICS-5000 + DC, IonPacCG16 276 
guard column) (Thermofisher, UK) was used to measure ammonium 
(NH4 + -N) and nitrate (NO3-N) from 2 g air-dried peat extracts in 20 ml 
1 M KCl after 30 min orbital shaking at 200 rpm (Stuart SSL1, Bibby 
Scientific Ltd., UK) and Whatman No. 3 and 0.2 μm syringe filtration and 
dilution (50 % v/v). For elemental extraction, a 50 ml conical flask was 
filled with 0.5 g of air-dried soil, amended with 5 ml of concentrated 
nitric acid (HNO3), heated for three hours at 80 ◦C, and filtered through 
a Whatman No. 3 filter. The filtrate was diluted to 50 ml with deionsed 
water and subjected to analyses of magnesium, calcium, manganese, 
iron, copper, zinc, phosphorus, lead and aluminium using an Icap 6000 
SERIES ICP-AES spectrometer (Thermofisher, UK). 

2.4. 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 instead of the normally recommended 
0.25 g wet soil suggested by the kit instructions. This method adjustment 
was done after consultation with the manufacturer. The soil was 
homogenised and rewetted with 150 μl of nuclease-free water. The rest 
of 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 subse
quent analysis. 

2.5. Preparation of standards for qPCR 

Extracted DNA was used for a template to measure gene targets. 
Quantitative PCR (qPCR) assays were used to quantify the total bacterial 
communities (16S rRNA gene), total fungal communities (18S rRNA 
gene), as well as functional genes (AOA-amoA, AOB-amoA, nirS, nirK, 
nifH and chiA) using primer pairs summarised in Table 2. 

Qpcr standard curves were generated using serially diluted custom- 
made gBlocks® (Integrated DNA Technology, Leuven, Belgium) 
designed based on Pseudomonas denitrificans, accession number- 
MK085084.1 (bacterial 16S rRNA gene), Aspergillus niger, accession 
number- MZ330851.1 (Fungal 18S rRNA gene), Uncultured archaeon 
clone, accession number- MW937510.1 (AOA -amoA), Nitrosomonadales 
bacterium, accession number- MN061768.1 (AOB-amoA), Pseudomonas 
stutzeri, accession number- LR134482.1 (nirS), Achromobacter cyclo
clastes, accession number- AF114787.1 (nirK), Uncultured Sinorhizobium 
sp. Clone (nifH), accession number- KC445685.1 (nifH) and Burkholderia 
gladioli, chitinase gene accession number- CP068050.1 (chiA). 

To generate a stock standard, gblock synthetic oligonucleotides 
require only one resuspension, whereas linear PCR plasmids require PCR 
amplification, gel excision, purification and quantification. There is a 

Table 1 
Soil properties at different soil depths under three burn treatments.   

Soil depth 
(cm) 

Non-burn Long rotation Short rotation 

pH 0-20 cm 4.1 ± 0.06 3.56 ± 0.04 3.81 ± 0.0.02 
20-40 cm 4.21 ±

0.0.06 
3.7 ± 0.03 3.80 ± 0.03 

40–60 cm 4.11 ± 0.0.7 3.75 ± 0.0.04 3.86 ± 0.0.03 
Moisture (%) 0-20 cm 78.22 ± 0.38 81.30 ± 0.49 82.89 ± 0.79 

20-40 cm 86.75 ± 0.55 83.31 ± 0.56 86.03 ± 0.36 
40–60 cm 89.27 ± 0.38 86.96 ± 0.53 88.41 ± 0.71 

Total N (%) 0-20 cm 1.26 ± 0.02 1.52 ± 0.03 1.36 ± 0.09 
20-40 cm 1.34 ± 0.03 1.18 ± 0.03 1.19 ± 0.02 
40–60 cm 1.41 ± 0.04 1.15 ± 0.04 1.01 ± 0.02 

Total C (%) 0-20 cm 50.50 ± 1.06 43.65 ± 0.37 37.87 ± 1.72 
20-40 cm 48.14 ± 0.07 42.61 ± 0.79 36.09 ± 2.46 
40–60 cm 46.74 ± 0.38 43.34 ± 1.74 46.11 ± 0.32 

NO3
− (mg/ 

kg− 1) 
0-20 cm 2.88 ± 0.46 6.45 ± 0.96 3.51 ± 0.24 
20-40 cm 6.89 ± 1.09 3.59 ± 0.42 3.34 ± 0.33 
40–60 cm 4.04 ± 0.36 3.31 ± .0.24 3.18 ± 0.25 

NH4
+ (mg/ 

kg− 1) 
0-20 cm 16.88 ± 1.62 6.86 ± 1.39 4.05 ± 1.29 
20-40 cm 4.24 ± 0.70 2.96 ± 0.51 1.31 ± 0.19 
40–60 cm 3.04 ± 0.44 2.69 ± 0.24 1.19 ± 0.17 

Mg (mg/ 
kg− 1) 

0-20 cm 916.4 ±
215.08 

316.33 ±
30.09 

211.46 ±
14.22 

20-40 cm 457.6 ±
48.77 

167.84 ± 9.26 182.93 ±
24.79 

40–60 cm 414.76 ±
32.73 

163.69 ± 6.88 167.69 ±
21.00 

Ca (mg/kg− 1) 0-20 cm 1368.7 ±
66.35 

1782.00 ±
54.32 

1320.9 ±
53.727 

20-40 cm 1842.5 ±
95.47 

2194.5 ±
136.34 

1754.6 ±
116.72 

40–60 cm 1889.8 ±
67.03 

2823.5 ±
113.64 

2967.1 ±
117.22 

Mn (mg/ 
kg− 1) 

0-20 cm 89.83 ± 4.83 67.89 ± 4.58 37.5 ± 2.97 
20-40 cm 52.67 ± 4.16 47.92 ± 4.50 24.83 ± 1.33 
40–60 cm 52.92 ± 2.43 71.25 ± 8.29 52.08 ± 2.56 

Fe (mg/kg− 1) 0-20 cm 681.51 ±
26.23 

1236.93 ±
130.10 

777.45 ±
63.75 

20-40 cm 830.03 ±
79.28 

1480.23 ±
81.21 

824.47 ±
68.569 

40–60 cm 840.16 ±
38.95 

2079.39 ±
103.41 

1395.4 ±
56.09 

Cu (mg/kg− 1) 0-20 cm 87.75 ±
12.63 

59.5 ± 6.58 39.42 ± 4.06 

20-40 cm 14.75 ± 1.03 26.50 ± 3.15 15.00 ± 2.72 
40–60 cm 13.50 ± 1.13 17.50 ± 1.94 15.17 ± 1.05 

Zn (mg/kg− 1) 0-20 cm 271.55 ±
13.70 

145.37 ±
19.15 

111.89 ±
6.70 

20-40 cm 117.25 ±
2.67 

60.66 ± 7.13 44.06 ± 3.33 

40–60 cm 131.64 ±
7.68 

63.27 ± 7.20 31.38 ± 4.21 

P (mg/kg− 1) 0-20 cm 245.61 ±
10.96 

316.81 ±
43.22 

260.19 ±
21.11 

20-40 cm 146.09 ±
19.90 

174.68 ±
14.26 

101.53 ±
10.57 

40–60 cm 138.3 ± 4.88 193.14 ± 9.50 144.16 ±
4.37 

Pb (mg/kg− 1) 0-20 cm 232.78 ±
14.00 

1.874 ± 19.22 118.85 ±
15.73 

20-40 cm 39.79 ± 2.54 21.06 ± 1.79 11.49 ± 1.49 
40–60 cm 25.96 ± 3.29 13.56 ± 2.35 13.27 ± 1.07 

K (mg/kg− 1) 0-20 cm 134.84 ±
7.18 

156.25 ± 17.5 140.1 ±
16.87 

20-40 cm 86.43 ± 9.17 56.21 ± 3.31 40.68 ± 4.57 
40–60 cm 96.07 ± 5.84 78.54 ± 7.78 67.48 ±

11.33 
Al (mg/kg− 1) 0-20 cm 463.09 ±

23.35 
495.99 ±
56.51 

330.26 ±
35.21 

20-40 cm 431.56 ±
30.53 

457.01 ±
23.76 

249.53 ±
25.26 

40–60 cm 398.56 ±
18.47 

561.57 ±
33.22 

355.58 ±
31.67  
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potential contamination risk, not only within the lab but also for the 
standard. The preparation of a gblock fragment is cheap, fast and simple 
with less risk of contamination. The gblocks were resuspended in 50 μl 
TE buffer and incubated at 50 ◦C for 30 min in a water bath to ensure the 
synthetic oligonucleotides were properly diluted, and the concentration 
was then measured using a Qubit 4 Fluorometer (Invitrogen, UK). Gene 
copy number of the standard was calculated using the equation:  

To assess the quality of the qPCR assay, pre-optimisation trails of the 
standards were performed. The standards derived from the linear 
regression of the standard dilution Ct values and the gene copy number 
were evaluated to ensure high efficiency (E = (10 1/slope − 1) x 100). This 
ensured that PCR efficiencies were above ranged between 90 and 110 %. 

2.6. Qpcr 

Duplicate sample replicates were run in parallel for each gene target 
on a StepOne Plus thermocycler (Applied Biosystems). qPCR reaction 
mixtures contained 5 ml of 2 × PowerUp SYBR Green master mix 
(Applied Biosystems), 0.4 ml of forward and reverse primer at a final 
concentration of 400 nM, 1 ml of DNA template and 3.2 ml of Rnase/ 
Dnase-free water to a final volume of 10 ml, following methods from 
Thompson et al. (2020). 

A UDG activation step was used for the qPCR at 2 min at 50 ◦C, an 
initiation step at 95 ◦C for 2 min, followed by 40 cycles of denaturing at 
95 ◦C for 15 s, annealing at 55 ◦C (bacterial 16S), at 56 ◦C (fungal 18S 
and nirK), at 53 ◦C (AOA- amoA) at 60 ◦C (nifH) or at 57 ◦C (AOB- amoA, 
nirS and chiA) for 15 s, followed by elongation at 72 ◦C for 60 s. 

All unknown samples in the qPCR assays were amplified in parallel 
with a triplicate serial dilution (101–108 gene copies per reaction) of 

gblock standards. For each gene, high amplification efficiency was 
achieved with R2 ranging from 0.993 to 0.998 and standard curve slopes 
ranging from − 3.2837 to − 3.5576 by testing serial dilutions of DNA 
extracts in order to decrease the inhibition of amplification (Thompson 
et al., 2020). No template controls were run in triplicate and no signal 
was observed. Amplicon specificity was confirmed with a melt curve 
analysis which consisted of 95 ◦C for 15 s, 60 ◦C for 1 min and 95 ◦C for 

15 s with a continuous ramp increment. The unit of abundance of targets 
is expressed as log10 gene copies g− 1 dry soil. 

2.7. Statistical analysis 

All statistical analysis was carried out using R version 4.0.2 software 
(R Development Core Team, 2020). Two-way analysis of variance fol
lowed by Tukey’s honest significant difference (HSD) for multiple 
comparisons with a P = 0.05 grouping baseline was used to test the 
effects of burn treatment, soil depth and their interaction on the abun
dance of bacteria, fungi and N-cycling genes, following the Shapiro-Wilk 
test for normality and Bartlett test for homogeneity of variance. 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. Pearson’s correlation analysis was 
used to determine the significant negative or positive correlations be
tween the abundances of bacteria, fungal and N-cycling genes and 
environmental variables. The correlation coefficients were calculated 
and plotted using the R package ‘corrplot’. The probability level P < 0.05 
was considered to be statistically significant. Correlation analysis was 
performed on the topsoil (0–20 cm) and subsoil (20–60 cm). In this 
study, any sample below the detection limit was considered as a zero. 

Table 2 
PCR primers used for the amplification of microbial populations and functional gene targets. Note: S=C/G, K = G/T, Y=C/T, R = A/G, W = A/T, B = C/G/T, D = A/G/ 
T, N = Any base.  

Target gene Primer Primer sequence (5′-3′) Annealing 
temperature 
(◦C) 

Function Reference 

Bacteria 
16 s rRNA gene 

Eub338 ACTCCTACGGGAGGCAGCAG 55 ◦C Bacterial population Fierer et al. (2005) 
Eub518 ATTACCGCGGCTGCTGG 

Fungi 
18 s rRNA gene 

nu-SSU- 
0817 

TTAGCATGGAATAATRRAATAGGA 56 ◦C Fungal population Borneman and Hartin 
(2000) 

nu-SSU- 
1196 

TCTGGACCTGGTGAGTTTCC 

AOA amoA 
Archaea 
Ammonia monooxygenase 

Arch-amoAF STAATGGTCTGGCTTAGACG 53 ◦C Ammonia oxidising 
archaea 

Francis et al. (2005) 
Arch- 
amoAR 

GCGGCCATCCATCTGTATGT 

AOB amoA 
Bacteria 
Ammonia monooxygenase 

amoA-1F GGGGTTTCTACTGGTGGT 57 ◦C Ammonia oxidising 
bacteria 

Rotthauwe et al. (1997) 
amoA-2R CCCCTCKGSAAAGCCTTCTTC 

NirS 
Cytochrome cd1 nitrite reductase 

nirS-cd3aF GTSAACGTSAAGGARACSGG 57 ◦C Denitrification Throbäck et al. (2004) 
nirS-R3cd GASTTCGGRTGSGTCTTGA 

NirK 
Copper-containing nitrite 
reductase 

nirk-FlaCu ATCATGGTSCTGCCGCG 56 ◦C Denitrification Hallin and Lindgren (1999) 
nirk-R3Cu GCCTCGATCAGRTTGTGGTT 

NifH 
Nitrogenase 

nifH-F AAAGGYGGWATCGGYAARTCCACCAC 60 ◦C Nitrogen fixation Rösch et al. (2002) 
nifH-R TTGTTSGCSGCRTACATSGCCATCAT 

chiA 
Chitinase 

GA1F CGTCGACATCGACTGGGARTDBCC 
57 ◦C Organic N decomposition Williamson et al. (2000) GA1R ACGCCGGTCCAGCCNCKNCCRTA  

Standard concentration ng per μl X 6.023 X 1023/Length of amplicon (bp)1 X 109x 660   
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3. Results 

3.1. Soil physicochemical characteristics across burning and depth 
gradients 

The soil physicochemical data supporting this research are also re
ported in Allingham et al. (2023; under review). Briefly, burn treatment, 
soil depth and their interaction had significant effects on soil properties, 
except for pH, P, K and Al (Table 1). Soil pH was significantly higher in 
the non-burn control. P was significantly higher in topsoil across burn 
treatments, being highest in the long rotation plots. K was significantly 
different in between burn regimes and depth being highest in the non- 
burn control in the 20–40 cm and 40–60 cm depth profiles. Al was 
significantly higher in the long rotation burned plots. 

3.2. Abundance of bacteria and fungi 

The bacterial 16S rRNA copy numbers from all treatments ranged 
from 5.46 × 107 - 2.17 × 1010 copies g− 1 dry soil, and were more 
abundant than the fungal 18S rRNA copy numbers which ranged from 
6.19 × 104 - 9.23 × 108 copies g− 1 dry soil. The abundance of bacterial 
16S rRNA gene copy number ranged from 1.95 × 108–2.17 × 1010 copies 
g− 1 dry soil in the non-burn control plots, from 5.46 × 107 - 5.22 × 109 

copies g− 1 dry soil in plots under a long rotation regime and 1.27 × 108 - 
5.14 × 109 copies g− 1 dry soil in plots under a short rotation regime. 
Bacterial abundance was affected by burn treatment, soil depth and their 
interaction. (Fig. 2A; Table S1). Bacterial abundance was greater in the 
topsoil (0–20 cm) of the non-burn control and decreased from the topsoil 
to the 20–40 cm profile. 

The abundance of fungal 18S rRNA gene copy number ranged from 
1.68 × 105 - 9.23 × 108 copies g− 1 dry soil in non-burn control plots, 
1.22 × 105 - 3.34 × 108 copies g− 1 dry soil in plots under a long rotation 
regime and 6.19 × 104 - 4.14 × 108 - copies g− 1 dry soil in plots under a 
short rotation regime. Fungal abundance was affected by burn treat
ment, soil depth and their interaction (Fig. 2B; Table S1). The abundance 
of fungi was greater in the topsoil of the non-burn control and long 
rotation regime compared to treatments subject to a short rotation burn. 

3.3. N-cycling functional genes 

3.3.1. Nitrification 
Archaeal amoA gene abundance was below the detection limit of 1 ×

104 copies g− 1 dry soil for 17 % of samples. Detected AOA amoA gene 
copy number abundance ranged from 8.36 × 104 - 9.39 × 107 copies g− 1 

dry soil in unburned control plots, 2.18 × 104–8.71 × 106 copies g− 1 dry 
soil in plots under a long rotation regime and 2.88 × 104–9.88 × 107 

copies g− 1 dry soil in plots under a short rotation regime. The abundance 
of AOA amoA was significantly different between burn treatments, being 
highest in the non-burn control (P < 0.05) (Fig. 3A; Table S2). There was 
a decrease in abundance with depth in the unburned control as an 18 % 
decrease was observed between 0 and 20 cm and 20–40 cm profiles 
(Fig. 3A). 

Bacterial amoA gene abundance was below the detection limit of 5 ×
104 copies g− 1 dry soil for 11 % of samples. Detected AOB amoA gene 
copy number abundance ranged from 1.27 × 105 - 9.34 × 107 copies g− 1 

dry soil in the non-burn control, 1.23 × 105–9.60 x 107copies g− 1 dry 
soil in plots under a long rotation regime and 1.08 × 105–1.34 × 107 

copies g− 1 dry soil in plots under a short rotation regime. The abundance 
of AOB amoA was significantly different between burn treatments, being 
highest in the non-burn control (P < 0.05) (Fig. 3B; Table S2). AOB amoA 
decreased by 19 % between the 0–20 cm soil profile and the 20–40 cm in 
the unburned control but increased by 5 % from the 0–20 cm to 20–40 
cm in plots under a long rotation burn regime 5 % (Fig. 3B). 

3.3.2. Denitrification 
The nirS gene copy number abundance ranged from 4.64 × 104 - 

7.47 × 107 copies g− 1 dry soil in the non-burn control, 1.06 × 105 - 1.47 
× 107 copies g− 1 dry soil in plots under a long rotation regime and 1.21 
× 105–6.39 × 106 copies g− 1 in plots under a short rotation regime. NirS 
was not significantly affected by burn treatment or soil depth (Fig. 4A; 
Table S2). There was a 16 % decrease in abundance from the 0–20 cm to 
20–40 cm profile in the non-burn control (Fig. 4A). The nirK gene copy 
number ranged from 1.16 × 106–2.30 × 107 copies g− 1 dry soil in the 
non-burn control plots, 1.06 × 105–1.25 × 108 copies g− 1 dry soil in 
plots under a long rotation regime and 8.06 × 105–7.90 × 108 copies g− 1 

dry soil in plots under a short rotation regime. There was a significant 

Fig. 2. The abundances of bacterial 16S rRNA gene (A), fungal 18S rRNA gene (B) across three different soil depths under three burn treatments (n = 12). The bars 
indicate the mean values of each treatment, with the error bars representing the standard error. 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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difference in the abundance of nirK with respect to burn treatment as 
well as soil depth - being highest in the topsoil of the short rotation 
regime (Fig. 4B; Table S2). The abundance of nirK decreased between 
the topsoil and intermediate profile in all three burn treatments. There 
was a 9 % decrease from the 0–20 cm - 40-60 cm in the non-burn control, 
11 % decrease in the plots under a long rotation burn and a 16 % 
decrease plots under a short rotation burn (Fig. 4B). 

3.3.3. Nitrogen fixation and N decomposition 
The nifH gene copy number abundance ranged from 1.08 ×

105–9.64 × 108 copies g− 1 dry soil in non-burn control plots, 8.05 × 104 

- 1.44 × 108 copies g− 1 dry soil in plots under a long rotation regime and 
7.42 × 104 - 6.75 × 107 copies g− 1 dry soil in plots under a short rotation 
regime (Fig. 5A; Table S2). There was a significant difference in abun
dance between different burn treatments and with soil depth (P < 0.05). 

Fig. 3. The abundances of genes for ammonia oxidising archaea (AOA amoA) (A) and ammonia oxidising bacteria (AOB amoA) (B) across three different soil depths 
under three burn treatments (n = 12). The bars indicate the mean values of each treatment, with the error bars representing the standard error. Different uppercase 
letters indicate statistically significant differences among the three burn treatments in the same soil layer (Tukey’s HSD, P < 0.05). 

Fig. 4. The abundances of nirS (A) and nirK (B) across three different soil depths under three burn treatments (n = 12). The bars indicate the mean values of each 
treatment, with the error bars representing the standard error. Different uppercase letters indicate statistically significant differences among the three burn treat
ments in the same soil layer and different lowercase letters indicate statistically significant differences among the three soil layers across burn treatments (Tukey’s 
HSD, P < 0.05) ‘ns’ = not significant. 
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Fig. 5. The abundances of nifH (A) and chiA (B) across three different soil depths under three burn treatments (n = 12). The bars indicate the mean values of each 
treatment, with the error bars representing the standard error. Different uppercase letters indicate statistically significant differences among the three burn treat
ments 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). 

Fig. 6. Correlogram representing Pearson’s correlation coefficient between environmental parameters and abundances of bacterial populations, fungal populations 
and N-cycling genes. (A) Topsoil (0-20 cm), (B) Subsoil (20-60 cm). The correlation relationships ranging from negative to positive are indicated by the intensity of 
colour changing from red to blue. *P < 0.05, **P < 0.01, ***P < 0.001. 
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The abundance of nifH was significantly higher in the topsoil compared 
to the subsoil as a decrease of 24 % in abundance was observed in the 
non-burn control, 18 % in the plots under a long rotation burn and 14 % 
in plots under a short rotation burn between the 0–20 cm and 20–40 cm 
soil profiles respectively (Fig. 5A). The nifH copy number was signifi
cantly higher in the non-burn control in surface soils (Fig. 5A). ChiA 
copy numbers ranged from 3.25 × 105–2.60 × 107 copies –g− 1 dry soil in 
the non-burn control, 1.70 × 105–1.52 × 107 copies g− 1 dry soil in plots 
under a long rotation regime and 3.25 × 105–8.54 × 107 copies g− 1 dry 
soil in plots under a short rotation regime. ChiA abundance was affected 
by burn treatment, soil depth and their interaction (Fig. 5B; Table S2). 
ChiA abundance was greater in the topsoil of plots under a short rotation 
burn regime and decreased with depth as a 12 % decrease in abundance 
was observed in the non-burn control, 14 % in plots under long rotation 
burns and 18 % in plots under short rotation burns between the 0–20 cm 
and 20–40 cm soil profiles respectively (Fig. 5B). 

3.4. Relationships between microbial abundance, functional gene 
abundance and environmental parameters 

The correlation between environmental parameters and the abun
dances of bacterial 16S rRNA gene, fungal 18S rRNA gene and N-cycling 
functional genes were compared using Pearson’s correlation co
efficients. Soil pH, total C, NH4

+, and heather cover were positively 
correlated with bacterial 16 s rRNA gene abundance in the topsoil 
(Fig. 6A) and pH and NO3

− were positively correlated in the subsoil 
(Fig. 6B). Likewise, pH, total C and NH4

+ were correlated with fungal 18 s 
rRNA gene abundance in the topsoil (Fig. 6A) while pH, total N, Mg, Zn 
and Pb were significantly correlated in the subsoil (Fig. 6B). AOA, AOB 
and nifH gene abundances were significantly correlated with pH, total C, 
NH4

+, Mg, Mn, Cu, Zn, Pb and heather cover in the topsoil (Fig. 6A). 
Furthermore, nirK was positively correlated with moisture, total N, NO3

− , 
graminoid cover, Sphagnum cover and other moss cover (Fig. 6A). 

In the subsoil there was a positive correlation between AOA abun
dance and total N and NO3

− while AOB was positively correlated with 
NH4

+, Al and Cu. There was a positive correlation between nirS abun
dance and moisture while nirK was positively correlated with total N, 
total C and NH4

+ and negatively correlated with Mg (Fig. 6B). NifH was 
positively correlated with moisture, total C and NH4

+, while chiA was 
positively correlated with pH and Mg (Fig. 6B). 

4. Discussion 

Key steps in N-cycling can be significantly affected by human activity 
such as management regimes. N cycling genes play a crucial role in the 
cycling of soil nutrients and plant productivity (Xie et al., 2014). 
Conversely, environmental conditions including nutrient availability 
and vegetation community determine the composition and abundance 
of soil microbial groups and N cycling genes. This study focused on the 
effects of different burning regimes on the abundance of bacteria and 
fungi as well as N-cycling genes at different soil depths. The results show 
that the abundance of bacteria, fungi and N cycling genes varied 
significantly with burning regime as well as soil depth. 

4.1. Differences in the abundance of bacteria and fungi across different 
burn treatments and depths 

The interaction between burn treatment and soil depth was found to 
have a significant impact on bacterial and fungal abundance, with 
bacterial abundance being greater in the topsoil of the non-burn control 
and the abundance of fungi being greater in the topsoil of the non-burn 
control and long rotation regime (Fig. 2; Table S1) supporting our first 
hypothesis that the abundance of bacteria and fungi will decrease with 
the frequency of burn regime and be higher in the non-burn control 
plots. Both bacteria and fungi were more abundant in the topsoil than in 
the subsoil (Fig. 2). A decrease in microbial abundance with depth has 

been observed in previous studies in a Quaternary terrace (Fierer et al., 
2003), arable soils (Kramer et al., 2013) and rice paddy soils (Wang 
et al., 2017). The topsoil is likely to have more favourable environ
mental conditions such as nutrient resources that support the growth of 
bacteria and fungi. Although the abundance of bacteria and fungi 
decreased with soil depth, the abundance of fungi decreased more than 
bacteria. This is in line with previous research on community structure, 
which found that soil depth impacted fungal communities’ more than 
bacterial communities in rice paddy soils (Liu et al., 2016; Wang et al., 
2017) and is likely to be due to the anaerobic soil at the lower depths in 
peatlands. Fungi are recognised as essential decomposers of complex 
carbon polymers in these habitats, and play an essential role in nutrient 
cycling (Myers et al., 2012). Despite the fungi isolated and identified 
from peatlands being mostly aerobic (Andersen et al., 2013), fungi iso
lated from anaerobic lower peat layers exhibit a tolerance to these 
conditions (Thormann and Rice, 2007). By modifying plant commu
nities, eliminating plant biomass, burning soil organic residues like 
carbon and nitrogen, shifting fuel loads, and affecting fungal pop
ulations, fire regimes cause adjustments in ecosystem carbon and 
nutrient cycles (Pellegrini et al., 2015). Previous research in Canada 
(Day et al., 2019), China (Yang et al., 2020a, 2020b), the boreal forests 
of United States (Holden et al., 2016) and Australian shrublands 
(Muñoz-Rojas et al., 2016) have found a reduction of fungal abundance 
and diversity one-year following wildfires. Research on how long it takes 
for fungal abundance to recover following fire effects has shown a range 
of conclusions. For example, Muñoz-Rojas et al. (2016) report that 
fungal abundance reaches pre-burn levels in 5 years and Holden et al. 
(2013) report 12 to 24 years, respectively, while Yang et al. (2020a, 
2020b) show that reduced fungal abundance persists 126 years after a 
wildfire. Clearly, further study is needed to determine the long-term 
effects of prescribed burning on fungal abundance. 

4.2. Changes in functional gene abundance across burn regimes 

This study determined the absolute abundance of nitrogen cycling 
genes to evaluate N turnover potential in a peatland under prescribed 
burning regimes. It is important to note that the abundance of nitrogen 
functioning genes can vary in the genome across the population of mi
crobes and not all genes may be detected (Song et al., 2019). Never
theless, this approach can be an important indicator for biological 
nitrogen turnover (Nelson et al., 2015; Wang et al., 2014) and has been 
reported as having a close relationship with N processing rates in order 
to assess N turnover in ecosystems (Bu et al., 2020; Song et al., 2019; 
Tang et al., 2018; Wang et al., 2014). 

The non-burn control plots have not been burned since 1954 and 
provide a context to ecosystem recovery through the succession of 
vegetation. The marker genes AOA- amoA and AOB- amoA have an 
essential role in the transformation of energy and are often used to study 
nitrification in ecosystems (Norton et al., 2002). The results indicate that 
AOA and AOB were sensitive to burn treatment as both were more 
abundant in the topsoil of the non-burn control (Fig. 3; Table S2) where 
NH4

+ was significantly correlated with AOA and AOB overall (Fig. 6A). 
This is in agreement with our second hypothesis that N-cycling genes 
will vary across burn treatment and be higher in the non-burn control 
plots. AOA-amoA genes have been discovered in a variety of environ
ments, including ocean sediments (Francis et al., 2007) and soils (Di 
et al., 2010; Leininger et al., 2006). AOB-amoA genes have been found to 
be more abundant than AOA-amoA in some soils (Di et al., 2010). This is 
contrary to the results from Zhang et al. (2018) who found that AOA and 
AOB increased after fire in a suburban forest ecosystem of subtropical 
Australia, Long et al. (2014) who found an increase in AOB after burning 
in wet sclerophyll forest and Yang et al. (2020a, 2020b) who found fire 
did not significantly impact AOA abundance in a Californian grassland. 
It has been noted that the concentration of microbial enzymes involved 
in organic N decomposition can increase or decrease after fires (Doch
erty et al., 2012). 
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In this study AOB was found to be more abundant than AOA despite 
previous studies showing AOA-amoA to be more dominant in wetland 
type environments (Baolan et al., 2012; Chen et al., 2008). One possible 
explanation for this is that AOB is more likely to prefer higher NH4

+ than 
AOA (Dong et al., 2020; Liu et al., 2011). Therefore, higher NH4

+ content 
could increase the competitiveness of AOB within this environment. 
Plant species richness, root biomass, and total C have been found to be 
strongly related to the AOA and AOB abundance (Boyle-Yarwood et al., 
2008; Rasche et al., 2011; Rooney et al., 2010; Szukics et al., 2010; 
Szukics et al., 2012; Zeglin et al., 2011). These soil parameters can be 
altered rapidly after vegetation burning affecting the abundance of AOA 
and AOB. AOA and AOB are slow growing which could explain their 
relatively low abundance compared with other functional genes in this 
study (Prosser and Nicol, 2008). 

Denitrification is critical to the nitrogen cycle and involves four re
action steps that convert nitrate to nitrous oxide or dinitrogen gas 
(Hayatsu et al., 2008). The results indicate that the dentrification gene 
nirK varied across burn treatments, being greater in the topsoil of the 
short rotation and long rotation plots (Fig. 4B). This result is in agree
ment with Zhang et al. (2018) who found the abundance of nirK 
increased 3 months after prescribed burning and Li et al. (2023) who 
found that nirK increased in abundance 6 years and 11 years after fire. 
Indicating the fire disturbance can have a promotion effect on soil 
denitrification (Liu et al., 2017). There was no significant difference 
between the abundance of nirS and burn treatment or soil depth (Fig. 4A; 
Table S2), indicating that microorganisms harbouring the ‘nir’ gene 
select for different habitats when soil is affected by anthropogenic ac
tivity (Levy-Booth et al., 2014). Previous studies indicate that the niche 
of nir-habouring bacteria (nirS and nirK) also change their respective 
behaviour in relation to land-use (Bu et al., 2020; Li et al., 2018). 
However, in this study nirK was more abundant overall. This is in 
agreement with Li et al. (2018) where nirK was more abundant in every 
stage of restoration indicating that nirK is a good indicator for denitri
fication. NirS has been identified to be more resilient during land-use 
changes (Chen et al., 2010) but in this study nirK was more resilient to 
prescribed burning. The differences in abundance may be due to dif
ferences in the soil environment. For example, soil moisture has been 
identified as a major driver for nirK abundance as moisture primarily 
regulates denitrification (Klemedtsson et al., 1988). Therefore, the 
change in soil moisture in burned rotations can explain the relatively 
high abundance of nirK. 

The activity of the nifH gene is related to the ability of nitrogen-fixing 
archaea and bacteria to fix N2 (Bürgmann et al., 2003). In this study, 
nifH abundance correlated with total C overall (Fig. 6A). Previous 
research has found a positive correlation between the nifH gene and 
carbon (Kennedy and Egger, 2010; Levy-Booth and Winder, 2010; Mo
rales et al., 2010) because diazotrophs are dependent on carbon for 
provisioning the large amount of adenosine triphosphate (ATP) 
consumed by N fixation (Chen et al., 2010). In line with our second 
hypothesis, the nifH gene was most abundant in the non-burn control 
(Fig. 5A) which also had the highest amount of carbon present compared 
to the burn treatments (Table 1). There was a positive relationship be
tween the nifH gene and heather cover (%) (Fig. 6A) suggesting that N2 
fixation was aligned with decomposing plant material and previous 
studies have shown that N fixation is achieved with a symbiotic rela
tionship with plant roots (Hayden et al., 2010). Because bulk soils were 
sampled in this study, the nifH genes detected were expected to be pri
marily from N-fixing bacteria that are free-living. There was a negative 
correlation between nifH gene abundance and total N overall (Fig. 6A) 
and particularly in soils subject to short rotation burns (Fig. S1 C & F), 
suggesting that short rotation burning could inhibit dinitrogenase 
reductase and lead to a reduction in the biological capacity for nitrogen 
fixation. 

Plots under a short burn rotation regime harboured a higher abun
dance of the chiA gene (Fig. 5B). There was a positive correlation with 
moisture, nitrogen, NO3, graminoid cover, Sphagnum cover and other 

non-Sphagnum moss cover, but a negative correlation with NH4
+

(Fig. 6A). It is not surprising that chiA correlated with nitrogen content 
as decomposition of chitin contributes to both the labile nitrogen pools 
in the soil. These results show that these microorganisms select for 
different habitats when soil is affected by anthropogenic activity. 
However, it is also important to acknowledge that chitin degradation is 
commonly associated with fungi as well as bacteria (Talbot and Tre
seder, 2010), hence care must be taken when assessing the true bio
logical potential of these genes. 

4.3. Changes in functional gene abundance across soil profiles 

The distribution of microorganisms across different soil profiles is 
tightly linked with environmental factors and soil properties (Bu et al., 
2020; Castellano-Hinojosa et al., 2018). Microorganisms are not as 
active in subsoils where important resources become more limited with 
depth (Li et al., 2018; Stone et al., 2015). In this study, the abundance of 
AOA was higher in the topsoil and showed a general decrease in the 
subsoil. However, in plots under a short rotation regime, AOA was 
higher in abundance in the 20–40 cm soil profile. A similar trend was 
found with AOB where the highest abundance was found in the non- 
burn topsoil but there was an increase in the subsoil of plots under a 
long rotation regime. Here AOA and AOB both correlated with NH4

+, 
which is an important nutrient overall as previous studies have shown 
that increased AOB abundance can be a result of a high amount of NH4

+

(Tian et al., 2014; Zhang et al., 2019). AOB are considered to be copi
otrophic and abundant in soils with higher nutrients whereas AOA are 
less restricted due to their smaller cell size (Kim et al., 2012; Martens- 
Habbena et al., 2009). These differences may be due to variations in soil 
environmental conditions and AOA and AOB occupying different niches 
in the soil profile due to environmental alteration. 

In contrast with our fourth hypothesis, nirS was not significantly 
affected by soil depth while nirK was significantly higher in the topsoil 
suggesting nirK-harbouring denitrifiers thrived in the topsoil. This result 
is consistent with a previous study where nirK were more abundant in 
the topsoil of paddy soils (Wang et al., 2017) and desert soils (Bu et al., 
2020) However, this is in contrast to a previous studies (Castellano- 
Hinojosa et al., 2018; Song et al., 2019) which found the gene abun
dance of nirK to increase with soil depth. This variation could be 
attributed to changes in soil environmental conditions (Levy-Booth 
et al., 2014) and nir-harbouring denitifyers (nirK and nirS) occupying 
different niches within soil profiles (Levy-Booth et al., 2014). This is 
supported by Tang et al. (2016) and Bu et al. (2020) who showed that 
nirS and nirK can differ across soil profiles as a result of differing envi
ronmental factors. Previous research has shown that soil properties (soil 
pH, C and N contents) has a major influence on denitrifier communities 
(Bru et al., 2011; Clark et al., 2012). For example there was a positive 
correlation between nirK and total N (Fig. 6A). Earlier studies have 
found nirK abundance to be positively correlated with total N (Clark 
et al., 2012; Wang et al., 2017; Jiang et al., 2021). In this study soil 
physicochemical properties showed significant changes along the soil 
depth gradient or among the three treatments, which might represent an 
important effect on the distribution of nirS and nirK-containing 
denitrifiers. 

The inputs of N depend on biological N fixation which is processed by 
nitrogen-fixing bacteria (Zehr, 2011). In this study the nifH gene abun
dance in peat significantly declined from the topsoil to subsoil across all 
treatments. This supports our third hypothesis that the abundance of 
nifH will be higher in the topsoil and agrees with previous research in 
other ecosystems that the fixation of N2 occurs mainly at the topsoil such 
as in desert soil (Bu et al., 2020), agricultural soil (Li et al., 2018), 
grassland soil (Song et al., 2019) and paddy soil (Wang et al., 2017). A 
higher abundance of heterotrophic decomposers with higher nitrogen 
requirements could explain the higher abundance in surface soils. 

Organic nitrogen obtained from the detritus of soil microorganisms is 
a critical substrate for microbes carrying the chiA gene. Here, chiA 
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showed a decrease with soil depth in all treatments. The results here are 
in contrast to Li et al. (2018) where chiA increased with depth in forest 
soils. The cause of different responses may be due to specific environ
mental conditions which are very different between a forest with deep 
rooting trees and typical wetter peatlands exhibiting shrub-dominated 
vegetation. This study provides new data on the distribution of mi
crobes and functional genes in peatlands under different burning re
gimes, and the microbial response is expected to be unique in many 
respects compared to different environmental situations. 

4.4. Implications for N cycling processes in peatlands under disturbance 
regimes 

The observed associations between microbial gene abundances and 
environmental parameters have significant implications for the 
biogeochemical processes of N cycling in peatland ecosystems (Limpens 
et al., 2006). For instance, the results suggest that disturbances that 
degrade peatland moisture conditions and reduce the concentration of 
total C and NH4

+ might affect the microbial process of N fixation. This 
was evident in the positive correlation between nifH gene abundance 
and moisture, total C, and NH4

+. Similarly, the correlations between AOA 
and AOB gene abundances with edaphic factors like pH, NH4

+, and metal 
concentrations suggest that changes in soil chemistry associated with 
the addition of ash and oxidized forms of nutrients in burned plots can 
influence the rate of nitrification, and subsequently impact the avail
ability of nitrate in the peatland ecosystem. This can be attributed to the 
sensitivity of nitrifying microorganisms to changes in soil acidity and 
nutrient availability (Prosser and Nicol, 2012). Consistent with previous 
studies, our results also suggest that the process of denitrification in 
peatlands is a function of availability of N, soil moisture and vegetation 
cover (Castaldi and Aragosa, 2002; Fang et al., 2020), which was evident 
in their correlation with nirK and nirS gene abundances (Philippot et al., 
2011). 

These associations collectively indicate that in the event of peatland 
disturbance, microbial functional groups mediating different biogeo
chemical processes respond differently to modifications in environ
mental conditions. Depending on the prevailing conditions, the balance 
between nitrogen fixation, nitrification, and denitrification can be 
altered, affecting the overall availability of nitrogen compounds and the 
potential for nitrogen loss from the ecosystem. Additionally, the corre
lations between environmental parameters and microbial gene abun
dances also underscore the complex interplay of biotic and abiotic 
factors that regulate microbial community structure and their critical 
role of mediating essential biogeochemical processes in peatland eco
systems. The insights gained from these associations can inform peat
land management strategies and the impacts of different disturbance 
regimes on nitrogen cycling processes. 

5. Conclusions 

Previous research has shown that soil properties and vegetation 
cover play a vital role in determining the distribution of nitrogen cycling 
genes in the environment, providing insight into the genetic potential 
for nitrogen cycling under different situations (Bu et al., 2020; Cas
tellano-Hinojosa et al., 2018; Song et al., 2019). In this work, we 
extended prior knowledge from other ecosystems by assessing the 
abundance of nitrogen cycling related genes in a UK upland peat bog 
under differential management with respect to burning regimes. The 
long-term cessation of burning increased the abundance of bacteria, 
fungi, and improved microbial N turnover potential as evidenced by an 
increase in the abundance of N-cycling genes. The abundance of nirK, 
nifH and chiA showed a reduction with depth from the topsoil to the 
subsoil, indicating that these genes have different niche requirements 
which may be a consequence of biochemical constraints of the processes 
which they facilitate. Contrasting correlation results among soil prop
erties in the topsoil and subsoil indicate a complex structured 

environment with respect to depth which is modified by burning. 
Further exploration of these relationships would be valuable to help 
achieve a better understanding of peatland soil processes in order to 
support sustainable land management approaches. For instance, present 
results indicate that the avoidance of burning in peatlands would 
enhance nitrogen cycling and thus support ecosystem services which 
rely upon the provisioning of nitrogen (e.g. plant growth). Furthermore, 
this research has shown that there are functional implications in the 
deeper soil for land management actions which take place on the 
surface. 
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Muñoz-Rojas, M., Erickson, T.E., Martini, D., Dixon, K.W., Merritt, D.J., 2016. Soil 
physicochemical and microbiological indicators of short, medium and long term 
post-fire recovery in semi-arid ecosystems. Ecol. Indic. 63, 14–22. https://doi.org/ 
10.1016/j.ecolind.2015.11.038. 

Myers, B., Webster, K.L., Mclaughlin, J.W., Basiliko, N., 2012. Microbial activity across a 
boreal peatland nutrient gradient: the role of fungi and bacteria. Wetl. Ecol. Manag. 
20 (2), 77–88. https://doi.org/10.1007/s11273-011-9242-2. 

Nelson, M.B., Berlemont, R., Martiny, A.C., Martiny, J.B., 2015. Nitrogen cycling 
potential of a grassland litter microbial community. Appl. Environ. Microbiol. 81 
(20), 7012–7022. https://doi.org/10.1128/AEM.02222-15. 

Noble, A., O’Reilly, J., Glaves, D.J., Crowle, A., Palmer, S.M., Holden, J., 2018. Impacts 
of prescribed burning on Sphagnum mosses in a long-term peatland field experiment. 
PloS One 13 (11), e0206320. https://doi.org/10.1371/journal.pone.0206320. 

Noble, A., Palmer, S.M., Glaves, D.J., Crowle, A., Holden, J., 2019. Peatland vegetation 
change and establishment of re-introduced Sphagnum moss after prescribed burning. 
Biodivers. Conserv. 28 (4), 939–952. https://doi.org/10.1007/s10531-019-01703-0. 

Norton, J.M., Alzerreca, J.J., Suwa, Y., Klotz, M.G., 2002. Diversity of ammonia 
monooxygenase operon in autotrophic ammonia-oxidizing bacteria. Arch. Microbiol. 
177 (2), 139–149. https://doi.org/10.1007/s00203-001-0369-z. 

Nurulita, Y., Adetutu, E.M., Gunawan, H., Zul, D., Ball, A.S., 2016. Restoration of tropical 
peat soils: the application of soil microbiology for monitoring the success of the 
restoration process. Agric. Ecosyst. Environ. 216, 293–303. https://doi.org/ 
10.1016/j.agee.2015.09.031. 

Pajares, S., Bohannan, B.J., 2016. Ecology of nitrogen fixing, nitrifying, and denitrifying 
microorganisms in tropical forest soils. Front. Microbiol. 7, 1045. https://doi.org/ 
10.3389/fmic/2016.01045. 

Pellegrini, A.F., Hedin, L.O., Staver, A.C., Govender, N., 2015. Fire alters ecosystem 
carbon and nutrients but not plant nutrient stoichiometry or composition in tropical 
savanna. Ecology 96 (5), 1275–1285. https://doi.org/10.1890/14-1158.1. 

Philippot, L., Andert, J., Jones, C.M., Bru, D., Hallin, S., 2011. Importance of denitrifiers 
lacking the genes encoding the nitrous oxide reductase for N2O emissions from soil. 
Glob. Chang. Biol. 17 (3), 1497–1504. https://doi.org/10.1111/j.1365- 
2486.2010.02334.x. 

Prosser, J.I., Nicol, G.W., 2008. Relative contributions of archaea and bacteria to aerobic 
ammonia oxidation in the environment. Environ. Microbiol. 10 (11), 2931–2941. 
https://doi.org/10.1111/j.1462-2920.2008.01775.x. 

Prosser, J.I., Nicol, G.W., 2012. Archaeal and bacterial ammonia-oxidisers in soil: the 
quest for niche specialisation and differentiation. Trends Microbiol. 20 (11), 
523–531. https://doi.org/10.1016/j.tim.2012.08.001. 

R Development Core Team, 2020. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing, Vienna, Austria. URL. https:// 
www.R-project.org/.  

Rasche, F., Knapp, D., Kaiser, C., Koranda, M., Kitzler, B., Zechmeister-Boltenstern, S., 
Richter, A., Sessitsch, A., 2011. Seasonality and resource availability control 
bacterial and archaeal communities in soils of a temperate beech forest. ISME J. 5 
(3), 389–402. https://doi.org/10.1038/ismej.2010.138. 

Rennie, S., Andrews, C., Atkinson, S., Beaumont, D., Benham, S., Bowmaker, V., Dick, J., 
Dodd, B., McKenna, C., Pallett, D., Rose, R., 2020. The UK environmental change 
network datasets–integrated and co-located data for long-term environmental 
research (1993–2015). Earth Syst. Sci. Data 12 (1), 87–107. https://doi.org/ 
10.5194/essd-12-87-2020. 

Rodwell, J.S., 1998. British Plant Communities, vol. 2. Cambridge University Press. 

Rooney, D.C., Kennedy, N.M., Gleeson, D.B., Clipson, N.J., 2010. Responses of ammonia- 
oxidising bacterial communities to nitrogen, lime, and plant species in upland 
grassland soil. Appl. Environ. Soil Sci. 2010 https://doi.org/10.1155/2010/319721. 
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Szukics, U., Abell, G.C., Hödl, V., Mitter, B., Sessitsch, A., Hackl, E., Zechmeister- 
Boltenstern, S., 2010. Nitrifiers and denitrifiers respond rapidly to changed moisture 
and increasing temperature in a pristine forest soil. FEMS Microbiol. Ecol. 72 (3), 
395–406. https://doi.org/10.1111/j.1574-6941.2010.00853.x. 

Szukics, U., Hackl, E., Zechmeister-Boltenstern, S., Sessitsch, A., 2012. Rapid and 
dissimilar response of ammonia oxidizing archaea and bacteria to nitrogen and 
water amendment in two temperate forest soils. Microbiol. Res. 167 (2), 103–109. 
https://doi.org/10.1016/j.micres.2011.04.002. 

Talbot, J.M., Treseder, K.K., 2010. Controls over mycorrhizal uptake of organic nitrogen. 
Pedobiologia 53 (3), 169–179. https://doi.org/10.1016/j.pedobi.2009.12.001. 

Tang, Y., Yu, G., Zhang, X., Wang, Q., Ge, J., Liu, S., 2018. Changes in nitrogen-cycling 
microbial communities with depth in temperate and subtropical forest soils. Appl. 
Soil Ecol. 124, 218–228. https://doi.org/10.1016/j.apsoil.2017.10.029. 

Tang, Y., Zhang, X., Li, D., Wang, H., Chen, F., Fu, X., Fang, X., Sun, X., Yu, G., 2016. 
Impacts of nitrogen and phosphorus additions on the abundance and community 
structure of ammonia oxidizers and denitrifying bacteria in Chinese fir plantations. 
Soil Biol. Biochem. 103, 284–293. 

Thacker, J.I., Yallop, A.R., Clutterbuck, B., 2000. Burning in the English Uplands—A 
Review, Reconciliation and Comparison of Results of Natural england’s Burn 
Monitoring: 2005–2014. Improvement Programme for England’s Natura. 

Thompson, K.A., Bent, E., James, K., Carlyle, C.N., Quideau, S., Bork, E.W., 2020. Access 
mats partially mitigate direct traffic impacts on soil microbial communities in 
temperate grasslands. Appl. Soil Ecol. 145, 103353. https://doi.org/10.1016/j. 
apsoil.2019.09.003. 

Thormann, M.N., Rice, A.V., 2007. Fungi from peatlands. Fungal Divers. 24 (2415), 299. 
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