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Immobilisation of anaerobic 
digestate supplied nitrogen into 
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additives
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Anaerobic digestate is a nutrient rich slurry by-product derived from biogas 
production, often used as a fertiliser due to its high nitrogen content. However, 
nitrogen losses from its application can lead to environmental pollution. In a 
laboratory experiment, the addition of high organic carbon materials to digestate-
amended soil as a potential means to stimulate microbial immobilisation of 
digestate supplied nitrogen was investigated. Soil was incubated in pots for 
5 months with digestate (equivalent to 250 kgN ha−1). The impact of adding 
carbon into the digestate (equivalent to 540 kgC ha−1) as either glycerol, straw, 
woodchip, or biochar on soil microbial and chemical parameters was quantified. 
Glycerol amended soils had significantly higher microbial biomass compared to 
digestate alone during the first month and at 30  days after application had a 4x 
higher on average microbial N. The digestate + straw treatment resulted in a 
2.5x significantly greater nitrogen immobilisation compared to digestate alone 
after 3 months of incubation. The digestate + woodchip had a 2× higher mean 
microbial N after 5  months, whilst the biochar amendment did not stimulate 
significant nitrogen immobilisation at any time. These results suggest that 
mixing a labile to moderately labile organic carbon amendment, such as straw, 
with digestate has the greatest potential to reduce nitrogen losses following 
digestate application through microbial immobilisation.
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1 Introduction

Anaerobic digestate is a nutrient-dense slurry generated from biogas production. The 
process to create biogas requires the breakdown of a biodegradable feedstock such as animal 
waste, purpose grown energy crops, sewage waste, and the organic fraction of household, 
municipal and industrial wastes, in the absence of oxygen. During anaerobic digestion between 
20% and 95% of the carbon in the feedstock is converted into methane and carbon dioxide 
(Möller, 2015) and collected as biogas. As the organic matter is digestated, between 15% and 

OPEN ACCESS

EDITED BY

Tom Misselbrook,  
Rothamsted Research, United Kingdom

REVIEWED BY

Mesfin Tsegaye Gebremikael,  
Ghent University, Belgium
Ana I. M. Natalio,  
Harper Adams University, United Kingdom

*CORRESPONDENCE

Christina van Midden  
 christina.van-midden@cranfield.ac.uk

RECEIVED 15 December 2023
ACCEPTED 04 March 2024
PUBLISHED 22 March 2024

CITATION

van Midden C, Harris J, Shaw L, Sizmur T, 
Morgan H and Pawlett M (2024) 
Immobilisation of anaerobic digestate 
supplied nitrogen into soil microbial biomass 
is dependent on lability of high organic 
carbon materials additives.
Front. Sustain. Food Syst. 8:1356469.
doi: 10.3389/fsufs.2024.1356469

COPYRIGHT

© 2024 van Midden, Harris, Shaw, Sizmur, 
Morgan and Pawlett. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication 
in this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Original Research
PUBLISHED 22 March 2024
DOI 10.3389/fsufs.2024.1356469

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2024.1356469﻿&domain=pdf&date_stamp=2024-03-22
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1356469/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1356469/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1356469/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1356469/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1356469/full
https://www.frontiersin.org/articles/10.3389/fsufs.2024.1356469/full
mailto:christina.van-midden@cranfield.ac.uk
https://doi.org/10.3389/fsufs.2024.1356469
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2024.1356469


van Midden et al. 10.3389/fsufs.2024.1356469

Frontiers in Sustainable Food Systems 02 frontiersin.org

82% of the organic nitrogen bound within is mineralised into 
ammonium (Bareha et al., 2018). As this form of nitrogen is readily 
available for plants to utilise, digestate can be applied to land as a 
fertiliser. However, due to its high liquid content it is expensive for the 
biogas industry to store and transport the digestate (Al-Seadi and 
Lukehurst, 2012). A solution to reduce costs is to separate the digestate 
into its fibrous (solid) and liquid fractions, which reduces the volume 
of the liquid by 20%–30% (Lyons et al., 2021).

The liquid fraction of the separated digestate has been extensively 
studied for its use as a fertiliser and been found to produce yields 
comparable to synthetic nitrogen (Šimon et al., 2015; Riva et al., 2016; 
Walsh et al., 2018; Barzee et al., 2019). However, sustainable use of 
digestate as a fertiliser on agricultural land is dependent on good 
management practises. On average, over 80% of the nitrogen content 
of the liquid fraction is in the form of ammonium and nitrate 
(Czekała, 2022), which are the N forms most susceptible to loss 
processes by volatilisation, denitrification, nitrification and leaching. 
Therefore, land spreading digestate can result in groundwater and 
atmospheric pollution (Nkoa, 2014). These nitrogen losses from the 
soil reduce the nitrogen use efficiency of digestate fertilisers. Therefore, 
methods need to be developed to keep nitrogen supplied by the liquid 
digestate in the soil and available for crop uptake, whilst minimising 
losses and detrimental impacts on the environment.

Ammonia volatilisation losses represent a key nitrogen loss 
pathway when applying anaerobic digestate with 35%–60% of total 
nitrogen applied lost (Tiwary et al., 2015). However, these losses are 
reduced by 40%–50% using precision slurry spreading techniques 
such as band spreading or injecting digestate directly into the soil 
compared to the traditional practise of broadcast spreading (Nicholson 
et al., 2018). Similarly adding sulphuric acid into digestate to lower its 
pH can effectively reduce ammonia volatilisation with reductions 
ranging from 45% (Wagner et al., 2021) to 95% (Sánchez-Rodríguez 
et al., 2018) when compared to non-acidified digestate. Once in the 
soil, the ammonium nitrogen from digestate is converted by nitrifying 
and denitrifying microorganisms, resulting in nitrogen losses before 
plant uptake as nitrate leaching and N2O emissions. Research is 
ongoing on the applicability of using nitrification inhibitors, which are 
chemical compounds added to a fertiliser to delay the conversion of 
ammonium into nitrate and therefore reduce these losses. Huf and 
Olfs (2020) and Giacometti et al. (2020) observed that the addition of 
nitrification inhibitors to digestate reduced N2O and leaching losses, 
respectively, within a month of application. Hegewald et al. (2021) 
observed lower annual N2O emissions by 36% over a three-year 
period. However, the cost of using nitrification inhibitors can 
be  significant because factors such as climate, soil type and crop 
influence their effectiveness (Macleod et al., 2015; Drame et al., 2023). 
Furthermore, these nitrification inhibitors are agrochemicals which 
cannot be used in organic farming systems. As such, it is necessary to 
investigate alternative methods of reducing nitrogen losses from 
the soil.

Soil microorganisms can immobilise nitrogen into their biomass, 
as they use nitrogen to build proteins, nucleic acids and other cellular 
components. This nitrogen forms part of the necromass when the 
microbes die, which is subsequently remineralised when the 
necromass is primed by plant root exudates (Meier et al., 2017). This 
provides plants with a source of nitrogen when they need it as opposed 
to farmers applying synthetic nitrogen, which can result in a mismatch 
between time of input and plant demand. Most soil microorganisms 

are heterotrophic and require an external source of organic carbon as 
a precursor to synthesising their own molecules. Digestate has a low 
total carbon content, typically between 0.43% and 3.4% (Risberg et al., 
2017). The nutrient flush following digestate application causes 
temporary increases in microbial activity and abundance that subside 
within 24 h of application (Alburquerque et al., 2012; Iocoli et al., 
2019) and disappear within a few weeks (Walsh et al., 2012; Johansen 
et al., 2013; Mortola et al., 2019; Gebremikael et al., 2020; Ren et al., 
2020; Różyło and Bohacz, 2020). When digestate is separated into its 
solid and liquid fractions and applied separately to land, the organic 
carbon richer solid fraction increases microbial growth and 
immobilised nitrogen into microbial biomass, which is not seen when 
liquid digestate is applied (de la Fuente et al., 2013). This observation 
indicates that to stimulate microbial immobilisation of nitrogen in 
liquid digestate, more carbon is needed to satisfy 
microbial stoichiometry.

Organic materials high in carbon but low in nitrogen are known 
to immobilise nitrogen into soil microorganisms; as the microbes 
utilise the bioavailable carbon, they simultaneously use the material 
supplied nitrogen to meet their own, lower, carbon to nitrogen (C:N 
ratio) requirements (Robertson and Groffman, 2007). However, C:N 
ratio alone does not determine the rate of microbial growth, as the 
carbon in material can be of varying accessibility to microbes. For 
example, carbon that forms a simple monomer can be readily taken 
up through diffusion or active transport into microbial cells (da Silva 
et al., 2009; Dobson et al., 2012). More complex carbon structures 
include plant polymers such as hemicellulose, cellulose and lignin. To 
break down these materials into assimilable molecules, microbes 
require a variety of externally excreted enzymes, with residues 
containing a high lignin content predominately decomposed by 
enzymes secreted by fungi and bacterial cells that form multicellular 
assemblages such as Actinomycetes (Mekonnen, 2021).

This research aimed to investigate the effects of adding different 
sources of organic carbon to liquid digestate on soil microbial biomass, 
microbial nitrogen immobilisation and microbial community 
dynamics. The objective was to determine which type of organic 
material, in terms of carbon accessibility, was most effective at 
inducing nitrogen immobilisation. It was hypothesised that adding 
organic carbon additives to liquid digestate would stimulate microbial 
immobilisation of nitrogen, and that the magnitude and the timing of 
the effect would be  influenced by the accessibility of the carbon 
substrates to soil microorganisms. As the additives vary in structural 
complexity, they are utilised by different microbial groups as a carbon 
source for growth and energy, it was predicted that the microbial 
community would shift to one with a higher fungi-to-bacteria ratio 
with the addition of complex carbon materials into the digestate. A 
pot experiment was established to test these hypotheses in the absence 
of confounding environmental variables, such as temperature.

2 Materials and methods

2.1 Soil, digestate and high organic carbon 
materials

A sandy loam topsoil (69% sand, 20% silt, 11% clay) bought from 
Bourne Amenity Ltd., was used for the study. Prior to the experiment 
the soil was passed through a 2 mm sieve to remove any stones and 
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large debris and thoroughly mixed to homogenise. Liquid anaerobic 
digestate was supplied by Future Biogas Ltd. from a biogas plant, 
managed to BSI PAS110 standards, using a mixed feedstock of 85 
tonne maize silage, 7.5 tonne cow manure, and 18 tonne chicken 
manure. The plant is mesophilic, operating at 43°C with a retention 
time of 98 days. The liquid fraction was mechanically obtained from 
the whole digestate after screw press separation. The biochar applied 
in the experiment (CreChar™, supplied by Carbogenics Ltd) was 
produced from office waste in a kiln run at 700–800°C for 60 min. 
Wheat straw was obtained from a farmer (Bedfordshire 
United Kingdom) and woodchips from the Milton Keynes council 
parks department. Straw and woodchips were air-dried and chopped 
into smaller pieces (1–2 cm) to fit into the pots. Glycerol was bought 
from Sigma Aldrich. Details of material properties are in Table 1.

2.2 Soil incubations

The incubation experiment was carried out in the dark at 20°C ±
4°C for 5 months. 250 g (dry weight basis) soil was added to 330 mL 
capacity PVC containers (top diameter 8 cm, bottom diameter 5 cm, 
height 12 cm) and pots were gently tapped on the worktop to ensure 
soil settled to a bulk density of 1 g cm3. Before the start of the 
experiment the soils were adjusted to 40% water holding capacity and 
pre-incubated at 20°C± 4°C in the dark under aerobic conditions for 
a week, to allow soil microbial activity to recover after being sieved. 
Water holding capacity was determined using a saturate and drain 
method modified from Harding and Ross (1964). 50 g of soil was 
added to a stoppered funnel and saturated with 100 mL of deionised 
water for 30 min. The stopper was then removed, and the water 
drained for 30 min. The volume of water retained in the soil was 

combined with the known moisture content of the soil to calculate the 
water holding capacity.

The experiment consisted of six treatments, arranged in a 
randomised block design with four replications: (1) liquid digestate 
control (LD); (2) liquid digestate with glycerol (LD-G); (3) liquid 
digestate with straw (LD-S); (4) liquid digestate with woodchip 
(LD-W); (5) liquid digestate with biochar (LD-B); and (6) unfertilised 
control (CONT). Sufficient sets were set-up to allow for destructive 
sampling for soil biochemical analysis on four occasions: 3 h after 
application, then 30, 90 and 150 days after application. This gave a total 
of 96 experimental units (6 treatments × 4 replicates × 4 
sampling times).

Digestate was applied at 23 mL per pot, a rate equivalent to 
250 kg-N ha−1, which supplied 0.59 mg-N g−1 dry soil. This rate of 
nitrogen was selected as it is the maximum amount farmers are 
allowed to apply in a 12 month period from organic sources in areas 
designated as Nitrate Vulnerable Zones under UK law (DEFRA and 
EA, 2018). Prior to application, the digestate was mixed with additives 
at a rate of 12 kg-C m3 of digestate (equivalent to 540 kg-C ha−1), 
resulting in a material with a C:N ratio of approximately 5:1. This 
equalled an addition to the pots of 0.7 mL glycerol and 0.68, 0.59, or 
0.51 g of straw, woodchip, and biochar, respectively. The treatments 
were then mixed into the soil. A volume of water equal to the volume 
of digestate was added to the non-amended control pots and similarly 
mixed. The rationale for this amendment rate is given in the 
supporting information. The pots were loosely covered with lids to 
reduce moisture loss and weighed twice a week to check the moisture 
content and deionised water was added to maintain soils at 40% water 
holding capacity, which is optimal for microbial development 
(Gulledge and Schimel, 1998). At each sampling time, the pots were 
destructively sampled and the soil passed through a 2 mm sieve to 

TABLE 1 The biophysiochemical properties of the materials used in this study.

Properties Soil
Liquid 

digestate
Biochar Woodchips Straw Glycerol

Dry matter (%) 90.4 5.2 97.7 86.2 93.1 -

Organic matter (%) 5.3 3.9 - - - -

pH 8.1 8.3 11.3 - - -

Total Carbon (g/kg fw) 37.5 20.6 628 546 479 391.9

Nitrogen

Total (g/kg) 2.85 6.3 5.22 11.2 6.0 -

Ammonium (mg/kg) - 4,147 - - - -

Nitrate (mg/kg) - <10 - - - -

Phosphorous

Total (mg/kg) 521 1.02 - - -

Available (mg/L) 49 - - - - -

Potassium

Total (mg/kg) - 4,275 21.5 - - -

Available (mg/L) 755 - - - - -

C:N ratio 12.95 3.27 120.39 48.97 79.85 -

Microbial biomass Carbon (mg-C/kg) 392 - - - - -

Microbial Biomass Nitrogen (mg-N/kg) 98 - - - - -

Data for the liquid digestate, biochar, glycerol and select soil properties (LOI, P, K) were provided by the suppliers.
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break down the aggregates that had formed when mixing treatments 
into the soil, in order to homogenise the sample ready for analysis.

2.3 Microbial analyses

Microbial biomass carbon and nitrogen (microbial C and N 
respectively) were determined following the fumigation-extraction 
method (Vance et  al., 1987). After extraction, the extracts were 
analysed on a Shimadzu TOC with a TN module. The microbial C and 
N were calculated using KEC and KEN values of 0.45 and 0.54, 
respectively (Brookes et al., 1985; Vance et al., 1987). PLFA profiles 
were determined using a modified method from Frostegård et al. 
(1991) by freeze-drying the soil after sieving. Lipids were extracted 
from 10 g freeze-dried soil using the Bligh and Dyer (1959) solvent 
ratio 1:2:0.8 v/v/v of chloroform, methanol, and a pH 4 citrate buffer, 
fractionated, and the phospholipids derivatised by mild alkaline 
methanolysis. The resultant fatty acid methyl esters were separated by 
gas chromatography (Agilent Technologies, Santa Clara, CA, 
United States) using a HP-5 (Agilent Technologies) capillary column 
(30 m length, 0.32 mm ID, 0.25 μm film). The GC conditions were 
reported in Pawlett et al. (2013). Resultant peak areas were integrated 
using G2070 ChemStation (Agilent Technologies) for gas 
chromatography and calculated as relative abundance (mol %). 
Bacteria were identified by the PLFA bioindicators 14:00, 15:0i, 15:0ai, 
15:00, 16:0i, 16:1ω7c, 16:00, 17:0i, cyc17:0, ai17:0, 17:0br, 17:1ω8c, 
17:1ω8t, 17:1ω7, 18:00, 18:0 (10Me), 18:1ω13 and 20:00 (Frostegård 
and Bååth, 1996; White et al., 1996; Zelles, 1997, 1999; Bossio and 
Scow, 1998; Kourtev et  al., 2002). Fungi were identified by the 
biomarker 18:2ω6,9 (Frostegård and Bååth, 1996). The fungi-to-
bacteria ratio was calculated by dividing the mol % of the fungal 
biomarker (18:2ω6,9) by the summed mol % of bacterial fatty acids 
(Frostegård and Bååth, 1996).

2.4 Chemical analyses

Soil total nitrogen was determined by dry combustion according 
to the British Standard Institution (BS EN 13654-2:2001) and analysed 
using an elemental analyser (Elementar, Vario EL III). Available 
nitrogen as the sum of ammonia and total oxides of nitrogen was 
determined using the potassium chloride (KCl) extraction method 
(MAFF, 1986). 20 g of soil was eluted with 100 mL of 2 mol KCl 
solution and filtered, after which the extracts were analysed on an 
analytical segmented flow multi-chemistry analyser (Seal, AA3).

2.5 Statistics

Data were first tested for normality using Kolmogorov–Smirnov 
& Lilliefors test and homoscedasticity using Levene’s Test, following 
this the available N, microbial C and N datasets were box-cox 
transformed. As the independent experimental variable of interest was 
treatment, a one-way ANOVA was used determine treatment effects 
at each sampling time on the soil parameters, whilst time as factor was 
not included due to unequal variance in data between sampling times. 
Significant differences between treatments for available and total N, 
and fungi:bateria (F:B) ratio were determined by Tukey’s post hoc test. 

The microbial C and N datasets still failed homoscedasticity so a 
one-way Welch ANOVA was used as it can tolerate unequal variance 
(Wilcox, 2003) and significant differences between treatments were 
determined by Games-Howell’s post hoc test. Principle Component 
Analysis was run on the PLFA profile data for each timepoint, which 
was normalised by measuring each biomarker as the relative 
abundance (%mol) to all the biomarkers. The resultant factor scores 
for each timepoint were analysed using a one-way ANOVA. All 
differences were considered statistically significant if p < 0.05. All 
statistical analysis was carried out in Statistica version 14.

3 Results

3.1 Biological properties of the soil

The addition of digestate alone to the soil did not result in higher 
microbial biomass (C) than the soil only control treatment at any 
timepoint. At 3 h after application, the addition of glycerol to digestate 
resulted in a significantly (p = 0.004) higher microbial biomass (C) by 
344% compared to the digestate only control (Figure 1A). At 90 days 
the digestate with either straw or woodchip had a higher microbial 
biomass than soil only, but not the digestate control. At 150 days, the 
ANOVA recorded a significant effect due to treatment (p = 0.001), but 
the post hoc test did not identify any significant differences between 
individual treatments.

Microbial N was not significantly (p = 0.95) affected by treatments 
at 3 h after application (Figure 1B). At 30 days the LD + biochar had a 
significantly (p < 0.05) lower concentration than soil only control, but 
not the digestate only control. At 90 days after application digestate 
applied with straw significantly (p = 0.009) immobilised 80 μg-N g−1 
(dry weight soil), equivalent to 75 kg-N ha−1 (see 
Supplementary material for calculation) compared to the digestate 
only control, a difference of 309%. After 90 days no further significant 
treatment effect was observed, however digestate with woodchip had 
a 2x higher on average microbial N content compared to digestate 
only treatment.

The first two principal components (PC) on each of the PLFA 
datasets accounted for ≥50% of the total variation (Figure 2), with 
significant (p < 0.05) treatment effects on PC1 axis at every timepoint 
except 150 days after application. Fatty acid loadings (≥0.8 and ≤0.8) 
that contributed the most included 16:00, 16:1ω5, 17:0c, 18:2ω6,9 
and 19:1ω6 for PC1 and 17:0br, 17:1ω8c and 18:1ω7t for PC2, for 
information on specific PLFAs for each PCA see 
Supplementary Table 1. At both 3 h and 30 days after application the 
microbial communities between the digestate and the soil only 
controls were distinctly separate (Figures  2A,B; p = 0.01) with a 
higher fungi:bacteria (F:B) ratio in the digestate control at day 30 
(Table 2). At 30 days the addition of woodchips and biochar resulted 
in separate cluster with the soil only control, distinct from a group 
made of the glycerol additive and the digestate control (Figure 2B; 
p < 0.001), with a lower F:B ratio in the former treatments compared 
to the latter (Table 2), whilst the straw treatment lay non-distinctly 
between the two groups. At 90 days the woodchip amended grouped 
separately from the glycerol and straw amended digestate treatments 
(Figure  2C; p = 0.02), with a lower F:B ratio in the woodchip 
treatment compared to the straw and glycerol treatments (Table 2). 
By day 150 there were no distinct groupings between the digestate 
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with and without additives (Figure 2D; p = 0.06) and no difference 
in the F:B ratios (Table 2).

3.2 Chemical properties of the soil

3 h after treatment applications, the amount of total available 
nitrogen was significantly greater (p = 0.02) in the digestate (LD) 
control treatment compared to the soil only control and remained so 
for the experimental duration (Figure 3). The addition of additives 
into digestate had no effect on total available N compared to digestate 
control at all timepoints, however at day 90 the digestate with glycerol 
had a lower content compared to the digestate mixed with either 
woodchip or biochar.

The liquid digestate resulted in a significantly (p ≤ 0.004) greater 
amount of total soil nitrogen compared to the soil only control from 
30 days onwards (Table 3). Mixing additives into digestate did not 
result in any further significant differences to the total soil nitrogen 
content apart from at 90 days after application where there was a lower 
total nitrogen in the digestate with straw treatment compared to 
woodchip and biochar amended digestates.

4 Discussion

The addition of straw to digestate elevated microbial N in the soil 
by 2.5× compared to digestate alone, by an amount equivalent to 
75 kg-N ha−1, demonstrating that straw stimulated the immobilisation 

FIGURE 1

Changes in soil microbial biomass carbon (A) and microbial N (B). At each sampling time points denoting different lower-case letter have statistically 
different treatments effects according to Games-Howell’s test at 5% probability on box-cox transformed data. Error bars denote the standard error 
from the mean, n  =  4. In graph B, LD  +  woodchip at 30  days was not included into the analysis, due to only one replicate producing analysable data.

https://doi.org/10.3389/fsufs.2024.1356469
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


van Midden et al. 10.3389/fsufs.2024.1356469

Frontiers in Sustainable Food Systems 06 frontiersin.org

of N into microorganisms. This immobilisation is in agreement with 
studies by Cao et al. (2018) and Reichel et al. (2018) who applied straw 
with synthetic nitrogen fertilisers, Chaves et al. (2005) who added 
straw with nitrogen rich crop residue, and Wang et al. (2019) who 
applied digestate with rice straw. However, in this study, microbial 

growth cannot explain the uptake of N in biomass as the microbial 
biomass carbon under straw + digestate was not significantly greater 
than the digestate treatment. Microbes do not only uptake N as they 
grow and reproduce, but their C:N stoichiometry can change to adapt 
to nutrient limitations, or alleviation thereof (Heuck et al., 2015; Chen 

FIGURE 2

Principal component analysis on the PLFA profiles (mean ± SE, n = 4) of the microbial community as affected by the treatments at each sampling time: 
A = 3 hrs, B = 30 days, C = 90 days and D = 150 days, after application. Cont, soil only control; LD, liquid digestate control; LD + G, liquid digestate + 
glycerol; LD + S, liquid digestate + straw; LD + W, liquid digestate + woodchips; LD + B, liquid digestate + biochar.

FIGURE 3

Changes in soil available nitrogen. At each sampling time point different lower-case letters between treatments have statistically different effects 
according to Tukey’s test at 5% probability on box-cox transformed data. Error bars denote the standard error from the mean (n = 4).
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et al., 2019). In fungi, Khan and Joergensen (2019) suggested that N 
immobilisation can occur by storage of nitrogen-based compounds in 
vacuoles. Therefore, it is likely that a combination of both biomass 
incorporation and storage in fungal vacuoles caused the significant 
microbial N effect due to straw addition.

Contrary to the hypothesis, the addition of glycerol to digestate 
did not result in a significant microbial nitrogen immobilisation, 
despite the significantly greater growth in the first month from 
application. However, its addition did lead to a 4× higher on average 
microbial N at 30 days after application compared to digestate control. 
Significant results may be masked by experimental artefacts that can 
occur when comparing comparatively low amounts of extracted 
nitrogen between fumigated and non-fumigated soil relative to the 
large inputs of soluble N (Widmer et al., 1989), as from digestate. Time 
of sampling could also have been an issue, as de la Fuente et al. (2013) 
observed that digestates made from a feedstock mix of cattle slurry 
with 4% and 6% glycerol stimulated a peak nitrogen immobilisation 
within a week of application. Since we did not sample between 3 h and 
30 days after application, it is possible that the peak of N 
immobilisation was missed.

The addition of woodchips to digestate had no significant effect 
on microbial growth or microbial N compared to digestate alone, 
although at 150 days microbial N was 2x higher on average than 
digestate alone. Similarly, Tahboub et al. (2007) observed no effect on 
nitrogen immobilisation when adding woodchips with synthetic 
fertiliser. However, Reichel et al. (2018) observed significant nitrogen 
immobilisation when adding sawdust with synthetic N, as did Chaves 
et al. (2005) when adding sawdust with nitrogen rich celery leaves. 
These significant effects could be due to the smaller particle size of 
sawdust (~1 mm) compared to woodchips (majority between 
2.5–5 cm) used by Tahboub et al. (2007) and the 1–2 cm woodchips 
used in our study. This meant that our samples had less surface area 
per volume exposed for microbial colonisation which reduces 
decomposition rates (Idler et al., 2019). Furthermore, woodchips are 
mainly decomposed by fungi (Noll and Jirjis, 2012), yet the fungi to 
bacteria ratio in the woodchip amended soil of this study was never 
greater than digestate alone amended soil. This indicates that the 

fungal community in the soil did not include those that could 
effectively utilise the woodchips as carbon source. This could also have 
been a result of sampling bias, as the soil was sieved prior to PLFA 
analysis, removing pieces of woodchip greater than 2 mm and 
excluding any fungi colonising those woodchips from the analysis.

Mixing biochar into digestate did not have any effect on microbial 
biomass or nitrogen immobilisation. This corroborates results from 
Martin et al. (2015) who also observed no effect of adding biochar 
with digestate on either microbial C or N. In biochar the carbon is 
formed into complex aromatic structures (Schmidt et al., 2000) that 
are extremely resistant to decomposition (Wang et  al., 2016). 
Additionally, the highly porous structure of biochar absorbs dissolved 
organic carbon, reducing the amount available to microbes to utilise 
(Mukherjee et al., 2016). Yet, Holatko et al. (2021) observed increased 
microbial biomass C from digestate amended with biochar after 
6 weeks, with a correlated decrease in soil nitrogen that could indicate 
nitrogen immobilisation had occurred. It is possible that the differing 
effects of biochar addition on nitrogen immobilisation between the 
current study and Holatko et al. (2021) may be due to differences in 
the amount and type of biochar used. Holatko et al. (2021) applied 
twice the concentration of biochar (0.4 kg per litre of digestate 
compared to 0.2 kg per litre) and used agricultural grain-waste biochar 
pyrolysed at 600–650°C (cf 700°C–800°C office waste biochar used 
here). Biochar feedstock and processing temperatures, of which there 
are numerous options (Lehmann et  al., 2011; Wang et  al., 2016), 
determine the size of a small biochar-associated labile carbon pool. It 
is possible that the biochar used by Holatko et al. (2021) had a greater 
concentration of labile carbon and therefore stimulated 
microbial growth.

The immobilisation of nitrogen observed when digestate was 
mixed with straw demonstrates that microorganisms can be used as a 
potential mechanism to reduce the nitrogen losses from anaerobic 
digestate application. However, the quantity of N immobilised should 
be reflected in a lower concentration of soil available nitrogen. Yet 
contrary to this, the greater microbial N under straw addition did not 
result in a lower soil available nitrogen. This could be due to the extent 
of change in microbial N being too small to make a noticeable 

TABLE 2 Fungi:bacteria (F:B) ratio (mean  ±  SE) in the soil after treatment manipulations.

Parameter
Days after 

application
Soil only 
control

Liquid 
digestate

LD + 
Glycerol

LD + Straw
LD + 

Woodchip
LD + 

Biochar

F:B ratio 0 0.118 ± 0.001 0.125 ± 0.017 0.173 ± 0.025 0.153 ± 0.026 0.139 ± 0.017 0.146 ± 0.009

(%mol) 30 0.084 ± 0.005a 0.202 ± 0.007c 0.172 ± 0.019c 0.154 ± 0.016bc 0.091 ± 0.004a 0.104 ± 0.009ab

90 0.161 ± 0.023ab 0.215 ± 0.020ab 0.218 ± 0.003a 0.219 ± 0.005a 0.142 ± 0.007b 0.187 ± 0.024ab

150 0.124 ± 0.011 0.186 ± 0.013 0.208 ± 0.013 0.183 ± 0.024 0.174 ± 0.028 0.148 ± 0.010

Mean (n = 4) values between treatments in a row (sampling time) denoted with a different lower-case letter are statistically different according to Tukey’s test at the 5% probability level.

TABLE 3 Total nitrogen content of soils (mean  ±  SE) following treatment incorporations.

Parameter
Days after 

application
Soil only 
control

Liquid 
digestate

LD + 
Glycerol

LD + 
Straw

LD + 
Woodchip

LD + 
Biochar

Total N 0 2,600 ± 115 2,966 ± 33 2,933 ± 120 2,833 ± 120 2,933 ± 120 3,000 ± 100

(mgN/kg−1) 30 2,575 ± 48a 2,950 ± 65b 2,725 ± 25ab 2,925 ± 25b 2,850 ± 87ab 2,975 ± 111b

90 2,800 ± 41a 3,125 ± 103b 3,050 ± 96ab 3,000 ± 41a 3,125 ± 48b 3,300 ± 58b

150 2,575 ± 25a 3,025 ± 48b 3,050 ± 29b 2,875 ± 25b 3,075 ± 75b 3,050 ± 29b

Mean (n = 4) values between treatments in a row (sampling time) denoted with a different lower-case letter are statistically different according to Tukey’s test at the 5% probability level.
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difference in the soil available N pool. There are several studies that 
supplied greater quantities of carbon than the 0.5 t-C ha−1 in this study. 
For example, 1.3 t-C ha−1 was applied by Cao et al. (2018) and 4.5 t-C 
ha−1 was applied by Reichel et al. (2018) as either straw or sawdust 
with synthetic nitrogen fertilisers, and 2.5 t-C ha−1 was applied by 
Chaves et al. (2005) who added straw and sawdust separately with 
nitrogen rich crop residue. All these studies recorded significant N 
immobilisation. de la Fuente et  al. (2013) used digestates with a 
feedstock of 4% and 6% glycerol and saw N immobilisation, whereas 
our digestate mix contained 3% glycerol. However, for the amount of 
carbon added in this experiment (1,400 mg-C kg−1), the changes in 
microbial N and soil available N under the digestate and glycerol did 
meet expectations. Working on the assumption that microbes use 1 
unit of N per 8 units of carbon to satisfy stoichiometry for growth 
(Sinsabaugh et al., 2016), then the increase of 1,200 mg-C kg−1 in 
microbial biomass due to glycerol addition at 3 h after application 
would immobilise 155 mg-N kg−1. The measured average reduction in 
available N due to glycerol addition compared to the digestate alone 
was higher than the estimate at 195 mg-N kg−1, due to variability in 
sample measurements between replicates. It appears that the high 
volume of nitrogen added by the digestate, requires a larger N uptake 
by microbes than what occurred in this study to significantly reduce 
the soil available N pool. This indicates that adding more carbon than 
we did into the digestate is necessary to increase the magnitude of 
microbial growth.

Whilst our system was carbon limited, we  were still able to 
identify trends in the influence of carbon source on its bioavailability 
and subsequent impact on the magnitude and timing of soil microbial 
N uptake. Glycerol resulted in the greatest and quickest growth that 
occurred in the first month with a microbial N higher on average by 
4× than digestate, followed by straw with a microbial N concentration 
greater by 2.5× than digestate. In an experiment comparing glycerol, 
straw and grass as N immobilisers, Redmile-Gordon et al. (2014) 
observed that the addition of glycerol with nitrogen had a quicker and 
greater magnitude of immobilisation compared to the straw-N mix, 
attributable to the greater lability, and therefore bioavailability, of 
carbon in glycerol compared to straw. Soil incubation experiments by 
Reichel et al. (2018) and Chaves et al. (2005), who used both straw and 
sawdust as immobilisers of nitrogen-rich sources, observed that 
nitrogen immobilisation under sawdust was of lower magnitude and 
occurred later compared to straw. Similarly, our woodchip-digestate 
had a later and lower on-average microbial N peak compared to the 
straw addition. This is attributable to the higher lignin content in 
woody material, which slows decomposition rates and therefore 
carbon availability to microbes (Melillo et al., 1982; Lehmann et al., 
1995; Rahn and Lillywhite, 2002). Biochar was the most recalcitrant 
material used in our study and its addition to digestate had no positive 
influence on microbial N, as observed by Manirakiza et al. (2019) 
when they mixed biochar into biosolids. Alotaibi and Schoenau (2016) 
mixed biochar with urea to a C:N ratio of 20:1, higher than our 
digestate + biochar mix, and measured a reduction in microbial 
biomass after 4 months compared to urea alone. In contrast, the 
microbial biomass under their glycerol-urea mix was no different to 
urea control, which corroborates our results, confirming that glycerol 
has a quick and short-term influence. As such the hypothesis that the 
lability of carbon in the organic material influences the time and 
magnitude of microbial N uptake can be accepted.

The phenotypic (PLFA) profile of the soil community changed 
with the application of digestate, with the soil only treatment resulting 
in a group distinct from the digestate treated soil. A month after 
application two distinct groups emerged: digestate alone and with 
glycerol and straw, and digestate with woodchip and biochar and the 
unamended soil. A higher ratio of fungi to bacteria was present in the 
former group. This is contrary to the hypothesis, which expected that 
the additives containing more labile carbon would increase the relative 
abundance of bacteria compared to fungi. Approximately a third of 
the fungi in digestate are yeasts and moulds, which are quick growing 
(Coelho et  al., 2020). The labile carbon supplied by the digestate, 
glycerol and straw provided a carbon source for these quick growing 
fungi from both the digestate and the soil. Meanwhile biochar, being 
able to sorb carbon and nutrients (Mukherjee et al., 2016; Ding et al., 
2020), may have reduced the availability of these compounds, which 
may be a reason that digestate with biochar did not result in a change 
in the community composition compared to the soil only control. The 
merging of groups after 3 months is consistent with decreases in 
abundance of quick growing microorganisms as they exhaust their 
labile carbon supply (Meidute et al., 2008), shifting the community to 
a composition similar to the control soil.

There are practical implications for adding materials into 
digestate. In this study chopped straw was used, which resulted in 
significant immobilisation, however this is difficult in terms of mixing 
it into the digestate to ensure a homogeneous distribution followed by 
difficulties spreading it evenly onto a field, particularly with band or 
injection spreading equipment and systems where the digestate is 
transported to the applicator unit by an umbilical system, where straw 
addition may increase the chances of blockages occurring. An 
alternative would be to apply digestate and straw separately. Adding 
digestate to straw on the soil surface is problematic, as this reduces the 
infiltration rate of the digestate, resulting in increased ammonia 
gaseous losses (Cao et al., 2018). Whilst there are applicators that 
inject digestate straight into the soil through a straw layer to reduce 
ammonia losses, this results in spatial separation of the straw on the 
soil surface and the digestate below the surface. Therefore, 
microorganisms in the soil do not have access to the straw and cannot 
acquire the carbon they need to immobilise nitrogen from the 
digestate, as evidenced by Aita et al. (2012) who observed increased 
decomposition rates when slurry and straw were incorporated into the 
soil as opposed to straw remaining on soil surface. This would mean 
that the addition of straw to digestate is a mixture that is limited for 
use on crops that combine fertilisation with seedbed preparation.

This study demonstrated that the use of a high organic carbon 
material additives can result in microbial growth and uptake of 
digestate supplied nitrogen. To meet its potential as a mechanism to 
reduce nitrogen losses from the application of anaerobic digestate, 
more carbon is required than was applied in this study, however 
we have demonstrated that materials high in carbon, of which the 
majority is in an easily degradable form (i.e., low in lignin or char 
content) have the greatest potential to do this. Under field conditions 
the nitrogen immobilisation and remineralisation may be slower than 
found in this study, due to fluctuating temperatures and variable 
rainfall (Sun et  al., 2019). Potentially less nitrogen would 
be immobilised overall as leaching and volatilisation would remove 
some nitrogen from the soil alongside immobilisation. Therefore, our 
findings that high organic carbon materials immobilise digestate 
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supplied nitrogen need to be verified under field conditions. Should it 
prove possible to control digestate supplied nitrogen using this 
approach, then further work will be  required to determine 
agronomic effects.
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