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Abstract

Anaerobic digestate (AD) has the potential to partially replace inorganic fertiliser, con-
taining readily available nitrogen and other macro- and micronutrients. However, these
properties vary with the feedstock. The objectives of this study were to analyse the chemical
composition of AD materials and measure their effects on plant growth and greenhouse
gas emissions. Anaerobic digestate came from a conventional reactor using vegetable
waste and maize as feedstock (‘food AD’) and from a biogas system on a smallholder dairy
farm using manure feedstock (‘manure AD’). Undigested cattle slurry (‘manure slurry’)
and a complete mineral fertiliser were used as controls. These were applied to wheat
plants grown in a glasshouse. Wheat grown with the food AD had a higher yield than the
complete mineral fertiliser control, even when applied at a lower rate of nitrogen. Wheat
grown with both the food AD and manure AD had macronutrient concentrations equal
to or higher than the complete mineral fertiliser treatment. Furthermore, the wheat P con-
centration was significantly greater with the manure AD treatment, which was unrelated
to a biomass dilution effect. However, food AD caused high ammonia emissions, and
residual methane was emitted with manure AD, indicating incomplete digestion in the
latter. Optimal yields and reduced greenhouse emissions were obtained with mixtures of
AD and mineral fertiliser in a 1:1 ratio, indicating the potential to greatly reduce the costs
and environmental impact of fertiliser application.

Keywords: organic amendments; fertiliser; crop yield; crop nutrition; circular economy;
small-scale biogas production

1. Introduction
Organic amendments (OAs) are widely used in agriculture because they are known

to promote soil fertility and yield increases in many crops [1–5]. They also increase soil
organic carbon [6,7], helping to recycle “waste” within the food production process while
increasing nutrient use efficiency [8], therefore making the whole production system more
sustainable. However, their use can also contribute to nutrient pollution in surface and
ground water, and gaseous emissions from the use of OAs can contribute to carbon dioxide
(CO2), nitrous oxide (N2O), methane (CH4), and ammonia (NH3) in the atmosphere [9–11].
These effects are dependent on the characteristics of the organic amendment, including
its nutrient content and mineralisation dynamics, and the interactions with other system
components and processes.
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One increasingly available OA is anaerobic digestate (AD), which has the potential to
be a beneficial addition or even a replacement for inorganic fertiliser, containing readily
available macro- and micronutrients, and considerable organic matter, which can contribute
to overall soil health. AD is a by-product of biogas production and contains about 90%
water and 10% solids (about ¼ inorganic solids and ¾ organic solids), although these
values can vary considerably, depending on feedstock and other factors [12]. Nitrogen
(N) and phosphorus (P) are important macronutrients in AD [12]. Ammonium (NH4

+) is
produced through hydrolysis during digestion (in the acidogenesis stage) and increases in
concentration compared to the feedstock, so that ammonium is often >50% of total N in
AD [12–14]. In studies comparing multiple different digestates, the NH4

+-N abundance
varies considerably, between 60 and 90% [12], 44 and 81% [13], and 39 and 88% [14]. The
majority of organic N is in the solid fraction, and the majority of NH4

+ is in the liquid
fraction [12], but still, there can be between 26 and 49% NH4

+ in the solid fraction [13].
Digestate also contains significant quantities of other macro- and micronutrients, sometimes
more readily available or other times immobilised compared to the original feedstock [12].
Limited P availability is a known occurrence with AD because digestate is alkaline and
favours the formation of insoluble Ca–phosphate complexes [15,16]. Consequently, the
majority of P will remain in the solid fraction [17].

Anaerobic digestion converts carbon compounds to CH4 and CO2 so that the remain-
ing digestate has a lower C:N ratio and is more recalcitrant to further decomposition [13,18].
Therefore, AD could be a useful slow-release crop fertiliser, whilst also increasing the
soil organic carbon content without excessive N losses from degradation/mineralisation.
However, there are also risks of increased GHG emissions of residual CH4, NH3, and
hydrogen sulphide (H2S) from digestate.

Many studies have assessed the carbon and nitrogen content and mineralisation dynam-
ics of different AD types, and their consequences for nitrogen availability [12–14,16,18–20].
However, relatively few studies have looked at the effects of AD on crop nutrition other
than nitrogen uptake and yield effects. Hafner et al. [18] observed greater wheat yield com-
pared to the mineral nitrogen-only control after the second year of application of different
types of AD, and the yield was highest with food waste AD. Likewise, Ref. [21] observed
equal yield and greater N uptake and tiller number with the application of two types of
digestate compared to the mineral fertiliser control. This latter study also measured the K,
Ca, and Mg in the wheat tissue; however, no differences between the digestate treatment
and the control were observed.

Industrial biogas plants typically utilise high-energy feedstock such as maize, sorghum
and other grasses. This produces a nutrient-rich digestate which can be used as fertiliser.
However, there are problems with the transport of such a high volume of liquid waste,
frequently requiring further processing to separate the solid and liquid fractions, which is
also challenging. On the other hand, small-scale, on-farm biogas systems do not have the
problem of transportation, but may have other limitations associated with the suitability of
feedstock material and reactor conditions for optimal fermentation. The use of anaerobic
digestate as a fertiliser will, therefore, vary with the type of feedstock and the type of
biodigester used [22].

The biogas plants utilised for this study were both located in Lincolnshire, UK, but
varied considerably in their design and operation, as described below. A comparative
study of the chemical characteristics and effects of the AD from the biogas plants on wheat
growth and nutritional content and gaseous emissions was conducted in a glasshouse
experiment at Rothamsted Research, Harpenden, UK. The objectives of the study were
as follows: (1) to characterise the chemical characteristics of the different AD materials
and an undigested control, (2) to analyse the effect of these materials on plant growth and
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greenhouse gas emissions, and (3) to compare their respective effects with pure mineral
fertiliser and with mineral fertiliser/AD mixtures.

2. Materials and Methods
2.1. Organic Materials

The experiment compared (a) fresh cow manure slurry pre-anaerobic digestion (coded
as ‘manure slurry’) and (b) post-anaerobic digestion (coded as ‘manure AD’) from a 15 m3

biodigester (Located at a small dairy farm (approx. 20 cows) in Lincolnshire, UK. The
reactor was designed and installed by EcoNomad Solutions Ltd., Harpenden, UK (www.
economad.co.uk), operating under mesophilic conditions (c. 25 ◦C).), with (c) the liquid
fraction (i.e., the fibre and liquid fractions had been separated at the biogas plant) of
AD derived from maize (~75%) and vegetable food waste (~25%) (coded as ‘food AD’)
digested in a municipal biogas plant (Staples Vegetables, Boston, UK), all of which were
used as fertiliser for wheat grown in a glasshouse at Rothamsted Research, Harpenden, UK.
These treatments are identified throughout this study as organic amendments (or organic
manures/OM as abbreviation in figures and tables), and compared with treatments of pure
inorganic fertiliser and mixtures, composed of both inorganic and organic fertilisers (see
below for combination ratios).

Slurry and digestate samples (about ten kg) were obtained directly from the reactors,
transported and stored under refrigeration until the moment of use and analysis. Sub-
samples of the three amendments (food AD, manure slurry, and manure AD) (these are
identified in the tables below as Food/maize AD, manure slurry, and manure AD, respec-
tively) were centrifuged to separate the solid (sludge) and liquid fractions for chemical
analysis. The separate fractions were analysed for dry matter content, with the total carbon
(C) and nitrogen (N) content of the solid matter/sludge analysed by Dumas (LECO TruMac
Combustion Analyser, St, Joseph, MI, USA). The liquid supernatant (after centrifugation)
of the amendments was analysed for pH in water (ISO 10523); soluble nitrogen (NH4

+,
NO3

−, NO2) and phosphate (PO4
−) with colorimetry (Skalar SAN PLUS); total organic

carbon (TOC) with UV oxidation (Shimadzu TOC-V WP, Kyoto, Japan); and total elemental
concentrations with ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometer;
Agilent 5900 SVDV, Santa Clara, CA, USA) and ICP-MS (Mass Spectrometer; NexION 300X,
Perkin Elmer, Waltham, MA, USA). The dry matter and total C and N concentrations of
fresh manure (for reference only) were also analysed by LECO following freeze-drying (this
was for comparison with the manure slurry, but only the slurry and not the fresh manure
was used in the glasshouse experiment).

2.2. Glasshouse Experiment

The glasshouse experiment was conducted between October 2023 and January 2024.
Seeds of the spring wheat (Triticum aestivum, L.) variety Bob White were first sieved to a
uniform size of 3.25–3.75 mm. The seeds were pre-germinated in pellet trays in a standard
in-house compost mix (Petersfield Products, Leicester, UK; www.petersfieldgrowing.com)
and transplanted after 7 days to the full-size pots (1.5 litre, 15 cm diameter). Three plants
were transplanted per pot, again filled with standard in-house compost mix. Pots in trays
(i.e., a saucer which retains liquid) were arranged according to a balanced complete plot
design, with 5 replications per treatment. The whole experiment was located in the same
glasshouse on 1 bench (Figure 1).
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Figure 1. Experimental setup in controlled glasshouse: gaseous emissions testing with a Gasmet
analyser controlled using a tablet (left) and general layout of a selection of potted wheat crops used
in the trials (right).

The glasshouse was heated to 20 ◦C day/15 ◦C night with no supplementary lighting.
Tap water was added regularly directly to the trays, with occasional watering of the pot.
At 21 days after sowing (DAS), before stem elongation, different fertiliser treatments were
added to the pots (Table 1). The NH4

+ content of the materials was used to calculate rates of
fertiliser application in the glasshouse experiment. The liquid amendments were applied to
the pots at 3 different rates of NH4

+: 140 (OM1) < 240 (OM2) < 300 (OM3) mg NH4
+ kg−1

soil (coded as ‘Full org’). Half of the pots received only half the rate of organic amendment
plus nutritionally complete inorganic fertiliser (containing all plant-essential macro- and
micronutrients) at 240 mg NH4

+; 75 mg phosphorus (P); 60 mg potassium (K); 26 mg sul-
phur (S); 19 mg magnesium (Mg); 1.8 mg manganese (Mn) kg−1 soil (also as solution)—so,
the total available N applied was 310 (OM1), 360 (OM2), 390 (OM3) mg NH4

+ kg−1 soil
(coded as ‘N2 + ½ org’). There were also control pots receiving no organic amendment but
with nutritionally complete inorganic fertiliser applied at 240 mg NH4

+ kg−1 soil (coded
as ‘N2’) and also pots receiving no nitrogen fertiliser (coded as ‘N0’). The amendments
were applied over 5 consecutive days, with an equal proportion added to the pot each day,
adding up to the total N rate. This was performed because the moisture content of the
amendments was so high that there would otherwise be over-watering.

Crop biomass (yield in weight) and nutrition (see ICP-OES in methods above) were
measured in straw and grain at maturity of the three plants per pot. Nitrogen use efficiency (%)
was calculated as grain nitrogen uptake (grain N concentration × grain yield)/NH4

+-N applied.
Gaseous emissions were measured only from the pots receiving the OM2 rate of

amendment: ‘Full Org’ (total 240 mg NH4 kg−1 soil was applied); ‘N2 + ½ org’ (total
360 mg NH4 kg−1 soil was applied, where 240 mg NH4 kg−1 soil was applied with
inorganic fertiliser, and 120 mg NH4 kg−1 soil with organic fertiliser); and the control
treatments with no organic amendment—‘N2’ (total 240 mg NH4 kg−1 soil was applied)
and ‘N0’ (none). Emissions were analysed daily over the 5 days of application using a
Gasmet FTIR analyser (GT5000 Terra; Gasmet, Karlsruhe, Germany) following procedures
described by Zhang and Torres-Ballesteros [23]; immediately after amendment application,
the gas chamber was sealed onto the pot using tape, and the chamber was then left on
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for 2 min before a 3 min measurement period. The gas measurement setup is shown in
Figure 1.

Table 1. Overview of all the treatments applied: food anaerobic digestate (AD); manure AD; manure
slurry; and control N2 and N0 (no organic amendment), consisting of different organic N sources and
rates, different inorganic N rates and additional complete macro/micronutrients.

Material Organic N Rate
(mg NH4

+/kg Soil)
Inorganic N Rate
(mg NH4

+/kg Soil)
Total N Applied
(mg NH4

+/kg Soil)
Other Macro/
Micronutrients Code

Food AD 140 0 140 No OM1 Full Org

240 0 240 No OM2 Full Org

300 0 300 No OM3 Full Org

Food AD 70 240 310 Yes OM1 N2 + ½ Org

120 240 360 Yes OM2 N2 + ½ Org

150 240 390 Yes OM3 N2 + ½ Org

Manure AD 140 0 140 No OM1 Full Org

240 0 240 No OM2 Full Org

300 0 300 No OM3 Full Org

Manure AD 70 240 310 Yes OM1 N2 + ½ Org

120 240 360 Yes OM2 N2 + ½ Org

150 240 390 Yes OM3 N2 + ½ Org

Manure slurry 140 0 140 No OM1 Full Org

240 0 240 No OM2 Full Org

300 0 300 No OM3 Full Org

Manure slurry 70 240 310 Yes OM1 N2 + ½ Org

120 240 360 Yes OM2 N2 + ½ Org

150 240 390 Yes OM3 N2 + ½ Org

Control N2 0 240 240 Yes N2

Control N0 0 0 0 No N0

2.3. Statistical Analysis

Statistical significance of treatment effects (organic amendment type; organic amend-
ment rate; and added inorganic fertiliser) was analysed using a balanced two-way ANOVA
test in Genstat v22 (VSN International Ltd., Hemel Hempstead, UK).

3. Results
3.1. Organic Amendment Chemical Properties

Food AD contained ~3% total N, and manure AD and manure slurry contained ~4%
total N in the dry matter. Concentrations of NH4 in the liquid fraction were much lower
(>0.2%) but accounted for 50% of the total N in the food AD, for 36% in the manure AD and
51% in the manure slurry (Table 2). Albeit, NH4 was 5× higher in the food AD compared
to the manure AD and slurry liquid fractions—~1500 and 300 mg kg−1, respectively. NO3

−

was low in all materials, which is typical for anaerobic digestate [12,15]. Dry matter
(DM) content, total organic carbon (TOC), and other macro- and micronutrients were also
significantly higher in food waste AD compared to manure AD and slurry, with some
notable exceptions outlined below.
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Table 2. Chemical, nutritional, and dry matter (DM) concentrations of the separated solid mat-
ter/sludge and the liquid supernatant of food AD, manure AD, and manure slurry used in the
glasshouse study. Also showing DM content and total C and N content of fresh manure (not used in
the glasshouse study). ‘Slurry’ refers to raw manure diluted with water (including rain).

Properties Food/Maize AD Manure AD Manure Slurry Fresh Manure

Solid matter/sludge

Dry matter of AD (%) 5.2 1.4 0.7 21
Total C of DM (%) 44 43 42 44
Total N of DM (%) 2.8 4.3 4.3 2
C:N ratio of DM 16 10 10 22

Liquid supernatant

TOC (mg kg−1) 2710 499 527 /
pH 7.7 7.7 7.4 /
NH4

+ (mg kg−1) 1547 339 315 /
NO3

− + NO2
− (mg kg−1) 0 0.15 0.12 /

PO4
− (mg kg−1) 57 13 15 /

P (mg kg−1) 125 15 14 /
K (mg kg−1) 3338 458 451 /
S (mg kg−1) 100 15 18 /
Ca (mg kg−1) 256 234 229 /
Mg (mg kg−1) 51 150 138 /
Fe (mg kg−1) 38 0.5 0.6 /
Zn (mg kg−1) 2.9 0.05 0.05 /
Mn (mg kg−1) 1.7 0.1 0.1 /

Calcium (Ca) concentration was similar in all the materials, reflecting the alkaline pH
(>7) of all the materials. However, magnesium (Mg) concentration was three times greater
in manure slurry and manure AD than in food AD, probably due to the high intake of
Mg in cattle diets. Interestingly, phosphate (PO4) and total P concentration were of equal
proportion in the manure AD and slurry, whereas in the food AD, PO4 concentration was
half that of the total P concentration.

The identical C/N ratio and similar C and N concentrations in the dry matter and
liquid supernatant of the manure slurry and manure AD indicated a similar level of
mineralisation/maturity in the pre- and post-digestion materials.

The fresh manure was not used as an amendment in the glasshouse experiment, but
the chemical composition was analysed for comparison. This showed that the fresh manure
had a smaller proportion of total N than either the manure slurry or manure AD at 2%,
which, together with the higher C/N ratio, indicated a lower suitability as a replacement
for inorganic N fertiliser (Table 2).

3.2. Organic Amendments Applied as Fertiliser to Wheat in a Glasshouse Study

With the organic amendment-only treatments (‘Full org’/orange bars), there was an in-
crease in yield with a higher rate of amendment (Figure 2a). There was a higher grain yield
with the food AD fertiliser compared to the N2 control treatment (240 mg NH4

+ kg−1 soil),
even when the food AD was applied at a lower rate of 140 mg NH4

+ kg−1 soil. There
was also a higher yield with the food AD compared to the manure slurry and manure
AD treatments. However, the manure slurry and AD did have equal yield to the N2
control treatment when applied at the highest rate (OM3; 300 mg NH4

+ kg−1 soil); so a
slightly higher concentration of available N was needed to achieve equal yield to the inor-
ganic fertiliser. Higher yields were observed with the full rate of inorganic fertiliser + half
rate organic fertiliser (‘N2 + ½ org’/blue bars) compared to organic fertiliser-only (‘Full
org’/orange bars); however, this is to be expected given that the former received 55%,
33%, and 23% greater NH4

+ at OM1, OM2, and OM3, respectively. Therefore, to evaluate
N uptake relative to the rate of N applied, nitrogen use efficiency (NUE) was calculated
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(Figure 2b). This shows that the full organic fertiliser treatments had slightly better NUE
compared to the mixed inorganic and organic fertiliser, especially with the food waste AD
applied at a low rate. Less significant differences were observed for the manure AD and
manure slurry treatments. The ANOVA shows a significant effect on grain yield of OM type
(F = 55, p < 0.001); OM rate (F = 5, p < 0.001); and the addition of inorganic fertiliser (F = 60,
p < 0.001). ANOVA also shows a significant effect on NUE of OM type (46, p < 0.001); OM
rate (F = 5, p < 0.001); and the addition of inorganic fertiliser (F = 14, p < 0.001).

 

Figure 2. Mean (+standard deviation) of grain yield (a), nitrogen use efficiency (b), and grain
macronutrient content (c–f) in wheat plants grown in a glasshouse at 5 pots per treatment. The
treatments were food AD, manure AD, and manure slurry, at full organic amendment application
(‘Full org’; orange bars), full inorganic fertiliser application (at 240 mg NH4/kg−1 soil) plus half
rate of organic fertiliser (‘N2 + ½ org’; blue bars), and controls with only inorganic fertiliser (at
240 mg NH4/kg−1 soil, ‘N2’; black bars) or no fertiliser at all (‘N0’; white bars). The organic fertiliser
was applied at 3 rates based on the available N content: 140 (OM1) < 240 (OM2) < 300 (OM3) mg
NH4 kg−1 soil. Where the inorganic fertiliser was applied, it contained all plant-essential macro-
and micronutrients.

https://doi.org/10.3390/agronomy16030287

https://doi.org/10.3390/agronomy16030287


Agronomy 2026, 16, 287 8 of 15

The grain concentration of macronutrients N, K, and S was very consistent across
the treatments, except for lower grain N concentration with the zero-fertiliser control
(‘N0’), suggesting that the organic fertilisers provided nutrition equal to the complete
macro- and micronutrient-balanced inorganic fertiliser treatment (Figure 2c–f). There was
a slightly higher grain N concentration with the mixed organic and inorganic fertiliser
treatments (‘N2 + ½ org’/blue bars) compared to the organic fertiliser-only treatments (‘Full
org’/orange bars), but this is to be expected given that the former applied higher NH4

+

rates. However, there was a higher P concentration in the plants receiving manure-based
amendments compared to the other treatments (Figure 2d). This was especially evident in
the straw of treatments receiving the manure AD, which had a P concentration ~2× greater
than with food AD and with manure slurry (Supplementary Figure S1). This greater P
concentration does not appear to be due to biomass dilution of nutrient content, i.e., a
higher straw biomass causing lower nutrient concentration. The straw K concentration
was also greater with the addition of all organic amendments compared to the inorganic
fertiliser and zero fertiliser controls (Supplementary Figure S1). However, this lower P
concentration with food AD clearly did not limit the yield.

ANOVA shows a significant effect of OM type on grain concentration of N (F = 6,
p < 0.001); P (F = 13, p < 0.001); K (F = 3, p < 0.05); and S (F = 9, p < 0.001). There was
a significant effect of OM rate on grain concentration of P (F = 2, p < 0.05) and K (F = 2,
p < 0.05). Inorganic fertiliser had a significant effect on grain concentration of N (F = 16,
p < 0.001); P (F = 25, p < 0.001); K (F = 4, p < 0.05); and S (F = 11, p < 0.001). Therefore,
the largest effects on grain nutrient content were from the addition of inorganic fertiliser
treatment. ANOVA shows a significant effect of OM type on straw concentration of P
(F = 26, p < 0.001) and K (F = 23, p < 0.001). There was also a significant effect of OM rate on
straw K concentration (F = 2, p < 0.05). Finally, added inorganic fertiliser had a significant
effect on straw concentration of P (F = 20, p < 0.001); K (F = 21, p < 0.001); and S (F = 7,
p < 0.01) but not on straw N concentration.

The effects of the different organic and mixed fertiliser treatments on crop growth are
also shown in Figure 3, clearly demonstrating the superior growth with food waste AD,
whereas better growth with manure slurry and manure AD was achieved when combined
with inorganic N (N2 + ½ org).

3.3. The Effect of Organic Amendments on Greenhouse Gas Emissions

Gaseous emissions were measured only from the pots receiving the OM2 rate of
amendment treatments ‘Full Org’ (total 240 mg NH4 kg−1 soil was applied); ‘N2 + ½ org’
(total 360 mg NH4 kg−1 soil was applied, where 240 mg NH4 kg−1 soil was applied with
inorganic fertiliser, and 120 mg NH4 kg−1 soil with organic fertiliser); and the control
treatments with no organic amendment—‘N2’ (total 240 mg NH4 kg−1 soil was applied)
and ‘N0’ (none).
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Figure 3. A random selection of the pots with wheat plants grown in a glasshouse with food
waste AD, manure slurry, and manure AD, at a full organic amendment application (‘Full org’),
a full inorganic fertiliser application plus a half rate of organic fertiliser (‘N2 + ½ org’), and
controls with no organic fertiliser but with inorganic fertiliser (‘N2’) or no inorganic fertiliser
(‘N0’). Organic fertiliser was applied at 4 rates (0, 1, 2, 3) based on the available N content: 0,
140 (OM1) < 240 (OM2) < 300 (OM3) mg NH4 kg−1 soil. Where inorganic fertiliser was applied, it was
at a rate of 240 mg NH4 kg−1 soil along with all the other plant-essential macro- and micronutrients.
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More NH4
+ was applied with the N2 + ½ org treatments (i.e., mixed treatments) than

the full organic treatments; however, generally, there was not much difference between
the two in emissions, except in the specific instances outlined below. Emissions of CH4

were significantly greater with manure AD compared to all the other treatments at an
average of 21 mg kg−1 per day (Figure 4a). However, the methane emissions of the
manure AD treatments were much reduced when combined with inorganic N applications
(N2 + ½ org). NH3 emissions were significantly greater with food waste AD at an average of
8 mg kg−1 per day or 17% over 5 days as a proportion of the total NH4 applied (Figure 4b).
CO2 emissions were greater with both manure AD and manure slurry at the full rate
of application at an average of 800 mg kg−1 per day compared to the other treatments,
but again the emissions were reduced when combined with inorganic N applications
(N2 + ½ org) (Figure 4c). N2O emissions were low but were greater with mineral-only
fertiliser and slurry when applied with the mineral fertiliser compared to either of the AD
treatments (Figure 4d). The ANOVA shows a significant effect of OM type on emission
of NH3 (F = 181, p < 0.001); CO2 (F = 8, p < 0.001); and CH4 (F = 102, p < 0.001), but no
effect on N2O. The ANOVA shows a significant effect of the added inorganic fertiliser on
emission of NH3 (F = 7, p < 0.001); CO2 (F = 3, p < 0.05); CH4 (F = 37, p < 0.001) and N2O
(F = 2, p < 0.05). Note that the emissions were only measured for five days and that they,
therefore, represent short-term, application-related fluxes and not seasonal emissions.

Figure 4. Mean (±standard deviation) emissions of CO2 (a), CH4 (b), NH3 (c), and N2O (d), from
the treatments applied to wheat plants grown in a glasshouse at 5 pots per treatment. Pots received
either a full organic amendment of manure slurry, manure AD, and food AD at the OM2 rate of
240 mg NH4 kg−1 soil (‘Full org’), or received a half rate of organic amendment of 120 mg NH4 kg−1

soil plus an inorganic fertiliser rate of 240 mg NH4 kg−1 soil (‘N2 + ½ org’). Control pots received an
inorganic fertiliser rate of 240 mg NH4 kg−1 soil (‘N2’) and no fertiliser (‘N0’). Note that in the case
of the control ‘N2’, this is seen on the ‘N2 + ½’ org plot panel, and the control ‘N0’ is seen on the Full
org plot panel. Gaseous emissions from pots were measured over 5 days for a 3 min period daily.
Where inorganic fertiliser was applied, it contained all plant-essential macro- and micronutrients.
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4. Discussion
4.1. Effect of Fertiliser Treatments on Grain Yields and Nutrient Uptake

The yields of the plants grown with the food AD were significantly higher than those
grown with the manure AD, manure slurry, and inorganic fertiliser only, even though they
were applied at equal rates of available N/NH4

+ (Figure 2). Furthermore, the nitrogen
use efficiency with food AD was equal to the inorganic fertiliser-only treatment, and
significantly better than the inorganic fertiliser when applied at the lowest rate. Likewise,
in field experiments, equal yield with digestate or inorganic fertiliser application has been
observed [18], and the highest achievable yields were reported by combining organic and
inorganic fertilisers by [5]. The higher yield with food AD does not appear to be explained
by the higher concentration and uptake of other macronutrients (P, K, S, etc.), because the
concentrations of these macronutrients in the straw (partially in Supplementary Figure S1)
and grain were very consistent across the fertiliser treatments, and in fact P availability was
lower with food AD—as discussed below. However, it is possible that the calculated total N
in the food AD available for crop uptake was underestimated, because the rates of N applied
were based on the readily available NH4

+ content in the liquid supernatant, whereas some
N might have been released from the mineralisation of sludge/DM (5% DM content in the
food AD compared to 0.7–1.4% in the manure-based amendments). There was sufficient
time for mineralisation from the solid fraction to occur over the course of the 4-month
glasshouse experiment, and most digestates continue mineralisation after application to
varying extents [12,14]. Furthermore, analysis of the liquid fraction of digestate coming
from multiple biogas plants showed higher total nitrogen content in the sludge than liquid
supernatant after centrifugation, ranging from 0.34 to 0.65% and 0.17–0.37%, respectively,
and also higher NH4 content in the sludge [12]. Another, more speculative possibility is
the content of plant growth-promoting bacteria in some ADs, which was described by Qi
et al. [24] and depends on the digestion conditions and feedstocks.

The application of the manure slurry and manure AD without the addition of inorganic
fertiliser at the highest rate of application (300 mg NH4

+ kg−1 soil) did achieve equal yields
to the inorganic fertiliser applied at 240 mg NH4

+ kg−1 soil; therefore, a slightly higher rate
of N was needed with the manure products compared to mineral fertiliser only (Figure 2).
A possible explanation for the higher rate of N needed is that some of the dissolved N in the
manure slurry and AD was immobilised by microbial activity in the AD [14], because, as
described below in Section 4.2, there was likely to have been greater decomposable organic
matter remaining in the manure AD compared to the food AD. A further increase in the
N rate with the OM3 (N2 + ½ Org) treatments (390 mg NH4

+ kg−1 soil) did not increase
yields significantly more, indicating that N was not a limiting factor at the highest rate.

The grain concentration of all macronutrients was equal across the treatments, in-
cluding the inorganic fertiliser control, which was a complete balanced nutrient fertiliser
with all required macro- and micronutrients (Figure 2). Therefore, the organic fertilisers
have the potential to supply all the required nutrients and replace multiple chemical fer-
tilisers with a single product. However, with the manure-based amendments, the crop P
concentration, particularly in the straw (Supplementary Figure S1), was much higher than
with the other treatments, which was unrelated to biomass dilution. In general, limited
P availability is a known occurrence with AD because digestate has high alkalinity and
consequently phosphate forms insoluble Ca–phosphate complexes [15,16]. However, there
was no significant difference in the pH between the organic fertilisers studied here. And
the food AD had 3× higher total P than soluble phosphate-P in the supernatant, whereas
in the manure-based amendments these concentrations were equal (Table 2). This indicates
that the phosphate had precipitated in the food AD but not in the manure AD. The greater
soluble P in the manure-based fertilisers can probably be explained by the 3× higher Mg
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content compared to the food AD (Table 2). Struvite, which is a P mineral formed in the
presence of Mg and NH4

+, is much more soluble and plant-available than Ca–phosphate
minerals [15]. Likewise, Mg in organic manure has previously been shown to increase P
availability from digestate [15].

4.2. Characteristics of the Organic Amendments and Effects on Gas Emissions

The NH4 in the liquid supernatant of the AD studied here accounted for 36 to 51% of
the total N (Table 2), which is similar to previous reports, e.g., 40–60% [18], 44–80% [13],
and 50% [19]. It is still possible that some NH4 was in the solid fraction, but the NH4 in
the solid fraction was not measured separately. However, given the small amount of DM
in all three ADs used, this would be a small error. The total N measured here in the DM
(3–4%) does accord with typical measurements of AD: 3–16% [18]; 1–5% [21]; 5–8% [13];
and 3–14% [19].

The manure slurry and manure AD showed a very similar chemical composition
to one another, e.g., an NH4 content of ~300 mg kg−1 and a C:N ratio of 10:1, the only
small difference being that the manure AD had slightly higher dry matter content than
the slurry—1.4% and 0.7%, respectively (Table 2). This difference in dry matter content is
not as high as is typical in digestate, which usually loses considerable water compared to
the feedstock [15]. Typically, AD also has a lower C:N ratio (~10:1) than the feedstock due
to the release of CH4 and CO2 [18] during the digestion, and digestates are characterised
by stable/recalcitrant OM with low mineralisation rates [25]. For example, the food AD
feedstock, composed of 75% maize biomass and 25% vegetable waste, would have had a
C:N ratio > 40:1 pre-digestion [26], which was reduced to 16:1 in the AD analysed here
(Table 2). The NH4 content of the liquid fraction of AD from multiple biogas plants ranged
from 1160 to 2900 mg kg−1 [12], which is much higher than the 300 mg kg−1 in the manure
AD of this study, but is close to the values observed here in the food AD (~1500 mg kg−1).
The similar chemical composition of the manure slurry and manure AD indicates that
digestion of the manure feedstock was not extensive/complete. But cattle slurry digestate,
compared to other types of AD, has been shown to contain more biodegradable OM after
digestion [14]. And it should be noted that in the small reactor used here, extra water is
added to the slurry to further liquidise the manure slurry feedstock.

The incomplete digestion of the manure AD can be explained by relatively low di-
gestion temperatures (mesophilic conditions, c. 25 ◦C) and insufficient retention times
of the pilot reactor used on the smallholder dairy farm, compared to the large-scale com-
mercial reactor used in producing the food AD, which was operating in the thermophilic
range. It is also likely that there was insufficient carbon in the manure feedstock, i.e., a
low C:N ratio inhibiting microbial activity. The optimum C:N ratio of the feedstock for
anaerobic digestion is thought to be in the range of 20–30:1 [26]. The addition of material
with a high C:N ratio, such as straw, would, therefore, potentially increase digestion of the
manure-based feedstock [26]. Similarly, a review study concluded that manure should be
mixed with high-energy waste to enhance fermentation effectiveness [22] (Chojnacka and
Moustakas, 2024). Therefore, with increased digestion, there would be greater breakdown
of the organic matter, increased dissolved NH4

+, and reduced CH4 emissions.
The gas emission data showed higher CH4 emissions with the manure AD compared

to all the other treatments, and both manure slurry and AD had higher CO2 emissions
than the food AD treatment, which again confirms incomplete digestion in the manure
feedstock (Figure 3). The same data also showed that the food AD rapidly volatilised
NH3 on application; this emission was 17% of the total ammonium in the AD over the
5 days of application (Figure 3). Ammonia is rapidly converted to N2O, a GHG, or to
NO3 in the soil, which is then rapidly leached. Inorganic N fertiliser did not have such
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high emissions of CH4 or NH3. However, the inorganic N fertiliser and manure slurry did
have higher N2O emissions than either of the AD materials. N2O is ~273× more potent
than CO2 as a GHG. Likewise, in a study comparing manure, slurry, and digestate with
inorganic N fertiliser in a field trial, it was found that only slurry had N2O emissions
equal to inorganic fertiliser, and manure and digestate emissions were much lower over
3 years [27]. Similarly, N2O emissions were found to be much lower with combined organic
and urea N fertiliser treatments compared to urea fertiliser only, applied at the same N rate,
and this trend was observed both in a field trial and in data simulated with the DNDC
model [28]. In summary, with manure and food AD, there is the potential for elevated
emissions of different GHGs compared to inorganic fertiliser. Albeit, in the case of manure
AD, this can probably be reduced with enhanced digestion (i.e., larger reactors with longer
retention times and a greater C:N ratio of the feedstock), and the treatments also indicate
much reduced CH4 emissions with combined inorganic and organic fertiliser applications
(N2 + ½ Org) (Figure 3).

Regarding the use of AD as a fertiliser, it should be noted that digestate tends to be very
diluted (the amendments contained < 0.2% NH4, Table 2); therefore, to make applications
feasible, either larger volumes need to be applied or mixtures with inorganic fertiliser (as
described in this study) should be implemented to achieve optimal nutrient concentrations
(which was also observed to reduce potential GHG emissions).

Finally, it should be considered that synthetic nitrogen fertiliser is very energy-
intensive to produce and transport, having a very high carbon footprint, whereas organic
amendments, if not otherwise utilised, would emit GHG and leachates anyway, whilst also
being a renewable energy source when used in anaerobic digesters.

5. Conclusions
Both the food AD- and manure-based products tested in this study have the potential

to fully or partially replace complete nutrient-balanced inorganic fertiliser in terms of
achieving equal or higher yield and equal crop nutrient content, including N, P, K, and S.
However, with the manure slurry and AD, the application of a slightly higher concentration
of available N was needed to achieve yields equal to those of inorganic fertiliser. Our
results indicate that the combined use of inorganic and organic fertilisers did produce the
best results with regard to yield, nutrient use efficiency, and GHG emissions, not including
likely beneficial results on soil health. An interesting finding was that with the manure-
based fertilisers, particularly the AD, there was increased P concentration in the plant
tissue, which was unrelated to any biomass dilution effects and probably explained by the
3× greater Mg concentration of the fertiliser, which can increase P availability. Regarding
the AD from the small-scale on-farm digester, further process optimisation is needed with
more complete digestion of manure-based feedstock (i.e., by extending retention time,
increasing reaction temperatures, or increasing feedstock C:N ratio), which is part of the
ongoing project.
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