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Abstract
Faeces from cows with different milk yield and non-lactating cows were applied to soil to investigate whether soil  N2O efflux 
is related to feeding-induced differences in faecal microbiome and abundances of nitrification and denitrification genes. 
Fungal 18S-rRNA gene abundance was the highest in the faeces of the non-lactating group. The 18S-rRNA/ergosterol ratio 
showed a strong positive correlation with the 18S-rRNA/fungal glucosamine ratio. The milk-yield groups did not affect the 
gene abundances of bacterial 16S rRNA, AOB amoA, nirS and nosZ clade I, or the 16S-rRNA/muramic acid (MurN) ratio. In 
contrast, nirK gene abundance was generally the lowest in the high-yield group. The 16S-rRNA/MurN ratio showed a strong 
positive correlation with the 16S-rRNA/bacterial PLFA ratio. Cow faeces application to soil increased microbial biomass and 
ergosterol contents as well as the gene abundances of 18S-rRNA and nosZ clade I, compared with the non-amended control 
soil. Cumulative ΣCO2 efflux was roughly twice as high as the control, without differences between the faeces treatments. 
Cumulative ΣN2O efflux showed a 16-fold increase after applying high-yield cow faeces to soil, which was above the sev-
enfold increase in the non-lactating faeces treatment. The ΣN2O efflux from soil was positively related to faecal MurN and 
total PLFA concentration but also to soil nirK at day 14. The comparison of genome markers with cell wall (glucosamine) 
and cell membrane components (ergosterol) showed that the fungal cells were much larger in energy-rich faeces than in 
C-limited soil. A cow diet reduced in protein decreased the ΣN2O efflux from faeces amended soil.
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Introduction

Permanent grassland ecosystems cannot be used for human 
food production without ruminants such as dairy cows, 
which act as plant biomass fermenters in many parts of 
the world. This is generally true for organic farming sys-
tems, where dairy farming is an important means for clos-
ing nutrient cycles and maintaining soil fertility, not only 
in grassland but also in arable land use systems (Mäder 

et al. 2002). Faeces are the cow product that enters soil as 
composted farmyard manure (Heinze et al. 2010) or as solid 
dung patches (Wachendorf and Joergensen 2011; Rashid 
et al. 2017). Feedstuff ration composition greatly affects the 
quality of faecal fertilisers for plant growth (Siegfried et al., 
2013; Jost et al. 2013a; Schick et al. 2019). The threat of 
global warming has increasingly directed research interest 
toward the ruminants as a source of greenhouse trace gases, 
i.e.,  CH4 and  N2O (Soussana et al. 2010; Voglmeier et al. 
2019, 2020). Significant amounts of  CH4 (Ali et al. 2019; 
Voglmeier et al. 2019, 2020; Goopy et al. 2020) and  N2O 
are emitted from faecal dung patches after excretion (Flessa 
et al. 1996; Pelster et al. 2016).

The proportions of easily and hardly fermentable and 
digestible protein and carbohydrate fractions in feeding 
rations of dairy cows have been shown to modify the micro-
bial faeces composition (van Vliet et al. 2007; McGovern 
et al. 2017). Less dietary protein and more fibre increased 
the contribution of fungi (Jost et al. 2013b; Meyer et al. 
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2019) and Gram-positive (Gram +) bacteria to the faecal 
microbiome of heifers (Jost et al. 2013b) and non-lactat-
ing cows (Meyer et al. 2019) in comparison with faeces of 
high-yield cows. Jost et al. (2013b) investigated the effects 
of feedstuff composition on the faecal microbial biomass 
under the fully controlled conditions of an experimental 
farm. Meyer et al. (2019) studied the interrelationships 
between chemical and microbial composition of faeces, 
obtained from a higher number of cows under the practi-
cal conditions of four German farms, all remote from each 
other. In this study, the faecal microbiome was analysed by 
fumigation extraction, cell wall components (amino sugars) 
and cell membrane components (ergosterol, archaeol and 
phospholipid-fatty acids (PLFA)).

In the current study, the identical faecal samples inves-
tigated by Meyer et al. (2019) were further analysed for the 
abundance of fungal 18S-rRNA and bacterial 16S-rRNA 
genes to corroborate the contribution of fungi to the faecal 
microbiome, using polymerase chain reaction (PCR). Nitri-
fication, mediated by ammonia-oxidizing bacteria (AOB) 
and ammonia-oxidizing archaea (AOA), is an important pre-
requisite for  N2O production and denitrification. Functional 
genes involved in denitrification processes are nirK (Cu-
nitrite reductase) and nirS (cytochrome cd1-nitrite reduc-
tase), as well as nosZ clade I and nosZ clade II (nitrous oxide 
reductases clades I and II). Especially the abundance of nirK 
was related to  N2O efflux in a variety of soils (Jones et al. 
2014). In the current study, the abundance of amoA (ammo-
nia monooxygenase subunit A) and denitrification genes was 
analysed not only in pure faeces but also in faeces-fertilised 
soil, as both microbiomes might interact in a yet unknown 
way (Kindler et al. 2006; Gattinger et al. 2007; Jost et al. 
2013a).

In previous studies, dietary changes mainly affected the 
contribution of fungi and Gram + bacteria to faecal microbial 
biomass (Jost et al. 2013b; Meyer et al. 2019). In contrast, 
nitrification is dominated by autotrophic Gram-negative 
(Gram-) AOB activity (Xia et al. 2011), although the soil 
nitrifying community is usually dominated by AOA amoA 
gene copies (Leininger et al. 2006; Beule et al. 2019, 2020). 
However, less dietary protein and more fibre reduced the 
 N2O efflux from soil, suggesting that changes in diet may 
not affect total gut bacteria but specifically AOA and AOB. 
These conflicting results might be explained by abundances 
of genes involved in nitrification and denitrification, giving 
potential indications of their relative activities.

The expanded analysis of faeces from high and low yield-
ing, as well as non-lactating cows, makes it possible to inves-
tigate the following three hypotheses: (1) the higher  N2O 
efflux from high-yield cows is reflected by higher abundance 
of denitrifying genes; (2) the comparison of genome mark-
ers with cell wall and cell membrane components in faeces 
and soil gives information on the cell size; (3) cells of fungi 

and copiotrophic faecal bacteria are larger in energy rich 
faeces than in C-limited soil, where the microorganisms are 
starving.

Materials and methods

Sampling and preparation of faeces

Three feeding regime treatments were established at four dif-
ferent private farms according to the milk yield level of dairy 
cows (Bos primigenius taurus, var. German Holstein): high-
yield, low-yield and non-lactating cows. Five cows were 
randomly selected per treatment on each of the four farms, 
i.e., a total of 60 faecal samples were taken for the analysis 
of faeces (Meyer et al. 2019). At Wolkramshausen (Thur-
ingia) and Oederan (Saxonia), the cows were fed with a total 
mixed ration based on maize silage. The diets of low- and 
high-yield cows were supplemented with concentrate, indi-
vidually allocated by transponder control. At Aurich (Lower 
Saxony) and Rotenburg (Schleswig–Holstein), cows were 
fed with a mixed ration based on grass and maize silage in 
the stable in addition to daily grazing during the vegetation 
period. Low-yield and high-yield cows received different 
concentrates, individually allocated by transponder control. 
On each farm, faecal samples were taken rectally, homog-
enised, frozen in liquid  N2 and stored at − 18 °C to be used 
for the analysis of microbial biomass (MBC).

One subsample of the faeces was dried at 60 °C, ground 
and used for dry mass (DM) determination and chemi-
cal analyses via near-infrared spectroscopy (Althaus et al. 
2013). Another subsample was freeze-dried at -32 °C (Christ 
Alpha l–5) for ergosterol, PLFA and amino sugar analyses 
(Meyer et al. 2019), who described the methods for deter-
mination of chemical and biological faeces composition 
(Table 1) in detail.

Design of the incubation experiment

Soil was sampled at 0–20 cm depth from the site ‘Saura-
sen’ (51° 22′ 34.5″ N, 9° 53′ 53.0″ E), which is in Neu-
Eichenberg near Witzenhausen (Northern Hessia, Germany). 
The site is located at 280 m above sea level, with a mean 
annual precipitation of 625 mm and a mean temperature of 
6.5 °C. Developed from eroded loess overlying clayey sand-
stone, the soil is classified as Stagnic Luvisol (IUSS 2015). 
Soil organic C and total N contents were 12.8 mg  g−1 and 
1.19 mg  g−1 soil, respectively. The soil had a water holding 
capacity of 57.4% and a pH-H2O of 6.6. After sampling, soil 
was sieved (< 2 mm) and stored in polyethylene bags at room 
temperature until the experiment started.

The incubation experiment had the following four treat-
ments with five replicates: (1) non-amended control soil, (2) 
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soil + faeces from high milk-yield level cows, (3) soil + fae-
ces from low milk-yield and (4) soil + faeces from non-lac-
tating dairy cows. Faeces treatments comprised individual 
faecal samples from five cows. The experiment was carried 
out in 1-l incubation vessels, containing four 50-ml beakers 
with 70 g soil each at 50% water holding capacity. The bot-
tom of the 1-l vessel was covered with 20 ml water to pre-
vent drying. Freshly thawed faeces were mixed into the soil 
at a rate of 170 kg N  ha−1. Then, the vessels were incubated 
for 82 days in the dark at 22 °C. One beaker was removed 
after 14, 28, 56 and 82 days from the 1-l incubation vessel 
and analysed for inorganic N, ergosterol, microbial biomass 
and (de)nitrifying community. One additional beaker was 
analysed immediately after the incubation started at day 0. 
 CO2 and  N2O emissions were measured at day 0, 1, 2, 7, 14, 
28, 56 and 82. A 10-ml gas sample was taken out of the jar 
through a 3-layer silicone septum (Hamilton, Nevada, USA) 
with a vacutainer. The samples were analysed immediately 
using a gas chromatograph GC-14B (Shimadzu, Kyoto, 
Japan), attached to an automated sample changer (Loftfields 
Analytical Solutions, Neu Eichenberg, Germany).

Soil microbial biomass indices

Soil microbial biomass C (MBC) and N (MBN) were esti-
mated by fumigation extraction (Brookes et al. 1985; Vance 
et al. 1987). Fumigated (24 h with ethanol-free  CHCl3 at 
25 °C) and non-fumigated soil samples equivalent to 10 g 
dry mass were extracted with 40 ml 0.5 M  K2SO4 by 30 min 
horizontal shaking at 200 rev  min−1 and filtered. Organic C 
and total N in the extracts were determined, using a Multi 
N/C 2100S analyser (Jena Analytik, Germany). MBC was 
calculated as EC/kEC, where EC = (organic C extracted from 
fumigated soil) – (organic C extracted from non-fumigated 
soil) and kEC = 0.45 (Wu et al. 1990). MBN was calculated as 
EN/kEN, where EN = (total N extracted from fumigated soil) 
– (total N extracted from non-fumigated soil) and kEN = 0.54 
(Brookes et al. 1985).

Ergosterol was extracted and measured according to 
Djajakirana et al. (1996). Soil samples of 2 g were extracted 
with 100 ml ethanol for 30 min by horizontal shaking at 200 
rev  min−1 and measured by HPLC analysis.

Fungal 18S‑rRNA, bacterial 16S‑rRNA, nitrification 
and denitrification genes

All samples were freeze-dried for 72 h and finely ground 
using a swing mill (MM 400, Retsch, Haan, Germany) at 
25 Hz for 1 min. DNA was extracted from 50 mg of ground 
faeces and soil material according to a cetyl trimethyl 
ammonium bromide (CTAB) based protocol (Brandfass and 
Karlovsky 2008), modified according to Beule et al. (2017). 
DNA quality was assessed by electrophoresis in 0.8% (v/w) 

agarose gels. Prior to real-time PCR, samples were tested for 
the presence of inhibitors of amplification as described by 
Guerra et al. (2020). Faecal samples of the four farms were 
diluted 1:50 (v/v); soil samples of the incubation experiment 
were diluted 1:20 (v/v) with double-distilled  H2O. Fungal 
18S-rRNA, bacterial 16S-rRNA and ammonia-oxidizing 
genes for nitrification, i.e., archaeal (AOA) and bacterial 
(AOB) amoA genes, as well as genes for denitrification, i.e., 
nirK, nirS, nosZ clade I and nosZ clade II genes, were quan-
tified as described by Beule et al. (2019). Real-time PCRs 
were performed in 4-µL reaction volumes in a CFX384 
Thermocycler (BioRad, Rüdigheim, Germany). Composi-
tion of reaction volumes and thermocycling programs is also 
described in detail by Beule et al. (2019).

Statistical analysis

The results presented in table and figures are expressed on an 
oven-dry basis. Normality was tested by the Shapiro–Wilk 
test and equal variance by the Levene test. If data did not 
fulfil these two requirements, they were ln-transformed. In 
soil samples, this was true for MBC,  K2SO4 extractable C 
and abundances of 18S-rRNA, 16S-rRNA, nirK, nirS, nosZ 
clades I and II, as well as the ratio 18S-rRNA/ergosterol. 
The significance of treatment effects was tested by one-way 
ANOVA, using sampling time as repeated measure, followed 
by the Holm-Sidak post-hoc test.

Multiple linear relationships were calculated between 
chemical and biological faecal properties as independent 
variables, selected by stepwise forward regression analy-
sis, and 18S-rRNA18S-rRNA/ergosterol, 16S-rRNA, nirK, 
nosZ clade I, 16S-rRNA/MurN as dependent variables for 
faeces from all four farms, as well as soil ΣCO2 efflux and 
soil ΣN2O efflux from the incubation experiment with faeces 
from Oederan. All regression models were tested for normal-
ity (Shapiro–Wilk), constancy of variance, the absence of 
correlation between the residuals (Durbin–Watson statistics) 
and the absence of multi-collinearity, calculating the vari-
ance inflation factor (VIF). Variables were removed from the 
model if the VIF value exceeded 4.0. All statistical analyses 
were performed using SigmaPlot 13.0 (Systat Inc., San José, 
USA).

Results

Composition of cow faeces

Faecal pH was the highest in the non-lactating group and 
lowest in the high-yield group (Table 1). However, the dif-
ferences between the three groups were not always signifi-
cant, leading to significant farm × milk yield interactions. 
Total N concentration was in most cases significantly the 
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lowest in the faeces of the non-lactating group, except 
Rotenburg, where the three milk yield groups did not dif-
fer. Faecal lignin concentration was again always highest 
in the non-lactating group but did not significantly differ 
at Rotenburg and Wolkramshausen.

Fungal 18S-rRNA gene abundance was always sig-
nificantly the highest in the faeces of the non-lactating 
group, with a mean 6.1 ×  108  g−1 DM (Table 1), i.e., more 
than five times higher than the average of the lactating 
groups. However, the differences in fungal gene abun-
dance between these two groups varied in a farm-specific 
way. Fungal gene abundance was positively related to 
faecal lignin, cellulose and MBN but negatively to total 
N concentrations according to multiple linear regression 
analysis (Table 2). The 18S-rRNA/ergosterol ratio was 
also always the highest in the faeces of the non-lactating 
group but showed non-significant differences to the other 
yield groups at Rotenburg and Wolkramshausen (Table 1). 
The 18S-rRNA/ergosterol ratio was negatively related to 
the undigested dietary N (UDN) concentration and the 
fungal/bacterial PLFA ratio (Table 2). The 18S-rRNA/

ergosterol ratio showed a strong positive correlation with 
the 18S-rRNA/fungal GlcN ratio (Fig. 1a).

Differences in feed ingredients of dairy cows did not 
affect the abundances of bacterial 16S rRNA, AOB amoA, 
nirS and nosZ clade I genes, or the 16S-rRNA/MurN ratio 
(Table 1). In contrast, the abundance of nirK genes was gen-
erally the lowest in the faeces from the high-yield group. 
In contrast to the milk yield groups, all gene abundances 
showed strong farm-specific differences in 16S-rRNA, nirK 
and nosZ clade I genes as well as the 16S-rRNA/MurN ratio. 
They were significantly the lowest at Rotenburg, but the 
highest at Wolkramshausen. AOB genes were not detected 
at these two farms, whereas almost no nirS genes were iden-
tified at Wolkramshausen. AOA amoA and nosZ clade II 
genes were generally not detected in the current cow faeces.

Bacterial gene abundance was positively related to faecal 
pH as well as UDN and hemicellulose concentrations but 
negatively to cellulose (Table 2). The 16S-rRNA/MurN ratio 
was positively related to faecal MBN, WSN and hemicel-
lulose concentrations as well as the Gram + /Gram- PLFA 
ratio (Table 2). The 16S-rRNA/MurN ratio showed a strong 

Table 2  Multiple linear 
relationships between bacterial 
16S-rRNA, nirK, nosZ clade I, 
the bacterial 16S-rRNA/MurN 
(muramic acid) ratio, fungal 
18S-rRNA and the 18S-rRNA/
ergosterol ratio of cow faeces 
obtained from three milk yield 
groups taken at four farms 
as dependent variables and 
the chemical and biological 
cow faeces properties  taken 
from Meyer et al. (2019) as 
independent variables; all 
dependent variables were ln 
transformed; constant is the 
intercept with y-axis; UDN 
undigested dietary N, MBC 
microbial biomass C, PLFA 
phospholipid fatty acids, WSN 
water soluble N, MBN microbial 
biomass N, MurN muramic acid

* P < 0.05; **P < 0.01; ***P < 0.001

Dependent variable Constant Independent variables Adjusted R2 (%)

All 4 farms (n = 60)
18S-rRNA 3.04  + 0.30*** × lignin 61.8

 + 0.28*** × cellulose
 + 0.16* × MBN
-0.92** × total N

18S-rRNA/ergosterol 12.96*** -4.32*** × UDN 37.3
-1.05*** × fungal/bacterial PLFA

16S-rRNA 10.71***  + 1.12*** × UDN 33.8
 + 0.96*** × pH
 + 1.12** × hemicellulose
-0.09* × cellulose

nirK 10.55***  + 0.05*** × ergosterol 42.7
 + 0.02*** × MBC
 + 1.02*** × Gram + /Gram- PLFA

nosZ clade I 11.72***  + 0.02*** × MBC 39.0
 + 0.03*** × ergosterol
 + 0.82*** × Gram + /Gram- PLFA

16S-rRNA/MurN 8.45***  + 0.97*** × WSN 45.3
 + 0.10*** × MBN
 + 0.85*** × Gram + /Gram- PLFA
 + 0.78* × hemicellulose

Oederan (n = 15)
Soil ΣCO2 efflux 268.6***  + 78.4*** × MBN 63.0

-159.0** × fungal/bacterial PLFA
Soil ΣN2O efflux -107.0**  + 0.25*** × MurN 89.4

 + 7.42* × total PLFA
 + 7.24* × soil nirK at day 14
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positive correlation with the 16S-rRNA/bacterial PLFA ratio 
(Fig. 1b). The abundances of nirK and nosZ clade I genes 
were both positively related to the faecal MBC and ergos-
terol concentrations as well as the Gram + /Gram- PLFA 
ratio (Table 2).

Cow faeces effects on microbial biomass and gene 
abundances in soil

The application of cow faeces to soil increased MBC and 
ergosterol contents as well as the abundances of 18S-rRNA 
and nosZ clade I genes in comparison with the non-amended 
control soil (Table 3). The same was true for MBN (Fig. 2a) 

and nirK gene abundance (Fig. 2b). The highest ergosterol 
content and ergosterol/MBC ratio, as well as the highest 
18S-rRNA and nosZ clade I gene abundances, occurred in the 
non-lactating faeces treatment (Table 3). During incubation, 
the majority of soil microbiome and gene abundance indices 
significantly increased initially and decreased later, i.e., MBC, 
MBN (Fig. 2a), ergosterol, 18S-rRNA, AOA, AOB, nosZ 
clade I (Table 3) and nirK (Fig. 2b), as well as the 18S-rRNA/
ergosterol ratio (mean 71 ×  107 µg−1). Only highly variable 
16S-rRNA (mean 86 ×  108) and nirS (mean 6 ×  106) gene abun-
dances did not significantly respond to faeces treatment or to 
incubation time (Table 3).

Cow faeces effects on microbial activity indices

The application of cow faeces increased the  CO2 efflux rates 
during the whole 82-day incubation period (Fig. 3a) and the 
 N2O efflux rates until day 14 (Fig. 3b), although the major-
ity of  N2O was produced immediately after application. The 
cumulative ΣCO2 efflux was roughly twice as high as the con-
trol, without differences between the faeces treatments (Fig. 4). 
The cumulative ΣCO2 efflux from soil was positively related to 
faecal MBN and negatively to the Gram + /Gram- PLFA ratio 
(Table 2). In contrast, the cumulative ΣN2O efflux showed a 
16-fold increase after applying faeces from the high-yield cows 
to soil, which was significantly above the sevenfold increase 
in the treatment with faeces from non-lactating cows (Fig. 4). 
The ΣN2O efflux from soil was positively related to faecal 
MurN and total PLFA but also to soil nirK at day 14 (Table 2).

Faeces application to soil led to a marked 50% increase in 
the  K2SO4 extractable C content in comparison with the non-
amended control (Fig. 5a). This increase rapidly declined 
within 14 days (high-yield and non-lactating faeces treat-
ments) or 28 days (low-yield faeces treatment) and reached 
a level of approximately 10% above the control. In the non-
amended control soil, the inorganic N content continuously 
increased during the incubation (Fig. 5b). The application of 
cow faeces led to an immediate net-N immobilisation, which 
increased in the order non-lactating < low-yield < high-yield 
group during the incubation. At day 28, all yield groups 
reached a similar net-N immobilisation level, followed by 
re-mineralisation. This led to a small net-N mobilisation in 
the high-yield faeces treatment at the end of the incuba-
tion, whereas the strongest net N-immobilisation was now 
observed in the non-lactating faeces treatment.

Discussion

Faeces‑induced gas fluxes from soil

The ΣN2O efflux from soil was the microbial property show-
ing the clearest effects of feeding-induced response to cow 

Fig. 1  a Linear relationships between a the 18S-rRNA/ergosterol and 
the 18S-rRNA/fungal GlcN ratio (y =  − 4.11 × 1.10x, r = 0.93, n = 60, 
P < 0.01) as well as b 16S-rRNA/bacterial PLFA and the 16S-rRNA/
MurN ratios of cow faeces obtained from three milk yield groups 
taken at four farms (y = 1.84 × 0.82x, r = 0.72, n = 60, P < 0.01); ergos-
terol, fungal GlcN (glucosamine), bacterial PLFA (phospholipid fatty 
acids) and MurN (muramic acid) data were  taken from Meyer et al. 
(2019)
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faeces composition. This means that a diet for cows, reduced 
in protein and increased in NDF and ADF, will reduce  N2O 
emission after application of their faeces to soil, even for 
feeding under practical farming conditions. The results are 
in line with the observations of Jost et al. (2013a).

The ΣN2O efflux from soil was most closely related to 
faecal MurN, indicating bacterial biomass in faeces (Jost 
et al. 2011). The predictive capacity of this cell-wall bio-
marker exceeded that of all other indices derived from cell-
membrane components, such as specific PLFA or ergosterol, 
or from total molecular genetic tools, such as 16S-rRNA 
or specific gene abundances. Faecal concentration of total 
PLFA and bacterial nirK gene abundance also explained 
some variance of the ΣN2O efflux from soil, according to 
multiple linear regression analysis. Similarly to MurN and 
nirK, total PLFA also have a strong focus on bacteria, as 
the concentration and number of indicator PLFA are much 
higher in bacteria than in fungi (Joergensen and Wichern 
2008; Frostegård et al. 2011). This specific role of bacterial 
MurN in faeces for ΣN2O efflux from soil is remarkable, as 
the fungal biomarkers ergosterol and 18S-rRNA in faeces 
revealed a much stronger response to feeding changes than 
all faecal biomarkers of bacteria.

In the feeding experiment of Jost et  al. (2013a), the 
ΣN2O efflux was most closely related to faecal MBN, 80% 
of which is accounted for by bacteria (Meyer et al. 2019). 
It is an interesting feature of the current experiment that 
the ΣCO2 efflux from soil was now most closely related to 

faecal MBN. This suggests that feeding-induced changes in 
the mineralisation of faeces in soil are more closely related 
to small shifts in bacterial biomass indices than to the strong 
response of fungal biomass indices.

Extractable inorganic N and organic C

Direct application of cow faeces to soil resulted in a net-N 
immobilisation for at least 56 days, which has been observed 
repeatedly (Griffin et al. 2005; Peters and Jensen 2011). 
Immediate net-N immobilisation was the highest after appli-
cation of faeces from high-yield cows but the lowest after 
faeces application from the non-lactating group. However, 
it is interesting that the reverse was true for the subsequent 
re-mineralisation rate, so that a small net-N mineralisation 
was ultimately observed after faeces application from high-
yield cows. The high-yield faeces from Oederan exhibited 
the highest hemicellulose and the lowest lignin concentra-
tions (Meyer et al. 2019), leading to a microbiome with 
high MBC and MurN concentrations but a low Gram + /
Gram- PLFA ratio. After application to soil, these features 
strongly increased the soil N turnover, leading to an imme-
diate growth-induced uptake of inorganic N from the soil 
solution.

Microbial growth also reduced the increased  K2SO4 
extractable C contents in the faeces amended soil, accom-
panied by a strong increase in  CO2 efflux. A similar 
increase followed by a decrease in  K2SO4 extractable C 

Table 3  Microbial properties during an 82-day incubation at 22 °C in 
a non-amended control soil and in soils amended with faeces of high 
milk yield, low milk yield and non-lactating cows from the farm Oed-
eran; MBC microbial biomass C, AOA ammonia-oxidizing archaea 

amoA, AOB ammonia-oxidizing bacteria amoA; probability values for 
a one-way ANOVA, using faeces treatment as factor and incubation 
time as repeated measures

CV mean coefficient of variation between replicate cows (n = 5); significant interactions were not detected; different letters within a column indi-
cate a significant difference between the treatments or incubation days (P < 0.05 Holm-Sidak test)

MBC Ergosterol Ergosterol/ 16S-rRNA 18S-rRNA AOA AOB nirS nosZ clade I 18S-rRNA/ergosterol
(μg  g-1 soil) MBC (%) (n ×  108  g-1 DM) (n ×  107 μg-1)

Treatment
  Control 233 b 0.35 c 0.15 ab   57 1.9 b 29 0.7 0.03 3.2 b 53
  High 308 a 0.40 bc 0.13 b   36 3.2 ab 42 0.9 0.09 3.8 ab 79
  Low 302 a 0.41 b 0.14 b 175 3.2 ab 40 0.9 0.11 4.1 a 82
  Non 292 a 0.47 a 0.17 a   75 3.5 a 35 1.0 0.00 4.5 a 71

Days
  0 261 b 0.39 b 0.15   50 2.1 b 19 c 0.8 ab 0.02 3.0 b 53 b
  14 313 a 0.47 a 0.15   97 3.3 a 30 bc 1.5 a 0.19 3.5 ab 73 ab
  28 299 ab 0.43 ab 0.14   81 3.3 a 37 ab 1.2 a 0.02 4.4 ab 78 ab
  56 289 ab 0.40 b 0.14 120 3.6 a 64 a 0.8 ab 0.01 5.0 a 93 a
  82 258 b 0.38 b 0.15   80 2.2 b 33 bc 0.0 b 0.03 3.4 ab 59 b

Probability values
  Treatment <0.01 <0.01 0.01 0.06 0.02 NS NS NS 0.01 0.09
  Days 0.01 0.01 NS NS <0.01 <0.01 0.01 NS 0.02 <0.01
  CV (± %) 12 14 17 73 36 48 132 224 38 36
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was observed after straw incorporation (Joergensen et al. 
1994). The  K2SO4 extractable C contents in the faeces 
amended soil remained approximately 25% above the non-
amended control, presumably due to the presence of hardly 
available heterocyclic purines and pyrimidines. This might 
explain the generally increased ratio of  K2SO4 extractable 
C to SOC and it indicates long-term manure fertilization, 
due to the accumulation of non-mineralizable but mobi-
lizable organic matter (Sradnick et al. 2018). Usually, the 
content of  K2SO4 extractable C remains roughly constant 
in incubation experiments (Wolters and Joergensen 1991; 
Barduca et al., 2021) and does not indicate microbially 
available SOC (Poeplau et al. 2018).

Fig. 2  a MBN (microbial biomass N; probability values: treatment 
P = 0.05, day P < 0.01, treatment × day P < 0.01) and b nirK gene 
abundance (probability values: treatment P = 0.05, day P < 0.01, 
treatment × day P < 0.01) during an 82-day incubation at 22 °C from 
a non-amended control soil and from soils amended with faeces of 
high milk yield, low milk yield and non-lactating cows from the farm 
Oederan; bars show one standard error of mean; different letters on 
top of a bar indicate a significant difference between incubation days 
(P < 0.05 Holm-Sidak test)

Fig. 3  a  CO2 production rates and b  N2O evolution rates during an 
82-day incubation at 22 °C from a non-amended control soil and from 
soils amended with faeces of high milk yield, low milk yield and non-
lactating cows from the farm Oederan; bars show one standard error 
of mean

Fig. 4  Cumulative (Σ)  CO2 efflux and ΣN2O efflux at the end of an 
82-day incubation at 22 °C from a non-amended control soil and from 
soils amended with faeces of high milk yield, low milk yield and non-
lactating cows from the farm Oederan; bars show one standard error 
of mean; different letters on top of a bar indicate a significant differ-
ence between incubation days (P < 0.05 Holm-Sidak test)
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Fungal abundance and biomass

The number of fungal 18S-rRNA gene copies is in the range 
observed for soil (Spohn et al. 2016; Grüning et al. 2018; 
Beule et al. 2019, 2020), whereas no quantitative informa-
tion exists for faeces. Fungal abundance was increased in the 
faeces of the non-lactating group according to the current 
18S-rRNA data. The higher NDF and ADF concentrations 
in the feedstuff of the non-lactating in comparison with the 
lactating cows resulted in higher faecal cellulose and lignin 
concentrations (Meyer et al. 2019). This led consequently 
to a higher biomass of saprotrophic fungi according to 
faecal ergosterol and fungal GlcN concentrations (Meyer 
et al. 2019). Not only the abundance of 18S-rRNA was 
increased in the faeces of the non-lactating group but also 
the 18S-rRNA/ergosterol ratio. The close correlations of the 
18S-rRNA/ergosterol and 18S-rRNA/fungal GlcN ratios 
indicate that all three fungal indices give valid information 

on the contribution of fungi to the faecal microbiome of 
cows.

An increased 18S-rRNA/ergosterol ratio has been 
observed after application of rice straw to soil (Wichern 
et al. 2020). Also, the application of faeces increased the 
ratio of genome to cell membrane components, indicating 
larger fungal cells after growth. This is even clearer when 
comparing the roughly constant 18S-rRNA/ergosterol ratio 
in soil, which was approximately 15 times wider than that in 
faeces. This indicates that the fungal cells were much larger 
in energy-rich faeces than in C-limited soil.

In the current faeces, fungi contributed only 0.1% to 
the total gene copies, i.e., the sum of fungal 18S-rRNA 
and bacterial 16S-rRNA. In contrast, a considerable mean 
percentage of roughly 20% to the biomass of the microbi-
ome, according to PLFA and amino sugar data (Meyer et al. 
2019). In the current soil, fungi contributed even 3.3% to 
the sum of bacterial and fungal gene copies, but 75% to 
microbial tissue, according to amino sugar data (Khan et al. 
2016). These differences in fungal and bacterial gene copies 
have been observed repeatedly (Spohn et al. 2016; Grüning 
et al. 2018; Beule et al. 2019, 2020), but the causes are still 
not fully understood.

Apart from the difference in cell size between fungi and 
bacteria, other problems might have been created by the 
obstructive thicker fungal cell walls and the embedding of 
eukaryotic DNA into the protein structure. Methodologi-
cal differences in DNA extraction, DNA yield, the choice 
of primer sets (Xue et al. 2019) and PCR efficiencies bias 
fungal community studies (Kohout et al. 2014; Grüning et al. 
2018). Hartmann et al. (2015) obtained a bacterial/fungal 
OTU ratio of 1.5 in the arable soils of the DOK long-term 
fertilisation trial, using a qualitative amplicon sequencing 
approach, which is more in line with amino sugar-based cal-
culations of fungal to bacterial biomass in soil (Joergensen 
and Wichern 2008; Joergensen 2018).

Bacterial abundance

The number of bacterial 16S-rRNA gene copies is within 
the range for soil (Spohn et al. 2016; Grüning et al. 2018; 
Beule et al. 2019, 2020), whereas no quantitative informa-
tion exists for faeces. The ratio of 16S-rRNA to MBC in 
faeces was approximately 0.6 ×  107, whereas the respective 
ratio was 3 ×  107 in soil. These two ratios would decline to 
0.5 ×  107 and 0.8 ×  107, respectively, considering that bacte-
ria contributed 80% to the faecal microbial biomass (Meyer 
et al. 2019) and 25% to the soil microbial biomass (Khan 
et al. 2016). These data suggest that the cell size of copio-
trophic faecal bacteria is also larger than that of starving soil 
bacteria. However, the difference in cell size between faeces 
and soil is smaller for bacteria than for fungi.

Fig. 5  a 0.5  M  K2SO4 extractable C (probability values: treatment 
P < 0.01, day P < 0.01, treatment × day P = 0.04) and b inorganic 
N  (NO3

−-N +  NH4
+-N) in the non-amended control soil and net N 

mineralisation rate in soil amended with faeces of high milk yield, 
low milk yield and non-lactating cows from the farm Oederan dur-
ing an 82-day incubation at 22  °C; bars show one standard error of 
mean; different letters on top of a bar indicate a significant difference 
between incubation days (P < 0.05 Holm-Sidak test)
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The higher NDF and ADF concentrations in the feeding 
ration of the non-lactating cows not only promotes fungi but 
also increases the ratio of Gram + /Gram- bacterial PLFA 
(Meyer et al. 2019). As Gram + bacteria contain 3.8 times 
more MurN (Appuhn and Joergensen 2006), the 16S-rRNA/
MurN should be lower in the non-lactating group. However, 
the reverse is true, suggesting again a change in cell vol-
ume, especially of Gram + bacteria, i.e., the larger the cell 
volume, the larger the 16S-rRNA/MurN ratio. Another pos-
sibility is that not all 16S-rRNA was extracted from bacterial 
phyla with thick cell walls. This would explain why PLFA 
data indicate the dominance of Gram + bacteria in faeces, 
whereas DNA sequencing approaches usually find markedly 
more Gram- bacteria (Pitta et al. 2016; Jose et al. 2017; Kala 
et al. 2017; Thomas et al. 2017). However, Kim et al. (2014) 
observed a dominant contribution of Gram + Firmicutes, 
ranging between 50 and 77% of total sequences caused by 
differences in diet, which is in line with recent results of 
others (Faulkner et al. 2017; Cendron et al. 2020; Huang 
et al. 2020).

Abundance of nitrification and denitrification genes

No AOA amoA genes were detected in cow faeces at any 
farm, while AOB amoA genes were found in only 50% of the 
farms. The low abundance of AOA amoA genes is surpris-
ing, considering the large concentration of archaeal PLEL 
(16% of total PLFA) in cow faeces (Gattinger et al. 2007). 
Qualitative amplicon sequencing approaches suggested 
that archaea often contribute less than 1.3% to the faecal 
microbiome (Pitta et al. 2016; Jose et al. 2017; Kala et al. 
2017), whereas Cendron et al. (2020) observed an average of 
even 6%, indicating the strong demand for methodological 
reconciliation.

In contrast to faeces, large numbers of AOA and AOB 
amoA genes could be detected in soil, where the abundance 
of genes related to nitrification and denitrification responded 
more dynamically to faeces application than the biomass 
indices MBC, MBN and ergosterol. However, the close rela-
tionship between bacterial MurN in faeces and the ΣN2O 
efflux from soil indicates that mainly bacteria contributed 
nirK, nirS and nosZ clade I genes and, thus, to  N2O produc-
tion. The pseudo-murein of archaea does not contain MurN 
(Kandler and König 1998). Sadly, limited information exists 
on the cell-wall composition of archaea (Joergensen 2018). 
The current relationship between MurN and the ΣN2O efflux 
is in line with several studies suggesting that AOB amoA 
have a higher nitrification capacity than AOA amoA (Xia 
et al. 2011; Sterngren et al. 2015; Ouyang et al. 2016).

The positive effects of faecal MBC on nirK and nosZ 
clade I gene abundance indicate their general relationship 
with the gut microbiome. Those of the Gram + /Gram- PLFA 
ratio suggest the stronger importance of Gram + bacteria for 

denitrifying microorganisms, whereas the positive effects of 
fungal ergosterol on nirK and nosZ clade I gene abundance 
point to the possibility of fungal denitrification and  N2O pro-
duction (Ma et al. 2017; Zhong et al. 2018; Xu et al. 2019).

Gas efflux from soil and faecal gene abundance were not 
directly quantitatively related, an exception being the sig-
nificant effect of soil nirK gene abundance at day 14 on the 
final ΣN2O efflux. This suggests that a mismatch between 
 N2O production rate and denitrifying gene abundance often 
occurs (Gschwendtner et al. 2014), as genes have a longer 
persistence in soil than the rapid release of gaseous  N2O 
(Grüning et al. 2018). Relationships between nirK gene 
abundance and ΣN2O efflux have been observed repeatedly 
(Morales et al. 2010; Rasche et al. 2011; Levy-Booth et al. 
2014; Wu et al. 2017). NirK-containing organisms mostly 
lack nosZ genes (Graf et al. 2014), which explains why soil 
ΣN2O efflux is predominantly determined by nirK rather 
than by nirS-gene containing microorganisms (Grüning et al. 
2018). Recently, new primer sets have been reported for 
nosZ clade I (Zhang et al. 2021) and clade II (Chee-Sanford 
et al. 2020), which will provide more comprehensive assess-
ment of denitrifier gene hosts in combination with their eco-
logical patterns. As the detection of genes only gives poten-
tial indications of the relative activities, it is necessary to 
determine the expression of genes, e.g., by mRNA analysis, 
to obtain true indications of their contribution to  N2O pro-
duction. However, this would require more sampling points 
immediately after faeces application, due the rapid changes 
of gene expression.

Differences in the dietary composition of dairy cows 
had no significant effects on 16S-rRNA, AOA, AOB, nirK 
and nirS, in contrast to the farm environment: the highest 
faecal pH led to the highest 16S-rRNA gene abundance at 
Wolkramshausen, in comparison with the other three farms. 
The lowest faecal total N and the highest lignin concentra-
tions resulted in the lowest 16S-rRNA gene abundance at 
Rotenburg. This suggests that the specific farm microbiome 
of the feeding environment has a stronger impact on the bac-
terial faeces microbiome than the chemical composition of 
the feedstuff, contrasting the results of the ΣN2O efflux and 
the ΣCO2 efflux.

Conclusions

A cow diet reduced in protein but increased in NDF and 
ADF decreased the ΣN2O efflux from faeces amended soil. 
This was also reflected by the lower abundance of denitrify-
ing nirK genes. A large percentage of this ΣN2O efflux could 
be explained by faecal MurN, indicating that AOB amoA 
have a higher nitrification capacity in soil than AOA amoA. 
The comparison of genome markers with cell wall (GlcN) 
and cell membrane components (ergosterol) indicates that 
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the fungal cells were much larger in energy-rich faeces than 
in C-limited soil. This difference in cell size was also cal-
culated for bacteria but was less pronounced. The growth 
of copiotrophic faecal bacteria led to a strong initial net-N 
immobilisation immediately after incorporation of faeces 
into soil. Initial net-N immobilisation but also final net-N 
mineralization was the highest after application of faeces 
from high-yield dairy cows and the lowest after applica-
tion of faeces from the non-lactating group. Future studies 
should evaluate the relationship of faecal MurN and ΣN2O 
efflux from soil on a larger number of farms, to establish 
the relationship between farming environment and cow diet. 
Gene expression analysis and sequencing of marker genes 
will further elucidate the interactions between faeces quality 
and ΣN2O efflux from soil.
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