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Abstract

A variety of organic feedstocks can be used for anaerobic digestion, resulting in digestates with different compositions,
affecting the fertiliser value. Therefore, two experiments were conducted to assess (1) differences in the nitrogen (N) fertiliser
value of seven digestates from different feedstocks in a 2-year field experiment with spring wheat, and (2) the degradability
of organic matter (OM) in the digestates within an aerobic incubation experiment. In the field, mineral fertiliser equivalents
were in a range of 18-60% (1st year) and 39-83% (2nd year). Fertiliser properties could describe 58.9-74.2% of the N offtake
variance among digestates. In the incubation experiment, digestates produced 720-1900 mg CO,-C kg™!. After 56 days, 61%
of organic C added by food waste digestate has been mineralised, compared to 16-22% for the other digestates. Digestate
composition (C/N, CorglNorg, carbonate, cellulose, lignin, and crude fibre) could explain 90.4% of the CO, evolution. In both
experiments, digested food waste stood out among digestates with the highest N offtake and highest OM mineralisation. In
conclusion, differences in fertiliser value and OM degradability could be related to compositional variations. However, apart
from food waste, the composition had only minor influence on digestate performance after soil application.
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Statement of Novelty

It has been shown in the literature that different feedstocks
lead to compositional variations in digestates. Those feed-
stock-dependent differences have been suggested to affect
the fertilising properties. However, it was not clear how
strong the effect of digestate composition is, and how this
effect relates to measureable differences regarding the
fertiliser value in the field. Therefore, the present study
characterised common types of digestates from different
feedstocks, and related their composition directly to the
nitrogen fertiliser value and organic matter degradabil-
ity. By integration of different digestate properties into
models, the influence of certain characteristics could be
determined and differentiated. Ultimately, the magni-
tude of digestate variations was evaluated, promoting an
improved understanding for fertiliser management with
anaerobic digestates.

Introduction

Anaerobic digestion (AD) of residues and dedicated
energy crops is an option to produce renewable energy,
which expanded within the last two decades [1]. Beside
the benefit of generating renewable energy through AD of
biomass, biogas production is related to several advantages
for agriculture and environment (hygienisation, stabilisa-
tion, mitigation of greenhouse gases etc.), which have been
extensively described in several publications [2—8]. The
variety of biomass types, that can be used as feedstock
for AD, includes all kind of easily degradable organic
matter (OM) such as agricultural feedstocks, municipal
organic wastes, industrial organic wastes, sewage sludge,
and animal by-products [9, 10]. Feedstock availability,
methane yield, microbial degradability or process stability
of a feedstock and financial incentives are factors decid-
ing which feedstock is favoured in the biogas sector. The
residues of AD, which are referred to as digestates, are
commonly used as organic fertiliser. During AD, the initial
feedstock undergoes changes in composition which affect
the fertilising properties of the digestate [7, 11]. A high
share of the feedstock OM is metabolised by microbes
to methane (CH,) and carbon dioxide (CO,), decreasing
the amount of carbon (C). Hence, digestates have lower
carbon to nitrogen ratio (C/N) than the initial feedstock,
and contain OM with higher recalcitrance, as mainly the
easily available organic C (C,,) fractions are degraded
[8, 12]. A lower C/N suggests that less N immobilisation
by microbes occurs [13, 14]. Recalcitrant OM, especially

lignin, increases soil C,,, due to lower degradability,
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thereby digestates potentially provide a higher share of
recalcitrant C,,, for reproduction of the soil OM than
the original feedstock [15-17]. Thus, digestates are also
regarded as soil conditioner, which improve soil properties
such as soil structure [8, 18, 19]. The total N content on a
dry matter (DM) base is increased through concentration
by DM degradation during AD. Mineralisation of organic
N (N,,,) to ammonium (NH,*-N) increases the share of
NH,*-N on total N (NH,*/N), and thereby enhances the
immediate N availability for the crops [7, 20, 21].

Advantages of digestates as soil conditioner and fertiliser
are mainly attributed to its change in nutrient and OM com-
position during AD. However, digestates can widely differ in
their composition, due to the different nature of the feedstocks
[22, 23]. It might be expected that these differences in com-
position affect fertiliser value, as well as built up of soil OM.
Since N is one of the most important plant growth limiting
nutrients, it is essential to assess the N fertiliser potential of
digestates. Therefore, it is common practice in field and green-
house experiments to compare manures to mineral N fertiliser
to determine the mineral fertiliser equivalent (MFE) [20, 24].
A characterisation of digestate composition depending on
feedstock type and the resulting N fertilising and C minerali-
sation pattern is needed for proper evaluation as organic ferti-
liser. Therefore, the main objective of this study was to assess
properties of digestates obtained from different feedstocks in
order to evaluate and predict their N fertiliser value and humus
reproduction potential. The following hypotheses were tested
in a field and an incubation study:

(i) The higher the NH,*/N of the digestate, the higher the
N offtakes and MFE.

(i) The lower the C/N and C,,,/N,,, of the digestate, the
higher the N offtakes and MFE.

(iii) The lower the share of lignin and cellulose, the higher
the N offtakes and MFE.

(iv) The application technique of digestates in the field
will directly influence the N fertilising effect: digestate
field spreading without incorporation will decrease N
offtake, and the higher the NH4+-N concentration, the
stronger the fertiliser value losses by omission of diges-
tate incorporation to the soil.

(v) The C/N of digestates negatively affects cumulative
CO, release. Furthermore, the higher the lignin content,
the higher the recalcitrance of OM in the digestates and
thus, the lower the cumulative CO, emissions.
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Table 1 Types of organic fertiliser and the respective feedstock com-
position

Organic fertiliser Feedstock

Maize digestate (M) Maize silage (85%)
WPS (12%)
Cereals/CCM (2%)
Cattle slurry (1%)
Clover and grass digestate (CG) Clover and grass silage (57%)
Pig manure (19%)

Pig slurry (16%)

Maize silage (8%)

Grass silage (55%)

Maize silage (45%)

Organic household waste (100%)

Food waste and grease (100%)

Grass digestate (G)

Organic waste digestate (OW)
Food waste digestate (FW)
Poultry manure digestate (PM) Poultry manure (19%)
Cattle slurry (16%)
Maize silage (57%)
Sugar beet (8%)
Cattle slurry (85%)
Cattle manure (15%)

Cattle slurry (100%)

Cattle slurry digestate (CS)

Undigested cattle slurry (unCS)

WPS whole plant silage; CCM corn-cob-mix

Materials and Methods
Fertiliser Types

Seven digestates, obtained from different main feedstocks
(Table 1), were collected from on-farm and commer-
cial biogas plants in Baden-Wiirttemberg, Germany and
described by their physico-chemical properties (concen-
tration of macro- and micronutrients, potentially toxic ele-
ments, pH, Carbonate-C etc.) and OM composition (lignin,
cellulose, crude fibre content). The main feedstocks were
maize silage (M), clover and grass silage (CG), grass silage
(G), food waste (FW), source-separated organic household
waste (OW), poultry manure (PM), and cattle slurry (CS)
(Table 1). Additionally, undigested cattle slurry (unCS) was
included as a kind of control. Total N and NH,*-N were
determined by Kjeldhal method [25]. Total C was measured
by Dumas combustion method on a macro-elemental ana-
lyser (Elementar Vario MAX, Elementar) [26]. Carbonate
content (CO;) was determined by the Scheibler gasometrical
method [27]. The elements phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), sulphur (S), sodium (Na),
boron (B), iron (Fe), copper (Cu), zinc (Zn), chromium (Cr)
and nickel (Ni) were analysed by inductively coupled plasma
optical emission spectroscopy (ICP-OES VISTA Pro, Var-
ian) after aqua regia digestion. The elements cobalt (Co),
molybdenum (Mo), arsenic (As), cadmium (Cd), lead (Pb)

and thallium (T1) were measured on an Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) (NexION 300XX, Per-
kin Elmer). Mercury (Hg) and selenium (Se) were analysed
by Hydride-Generation Atomic Absorption and Cold-Vapour
Atomic Absorption Spectrometry respectively (AAnalyst
400, Perkin Elmer). Fibre composition was determined
after Van Soest [28] and according to VDLUFA guideline
6.5 [29]. The pH and electrical conductivity (EC) (1:10)
were measured in fresh samples. The ionic strength (IS) was
calculated after Sommer and Husted [30] for the cations
NH,*, K*, Na*, Ca**, and Mg?* in M 17". The contribution
of anions to ionic strength was assumed to be equal to the
cationic strength [31].

Field Experiment

A 2-year (2015 and 2016) field experiment with spring wheat
(Triticum aestivum L., cultivar “Tybalt”) was conducted
in Hohenheim, Germany. The soil type was a Luvisol with
silty clay texture, pH 7.3 (H,0), total C in 0-30 cm 1.4%
and in 30-60 cm 0.9%, and total N 0.18% (0-30 cm) and
0.13% (30-60 cm). Soil mineral N was 105 and 35 kg N ha™!
(0-60 cm) in 2015 and 2016, respectively. The experiment
was designed as two-factorial randomised complete block
design with four replicates. Within the experiment, fertiliser
treatments and incorporation were tested. The fertiliser treat-
ments can be split into three groups: seven digestates, one
cattle slurry (both were denoted as organic fertilisers), min-
eral fertiliser at different rates and an unfertilised soil (con-
trol). Organic fertilisers were applied to soil with and without
incorporation. Field plot size was 32 m? and split into two
sampling areas (each 1.75 m width, 8 m length), fitting with
the threshing size of a small harvester, separated by a path-
way (50 cm). For determination of MFE, the mineral fertiliser
calcium ammonium nitrate (CAN, 27% N) was applied at a
rate of 0 (control), 25, 50, 75 and 100 kg N ha™!. All organic
fertilisers were applied at a rate of 100 kg N ha™' on the basis
of total N. Before fertilisation, a mixed soil sample of five
samples per block was taken from 0 to 30 cm and 30 to 60 cm
depth. The soil was analysed for total C and N (Elementar
Vario MAX CN, Elementar), and mineral N (NH,* and NO;")
by extraction (1:4) with 0.5 M potassium sulphate (photom-
eter, AutoAnalyzer 3 HR, SEAL). In March, before sow-
ing spring wheat, the mineral N and organic fertilisers were
applied and in case of incorporation level “with incorporation”
directly incorporated with a harrow. For the incorporation level
“without incorporation”, the organic fertilisers were spread in
between the plant rows at tillering stage (BBCH stage 25). At
ear emergence (BBCH stage 52), a random biomass sample
per plot was cut per 0.5 m” using a circular frame. Dry mass
was determined and analysed for total N and total C. At har-
vest in August, the same sampling area of each plot was used
for a second biomass sampling to assess straw yield, number
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of ear bearing stalks per m?, and grain number per ear. The
undisturbed sampling area was threshed to determine grain
yield. Two grain sub-samples each of 100 grains were counted
and weighed for calculating 1000-grain mass. The C/N was
measured in plant biomass, grain, and straw using a macro-
elemental analyser (Elementar Vario MAX, Elementar).

Incubation Experiment

Additionally, all seven digestates and the cattle slurry from the
field trial were tested in a 56-days aerobic incubation experi-
ment. Two control treatments were included, one unfertilised
soil, and one quartz sand blank, the experiment was arranged
as randomised complete block design with four replicates. Top
soil from an agricultural Luvisol soil with the following char-
acteristics was used: silty-clay loam texture (68% silt, 29%
clay, 3% sand), pH 7.0 (CaCl,), 0.17%total N, 1.3% Corg, 42¢
CO,5-C kg~! soil, and a maximum water holding capacity of
53%. The soil was air-dried and sieved to a particle size of
4 mm. Digestates and undigested cattle slurry were applied as
fresh matter (FM) at a rate of 2.65 g C,, kg™! dry soil, respec-
tively. This application rate increased soil C,, by 20%, which
assured sufficient CO, development. The quartz sand, used
as blank, was glued to remove any organic residues. For soil-
digestate mixing, the organic amendments were thoroughly
mixed into 700 g soil, and then filled into a 2.5 1 glass jar. All
treatments were moistened to 60% of the water holding capac-
ity, except for the quartz sand blank. One small beaker per jar
with 20 ml 1 M sodium hydroxide was used as CO, trap and
put on top of the soil. An additional beaker with deionised
water was set inside the jar to maintain soil moisture. The jars
were sealed with rubber and lid and aerated at least every 2nd
day for 2 min to keep aerobic conditions. The aeration phase
was taken into consideration by using the quartz sand blank
within CO, calculation. CO, evolution was determined by
titration of 1 M sodium hydroxide (NaOH) with 0.5 M hydro-
chloric acid and previous precipitation of carbonates by addi-
tion of saturated barium chloride solution. The CO,-C emitted
was calculated with the amount of HCl required during NaOH
titration and given as mg CO,-C kg™! soil [32]. The cumula-
tive CO, evolution or cumulative mineralised CO, was further
depicted as percentage of C,,, that was added [33].

Statistical Analysis and Calculations

Data of each year were separately analysed with a mixed
model approach. The model can be described by:

Vijim = M+ ¢ +my + Ty + @ + (T(p)ijkl +b, + itim> (1)

where y;;,,, is the observation of the ith control group in the
Jjth fertiliser group with fertiliser level k£ and incorporation
level [ in the mth replicate and  is the intercept. c; is the effect
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of the ith control group (with levels control and others), my;
is the effect of the jth treatment group within control group
level i (with the levels control, N100 and others). 7, ¢;; and
(), denoted for effects of fertiliser &, incorporation / and
their interactions, respectively, again nested within the control
and fertiliser group “others”. b,, is the complete block effect
and e, 1s the error of y;,,. Mixed model analyses for the
traits N offtake and grain yield were limited to control and fer-
tilisers applied at a rate of N100. Note that for these analyses,
the CAN treatments N25, N50 and N75 were not included.
They were used for calculating the MFE only.

Error variances were checked for heterogeneity across
treatment levels, but model fit measured via Akaike infor-
mation criterion (AIC) [34] was not increased by fitting
heterogeneous variances. A Tukey test was performed after
finding significance at o« =0.05 via F-test. To test whether
the effect of fertiliser can be explained by covariables C/N,
Core/Nore» ADF, ADL, and NH,*-N, the model in (1) was
extended as following: z;; in (1) was replaced by:

T = @+ B C/Nyy,, + p,Corg/Norg i,

+B5ADF y,, + B4ADLyy,,, + PsSNH4

+9 @

ijklm ijklm ijk>

where 9, is the residual fertiliser effect not explained by the
four covariables and its slopes 3, to ,. Thus, the model is:

Yigam = H +¢; + my + a; + pC/Nyy,, + p,Corg/Norg,,

+P3ADFyy,, + BoADLyy,, + PsNH4 y,, + 9
+@; + ay + i1 C/ Ny, + fpCorg /Norg iy,

+p3ADF;,,, + B ADL

ijkim + BisNH4j + @)y + b, + €

ijkim ijklm*

3)
Note that mm; and a;; as well as ¢;; and a;; are completely
confounded. Therefore, arbitrary one of them was dropped
from the model. Further note that C,.,/N,, will not be
affected from incorporation and thus were dropped from
(3). To select most important covariates, fertiliser effects
(7% and (7)) were dropped and significant covariates
were selected by testing models with all possible subsets
of covariates. The best model was selected based on the
highest adjusted coefficient of determination (adjusted R?).
Additionally, the R? was determined for the following three
models: (i) model (1) or model (3) as both resulted in the
same R?, (ii) model (1) after dropping the fertiliser effects
and (iii) the final best model selected as described above.
These three R? values allow to calculate the partial R? val-
ues of selected covariates, for fertiliser treatments, and their
ratio. The latter can be seen as the part of variance between
digestates, which can be explained by the covariates.
Multiplication of total grain N content with factor 5.7
was used to calculate grain protein content [35]. For each
sample, N offtake was calculated by N content in above-
ground biomass:
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N o_ﬁtake(kg ha™! )ijklm = N content(%) j, X biomass(kg ha™ )Uklm

The N offtake at harvest was determined by the sum of N
offtake by grain and straw. Data of N offtake from the CAN
treatments (NO, 25, 50, 75 and 100) were plotted against the
amount of N applied by linear regression analysis (Supple-
mental Fig. S1). The exponential function, that was fitted for
the CAN data with increasing N rates, was further used to
calculate the equivalent N rate corresponding to N offtake
of organic fertilisers, given as MFE (in % of the total N
applied) [24, 36]. For the 2nd year, both a linear and polyno-
mial function gave fit, with no change in R? and same output
for MFE calculation.

Gaseous N losses via NH;-N volatilisation were esti-
mated by the ALFAM2 model, which has been developed
for animal slurry [37]. Thus, the retrieved output only gives
an approximate idea on potential NH;-N losses from the
digestates.

Pearson correlation coefficients (r) were generated for
digestate properties to determine positive or negative rela-
tionships between digestate properties EC with IS, pH with
N.. In addition, digestate characteristics (C/N, C; /N,
NH4+/N, ADEF, ADL) were correlated with N offtake in
spring wheat (field study) and cumulative CO, evolution
(incubation study). Incubation data (mineralised C, n=4) of
organic fertilisers were also correlated with N offtake data
from the field experiment (1st year, n=4) at each incorpo-
ration level, as both experiments used the same digestate
batches. These correlations from incubation and field experi-
ment were based on raw data, comprising two response vari-
ables, and therefore denoted as phenotypic correlations.

In the incubation experiment, mineralised C (%) was cal-
culated by subtracting basal soil respiration from cumula-
tive CO, production of the respective fertiliser treatment and
dividing it by the applied amount of C,,. Carbon mineralisa-
tion data for each fertiliser treatment were fitted to a first-
order kinetic model C,, = C, (1 —e™") and tested against 0
[38, 39], where C,, is the cumulative amount of mineralised
C (% of added C,,,) after 56 days of incubation, 7 is time
(days), C, is the potentially amount of mineralised C (%
of C,,,), and k is the mineralisation-rate constant (day_l).
Kinetic models that can be fitted to C mineralisation data
were compared by Sleutel et al. [38], who concluded that
all tested models gave similar results when generated for
observed data, but when extrapolating data, the model has
to be chosen carefully.

The effect of digestate properties (C/N, C,/N,, ADF,
ADL, crude fibre and CO;-C content) on cumulative CO,
was assessed by using by testing models with all possible
subsets of covariates, as described for the field study. Again,
the selection of covariates was based on the highest adjusted
R~

Yim = H+¢;+ B C/N,, + p,Corg/Norg,,,+
B:ADF,, + p,ADL,, + pscrude fibre;, 4)
+p5CO;5;,, + b, + ¢;

m?

where y,,, is the observation of the ith treatment in the mth
complete block, c; is the effect of the ith treatment, b,, is the
complete block effect and e,,, is the error of y,,. The slopes
B, to ps were fitted for the five possible covariates. Block and
error effects were assumed as random.

All analyses for field and incubation data were performed
using the procedure PROC MIXED of the SAS system, ver-
sion 9.4. For selection of covariates, the procedure PROC
REG was used. In this case, the effects of other factors were
included via dummy variables per defaults prior to selection
of covariates. Significant differences were determined by
Tukey test. Letter display of all pairwise mean comparisons
was generated by the %MULT macro from Piepho [40].

Results
Physico-Chemical Composition of Digestates

Comparison of digestate and cattle slurry composition will
be focused on the 1st sampling year. Dry matter content
ranged between 3.8 (FW) and 14.1% (OW) (Table 2). For
most digestates, pH varied in a narrow range 7.8-8.0, with
lowest pH values in CS (7.4) and unCS (6.9). Total N in both
years was positively correlated with digestate pH (r=0.740,
p=0.002). The C/N was highest in unCS with 11.5 and low-
est in FW digestate with 2.2. For the field experiment, this
means FW provided the lowest input of C,,,, and for the
incubation study the highest N input compared to the other
organic amendments. The C,,/N,,, ranged from 7.7 to 24.2
in FW and unCS, respectively. The share of NH,*/N was
highest for FW in both sampling years (72 and 66% NH,*).
Phosphorus content showed large differences from 6.04 to
18.3 g kg~! DM. Highest Na and Cl contents were found in
FW, with 50.3 g Na and 86.9 g Cl kg~ DM, followed by OW
with 8.26 g Na and 16.2 g kg™ CI.

The electrical conductivity (EC) in diluted (1:10) diges-
tates ranged from 1.4 to 3.9 mS cm™. Considering the ten-
fold dilution of digestates, the EC increased to 14.0-39.0
mS cm™! [31]. Ionic strength (IS) of digestates and unCS
in 2015 was 0.247-1.06 M 17!, The correlation of EC with
IS over both sampling years was intermediate (r=0.518,
p=0.040). When removing Ca?* from the IS calculation,
as proposed by Sommer and Husted (1995), assuming all Ca
to be precipitated with CO;*~ NH,* and Mg** with PO,” at
a pH above 7, the correlation between IS and EC increased
(r=0.855, p<0.001). The share of Na within cations was
in FW (18.0%) and OW (9.8%) compared to <4.7% for
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the other digestates. Similarly, the share of Cl on anionic
: [532 strength was highest in FW with 20.2% and OW with 12.4%
3L T (Table 2).
= Second year digestate samples showed nutrient concen-
E E Ses trations and ratios mostly in a comparable range as the 1st
i year, with few exceptions. Clover-grass and PM digestate
ca had higher N concentrations (+2.22-2.92% N in DM) in the
o S o 2nd year, while CS had a decrease (— 1.72) compared to the
;f <L 1st year. The C/N were lowered by 0.6-2 units in CG, PM
= 0 and unCS, while increased by 0.14—0.78 units for the other
S 28 digestates and highest rise in CS (+2.23). Similarly, the C,,/
N,y differed in the 2nd year. Largest decrease in C,/N,,
E a8 were observed for CG, PM and unCS (- 1.70 to — 2.60),
L whereas strong increases were noted for OW and CS (+4.19
o and +4.65, respectively). All digestate showed higher K
e concentrations in the 2nd year sampling, particularly CG
g almost doubled its concentration compared to the st year.
E - The concentrations of P showed both, slight increases and
é 2 decreases, with largest change in PM from 1.83 to 1.00% P.
Regarding micro nutrients, Cu values in PM (85 mg kg™
) DM) were about twice as high as in most other digestates,
2 i followed by OW with 73 mg kg~! DM. Similarly, Zn con-
s |77 |zg tents were higher in PM with 339 mg kg~' DM, while the
§ 2~ % other digestates were between 124 and 202 mg kg~! DM.
= VoV éo 9 Manganese was in a range of 102-326 mg kg~! DM, except
. - é i for BW and PM with 662 and 538 mg kg~! DM, respectively.
2 s =2 g 8 In both years, the concentration of potentially toxic elements
z AN E g 9 in digestates and unCS was below the EU threshold limits
§D o — g ; 9): for EU organic fertiliser products such as compost and diges-
S =32 = £ & tates (Reg. (EU) 2019/1009). However, the concentrations
% g % of heavy metals (As, Cr, Ni and Pb) were always highest in
as |3 % ¢ ow
L 5 R The highest crude fibre content (23.9%) was found in
2 g :f E g unCS and distinctly lowest in FW (Table 2). In all digestates,
g g g e § _5 g the Acid Detergent Fibre (ADF) content was higher than
§ - E g E the Neutral Detergent Fibre (NDF). Hemicellulose was cal-
*‘.’% T e é % E % z culated according to Van Soest et al. [28] by subtraction of
? 1' o E I:E; E = 3 ADF from NDF, leading to negative values for the measured
P - < g 2 "§ E: digestates. Therefore, the amount of hemicellulose could not
%’ ~ o 4 = 522 be assessed. Most digestates had similar cellulose and lignin
O =2 g 2 £ ai E contents, but showed large variations between the two sam-
_ b ;0 - g s é pling years. FW showed distinctly low amounts of cellulose
o 2 - % g §] E E_ F and lignin compared to the other digestates, with NDF, ADF,
g T =t § 2 5 T‘é Ez % and ADL below the detection limit in sampling year 2015.
 |cw |82 E2E27
= G |2 E = 2 5 2 Incubation Experiment
—~ £ 73 £ g ¢
23552 5 . .
S w | 2 2 - 8 = Carbon Dioxide Evolution
2 g s|22:25¢¢8
g T 3| 8=3E 2 g . .
§ £g 2|3 %0 5 % S % The max1mum peak of the §a11y C(.)2 release was measur.ed
: Tu“l 2 @ g g é é’ g g within the first 2 days of incubation (Supplemental Fig.
2 5 ;s El g 8 § 2 E £ S2, Table S1). No correlation was found with the CO5-C
= 2382|222 SFCE content of fertilisers (data not shown). A second peak was
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observed between 5 and 10 days after digestate application.
After 17 days of incubation, daily CO,-C release was below
20 mg day~'. Food waste digestate showed significantly
higher daily CO, release than all other digestates until day
35. All treatments approximated 5.5-6.2 mg CO,-C after
42 days, being still significantly higher than basal soil res-
piration (3.8 mg CO,-C) (Supplemental Table S1).

Cumulative CO, volatilisation ranged from 720 to
1900 mg CO,-C kg~! soil for the organic amendments, and
286 mg in the untreated soil (Fig. 1, Supplemental Fig. S3).
FW digestate showed almost twice as high cumulative CO,
release as all other treatments, followed by M and CG being
second highest. In contrast, CS was significantly lower than
all other digestates, and not different from unCS.

By equalising the amount of released CO, as mineral-
ised C,,, (C,,) added by the digestates, the share of C,,,
remaining in the soil could be assessed. The digestates
M, CG, G, and PM all emitted around 20-22% of COrg
added (Table 3). The lowest mineralised C,, occurred in

2000

1900 - L

1800 -

1000 b b
800 - e de
600 -
400 - £

200 - ’_Y_‘
0 : :

T T T T T T T

CG M G OW FW PM CS unCs soil

cumulative CO»-C (mg C kg'1 soil)

Fig. 1 Cumulative carbon dioxide evolution of digestates, undigested
cattle slurry and unfertilized control soil after 56 days of aerobic
incubation. Error bars represent standard deviation (n=4). Bars with
at least one identical letter are not significantly different at a=0.05

a comparable range for OW, CS, and unCS (16.4-18.6%).
Digested FW had the highest amount of mineralised C
with 60.9%.

Cumulative C, over the 56-day period followed a first-
order kinetic model (Table 3). The mineralisation rate con-
stant k was highest for OW with 0.102 day~! and lowest
for PM having 0.087 day~'. The calculated amount of C,
after 56 days closely approximated the modelled amount
of potentially mineralised C (Cy).

Effect of Digestate Composition on Cumulative CO,
Evolution

Cumulative CO, evolution (logarithmically transformed)
after 56 days of incubation was negatively correlated with
C/N (r=-0.639, p<0.001). When omitting unCS and
FW, having both, particularly high or low C/N compared
to the other digestates, hence distorting the correlation, the
coefficient of correlation increased (r=—0.85, p <0.001),
whereas correlation between C,,,/N,,, and cumulative CO,
evolution was only intermediate (r=—0.557, p=0.005).
The correlation of ADF and ADL fraction with CO,
was strongly negative with r=—-0.964 (p <0.001) and
r=-0.880 (p<0.001), respectively. Excluding FW
decreased the coefficient of ADF to r=—-0.530 (p =0.004)
and lead to a non-significant correlation for ADL
(r=-0.167, p=0.395). Also digestate CO; content did
not show a significant correlation with CO, data. Analys-
ing the combination of the digestate properties in a mul-
tiple regression, C/N (35.5%), ADF (26.5%), crude fibre
(9.2%), ADL (8.7%) C,o/Nyy (6.7%) and CO;-C (1.2%)
could account for 90.4% of the variance for cumulative
CO, release (model R?=0.996) (Table 7).

Table 3 Par.ame%ters of the C, C, K MS F value

first-order kinetic model (%C) (%C) (day™)

(C,,=Cy (1—e™ ) used to

describe C-mineralisation of Maize 20.7+ 1.4 bed 2224032 0.093+0.004 1.52 1957

the organic fertilisers (mean Clover and grass 22.0+0.48 b 2204025 001040004  1.05  2662%%x

value + standard error) and the

tatistical significance of the Grass 20.0+0.26 ¢ 203£025  0.090+£0.004 088 2761

non-linear curve-fitting (MS Organic waste 18.6 +0.54 cde 17.9+0.31 0.102 +0.006 1.58 121 1%

mean square, F-value) Food waste 60.9+0.78 a 60.5+0.39 0.092+0.002 2.77 8560%**
Poultry manure 21.2+0.31b 21.6+0.29 0.087+0.004 1.12 2469%**
Cattle slurry 16.4+0.04 e 16.5+0.16 0.094 +0.003 0.40 3833#**
Undigested cattle slurry 17.6+0.30d 17.6+£0.17 0.098 +0.003 0.48 3715%**

C,, means (n=4) followed by at least one identical letter are not significantly different at ®=0.05

**%*Statistical significance at p <0.001
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Table 4 Mean yearly growth performance and harvest parameters of spring wheat

Grain yield N offtake N offtake harvest Number of ears Number of Number of 1000-grain Grain protein
Mg ha™!)  ear emer- (kg ha™!) m™2 grains ear™! grains m™? mass(g) (%)
gence (x10%)
(kg ha™")
1st year
incorporation®
With 7.25 ns 98.1b 157Y 617 ns 28.0 ns 16.9 ns 43.0 ns 10.2 ns
Without 7.37 ns 103 a 166¥ 628 ns 27.8 ns 173 ns 42.8 ns 10.7 ns
2nd year
incorporation®
With 521 a 131 ns 134 ns 423 ns 28.7" 11.8* 44.1 a 11.4*
Without 4.67Db 132 ns 133 ns 425 ns 25.8% 10.8” 4320 12.9%

Means with at least one identical letter within a column are not significantly different from each other («=0.05), ns=no significant treatment

difference, significant interactions noted in table foot notes

*Yearly means of organic fertiliser treatments with or without incorporation

YN offtake: Significant interactions between organic fertilisers and incorporation (F-value=5.64, p <0.001)

“Significant interactions between organic fertilisers and incorporation (Number of grains ear™': F-value=2.2, p=0.045; Number of grains m~

F-value =2.49, p=0.027; grain protein: F-value =3.29 p=0.006)

Field Experiment
Grain Yield, Nitrogen Offtake and Harvest Parameters

Mean grain yield and N offtake of spring wheat varied
between the 2 experimental years (Table 4, Supplemental
Table S2). In the 1st year, grain yield ranged between 6.01
and 7.89 Mg ha™!, whereas it was about 2 Mg lower in the
2nd year (3.87-5.94 Mg ha™!) (Table 5). Regarding yield
structure, the number of ears per m? was ~200 ears higher
in the 1st than in the 2nd year. Whereas the remaining har-
vest indicators appeared rather similar (thousand grain mass,
grain number per ear, and grain protein content) between
the years (Table 4). In the 1st year, there was no effect of
digestate incorporation on grain yield, but N offtake at ear
emergence was significantly higher without incorporation.
Moreover, there were significant interactions between incor-
poration and organic fertiliser, where M, CG, OW and FW
had higher N offtakes with omission of incorporation (Sup-
plemental Table S3). In contrast, fertiliser incorporation in
the 2nd year significantly increased grain yield and number
of grains m~2, but not N offtake either at ear emergence or
harvest. At the same time, grain protein content was signifi-
cantly higher without incorporation (except for G). Harvest
parameters for each treatment, incorporation level and year
are provided in Supplemental Table S4. Both years showed
a different pattern when comparing N offtake at ear emer-
gence and harvest (Table 4). In the 1st year, mean N offtake
at ear emergence (BBCH 51) was 105 kg N ha™!, meaning
on average 52 kg of N was additionally taken up by spring
wheat between ear emergence and harvest (Supplemental
Table S2). In the 2nd year, most N was already taken up

2

until ear emergence with only minor additional N uptake
until harvest, on average 3 and 1.0 kg N ha™! with or without
incorporation respectively (Table 4). However, the variance
of N offtake within treatments in in the 2nd year was rela-
tively high.

Significant differences in grain yield and N offtake among
digestates, unCS, N100 (CAN), and NO (control) were found
throughout both incorporation levels and years (Table 5). In
the 1st year, most digestate treatments did not significantly
differ in grain yield from the N100. Digestates showed sig-
nificantly higher grain yields than the control NO, which had
only 1.5 Mg ha~! lower grain yield than the N100. N offtake
with digestate application was also significantly higher than
NO, but lower than N100. Only FW without incorporation
reached comparable N offtake as N100.

In the 2nd year, grain yield of digestates with incorpora-
tion approached yield of N100 (Table 5). Only G and unCS
with incorporation were significantly below yield of N100.
Treatments without incorporation showed all significantly
lower yields than N100, except for CG. Irrespective of incor-
poration, all treatments significantly increased grain yield
compared to NO. In both years, there were high variations
in grain yield performance throughout the different diges-
tate treatments with, and without incorporation. The MFE
ranged from 18 to 60% (1st year) and 30 to 83% (2nd year)
(Table 5). Although grain yield and N offtake in the 2nd
year was lower, higher MFEs were achieved compared to
the 1st year.

Summing up the overall fertiliser performance on spring
wheat, Table 6 shows differences among treatments deter-
mined by model (3). Considering N offtake, grain yield, and
MEFE in the 1st year food waste digestates showed the highest
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Table 5 Nitrogen in aboveground biomass (N offtake) at ear emergence and harvest of spring wheat. Seven different digestates and an undi-
gested cattle slurry with or without incorporation to the soil

Year N offtake N offtake Grain yield MFE
ear emergence harvest Mg ha ! (%)
(kg Nha™") (kg N ha™")
Ist 2nd Ist 2nd Ist 2nd Ist 2nd
N100 (CAN) 132 a 161 a 196 a 162 a 7.74 ab 5.75 ac - -
control 79.5¢e 91.8h 113 101¢g 6.0l e 3.87h - -
With incorporation
Maize 113 acd 129 dg 157 efgh 139 ace 7.34 ad 5.50 ad 30 +6 60 +11
Clover and grass 79.7¢ 147 ac 1401 142 acd 6.94d 5.84 ab 16 +2 65 +9
Grass 97.5 ce 129 dg 162 dg 126 def 7.37 bd 494 dg 33 +2 40 +11
Organic waste 93.4 de 118 g 143 hi 128 def 7.05 ad 5.22 cdf 18 +2 43 +9
Food waste 97.9 ce 143 ad 167 cdf 153 ab 7.36 ad 594 a 38 +5 83 +8
Poultry manure 109 acd 136 cdef 165 cdf 126 def 7.47 abc 5.23 cdf 37 +6 39 +3
Cattle slurry 97.9 ce 126 eg 163 df 136 cf 7.25bd 5.73 ac 36 +8 55 +6
Undigested cattle slurry 96.2 de 122 fg 156 fgh 124 ef 7.28 bd 4.88 efg 28 +3 48 +6
Without incorporation
Maize 107 bed 121 fg 171 bd 126 def 7.53 abc 455¢g 42 +4 39 +38
Clover and grass 92.6 de 151 ab 169 cde 151 ac 7.54 abc 5.32 bede 40 +2 79 +6
Grass 100 ce 128 dg 161 dg 123 ef 7.24 ad 4.60 g 33 +5 35 +8
Organic waste 107 ce 140 bede 168 cdf 132 def 731 cd 4.92 efg 43 +13 49 +14
Food waste 121 ac 142 bed 184 ab 137 bef 7.68 ab 4.70 fg 60 +6 57 +7
Poultry manure 128 ab 125 egf 177 be 137 bef 7.89 a 471 fg 54 +12 57 +2
Cattle slurry 107 bed 126 eg 145 hi 120 f 6.80d 453¢g 20 +5 30 +12
Undigested cattle slurry 93.8 de 122 fg 149 gi 138 ace 6.98 cd 4.72 fg 22 +2 59 +15

Means followed by at least one identical letter are not significantly different at a=0.05. Mineral fertiliser equivalent (MFE) for organic fertilisers

in percentage + standard error

Table 6 N offtake in

aboveground biomass and
grain yield, mineral fertiliser
equivalent (MFE) at harvest
in the 1st and 2nd year, over
the variants with and without

incorporation

fertilisation effect. Nitrogen offtake and MFE were signifi-
cantly higher with FW application, except for PM, being sec-
ond highest. In the 2nd year, highest N offtake was achieved

Year N offtake Grain yield MFE

(kg N'ha™) (Mg ha™") (%)

st 2nd 1st 2nd Ist 2nd
Maize 164 be 132b 7.45 ac 5.03 be 35.8bc 49.4b
Clover and grass 155cd 147 a 7.19 bc 5.58a 28.1cd 722a
Grass 162 cd 125b 7.30 ac 477 c 329cd 37.6b
Organic waste 156 cd 130b 7.18 be 5.07 be 29.7 cd 45.7b
Food waste 175 a 145 a 7.52 ab 532a 49.0a 69.9 a
Poultry manure 171 ab 131b 7.68 a 4.97 be 45.3 ab 47.7b
Cattle slurry 154d 128 b 7.02¢ 5.11 ab 27.6 cd 42.3b
Undigested cattle slurry 152d 131b 7.13 be 4.80c 25.1d 53.5ab

Means (n=4) followed by at least one identical letter are not significantly different at ®=0.05

again with FW, but also with CG, both were significantly
higher than all other organic amendments. For grain yield,
the differences among treatments were lower, but still highest
yields were achieved with FW and CG. Overall, comparing the
highest and lowest N offtake within both years the difference

@ Springer

was 17-23 kg N ha™!, while grain yield differed only margin-
ally with 0.66-0.81 Mg ha™! in the 1st and 2nd year, respec-
tively (Table 6).
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Effect of Digestate Composition on Grain Yield and N
Offtake

In both years, N offtake data showed a significant negative
linear correlation with C/N and C,,/N,,, whereas NH,*-N
was positively correlated: with C/N (r=-0.410, p <0.001)
and C,,/N,, (r=-0.386, p=0.002) in the Ist year, and C/N
(r=-0.343, p=0.006) and C,,/N,, (r=—10.296, p=0.018)
in the 2nd year. Pearson correlation coefficients of NH,*/N
and N offtake were r=0.307 (»p =0.0137) and r=0.422
(»<0.001) in the 1st and 2nd year, respectively.

The combined effect of digestate properties on N offtake
was examined by multiple linear regression, including
the parameters C/N, Corg/Norg, ADF, ADL, and NH4+/N.
Except for C,,/N,. all parameters were tested for each
incorporation level (-in; -without). Due to the strong vari-
ations in growth, and the different digestate batches, both
years were assessed separately. In the 1st year, C/N-without
(28.0%), ADL-in (23.7%), ADF (with and without incor-
poration 11.6%), NH,*/N-in (8.1%) and C,,,/N,,, (2.7%)
could account for 74.2% of the N offtake variance among
organic fertilisers (model R?=0.299) (Table 7). In the 2nd
year, C/N (26.5%) C,,/N,, (21.4%), ADL-without (10.4%)
and NH,*/N-in (0.6%) were added to the model, explaining
N offtake variance among organic fertiliser treatments by
58.9% (model R?=0.281) (Table 7). Block effects in the
field accounted for 8.20% and 2.96% in the 1st and 2nd year,
respectively.

To assess the effect of digestate OM degradability on N
fertiliser value, both field (1st year) and incubation data were
correlated: Mineralised C of the incubation experiment was
phenotypically correlated with N offtake (r=0.522) in the
variant without incorporation. However, there was neither
a significant relation between field and incubation results
in the variant with incorporation nor with all field data
combined.

Discussion
Evaluation of Digestate Characteristics

The higher C/N in unCS compared to digestates (Table 2)
can be attributed to the fact that AD typically decreases the
C/N due to the unilateral release of C-gases (CH, and CO,).
The narrow C/N of FW digestates (2.2) matches findings
from Tampio et al. [41]. The authors (ibid.) assessed three
different digestates from food wastes, showing a similar C/N
range (1.5-3.3), which was related to the high digestibility
and N content on a DM base. The high NH,*-N content of
food waste digestates can be explained by the protein-rich
nature of kitchen wastes and its high degradability. Results
on macro nutrients in digestates were likewise reported in

Table 7 Assessment of the effcet of digestate properties on N offtake
and grain yield by regression analysis

Regression analysis partial R?

1st year 2nd year
Nofftake  C/Nyimout 28.0% C/N 26.5%
ADL,;; 23.7%  Cor/Nogg 21.4%
NH, "N, 8.1%  ADLpou 10.4%
ADFyiip and withour  11.6%  NH "Ny, 0.6%
Core/Nore 2.7%
Sum of partial R?  74.1% Sum of partial R> 58.9%
Grain yield  C/N imout 28.0% NH,*, 56.1%
NH,*-N,;, 11.6% NH,* 10.4%
ADL, 89% ADL 10.4%
ADF,, 5.5%  ADF,, 5.4%
Sum of partial R> 54.0% Sum of partial R> 82.4%

Partial R? calculated as share from R? organic fertiliser variance (see
section ‘Statistical Analysis and Calculations’). Note that covariates
are correlated and the partial R? accounts for the impact within the
model 3

literature [7, 22, 42, 43]. The nutrient stoichiometry, the
relation of N to P and K in digestates, better matches the
composition of harvested plant products than solid manures.
However, the N to P ratio often does not correspond fully to
crop nutrient offtakes, still showing a P surplus, and requir-
ing N supplementation (e.g. by mineral N fertiliser, or by
biological N, fixation) within the crop rotation. Digestate
N/P was most favorable in FW digestate (N/P 10.9-12.1:1),
with balanced amounts of N and P, followed by maize diges-
tate (8.7-9.3:1). The other digestates showed smaller N/P
(4.7-8.1:1), increasing the risk to exceeding P loads when
applied to soil without complementary sole N inputs. The
narrow N to K ratio of digested and undigested CS as well
as G would generally supply sufficient amounts of K to the
soil, while the other digestates might need additional ferti-
lisation when continuously applied to soil. However, these
generalised nutrient ratios do not cover crops with particular
high K need, such as potatoes, vegetables and sugar beets.
The EC calculated for undiluted digestates (14.0-39.0 mS
cm~!) was probably overestimated when using the dilution
factor 10 for calculation (n 2). Stevens et al. [31] compared
diluted and undiluted EC measurements and explained,
that the dilution dissolves precipitates and separates ion-
pairs, hence increases EC. However, Alburquerque et al.
[44] reported similar EC values as in our study, measured
in undiluted digestates from cattle slurry mixed with agro-
industrial wastes ranging from 9.0 to 29.0 mS cm™". Coelho
et al. measured EC values below 1 mS cm™! and also dis-
cussed the wide range for digestate EC values mentioned in
the literature [23]. Differences in EC among digestates can
be explained by the number of ions, salinity, and physical
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properties (ibid), and is usually ruled by the main cations
contained in the digestate (NH,, Mg>*, Ca**, K*, Na™)
[31]. Hence EC was related to nutrient concentrations in FM.
As expected the rather diluted unCS with its relatively low
nutrient concentrations had also the lowest EC. Contrast-
ingly, FW and CG showed the highest EC values and higher
concentrations of e.g. NH,*, K*, Mg?* than other digestates.
Regarding FW, the high Na concentrations affected EC, too.
This relation between EC and IS for organic fertilisers such
as manures has similarly been described in the literature [30,
31]. The data and correlations regarding EC and IS indi-
cated, that most of the Ca in digestates is not diluted, but
precipitated in the present pH range of the organic fertilisers.

The high Na and CI content found in FW and OW were
expected, because cooked or processed foods contain large
amounts of table salt [45]. Continuous application of diges-
tates with such high rates of Na can pose a risk of accu-
mulation in the soil, mainly in arid and semi-arid regions,
potentially affecting salinity or sodicity, and therefore soil
structure and plant growth [45]. Regarding micro nutrients
(Table 2), molybdenum concentrations did not show ideal
levels for methanogenic microorganisms involved in the
anaerobic digestion process (>7.5 mg kg~! DM) [22], except
maize digestate in both sampling years, and CG in 2016.
Furthermore, none of the investigated digestates contained
sufficient Ni needed by microorganisms (>30 mg kg~' DM).
Zirkler et al. [22] found similar results for digestates from
sewage sludge, pig slurry and maize, and pointed out that
these deficits in micronutrients may reduce CH, yield during
AD. None of the digestates exceeded EU limits on heavy
metals, yet highest values were found in OW. Municipal
organic household waste is prone to impurities by wrong
separation or e.g. by roadside greenery waste polluted with
urban dust, which might have caused the elevated concentra-
tions in OW [46, 47].

Concerning results from fibre analysis (Table 2), limita-
tions on hemicellulose detection with Van Soest analysis of
certain organic fertilisers were also observed by De Neve
et al. [48]. Low amounts of lignocellulose in digested food
wastes were likewise reported by Zheng et al. [49]. Such
fibre composition indicates higher amount of easily decom-
posable OM and a potential risk for NH,"-N immobilisa-
tion, although the rather low C/N would suggest otherwise
[13]. Food wastes comprise highly degradable OM with low
amounts of fibres, whereas the other digestates included
feedstocks containing more fibrous components with higher
recalcitrance (e.g. silage). The low lignin and cellulose con-
tent in FW suggests a higher degradability. However, the risk
of immobilisation by the high degradability of FW seems
low, especially with the low C input by FW, low C/N and
high NH,*-share.

It can be presumed that the aim of the AD process itself
is the main reason for the differences in composition among
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digestates: AD of agricultural feedstocks are focussed on
maximum energy yields, while the main focus of AD of food
wastes is stabilisation and hygienisation. The other digestates
indicated a rather comparable OM structure. Undigested CS
was the only sample, where determination of hemicellulose
was possible. Probably, because unCS did not go through
AD, thereby retaining OM with low recalcitrance.

Incubation Experiment

The high daily CO, evolution of all digestates achieved
within the first 2 days of incubation has been reported simi-
larly in the literature [33, 50]. Reasons for that can be a
priming effect by digestate application and to some extent a
release of soil or fertiliser CO5-C. After 17 days, CO, release
of all treatments levelled off (<20 mg day~!) (Supplemental
Fig. S1 and Table S1). The trend was similarly reported by
de la Fuente et al. 21 days after digestate application [42].

Organic Matter Mineralisation

The amount of C, or the total amount of evolved CO, in
present study cannot solely be referred to the OM of the
organic fertiliser treatment. Carbon dioxide can evolve from
dissolved bicarbonate or CaCO; dissolution (e.g. after nitri-
fication) and overestimate microbial respiration from OM
by additional abiotic C [51, 52]. Bertrand et al. showed in
a mineralisation experiment that soils with different texture
and CO;-C content release 27-35% abiotic CO,-C from
basal soil respiration [53]. Their results suggested that initial
soil pH and CO; content affect basal respiration, rather than
C mineralisation [53]. In present incubation experiment, abi-
otic soil CO, was not included in the calculation of cumula-
tive CO, development, and mineralised C was only corrected
for basal soil respiration. Native soil CO5-C could have still
been released as CO,. Yet, general comparisons of digestates
C mineralisation and degradability in the respective soil can
still be assessed without considering abiotic soil C sources.
Moreover, CO5-C from the digestates showed only minor
relevance (1.1%) in the model for cumulative CO, (model
4) and was not correlated to CO, evolution.

Regarding C mineralisation (Table 3 and Supplemental
Fig. S2) of CS and M digestates tested in our study, other
experiments showed higher C,, values (30-33%) after 56 and
76 days [39, 42, 54]. Also Nielsen et al. [55] compared soil
respiration of different manure and plant-based digestates
and found 20-44% of digestate C,,, being mineralised after
178 days in a loamy and sandy soil. The higher amounts of
respired CO, compared to our results (16.4-22.0%) were
presumably caused by the longer incubation period [55].
Digested FW showed the highest amount of C, (Table 3)
which indicated the highest OM degradability. Similarly,
Koster et al. reported higher amounts of mineralised C when
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adding food waste digestate (95%) compared to undigested
cattle slurry (43%) after 25 days of incubation [56]. Those
high amounts of emitted CO, (Fig. 1) were caused by the
low recalcitrance of the OM in FW (Table 2). Thereby,
a lower soil humus reproduction potential of FW can be
expected compared to digestates derived from agricultural
feedstocks like animal manures and dedicated energy plants.

The decomposability of the digestates’ OM is partially
driven by the fibre composition (mainly lignin and cellu-
lose content) and partially by the C/N of the digestates. The
OW digestate showed an OM composition rather similar to
the plant-based digestates, with higher amounts of cellulose
and lignin (Table 2), thus OW did not significantly differ in
C,, from grass and maize digestate (Table 3). Feedstocks
for OW digestate were collected by the municipality and
mainly composed of source-separated organic household
wastes, thus a higher share of fibrous garden and kitchen
wastes can be expected. However, OW had a higher recalci-
trance than most plant-based digestates, as shown by signifi-
cantly lower cumulative CO, production and mineralised C
amounts, although fibre composition was similar to clover-
grass digestate. In this case, the higher C/N of OW might
explain the slightly lower C mineralisation. Grass digestate
was significantly lower in cumulative CO, release than CG
and M (Fig. 1), which also may be attributed to the slightly
higher C/N and ADF fraction in grass digestate.

Field Experiment

Yield, fertiliser value, and effect of digestate composition
were assessed separately for each year, due to the different
digestate sampling batches with compositional variations.
Overall trends were discussed for both years and generalised
where applicable.

Growth Performance

The generally higher grain yields in the 1st year (Table 4)
can be attributed to a higher number of ears m~2. Nerson
[57] described a strong positive correlation between grain
yield and ear number m~2, and emphasised that the number
of ears m~> was the dominant yield component. As mean
N offtake at ear emergence appeared higher in the 2nd year
than in the 1st year insufficient N supply in spring could not
have affected the tillering of spring wheat in the 2nd year.
Regarding weather conditions, the 2nd year exhibited more
favourable climate conditions, contrasting the low grain
yields in that year. For example, rainfall from sowing to ear
emergence (April-June) was 155 and 245 mm in the Ist
and 2nd year respectively. It was suspected overall growth
conditions for spring wheat in the 2nd year were affected by
leaf blotch disease (e.g. Septoria).

The relatively high grain yield for an unfertilised treat-
ment (only 1.5 Mg ha™! lower grain yield than the N100)
might be explained by the high initial soil mineral N con-
tent, possibly caused by the relatively warm spring leading
to increased mineralisation of soil N, (Supplemental Fig.
S4). Yet, even in the 2nd year, the unfertilised control took
up 100 kg N ha~! by straw and grain at harvest. Therefore, it
can be assumed that during the vegetation period additional
soil N, was mineralised in a similar range to the 1st year.
This must have occurred later than in the st year.

Although grain yield and N offtake in the 2nd year
appeared to be lower than in the 1st year, higher MFEs were
achieved in the 2nd year (Table 6). This can be explained by
the narrow gap in N offtake between mineral and organic fer-
tilisers in 2016. The organic treatments achieved N offtakes
closer to the level of N100, hence showed higher MFE.
The range between NO and N100 within the CAN rates was
much smaller in the 2nd than in the 1st year (Fig. 1). Conse-
quently, small differences within digestate N offtake lead to
pronounced differences for the MFE, especially in the 2nd
year. This also explains the higher standard errors in MFEs
(2nd year).

Effect of Digestate Incorporation

The effect of application technique was significant in both
years, yet not coherent. Significant interactions between
organic fertilisers and incorporation in the 1st year, showed
varying influence of incorporation among digestates and
cattle slurry (Tables 4, 5): most digestates showed higher
N offtakes without incorporation (Supplemental Table S3).
Only data of the 2nd year showed the hypothesised effect
(hypothesis iv) that digestate field spreading without incor-
poration will negatively affect fertiliser efficiency. However,
a decrease with omission of incorporation was only signifi-
cant for grain yield, not for N offtake (Table 4). The number
of grain per ear was significantly higher with incorporation
for most digestates (Table 4, Supplemental Table S3) indi-
cating a higher N supply in the early growth stages (BBCH
14-31), when grain number per ear is already predeter-
mined. At the same time, grain protein content in the 2nd
year was significantly higher without incorporation (except
for G), presumably due to the lower grain yield and thousand
grain mass, but similar N offtake as those digestates which
were incorporated. Nitrogen offtake from most digestates in
the Ist year was significantly higher without incorporation
(Table 4, Supplemental Table S3). This effect on N offtake
was the contrary to expectations, as fertiliser spreading with-
out incorporation is known to increase the risk of N losses
via NHj; volatilisation [58]. However, as incorporation of
digestates was delayed for approximately 16 h in the 1st year,
NH; losses from digestates can be expected, which were on
average 6.7 kg NH;-N ha~! within 72 h as estimated by the
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ALFAM?2 model (Supplemental Table S5). The loss of NH;
would thereby increase the C/N of the digestates and could
have potentially enhanced N immobilisation after incorpora-
tion. Digestate properties added to the models for N offtake
in both years partly corroborated this assumption. In the 1st
year model (5), the C/N was not included for the incorpo-
rated treatment group, presumably due to the loss of N. Yet,
within the best fitting model, NH4+-N/N was still added to
the incorporated treatment group.

The correlation of N offtake and cumulative CO, was
only significant with omission of incorporation. Hence, the
N loss with delayed incorporation in the 1st year might have
altered N mineralisation, through immobilisation. All other
fertiliser applications were either done with ideal weather
conditions (without incorporation) or with immediate incor-
poration in the 2nd year (<1 h) leading to negligible NH;-N
losses (0.1 kg NH;-N ha ! (Supplemental Table S5).

Effect of Digestate Composition
Digestate Composition Affecting C Mineralisation

The strong negative correlation between cumulative CO,
evolution and C/N indicates a high predictability of digestate
mineralisation and verifies the first part of hypothesis (v),
even though the range of C to N ratios (without unCS and
FW) was rather narrow (4.1-6.5). The negative correlation
between ADF of digestates and CO, was related to differ-
ences in the cellulose to lignin ratio of the amendments. This
was supported by findings of Nielsen et al. [55] who deter-
mined a strong negative correlation between CO, respiration
and lignin content of the digestates. For the digestates used
in our study, the ADF fraction showed a stronger correla-
tion than ADL. But both fractions were incorporated to the
regression model of cumulative CO,-evolution after 56 days.

By direct comparison of unCS and CS in cumulative CO,
production, which did not significantly differ from each
other (Fig. 1), the influence of the lower C/N in CS was not
visible. In this case, the ADF and ADL fractions had to be
regarded, showing a higher share of recalcitrant OM in the
digested cattle slurry compared to unCS, thus showing the
importance to include fibre composition together with C/N
in one model. In contrast to our results, Nielsen et al. [55]
found undigested cattle slurry to be among the treatments
with highest C,,, mineralisation (49-51%), e.g. higher than
manure-based digestates (20-34%. This might be explained
by the larger range in ADL among the batches of digestates
and cattle slurry, promoting larger differences in mineralised
C compared to present study with narrow range (16-22%).
Given the fact that undigested cattle slurry was among the
treatments with lowest ADL (ibid.), hence higher degrada-
bility, the CO,-release was as expected higher than the diges-
tates. This relationship was also hypothesised (hypothesis v)
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in our study could be verified by correlation and regression
model. Moreover, combined with other digestate properties
(CIN, Cyo/Noyer CO5-C, crude fibre) the model predictability
of cumulative CO, evolution could be improved. Therefore,
emphasising the overall relevance of several digestate prop-

erties on soil C mineralisation.
Digestate Composition Affecting N Fertiliser Value

The comparably high N-fertiliser value of FW in both years
was related to its composition (Table 2) as discussed for
digestate properties. The other waste-based digestate OW
was not significantly different in yield and N offtake from
most plant-based digestates (Table 6), as nutrient and fibre
composition were in a similar range. The plant-based diges-
tates M, CG, and G were also comparable in the field experi-
ment (Table 6), presumably due to compositional similari-
ties. Other factors like NH; emissions and digestate-soil
interaction (N mineralisation vs. N immobilisation) seem
to have a stronger effect on the fertiliser value than differ-
ences in composition (e.g. C/N, NH,*/N, and fibre compo-
sition). Only in the 2nd year CG showed significant higher
grain yield and N offtake, corresponding to a higher NH,*-N
share, lower C/N and C,,/N, in the 2nd year sampling
compared with M and G. Gutser et al. [20] reported a rela-
tively wide range of MFEs between 40 and 60% for plant-
based digestates. Digested PM consisted of many different
feedstock components, especially maize silage (Table 1),
hence it was closer related to a plant-based digestate. How-
ever, PM tended to show a higher N fertiliser value than
M, was second highest after FW in the 1st and among the
highest yields in the 2nd year. These beneficial fertilising
properties in PM might originate from the additional feed-
stock poultry manure. Moreover, PM showed a high OM
degradability, lower C/N and C,,/N,,, as well as lower
lignin contents. Digested CS and unCS were not distinctive
in their overall N fertiliser value and in a comparable range
to the plant-based digestates, also confirmed by similarities
in composition.

Data of N offtake and MFE showed a strong positive phe-
notypic correlation in both years, hence, it was sufficient
to assess effects of digestate properties on N offtake data.
Within the N offtake models (model R?), the unfertilised
control and N100 treatment could describe 56.4% of the
experimental variance in the 1st year (model R?=0.843) and
55.2% in the 2nd year (model R*>=0.628). This high impact,
as well as the data (Table 4), show that the unfertilised con-
trol and N100 encompassed the lower and upper range of
the N offtake among treatments, explaining the large share
within total N offtake variance. Covariables could describe
74.2 (1st year) and 58.9% (2nd year) of the N offtake vari-
ance among digestates and cattle slurry (Table 7). All added
properties indicated strong correlation with each other and
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significant fit in different models. In both years, C,../N,,,
was added to the model, a constant variable unaffected by
incorporation, while NH,*/N was added only to the incor-
porated treatment group. Hence NH,*/N was more prone to
application method, as previously discussed (cf. 4.3 “Effect
of digestate incorporation”). Fibre fractions (ADL, ADF)
and C/N showed slightly varying influence among years and
incorporation levels, presumably promoted by the different
weather conditions and the delayed incorporation of the 1st
year altering the influence of digestate properties. In the
grain yield model, the NH,*-N effect within the incorpo-
rated treatment group increased compared to the N offtake
model, particularly in the 2nd year. It seems that the immedi-
ate NH,"-N-availability had a stronger effect on grain yield
than on N offtake (Table 7). Relevant yield-building factors
(grains m~2, ears plant™!, ears m~2 and grains ear™!) could
have benefited from a higher share of NH,*-N in the diges-
tates during tillering stage, explaining the increased NH,*
effect. Contrastingly for N offtake, C/N (26.5-28%) was
most important together with C /N, and fibre composi-
tion, all having a strong effect on soil N mineralisation and
immobilisation, hence N supply over the vegetation period
and total N uptake potential.

Svensson et al. [59] found in a 4-years field experiment
that mineral N contained in digestates or composts was the
best predictor for grain yield and N offtake within regres-
sion analysis. Yet, in multiple linear regression models, only
those covariables which were tested can be accounted for.
There might be additional digestate characteristics which
have not been taken into consideration that could increase
the predictability of the model (model 3). The C/N or C,,/
N, in organic fertilisers is known to significantly affect
their fertiliser effect, and a negative correlation between N
offtake or MFE with C/N or C,,/N,,, has been described
in the literature [24, 60] The highest performing digestates
in both years (Table 7) tended to have the lowest C/N or
Corg/Nor and highest NH,*-N share. As hypothesised for
the field study (hypotheses i—iii), data from N offtake should
clearly be related to digestate OM recalcitrance, C/N or C_,/

or;
Ny and NH,*-N in the regression model. In both yeari,
digestates with higher NH,*-N tended to show higher N
offtakes, as indicated by the significant positive correla-
tion (hypothesis i). Moreover, the C/N indicated a negative
correlation (hypothesis ii). Although fibre fractions (ADF,
ADL) were not significantly correlated with N offtake, they
indicated a significant effect in the linear regression models
in both years. That influence of OM degradability could also
be corroborated by the significant positive correlation of N
offtake data (1st year, without incorporation) with C,, results
from the incubation study. Thus, a higher degradability of
digestates increased N fertiliser value, partly supporting
hypothesis (iii). Digestates did show compositional differ-
ences (Table 2). Yet in combination with the high variability

(standard error) in the field (Table 5), those properties did
not provide a strong predictability on the total experimental
variance. But, as indicated in the multiple linear regression
models and the feedstock related significant differences,
digestate properties did affect fertiliser value, especially N
offtake.

Conclusion

Digestate composition may differ in a very broad range
based on the feedstocks used for anaerobic digestion, mainly
regarding C/N and N content. There is a strong correlation
between the electrical conductivity and ionic strength when
excluding Ca, probably due to the fact that Ca precipitates
at pH>7.0. In present study, all digestates proved to be suit-
able organic N fertilisers, as compared to the literature, some
(e.g. M, PM, FW, CG) achieving comparable yields and N
offtakes as the mineral fertiliser.

The interaction between digestate and (soil) environment
overlays larger variations in yield induced by compositional
differences among the digestates. The effect of digestate
composition on grain yield and N offtake was measureable,
but the importance of certain characteristics varied: while
C/N was most important for N offtake, the NH,"-N gained
impact on grain yield. Furthermore, digestates’ effects on
crop growth are also mediated by the time between soil
application and incorporation. There are some indications
that delayed incorporation of organic fertilisers after field
application can even reduce the N fertiliser value, prob-
ably due to a stronger effect on N immobilisation than on
NH; emissions. Differences in organic matter degradability
among the digestates can be attributed to differences on C/N
and fibre fractions (particularly ADF), and therefore depends
on the overall degradability of the digestates. Digestate car-
bonate content seems to be negligible for CO, evolution in
this incubation experiment, but soil carbonate should be
considered in future studies (e. g. by selecting a carbon-
ate free soil). To conclude, usual compositional differences
among digestates only have a minor influence on digestate
performance after soil application. Only in case of major
differences (e.g. FW), particularly regarding C/N, NH,*-N
concentration and fibre composition, larger variations in C
mineralisation pattern and N fertiliser value can be expected.
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