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Digestates produced by the increasing number of biogas plants require appropriate

treatment or recycling. This study investigates the fertilizing potential of separated biogas

digestates. These contain valuable nutrients and can be used in agriculture to close

the nutrient cycle. Multi-year field experiments were established at two challenging sites

in south-west Germany in 2010; results from 6 years are shown here. The objectives

were to determine (1) whether separated digestates can complement or substitute

mineral fertilizers and (2) their effect on long-term yield performance in different biomass

cropping and fertilization systems. The fertilizing performance was assessed in a split-plot

design with four replications using three cropping systems: (1) perennial grassland; (2)

intercropping of triticale and clover grass; (3) silage maize. Five N fertilization treatments

were applied, each at 150 kg N ha−1:

• mineral fertilizer (calcium ammonium nitrate)

• combined solid digestate fraction and mineral fertilizer

• solid digestate fraction

• combined liquid digestate fraction and mineral fertilizer

• liquid digestate fraction.

The influences of site, cropping system, year and fertilization treatment were highly

significant.The mineral fertilizer and combination “liquid digestate fraction + mineral

fertilizer” mostly led to the highest quantitative biomass yields in all cropping systems

at both sites. Fertilization with solid digestate fraction produced lowest yields in all

fertilized plots, with results very often not significantly different from the untreated

control. Maize achieved relatively high yields in years with favorable weather conditions;

unfavorable conditions led to low yields. The grassland and intercropping systems

were less susceptible to weather conditions, producing a more constant biomass

supply irrespective of site, treatment and year. The separated biogas digestates were

found to have a comparable effect to mineral fertilizer on biomass yield, but this

varied with cropping system. In the intercropping system, complete substitution was
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possible. The solid fraction is more likely to contribute positively to soil humus in annual

systems. In general, the combined application of digestate and mineral fertilizer is highly

recommendable to meet crops’ short- and long-term N demand, even on challenging

sites. In this study, it allowed a mineral fertilizer input reduction of 66%.

Keywords: biogas digestates, fertilization, cropping systems, bioenergy, alternative biogas substrates, nutrient

cycles

INTRODUCTION

Power and heat generated from biogas provide a significant
contribution to the increasing amount of bioenergy produced in
Europe. Here, more than 17,300 biogas plants were counted in
2015 (EBA, 2016) with a primary production of 654 petajoules
(Eurostat, 2015). The biogas sector has experienced a strong
impetus in Germany in particular, supported by the German
Renewable Energy Sources Act, which was introduced in 2000
and has since been modified several times. In 2017, there
were more than 9,300 agricultural biogas plants operating in
Germany alone (German Biogas Association, 2017), producing
116 petajoules electric power (BMWi, 2017) and an estimated
65.5 million cubic meters of biogas digestates (Möller andMüller,
2012).

Biogas digestates are the residues left from the anaerobic
fermentation of organic matter, such as animal manure and
plant biomass specifically grown for this purpose. Through the
production of biogas (CH4 and CO2) in the fermentation process,
the amount of carbon is significantly (>50%) reduced (Tambone
et al., 2009). Depending on the operating system (including pH
and temperature) of the biogas plant, N can also be lost (as NH3)
to a certain extent (Reinhold et al., 2004). However, most of the N
and all other mineral elements contained in the input substrates
remain in the biogas digestates (Vaneeckhaute et al., 2017). These
include major plant nutrients such as phosphorus, potassium and
calcium. Therefore, it is common practice to use biogas digestates
as organic fertilizers (Alburquerque et al., 2012a), which at the
same time saves costs for both mineral fertilizer and potential
disposal of the digestates (up to 25e t−1, Rolink, 2013). The good
fertilizing value of biogas digestates in comparison to mineral
fertilizer has been confirmed in several studies (Formowitz and
Fritz, 2010; Gunnarsson et al., 2010; Walsh et al., 2012; Barbosa
et al., 2014). Also, the remaining carbon bound in the organic
matter helps to maintain or even increase soil organic matter
(Möller, 2015), which is particularly valuable in marginal soils
(Nabel et al., 2014). This effect can be considerable in annual
cropping systems.

Although the use of biogas digestates as organic fertilizer
seems an efficient way of closing nutrient cycles in agriculture
and reducing external inputs of mineral fertilizer, several
potential drawbacks need to be considered in order to optimize
the efficiency and environmental performance of biomass
production systems.

The first is the distribution of digestates. They accumulate at
biogas plants and their high water content (>90%) limits their
ability to be stored and transported. For this reason, many farms

separate the digestates on site in order to reduce the water content
and volume and increase transportability (Hjorth et al., 2010).
The processing is mostly done using screw press separators,
a robust and simple on-farm technology. The separated liquid
fraction is characterized by high N (mainly in the form of directly
plant-available ammonium) and potassium contents and a total
solids content of below 5% (Gutser et al., 2005; Möller et al.,
2009; Nkoa, 2014). The solid fraction contains approx. 20% of
the total N, a third of the total phosphorus and 15% of the
potassium and up to 35% total solids (Rolink, 2013; Vaneeckhaute
et al., 2017). Farmers often collaborate with the (more or less)
neighboring farms supplying them with biomass in order to
optimize operation capacity, particularly in larger biogas plants.
The biomass suppliers receive digestates in return, thus helping
to manage any oversupply.

Second, the composition of biogas digestates can vary due to
variations in substrate supply and, as described above, differs
between the solid and liquid fractions. For this reason, farmers
are often unsure about the performance of digestates as organic
fertilizers and various studies have shown that their fertilizing
effect is not always as predictable as that of mineral fertilizer
(Möller, 2009; Hjorth et al., 2010; Odlare et al., 2011). Some
have reported that such variation in organic fertilizers can lead to
fluctuation and/or reduction in biomass yield (e.g. Alburquerque
et al., 2012b; Sieling et al., 2013). In order to guarantee biomass
yield stability, the yield effect of biogas digestates and their
liquid and solid fractions needs to be assessed. One option
for overcoming this shortcoming of organic fertilizers may be
the use of digestates in combination with mineral fertilizer or
gradual supplementation of mineral fertilizers by digestates. To
test this, two combinations of digestates and mineral fertilizer
were included in this study.

Third, decomposition of the organic matter during the
fermentation process leads to an enrichment of NH4-N in biogas
digestates (Reinhold et al., 2004). This increases the probability
of gaseous N being lost during storage and application. To
avoid such losses, field applications of digestates should be
timed to meet the crops’ nutrient demand and low-emission
application techniques should be used. Nutrient demands and
optimal fertilization systems very much depend on the type of
cropping system. Application techniques and timing, and also the
fertilizing effects of organic fertilizers all differ between annual
cropping systems, such asmaize, and perennial cropping systems,
such as grassland (Svoboda et al., 2013). In grassland for example,
the immediate effect of an organic fertilizer is usually not very
pronounced due to the high organic matter content of the soil
(Conant et al., 2017).
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In farming practice, the nutrient-rich biogas digestates are
generally applied as fertilizer to crops grown for biomass to
be used as biogas feedstock. Three such crops are considered
in this study: silage maize, grass and winter triticale. Silage
maize has been by far the most important biogas crop in
Central Europe (Herrmann, 2013), especially Germany (73%,
FNR, 2017), for quite some time now. There are several reasons
for this including high biomass and methane yields, relatively
simple production system, good availability of the required
technical equipment and low demands for plant protection
(Herrmann et al., 2017). Another aspect is the availability
of a wide range of varieties for various site conditions and
applications. In Germany however, the proportion of maize in
biogas substrate has been limited to a maximum of currently
50% (Bundesministerium der Justiz und für Verbraucherschutz,
2017). This stems from ecological concerns, for example the
fact that maize is often cultivated in large-scale monocultures
(and unfortunately often also in combination with poor farming
practices), leading to an anticipated increase in pests in the
future as well as landscape image issues. In addition, experience
has shown that maize cultivation is highly susceptible to N
losses (via leaching and gaseous emissions) and soil erosion
(Taube and Herrmann, 2009; Svoboda et al., 2013). This has
led to a call for alternatives to maize as biogas substrate and
for diversification in crop rotations (von Cossel et al., 2017). As
a result, alternative and more environmentally benign biomass
supply systems are currently being sought, including semi- to
fully perennial cropping systems.

Permanent grassland is a fully perennial cropping system
and a frequent form of land use, especially in agriculturally
disadvantaged regions (Huyghe et al., 2014). Cool temperatures
and/or a limited vegetation period render them less productive
for maize cultivation. Those with a good water supply are very
suitable for forage cropping. On such sites, grassland can achieve
top yields, comparable to or sometimes even outperforming those
of silage maize (Hartmann and Sticksel, 2010). The biomass from
grassland (and also clover grass) can be used as animal feed. Any
that is not used for feed, e.g., the second and potential following
cuts, can be ensiled and digested in a biogas plant (Hartmann
et al., 2011). At 12%, grass silage is the second most used biogas
crop substrate in Germany (FNR, 2017).

Whole-crop cereals, notably winter triticale, are the third
most frequently used biogas crop substrate (8%, FNR, 2017).
Winter triticale has a high biomass yield potential and, as
a winter cereal crop, can form a valuable part of the crop
rotation (Sticksel, 2010). Its ability to resist unfavorable biotic
and abiotic environmental factors allows good yields even at
marginal sites (Martinek et al., 2008). In our study, it was
harvested as whole green crop in early summer. This harvest
time makes it difficult to grow a second crop in the same year
(Sticksel, 2010). Thus, when grown in an intercropping system,
it is most efficient to establish clover grass by undersowing in
spring. In this study, the intercropping of triticale and clover
grass is considered a “semi-perennial system.” It has positive
effects on soil erosion control and N use efficiency due to the
year-round soil coverage and the integration of legumes in the
crop rotation.

The objectives of this study were to determine whether
separated digestates can complement or substitute mineral
fertilizers and whether/how they affect the long-term yield
performance in different biomass cropping systems.

The research approach was set up to test the following
hypotheses:

- The influence of mineral fertilizer and separated biogas
digestates on biomass yield is comparable.

- The fertilization effects are stronger in annual cropping
systems (with tillage) than in perennial cropping systems.

- The fertilizing effects are influenced by site factors, particularly
in the case of organic fertilizers.

These hypotheses were tested by means of a multi-factorial,
long-term field experiment allowing a comparison of different
fertilization treatments in three cropping systems at two sites.
For this purpose, three typical biogas substrate cropping systems
(maize; intercropping of winter triticale with clover grass;
and grassland) were established on two locations close to a
biogas plant. These were chosen to represent an annual, a
semi-perennial and a perennial system, respectively. The sites
are located at the base and the top of the mountainous
region of the Swabian Alb in south-west Germany, both
of which display agriculturally challenging conditions (soil
quality/growing season, respectively). The fertilizing effects of
biogas digestates on these cropping systems were tested using the
separated liquid and solid digestate fractions alone and also in
combination with mineral fertilizer.

MATERIALS AND METHODS

Site Description
In 2010, two multi-year field experiments were established on
marginal sites belonging to the field research station of the
University of Hohenheim in south-west Germany: one at the base
(“Valley,” 48.47◦ latitude, 9.27◦ longitude, approximately 480m
above sea level, average annual air temperature 10.0◦C, average
annual rainfall 779mm) and the other at the top (“Hill,” 48.47◦

latitude, 9.30◦ longitude, approximately 700m above sea level,
7.1◦C, 935mm) of the mountainous region of the Swabian Alb;
approximately 35 km south of Stuttgart.

The soil at the “Valley” site is classified as lithoidal clay
rendzina with a depth of approximately 0.6m. The soil at the
“Hill” site is a silty clayey loam with a depth of over 1.0m. The
climate data relevant for the field study (2012–2017) are shown
in Figure 1. Data for the “Valley” site are taken from the nearest
weather station at Metzingen, 48.55◦ latitude, 9.30◦ longitude,
391m above sea level.

Experimental Approach
The fertilizing performance of separated biogas digestates was
assessed using three cropping systems: (1) perennial grassland;
(2) intercropping of winter triticale and clover grass; (3) silage
maize.

The grassland plots were established in April 2010 using
a grassland seed mixture for 3–4 cuts per year (28% Lolium
perenne, 19% Festuca pratensis, 19% Phleum pretense, 13% Poa
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FIGURE 1 | Monthly weather data for field sites “Valley” (A) and “Hill” (B) for years 2012–2017. Average air temperature was measured 2m above soil surface (Center

for Agricultural Technology Augustenberg 2017).

pratensis, 6% Festuca rubra, 6% Dactylis glomerata, 9% Trifolium
repens; LAZBW Aulendorf, Germany) sown at a rate of 32 kg
ha−1. Reseeding was carried out in August 2014 at a rate of
23 kg ha−1 using a mixture specifically designed for less favorable
areas (32% Lolium perenne, 20% Phleum pratense, 16% Poa
pratensis, 16% Dactylis glomerata, 4% Alopecurus pratensis, 12%
Trifolium repens; LAZBW Aulendorf, Germany) with the aim of
maintaining grass cover and counteracting increasing gaps.

The winter triticale (x Triticosecale var. “Tarzan”) plots were
generally sown in the first week of October at a rate of 300 seeds
m−². Clover grass was undersown in the triticale in March/April
of the years 2013, 2015 and 2017 at a rate of 30 kg ha−1 using a
mixture consisting of 83% Italian ryegrass (Lolium multiflorum
L. var. “Tarandus”) and 17% red clover (Trifolium pratense L.
var. “Titus”). For reasons of clarity, it is referred to as “clover
grass” instead of “clover grass mixture.” After the last clover grass
cut, plots were cultivated with a rotary hoe (8 cm) and chisel
plow (16 cm) and then prepared for sowing triticale by rotary
harrow (12 cm).

The maize (Zea mays L.) plots were sown after seedbed
preparation with a rotary harrow (12 cm) at a rate of 13 seeds
m−² in rows 0.75m apart as soon as reasonable, mostly in the first
half of May. Varieties were selected according to the vegetation
period at each site: “Ronaldinio” (FAO 240) for “Valley” and
“Amadeo” (FAO 220) for “Hill.” From 2015 onwards, these
were switched to newer varieties with the same FAO numbers,
respectively (“Frederico” for “Valley” and “Colisee” for “Hill”).
Maize seeds were provided by KWS Saat SE, Einbeck, Germany.
Soil tillage included stubble cultivation with a chisel plow

(16–18 cm) immediately after harvest and plowing (20 cm)
later on.

The three crops were fertilized with separated biogas
digestates in four different variants (Table 1). The digestates
were obtained from a 355 kilowattelectric biogas plant at the
research station, fed mainly with animal manure and maize
silage. Solid/liquid separation was performed with a screw press
separator. A mineral fertilizer and an untreated control were
included for comparison. All treatments except the control were
applied at 150 kg N ha−1; amounts and timing are summarized
in Table 2. Residual plant-available nitrogen (Nmin), phosphorus,
potassium, calcium, magnesium and the pH in the soil were
measured every spring and fall to be used for subsequent research
analysis (for methods, see Ehmann et al., 2017). Results from the
initial soil sampling (0–30 cm) are summarized in Table 3.

Before each application, the NH+
4 content of the digestates

was determined to take account of slight variations over time.
Each time, two subsamples were taken; one was analyzed directly
using a Quantofix N volumeter (Van Kessel and Reeves, 2000),
the other was stored at−18◦C and analyzed later in the lab (DIN
38406-E5-2) to validate the first measurement.

Table 4 shows the average NH+
4 concentrations of the

digestates (values for 2012–2017), together with concentrations
of other nutrients and pH (values for 2013–2015).

Applications were split into 2-3 portions to suit the crops’
requirements as optimally as possible (Table 2). In grassland
and clover grass, the initial portion was usually applied in
spring and the subsequent portions after cutting. Where
possible, the digestates were incorporated immediately after
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TABLE 1 | Description of fertilization and control treatments.

Variant Treatment Mode of application

Control Unfertilized control –

Mineral CAN Fertilizer spreader

Solid+ Separated solid digestate

fraction + CAN (2:1)

Digestate applied manually; CAN

with fertilizer spreader

Solid Separated solid digestate

fraction

Manually

Liquid+ Separated liquid digestate

fraction + CAN (2:1)

Digestate with slurry trailer; CAN

with fertilizer spreader

Liquid Separated liquid digestate

fraction

Slurry trailer

CAN, calcium ammonium nitrate.

application using a harrow (10 cm) to minimize N losses. In
the combined treatments, digestates and mineral fertilizer were
applied approximately 1 week apart from each other.

The experiments were established in a split-plot design with
four replications, resulting in 72 plots (32 m²) at each site. Main
plots were the cropping systems and subplots the fertilization
treatments. Treatments were randomized for each site separately.

Herbicides and fungicides were only applied when necessary
and then according to good agricultural practice.

The grassland plots were cut three (in 2016 two) times per year
according to good agricultural practice. The last sparse growth of
each year was cut and removed from the plots, but not included
in the yield.

For the intercropping plots, the harvesting regime was as
follows: in the years 2012, 2014, and 2016, the clover grass was
harvested three to four times; in 2013, 2015, and 2017 the winter
triticale was harvested wholecrop around the early dough stage
(BBCH 83) and the undersown clover grass in September or
October.

The maize was harvested wholecrop with a plot-size field
chopper around the stage of silage ripeness (BBCH 85) and a
dry matter content of 30–35% TS when weather conditions were
suitable.

Samples were taken from each cut and the dry matter biomass
yield (DMY) determined by drying at 60◦C to constant weight.

Statistical Analysis
A mixed model was developed for all traits using the following
equation (Piepho et al., 2004):

L+ C + F + L • C + L • F + C • F + L • C • F :Y + Y • L+

Y • L • R+ Y • C + Y • F + Y • L • C + Y • L • F + Y

•C • F + Y • L • C • F + R • Y • L+ C • R • Y • L

+ C • F • R • Y • L,

where C and F denote effects of the treatments “cropping
system” and “fertilization,” R, L, and Y denote effects of
“replicate,” “site,” and “year,” respectively. Interactions between
the treatments “site” and “year” are denoted by a dot between
the corresponding main effects. “R • Y • L + C • R • Y • L +

C • F • R • Y • L” denotes replicate effects and effects of main
and subplot error in each combination of site and year. Effects
from different years are repeated measurements, therefore a
first-order autocorrelation was fitted to them. Crop-by-fertilizer-
specific variances were assumed but only fitted to sub-plot errors
to avoid convergence problems. Fixed effects are given before the
colon. To achieve homogeneous residual variances and normality
of residuals, data were log-transformed. Both pre-requirements
were checked graphically. Where an F-test revealed significant
effects, a multiple t-test (α = 0.05) was performed. To create the
letter display, the %mult macro (Piepho, 2012) was used.

Furthermore, cumulated system-by-site-by-fertilizer
treatment estimates across years and their standard errors were
calculated as a sum of single-year BLUPs (best linear unbiased
prediction), or its standard errors, for each combination of
system, site and fertilizer treatment. A single-year BLUP here
refers to the sum of the least square estimate for one system-
by-site-by-fertilizer treatment mean and the corresponding
random year main effect and its interaction effects. Yield data
was logarithmically transformed, therefore presented values are
interpreted as medians. Thus, cumulated yield estimates were
also made from the given model.

The data analysis was carried out with SAS software version
9.3 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Cumulative yields from the 6 years are presented here to compare
the long-term yield performance of the cropping systems.Table 5
shows the results of the statistical analysis of the main effects;
these all had a significant influence except the interaction
“site∗system.”

Perennial Grassland
At the “Valley” site, the highest DMY was obtained with mineral
fertilizer, followed by the two combination treatments. The liquid
digestates only and solid digestates only treatments were not
significantly different from the combination treatments or the
control (Figure 2). At the “Hill” site, the treatments appeared
to be more efficient than at the “Valley” site. This is visible
from the difference in DMY between control and treatments,
both in cumulative as well as annual DMY. All treatments led
to a higher DMY than in the control. The highest DMY was
obtained with the two treatments containing solids, which were
both significantly better than “liquid” only (Figure 2). As to be
expected, the first of the usual three cuts made up the largest share
of the annual yield.

It was noticeable that in 2017 the DMYwas considerably lower
at the “Hill” than at the “Valley” site. Here, the effect of decreasing
DMY over the years becomes especially visible in the control
plots (from 114 dt ha−1 in 2012 down to 49 dt ha−1 in 2017),
whereas the “solid+” (average 89 dt ha−1) and “solid” (average
88 dt ha−1) plots were most stable. There were no particular
fluctuations visible between the years. At the “Valley” site, the
“mineral” plots showed the highest tendency toward decreasing
yields.
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TABLE 2 | Amounts and timing of fertilization treatments.

Variant Dose Grassland Intercropping Silage maize

Triticale Clover grass

kg N Time kg N Time kg N Time kg N Time

Mineral 1 80 as CAN start vegetation

period

80 as CAN start vegetation

period

80 as CAN start vegetation

period

90 as CAN before sowing

2 40 as CAN after 1st cut 70 as CAN start stem

elongation

70 as CAN after 1st cut 60 as CAN 4-leaf-stage

3 30 as CAN after 2nd cut – – – – – –

Solid+ 1 50 as solids +

50 as CAN

start vegetation

period

50 as solids +

50 as CAN

start vegetation

period

50 as solids +

50 as CAN

start vegetation

period

70 as solids +

25 as CAN

before sowing

2 50 as solids after 1st cut 50 as solids start stem

elongation

50 as solids after 1st cut 30 as solids +

25 as CAN

4-leaf-stage

3 – – – – – – – –

Solid 1 70 as solids start vegetation

period

70 as solids start vegetation

period

70 as solids start vegetation

period

90 as solids before sowing

2 45 as solids after 1st cut 45 as solids start stem

elongation

45 as solids after 1st cut 60 as solids 4-leaf-stage

3 35 as solids after 2nd cut 35 as solids end stem

elongation

35 as solids after 2nd cut – –

Liquid+ 1 40 as liquids +

50 as CAN

start vegetation

period

40 as liquids +

50 as CAN

start vegetation

period

40 as liquids +

50 as CAN

start vegetation

period

60 as liquids before sowing

2 30 as liquids after 1st cut 30 as liquids start stem

elongation

30 as liquids after 1st cut 50 as CAN +

40 as liquids

4-leaf-stage

3 30 as liquids after 2nd cut 30 as liquids end stem

elongation

30 as liquids after 2nd cut – –

Liquid 1 70 as liquids start vegetation

period

70 as liquids start vegetation

period

70 as liquids start vegetation

period

80 as liquids before sowing

2 50 as liquids after 1st cut 50 as liquids start stem

elongation

50 as liquids after 1st cut 70 as liquids 4-leaf-stage

3 30 as liquids after 2nd cut 30 as liquids end stem

elongation

30 as liquids after 2nd cut – –

CAN, calcium ammonium nitrate.

This general tendency toward declining yields over the
years was observed at both sites. It was most likely due
to gaps in the grass cover as a consequence of aging plots
on the one hand and an infestation with field mice on
the other. These gaps increased in frequency and size over
time. Although reseeding was performed in August 2014, the
plots did not recover satisfactorily as it was too dry during
the following weeks. It was observed that the higher-value
grass species in the initial seed mix (e.g., including perennial
ryegrass Lolium perenne L., meadow fescue Festuca pratensis L.,
and timothy Phleum pratense L.) disappeared over time and
were replaced by species of inferior quality. At the “Valley”
site, this was predominantly rough bluegrass (Poa trivialis
L.). In addition, the occurrence of broad-leaved dock (Rumex
obtusifolius) reduced the quality of botanical composition at
this site. Even the frequent cutting did not displace this
persistent weed. The plots at the “Valley” site were also
invaded by moss. At the “Hill” site, the initially established
perennial ryegrass (Lolium perenne L.) was mainly replaced by

cocksfoot (Dactylis glomerata L.). In general, the patchiness of
the grass cover was less pronounced at the “Hill” than at the
“Valley” site.

The dry matter content (DMC) of the grass samples was
homogeneous and relatively low. At the “Valley” site, the average
DMC of all samples was 20% (cut 1) and 23% (cuts 2–3); at the
“Hill” site, 21 and 24%, respectively.

Intercropping of Winter Triticale and Clover
Grass
The DMY of the intercropping system was fairly homogeneous at
both sites. This was particularly the case at the “Valley” site, where
all treatments performed equally well and, with the exception
of “solid,” resulted in significantly higher DMY than the control
(Figure 3).

At the “Hill” site, all treatments increased the yield compared
to the control. The highest DMYwas obtained with the “liquid+”
treatment. This was significantly higher than with the “solid”
treatment (Figure 3).
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TABLE 3 | Initial soil characteristics (0–30 cm) at the two sites in September 2010.

Site P2O
*
5

K2O* Mg* TOC pH

mg (100g soil)−1 % DM

Valley Mean 44.96 (±15.79) 55.95 (±24.55) 14.30 (±1.86) 4.62 (±0.96) 7.22 (±0.06)

n 24 24 23 12 5

Hill Mean 15.42 (±1.84) 19.37 (±1.86) 11.88 (±0.86) 2.68 (±0.27) 5.46 (±0.11)

n 24 24 24 12 8

Values in brackets indicate standard deviation.

DM, dry matter.

*plant-available concentrations; analyzed with CAL extraction followed by flame photometer (P2O5), FIA measurement (K2O) according to OENORM L 1087:2012-12-01 and CaCl2

extraction followed by AAS measurement (Mg) according to VDLUFA I A 6.2.4.1; soil pH was determined using a glass electrode after CaCl2 extraction (DIN ISO 10390:2005); TOC

(total organic carbon) analyzed according to DIN EN 15936:2012-11.

TABLE 4 | Characteristics of digestates and mineral fertilizer.

Total solids Ct Nt NH+

4
-N NO−

3
-N P K Ca pH

% FM % DM % FM % FM % FM % FM % FM % FM –

Solid digestate fraction Mean 23.58 42.31 0.58 0.26 <0.001 0.22 0.46 0.47 8.51

STD 4.49 1.36 0.08 0.06 – 0.05 0.10 0.12 0.15

n 14 14 18 14 14 14 14 14 14

Liquid digestate fraction Mean 5.06 34.94 0.38 0.24 <0.001 0.07 0.41 0.16 7.79

STD 1.14 1.18 0.07 0.04 – 0.02 0.07 0.03 0.08

n 11 11 11 31 11 11 11 11 11

Calcium ammonium nitrate (CAN) – – 27.00 13.50 13.50 – – 10.00 –

FM: fresh matter; DM: dry matter; STD: standard deviation.

TABLE 5 | Results of the statistical analysis of main effects.

Effect Number of DF F statistic p-value

site 1 4.59 0.0324

system 2 4.14 0.0162

treatment 5 29.56 <0.0001

system*treatment 10 6.42 <0.0001

site*system 2 0.51 0.6026

site*treatment 5 25.41 <0.0001

site*system*treatment 10 8.74 <0.0001

DF, Degree of freedom; level of significance was p ≤ 0.05.

The highest yields were obtained at both sites in 2012 and
2013. After this, the yields decreased, but remained at a more
or less constant level (120 dt ha−1 at the “Valley” site, 112 dt
ha−1 at the “Hill” site). As expected, the yield difference between
control and treatments was larger for triticale than for clover
grass, indicating a more prominent fertilizing effect.

In 2015, the triticale DMY was reduced at the “Hill” site due
to infestation with yellow rust (Puccinia striiformis).

Figure 4 shows that the majority of the triticale plots
were harvested too late and the DMC was higher than the
optimal value, particularly at the “Valley” site. The DMC varied

considerably more at the “Valley” than at the “Hill” site. In 2017,
the average DMC at the “Valley” site was 63% with individual
maximal values of more than 80%, whereas in the other years
values were more within the normal range (46% in 2013, 36% in
2015).

Silage Maize
At both sites, the highest maize DMY was obtained with mineral
fertilizer; however, this was only significant at the “Hill” site
(Figure 5).

At the “Valley” site, both combination treatments performed
as well as the mineral fertilizer.

At the “Hill” site, all treatments with digestates except “solid”
were comparable to each other and resulted in the second highest
DMY after mineral fertilizer.

In general, the DMY standard deviations were higher and
fluctuatedmore at the “Valley” than at the “Hill” site. This is likely
due to the relatively high heterogeneity of the field conditions.
In addition, problems with regrowth from the preceding crop
Jerusalem artichoke (Helianthus tuberosus) led to massive yield
reductions in certain plots, in one replication in particular,
despite frequent manual weeding and the occasional herbicide
application. It is interesting that the lowest standard deviation
at the “Valley” site was found with mineral fertilizer indicating
a reliable fertilizing effect, independent of external influences.
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FIGURE 2 | Mean dry matter yield (DMY) of perennial grassland at the sites “Valley” and “Hill” from 2012–2017 fertilized with different treatments of separated biogas

digestates and mineral fertilizer in comparison to unfertilized control. Error bars indicate standard deviation of accumulated yields. Means with identical letters are not

significantly different from each other (n = 4, p ≤ 0.05). For explanation of treatments, see Table 1.

FIGURE 3 | Mean dry matter yield (DMY) of an intercropping system with winter triticale and undersown clover grass grown at the sites “Valley” and “Hill” from

2012–2017 fertilized with different treatments of separated biogas digestates and mineral fertilizer in comparison to unfertilized control. Checked parts of the columns

indicate years in which only clover grass was harvested (2012, 2014, 2016). Error bars indicate standard deviation of accumulated yields. Means with identical letters

are not significantly different from each other (n = 4, p ≤ 0.05). For explanation of treatment, see Table 1.

FIGURE 4 | Dry matter contents of triticale grown at the sites “Valley” and “Hill” in 2013, 2015, and 2017 fertilized with different treatments of separated biogas

digestates and mineral fertilizer in comparison to unfertilized control (n = 4). The green lines indicate the optimal dry matter content range. For explanation of

treatments, see Table 1.
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FIGURE 5 | Mean dry matter yield (DMY) of silage maize grown at the sites “Valley” and “Hill” from 2012–2017 fertilized with different treatments of separated biogas

digestates and mineral fertilizer in comparison to unfertilized control. Error bars indicate standard deviation of accumulated yields. Means with identical letters are not

significantly different from each other (n = 4, p ≤ 0.05). For explanation of treatments, see Table 1.

The effect of year was clearly recognizable. 2013 and 2015 were
not good years for maize cultivation: wet and cold conditions
in spring delayed sowing and/or germination; drought periods
with high temperatures in summer months negatively influenced
growth (see also Figure 1 for weather data). In those years, the
mineral fertilizer showed the best performance of all treatments.
In years with weather conditions favorable for maize cultivation
(2014, 2016, 2017) most digestate treatments worked equally well
as mineral fertilizer.

The year 2016 was exceptional in that the spring was cold and
wet, but there was a short favorable time slot which could be used
for sowing. This was followed by a lot of rain in early summer
before a dry, hot period set in. At the “Valley” site, this resulted
in low DMY (on average 83 dt ha−1 for fertilized plots), but a
very satisfactory yield at the “Hill” site (118 dt ha−1). Here, the
higher altitude and thus lower average temperature, together with
the deep soil, were an advantage. Consequently, the water supply
lasted longer during the heatwave, ensuring better growth than at
the “Valley” site.

The separated solid digestate variant led to the lowest yields
of all treatments at both sites (Figure 5). This was visible in most
years, but also for the accumulated yields. At the “Valley” site, it
resulted in yields comparable to the control and to the “liquid”
treatment (or even lower in absolute values). At the “Hill” site,
it had a DMY higher than the control, but lower than the other
treatments.

Figure 6 shows that the majority of the maize plots were
harvested with a dry matter content (DMC) within the optimal
range of 30 to 35% TS. In general, DMCwas lower and fluctuated
less at the “Hill” site.

DISCUSSION

Significant differences in yield performance were found between
the annual, intercropping and perennial cropping systems
subjected to the treatment variants. Interactions with site and
year effects were also observed.

The highest and most stable biomass yields were found in the
intercropping system with triticale and clover grass, irrespective
of the site, treatment and year. This was followed by perennial
grassland, which also proved to be relatively stable with regard
to treatment and year, but provided lower DMY. Maize only
produced high yields in years with favorable climatic conditions.
Particularly in years with unfavorable conditions, the best maize
yields were achieved with mineral fertilizer, whereas in normal
years theDMYdifference between treatments was small. Thus the
influence of the year effect also varied between cropping systems.

In general, the “Valley” site had higher DMY, but the “Hill”
site provided better conditions for growth during hot, dry periods
due to the lower average temperature and longer water supply.
We also observed that the treatments weremore effective in terms
of yield at the “Hill” site, as the DMYwas significantly higher than
the control on all fertilized plots in all three systems here.

Effect of Fertilizer Treatments on Yield
Performance of the Three Cropping
Systems
The annual system responded most sensitively to influences of
treatments, site and year. The yields were significantly influenced
by all these factors. As a C4 crop, maize reacts relatively
strongly to temperature fluctuations and requires favorable
temperatures and sufficient water supply for germination and
good establishment, especially if sown in late spring (Maton
et al., 2007). In this study, the highest maize yields were achieved
with mineral fertilizers, particularly in cooler years and at the
cooler “Hill” site. This can be explained by the fact that mineral
fertilizer application can be timed to provide plant-available N
to coincide with the crop’s requirements (Möller, 2009). The
N availability of mineral fertilizer is also less dependent on
climatic conditions, especially temperature and water supply,
than organic fertilizer (Agehara and Warncke, 2005) and the
share of mineral N is of course higher than in the digestates
(Table 4). After sowing, maize first needs to build its root system
and is highly dependent on rapidly plant-available N at exactly
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FIGURE 6 | Dry matter contents of silage maize grown at the sites “Valley” and “Hill” from 2012–2017 fertilized with different treatments of separated biogas

digestates and mineral fertilizer in comparison to unfertilized control (n = 4). The green lines indicate the optimal dry matter content range. For explanation of

treatments, see Table 1.

the right time (Plénet and Lemaire, 1999). This can best be steered
by the application of easily soluble mineral fertilizer.

The effect of more rapid N availability frommineral than from
organic fertilizers was particularly evident in the years 2013 and
2015 when temperatures were lower than the long-term average
and 2015 also had less than average rainfall during the growing
season. In these years, the mineral fertilizer had significantly
better results, especially at the “Hill” site, and the solids had a
lower performance. In 2013 at the “Valley” site, the solids even
resulted in a lower DMY than the unfertilized control. This may
have been caused by initial N immobilization, which often occurs
after the application of organic matter (Gutser et al., 2005).

Mineral fertilizer had the best effect on maize yield, in terms
of both amount and stability, over the years. This was the
case for application of mineral fertilizer alone as well as in
combination with digestates. The crop’s short-term demand for
plant-available N was met through the mineral fertilizer and
later—once the maize had established—N from the digestate had
been mineralized and could provide the maize with a sufficient
supply. In addition, the combinations provided at least a certain
amount of organic matter (OM). This may be valuable as maize
leaves a limited amount of crop residues and its cultivation tends
to reduce soil organic matter and humus (Karpenstein-Machan,
2013; Komainda et al., 2018). Several studies have suggested that
the combination of organic and mineral fertilizers can improve
the regulation of N supply and enhance the effect of the two
fertilizer types. As such, it is the most effective way of achieving
both high yields and at the same time a build-up of soil organic
matter (SOM) (Rauhe, 1987; Körschens et al., 1998; Svensson
et al., 2004; Gutser et al., 2005; Möller, 2009). However, as
simultaneous application can temporarily immobilize mineral N
and increase the risk of N2O emissions, it is recommended that
digestates and mineral fertilizer are applied with a time delay
(Möller et al., 2009). We followed this recommendation in our
field experiments.

In addition, the effect of combined mineral and organic
fertilizers versus the application of mineral fertilization alone

depends on site conditions. At the cooler “Hill” site, where
the soil only warms up slowly in spring, the mineral treatment
worked significantly better than the combinations. By contrast,
at the “Valley” site, the mineral fertilizer and the combinations
had comparable effects.

As expected, and observed at both sites, the yield effects of
the different fertilizer types were less pronounced in permanent
grassland than in the annual cropping system. As grassland
is characterized by year-round soil cover, it can better exploit
the long-term fertilizing effects of the organic treatments than
the other two systems. These long-term effects result from the
more continuous N release as well as better water retention and
other factors improving soil fertility. However, grassland proved
to be the system with the lowest total yields over 6 years. In
addition, the aging effect of the plots in this system needs to
be considered. For this reason, it is difficult to assess the effects
of fertilizer treatment and system separately, as the system itself
degrades over time (increasing gaps, reduction/loss of valuable
grass species) and yields subsequently decrease. Therefore, the
aging effect on yields may mask the fertilizer effects.

For permanent grasslands, there were also clear site effects.
At the warmer “Valley” site, mineral fertilizer resulted in the
significantly highest DMY. In contrast, at the “Hill” site, both
treatments with solids led to the highest DMY during the
experimental period. This was somewhat unexpected as the solids
treatments had lower yields in the annual and intercropping
systems at both sites. At the beginning of the experiment, we had
assumed that organic fertilizers would be less effective the more
marginal the site conditions are. As N mineralization and OM
turnover are influenced by temperature (Davidson and Janssens,
2006), it was surprising to find the good performance of the
treatments with solids at the site with lower average temperature
and limited vegetation period. This result was undoubtedly a
consequence of an interaction between system, treatment and
site, but cannot be sufficiently explained by the data collected in
this study. Repeated application of solid digestates could have
increased the soil pH at this site, which was relatively low at
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the beginning of the experiment (5.5). However, an intermediate
soil analysis in fall 2014 showed that the pH had decreased to
5.3 on average on all grassland plots. The smallest decrease was
found on plots treated with solids (5.4). Nabel et al. (2017) found
that the comparative advantage of digestate fertilization over
mineral NPK fertilization on biomass yield became increasingly
pronounced over time and explained this through the crucial role
of soil carbon content for plant growth. This obviously applies
more to perennial systems where the soil is not disturbed and
becomes more important the more marginal the soil is. This
may serve as an explanation for the surprising performance of
the solids at the “Hill” site. However, our hypothesis is that
the proportion of nutrient supply provided by OM turnover
increases with time and thus renders the grassland system
increasingly independent of the direct nutrient effect of the
fertilizers.

The intercropping system (here two crops grown in rotation)
proved to be a stable and robust system that provided constantly
high yields. In this system, the soil was almost always covered
(except during early development stages of triticale). Unlike
maize, generally all fertilizer treatments worked equally well
independent of the site or crop. The yields in the intercropping
system appeared to profit from the crop rotation effect, mainly
from the biological fixation of atmospheric N2 by the clover
in the mixture (not quantified). This is intended to ensure a
more constant N supply independent of fertilizer applications, for
example during periods of low N availability due to insufficient
amounts of mineralized N. The leguminous component of this
system differentiates it from the others. Grassland also contains
some clover, but in the intercropping system clover is sown afresh
every other year resulting in a higher proportion of legumes in the
sward and consequently a higher N fixation rate.

The clover grass and triticale both developed intensive root
systems; thus the intercropping system produced a considerable
amount of crop residues which additionally contributed to the
build-up of SOM and the residual supply of mineralized N
(Fouda et al., 2013).

In this study, we focused on the effects of the treatments
on biomass yield of the cropping systems and mainly limited
the explanation of different fertilizer effects to differences in
the timeliness of N availability and the capacity of the various
fertilizer types to contribute to SOM production. Another aspect
that was considered in explaining differences in yield effects of
the various fertilizer types was their interaction with the three
cropping systems tested here. All cropping systems have their
growth peaks at different times, which clearly affects the nutrient
demand and uptake during the vegetation period (Herrmann
et al., 2017).

Implications of Different Fertilization
Systems
When assessing the suitability of biogas digestates as fertilizers,
other aspects in addition to the yield effect need to be considered.
Clearly, a farmer who produces biogas needs to dispose of the
digestates. In practice, biogas digestates are often separated and
used as fertilizer on the farm. However, when other feedstock

streams, such as slurry, are co-digested in the biogas plant,
the nutrients in the digestates constitute an oversupply at farm
level. Therefore, digestates are often transported to other farms.
Alternatively, they can be further processed to bio-based mineral
fertilizers (Vaneeckhaute et al., 2017). For example, nutrients can
be recovered from the liquid fraction by precipitation and filtered
off as a mixture of phosphate salts, including struvite (Bilbao
et al., 2017; Ehmann et al., 2017). Since this process is costly, the
extent to which digestates are directly applied as organic fertilizer
or, especially in the case of the liquid fraction, are processed into
mineral fertilizer should be carefully considered on a case-by-case
basis.

Mineral fertilizer use is always accompanied by the highest
costs and environmental impacts, irrespective of whether it is
produced chemically (N), from mining (P) or through recovery
from biogas digestates (N and P). From a farming practice
point of view, mineral fertilizers have the advantage of more
predictable N supply on the one hand and easier applicability
on the other. The latter is particularly relevant for permanent
cropping systems. One major environmental benefit of digestates
is that they can help save on mineral N fertilizer, either by
complete or partial substitution. In good agricultural practice,
gaseous emissions during and after digestate application are
kept to a minimum, which was not ensured with the liquid
manure spreader used in this study. Application techniques
near the soil surface including trailing hoses, trailing shoes and
injection would of course reduce gaseous losses (especially in
systems and at stages where incorporation is not possible) and
at the same time increase the plant-usable N (Möller et al.,
2008). The solid fraction should ideally be incorporated into
the soil to avoid gaseous N losses (Holly et al., 2017), allow
for nutrient release through decomposition and avoid a layer
of organic matter remaining on the crop. The application of
solids is even more laborious in systems which require multiple
cuts over the vegetation period. Although our results showed
that solids significantly increased grassland yields, at least at the
less favorable “Hill” site, the practicability of solid application
remains limited. For this reason, only the liquid fraction is
recommended for grassland due to its good infiltration, and also
its high N and K but low P contents which correspond well with
the nutrient removal by the crops (Messner, 2014).

The application of solid digestates thus appears more
appropriate in cropping systems with frequent soil cultivation
and on sites where a benefit fromOM can be expected. Soil tillage
increases the turnover of OM from digestates and crop residues
(Blair et al., 2006; Sarker et al., 2018). Although solids were
actually not recommendable for maize in terms of their fertilizing
effect, their regular application is considered beneficial here for
OM replacement (Nkoa, 2014). A study by Nabel et al. (2017)
showed that organic fertilization with digestates had a positive
influence on soil properties (e.g. increased soil respiration and
enhanced water-holding capacity), particularly on marginal sites.
The supply of nutrients other than N, including P, K and various
microelements, is a further advantage over mineral fertilizer
(Risberg, 2015).

In this study, we divided the fertilizer and digestate
applications into several doses. In farming practice, this effort
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may be lowered by reducing the number of fertilizer doses. In
grassland, the majority of the N dose would be applied in late
winter or early spring, followed by only one more dose later on
(Möller et al., 2009). In maize for example, the solids could be
applied in one dose before sowing. This may even be possible for
the liquids, primarily in the combinations. Lavandier et al. (2011)
fertilized silage maize with up to 170 kg N ha−1, applied in form
of liquid digestate in one dose and found that this did not lead to
increased Nmin values.

In this study, grassland proved to be the system with
lowest yields and highest workload. Nevertheless, permanent
grassland is considered the most environmentally friendly way
of producing energy crops (Rippel, 2008) and provides a suitable
opportunity to maintain ecologically valuable grasslands that
are no longer used for fodder production. This is particularly
the case when mineral fertilizer is replaced with digestates,
because the grassland productivity can be maintained with lower
environmental impact (Walsh et al., 2012).

CONCLUSION

The first hypothesis underlying this study, that the influence
of mineral fertilizer and separated biogas digestates on
biomass yield is comparable, was confirmed. However, the
recommendations that can be deduced from this vary depending
on cropping system and site. All three systems tested revealed
their own specific strengths and weaknesses; the same applies to
the treatments. For perennial or intercropping systems, separated
digestates can be fully recommended. In the intercropping of
triticale and clover grass, separated digestates were able to
substitute mineral fertilizer completely. Contrary to our
expectations, the solids performed very well in terms of yield
in interaction with grassland at the “Hill” site. However, it
was seen that the use of solids in permanent grassland does
not exploit their full potential. A higher benefit from solids is
expected from application in annual systems where they can
contribute positively to the build-up of OM. Any short-term N
demand of crops is better met by a combination of digestates
(liquid preferable to solid, due to high content of plant-
available ammonia-N) and mineral fertilizer. The combinations
performed equally well as mineral fertilizer alone in most of the
systems, sites and years and allowed mineral fertilizer input to be
reduced by 66%.

The second hypothesis, that fertilization effects are stronger in
annual cropping systems (with tillage) than in perennial cropping
systems, could be partly confirmed. If the objective is tomaximize
yield performance, the preferred option is the use of mineral
fertilizer alone or in combination with digestates. Since the

application of solid digestates and their incorporation into soil is
most difficult in perennial systems, the best balance between the
goals of high biomass yield and maintenance/increase of SOM
content on the one hand, and the practicability of applying solid
digestates on the other, can be achieved in the intercropping
system.

The third hypothesis, that fertilizing effects are influenced
by site factors, particularly in the case of organic fertilizers,
could also be confirmed. The effect of organic fertilizer was
found to be unpredictable, especially on cooler sites. To
avoid yield fluctuations and N losses on such sites, perennial
systems are recommended, as they capture N released at
different times in the vegetation period. For these sites, the
positive effect of solid biogas digestates on soil fertility and
SOM can help improve the long-term stability of biomass
production.

In summary, the combined application of organic and
mineral fertilizer is the best approach to implement the multiple
aims in terms of high yields, low-cost farming and minimal
negative environmental impacts. The good performance of
the combinations, together with reduced expenses for mineral
fertilizer, can help improve farmers’ acceptance of organic
fertilizers.
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