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Abstract: Digestates are commonly used as organic inputs in agriculture. This study aimed to answer
four questions: (1) What are the immediate and longer-term impacts of digestates on soil microbial
activity?; (2) How much of the digestates’ carbon is mineralized within the first months? (3) How do
the nitrogen, lignin, cellulose, and hemicellulose contents of digestates influence microbial activity
and carbon mineralization? (4) How does the soil type influence mineralization? To investigate this,
dehydrogenase activity (DHA) was measured in a field trial and in laboratory experiments with five
digestates (DGs), cattle slurry, and cattle manure. DHA measurements were supplemented with soil
respiration experiments using two different soils. DHA was significantly increased by all organic
inputs, but decreased back to the control level within seven months under field conditions. Twenty
percent to 44% of the organic carbon (Corg) in the digestates was converted to CO2 after 178 days.
Soil respiration was significantly negatively correlated to lignin content (r = −0.82, p < 0.01) and not
correlated to nitrogen, cellulose, or hemicellulose content. On the basis of equal carbon application,
slurry promoted soil respiration and DHA more strongly than digestates in the short term.

Keywords: dehydrogenase activity; soil respiration; separation; biogas residues; digestates

1. Introduction

As a result of growing numbers of biogas plants in the EU, more digestates are produced and
applied on arable land [1]. These digestates’ compositions and chemical properties differ significantly
depending on the substrates, process temperature, retention time, etc., of the biogas plant [2,3].
The increase in energy production from purpose-grown phytomass has led to concerns regarding
the impact of the vast amounts of residues that are consequently incorporated in agricultural fields,
because some authors report a declining effect of such residues on soil fertility [4]. Arguments to
this regard are, for example, that separated solid digestates may not contain sufficient amounts of
nutrients to be referred to as fertilizers at all and that digestates in general may not be easily degradable
enough to provide soil microorganisms with energy for their metabolisms [5]. If digestate application
would indeed reduce soil fertility, this would be especially worrisome since recent studies have already
shown that the overall EU agricultural productivity is slowing down and lagging behind international
competitors [6].

Several studies tried to examine the effects of digestate application on soil microbial activity.
Abubaker et al. [7] and Odlare et al. [8] reported increased nitrogen mineralization capacity and
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potential ammonium oxidation rates after the application of biogas digestates, while Abubaker et al. [9]
showed that microbial activity after digestate application was comparable to that after cattle slurry
application. The experiments of Hupfauf et al. [10] showed that microbial basal respiration and
metabolic quotient were higher with digestates than with untreated slurry or mineral fertilization.
The comparison of biogas digestates and fly ash also showed the beneficial effects of digestates on soil
microbial activity and biomass [11,12]. But even though those results suggest a positive impact on
microbial activity, some also indicate a potential inhibitory effect [13,14] or report only a short-lived
rise in microbial activity, followed by a drop to initial levels [15,16]. Furthermore, most of these studies
have only a limited explanatory power because they were either done with a very limited number of
digestates and/or only under controlled conditions. Abubaker et al. [9] and Johansen et al. [16], for
example, used only two digestates and cattle slurry and Odlare et al. [8] and García-Sánchez et al. [11]
each used only one digestate in their experiments. The investigations of Abubaker et al. [7] and
Garcia-Sanchez et al. [12] were carried out as pot experiments. Other experiments took place in
plastic trays or small containers in incubation chambers [9,15]. Furthermore, many investigations only
spanned a rather short amount of time. The experiments of Risberg et al. [14], for example, lasted for
12 days, those of de la Fuente et al. [15] 56 days, and those of Johansen et al. [16] 9 days.

In arable soils, organic manures are a relevant source for the reproduction of organic matter [17].
Most probably, the contribution of digestates to the storage of soil organic matter depends on the
substrate inputs, which is also supported by modeling based on results from incubation experiments [18].
However, the number of investigations using field experiments is very limited and, again, these studies
often focus on very brief periods after application and on a very small number of different digestates [19].
One aim of this work was, therefore, to investigate the effect of digestates on microbial activity up to
5 years after application under field and controlled conditions.

Microbial activity is directly linked to the mineralization of the organic matter applied with the
digestates or other organic fertilizers. While nutrient availability, and thus the fertilizing effects of
digestates, have been studied comprehensively by several authors [3,20], decomposition processes and
the fate of the digestates’ carbon in soils remain somewhat unclear [21,22]. Some authors claim that
digestates help little to reproduce soil organic matter (SOM) contents in soil because they are rapidly
mineralized, produce high CO2 exhalation rates from soil, and provide only small amounts of stable
carbon [15,23]. Others report that carbon contents in soil were significantly elevated after digestate
application, suggesting a positive effect on soil organic matter [12]. The second goal of this study was,
therefore, to gain some knowledge about the mineralization rate of the carbon that is applied when
digestates are used as fertilizers.

In order to investigate microbial activity and carbon mineralization, measurements of
dehydrogenase activity (DHA) were used in a field experiment, in which five different digestates,
cattle slurry, and cattle manure have been used as fertilizers for several years, and in related laboratory
experiments, where the same organic substrates were tested as in the field trial. These DHA
measurements were supplemented with soil respiration experiments with an exceptionally long
duration of 178 days. These two methods were chosen for the following reasons:

The first stages of organic matter degradation in soil include the reduction in particle size and
the rapid transformation of easily degradable fractions by soil organisms. Dehydrogenases play an
important role in the degradation by transferring hydrogen and electrons from organic substrates
to inorganic acceptors [24]. They are very sensitive and react quickly to environmental factors,
like the introduction of chemical compounds, changes in moisture, pH value, and temperature,
or the availability of oxygen [24,25]. Dehydrogenases occur intracellularly in all living microbes,
but do not accumulate in the soil outside of microorganisms [25]. Measuring the dehydrogenase
activity does not provide detailed information about the functional diversity of the microbiome, but
allows the determination of the metabolic activity of soil microorganisms in response to cultivation
measures [25,26].
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During the degradation process, CO2 and inorganic compounds, such as ammonium, phosphate,
and sulfate are released, while poorly degradable or stabilized organic compounds accumulate in
the soil [27]. Soil respiration, i.e., the release of CO2 from soils, can be measured in order to assess
the microbiological activity of the soil, the effect of organic fertilizers thereon, and their influence on
SOM reproduction [28]. In the field, however, this is elaborate and complicated because microbial
respiration depends on various factors, like the physiological state of the microorganisms, the moisture
and structure of the soil, the temperature, and the nutrient supply, and is therefore subject to seasonal
and daily fluctuations [29,30]. In addition to microorganisms, the soil macro fauna and plant roots also
contribute to CO2 release, which requires corresponding mathematic corrections [29–31]. Incubation
experiments in the laboratory, on the other hand, allow the sole measurement of the CO2 release caused
by microbial degradation [29]. Differences in the degradability of organic materials can be determined,
as well as the possible toxic effects of test substrates [30]. The effects of organic fertilizers on soil
respiration and SOM reproduction performance are determined by their content of organic carbon and
by the respective degradation stability of the organic substance in the products. Degradation stability
is influenced by the chemical composition of the substrates, the cellulose, hemicellulose and lignin
content, and the particle size and incrustation in the lignocellulose complex of the organic matter [32,33].
In particular, lignin is usually rather difficult to metabolize for most soil organisms [30,34].

Anaerobic digestion largely stabilizes the organic matter through microbial degradation.
The amount of readily available carbon in digestates is therefore proportionately low, while stable
compounds, such as lignin, are relatively high [35].

It is well known that the soil texture and the chemical and physical properties related to it influence
the composition of the microbial community and its ability to degrade organic materials. A higher clay
content may, for example, protect organic carbon compounds against microbial degradation [36,37].
On the other hand, there are reports that labile C inputs from digestates may promote denitrification in
fine-textured soils [38].

Based on the knowledge generated from the literature, we addressed three hypotheses:
(1) Dehydrogenase activity and soil respiration will be restricted when digestates with high lignin
contents are applied compared to digestates or other organic fertilizers with lower lignin contents;
(2) The repeated application of digestates over many years will have a lasting effect on microbial
activity in the soil that can be seen independently of acute application; (3) A soil with a higher clay
content will result in a lower soil respiration after the application of organic fertilizers than a soil with
a lower clay content.

2. Materials and Methods

Both DHA soil respiration measurements were either carried out in or based on an existing
field trial and its treatments. Therefore, the structure of the field experiment is explained first in the
following text section. The description of the DHA measurement and the soil respiration follow in
Sections 2.2 and 2.3.

2.1. Field Experiment

In the field experiment, five different digestates, cattle manure, and cattle slurry are used as
organic fertilizers. The experimental site was the research station of the Institute of Agricultural and
Urban Ecological Projects (IASP) 25 km west of Berlin, Germany. The soil on this site is a sandy,
slightly loamy luvisol with an average Corg content of 0.7%, a medium P and K content (extracted with
Double-Lactate) of 13.6 and 10.9 mg 100 g−1, respectively, and a pH of approx. 5.6.

The field trial was started in 2011 and consists of a one-factorial randomized block system with
four replications. The crop rotation is: Winter rye as whole crop silage–maize–winter rye as whole
crop silage–sorghum. Fertilizers are applied twice a year before the sowing of rye or maize/sorghum.
In addition to the organic fertilizers, there is also an unfertilized control and one treatment receiving
only mineral fertilizer (calcium ammonium nitrate (CAN)).
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The fertilizer quantities are based on the carbon content of a standard manure application of
12.5 t ha−1 a−1. The amount is split in two doses (7.5 t ha−1 before maize or sorghum and 5 t ha−1

before winter rye). The amount of the other organic fertilizers is based on the amount of organic carbon
spread by the manure at every application date, so that the amount of Corg is the same for all applied
fertilizers. The resulting differences in applied nitrogen are balanced via mineral fertilization with
CAN. Average inputs and operating parameters of the biogas plants providing the digestates are given
in Table 1.

Plant D uses the liquid-/solid-separation of the digestate as a subsequent treatment. Therefore,
five products are obtained from the four plants. The cattle slurry that serves as a substrate in plant A is
used as a reference treatment in the field trial.

Table 2 gives an overview over the total amounts of applied organic fertilizers, and of the amounts
of carbon, nitrogen, phosphorus, and potassium for the two application dates directly related to the
measurement period of dehydrogenase activity and the average of spring and autumn applications
over the years.

DHA measurements were carried out in 2016 after five years of continued fertilizer application.
Weather condition data for the years of the measurements and long-term reference data (Figure 1)
were obtained from a station of the German Meteorological Service, which is located next to the
experimental field.

Figure 1. Precipitation heights (blue bars) and medium monthly air temperature (red line) of 2016 on
the experimental site. Gray bars and the black line show the medium long-term values (1981–2010).
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Table 1. Input materials and operating parameters of the four biogas plants included in the study (percent in fresh matter (FM)).

Plant A B C D

Average Input

49% cattle slurry 43% pig slurry

86%
14%

corn silage
rye and rye

silage

31% cattle slurry

24% grass silage

34% corn silage 46% corn silage 20% corn silage

11% grass silage 6% millet
silage 16% cattle manure

3% triticale silage 4% grass
silage 9% rye silage

3% fodder remains 1% fodder
remains

Operating temperature mesophile mesophile thermophile mesophile
Retention time 70 days 60 days 50 days 80 days

Related products “DG cattle” and
“Cattle Slurry” “DG Pig” “DG Renew” “DG Mix liquid” and

“DG Mix solid”
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Table 2. Total amounts of organic fertilizers applied in the field trial and of the carbon, nitrogen, phosphorus, and potassium applied with them between spring 2011
and autumn 2016.

Applied Amount of Application Date DG Cattle DG Pig DG Renew DG Mix Solid DG Mix Liquid Cattle Slurry Cattle Manure

Organic fertilizer
(t ha−1 FM)

Average Spring 24.9 37.6 15.7 6.8 26.8 19.3 7.5
Average Autumn 17.2 23.8 13 4.9 23.9 15 5
10/2015 (to rye) 14.3 15.1 12.5 4.2 20.2 13.3 5

5/2016 (to sorghum) 28.8 23.9 15.3 6.8 32.5 23.6 7.5

Corg

(t ha−1)

Average Spring 0.6; same amount for all
Average Autumn 0.5; same amount for all
10/2015 (to rye) 0.4; same amount for all

5/2016 (to sorghum) 0.7; same amount for all

N from organic
fertilization

(kg ha−1)

Average Spring 109 117.9 90.6 36.8 118.1 62.8 48.7
Average Autumn 72.8 79 75.4 26.8 108.9 46.4 40.5
10/2015 (to rye) 57.6 61.2 68 22.2 68.4 37.8 30.8

5/2016 (to sorghum) 124.5 108.0 88.4 36.6 124 68.4 62.3

N from balancing
mineral fertilization

(kg ha−1)

Average Spring 21.5 12.6 39.9 94 4.1 67.7 81.9
Average Autumn 36.1 29.9 33.6 82.2 0 62.5 68.5
10/2015 (to rye) 10.8 7.2 0.4 46.2 0 30.6 37.6

5/2016 (to sorghum) 0 16.4 36.1 87.9 0.5 56 62.2

Ntotal
(kg ha−1)

Average Spring 130.5; same amount for all
Average Autumn 109; same amount for all
10/2015 (to rye) 68.4; same amount for all

5/2016 (to sorghum) 124.5; same amount for all

K (kg ha−1)

Average Spring 74.7 71.7 78.3 29.3 104.5 47 46.4
Average Autumn 42.9 59 52.9 31.1 81.3 45.3 43.1
10/2015 (to rye) 44 44.2 74.6 14.9 74 28.3 23.1

5/2016 (to sorghum) 107.2 81 82.3 31.8 118 58 56.1

P (kg ha−1)

Average Spring 17.8 18.0 15.2 10.7 19.2 12.3 9.5
Average Autumn 11.2 17.6 9.8 8.2 12.7 10.9 12.3
10/2015 (to rye) 11.7 16.3 9.7 5.2 12.9 9.6 7.4

5/2016 (to sorghum) 22.4 36.0 17.8 12.6 21.0 15.2 12.0
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2.2. Dehydrogenase Activity (DHA)

Dehydrogenase activity was measured using 2,3,5-Triphenyltetrazoliumchlorid (TTC) according
to DIN EN ISO 23753-1 [39]. During this standard procedure, a TTC solution is added to the soil
or a soil–substrate mixture and incubated at 25 ◦C for 16 h. As a result of dehydrogenase activity,
triphenylformazan (TPF) is released, which can be extracted with acetone and measured photometrically
at a wavelength of 485 nm.

The measurements in the field trial took place on seven dates in 2016, starting shortly before
fertilization and continuing until after the harvest of sorghum. Figure 2 provides an overview of the
sample dates, as well of the sowing and harvesting dates and the dates of fertilizer application in the year
before the sampling and in 2016. Soil samples were taken according to DIN ISO 10381-1:2003-08 [40]
from the top 20 cm as mixed samples from several points per plot with a boring rod.

Figure 2. Dates of sowing, harvest, fertilizer application, and dehydrogenase activity measurements in
the field trial in 2015 and 2016.

Dehydrogenase activity was also measured under controlled conditions in the laboratory. Soil from
the unfertilized plots in the field trial was used for the measurements. The soil was mixed with the
same organic fertilizers used in the field trial and incubated at 20 ◦C and 60% maximum water-holding
capacity (WHCmax). Different amounts of water applied with the fertilizers were equalized accordingly.
Two different setups were installed where substrates were applied to vessels holding 40 g dried soil in
an amount corresponding to: (a) 0.009 g N per vessel or (b) 0.08 g Corg per vessel. Treatments with
wheat straw and mineral fertilizer (calcium ammonium nitrate; CAN) were included in the experiment,
as well as a soil only control. Wheat straw was included in the C-based setup, CAN in the N-based
one. Measurements were then taken according to DIN EN ISO 23753-1 at the same intervals as in the
field trial (before and 2, 7, 14, 28, and 56 days after application). All treatments were replicated three
times. Chemical parameters of the organic fertilizers used for the dehydrogenase measurements in
the laboratory are given in Table 3, texture and chemical parameters of the soil are given in Table 4
(soil from Berge). The same batch of organic fertilizers was used for the soil respiration measurements
described below.

Table 3. Selected chemical parameters of the substrates used for the dehydrogenase measurements in
the laboratory and for the soil respiration experiment. “n.d.” = not determined.

Parameter Unit DG
Cattle

DG
Pig

DG
Renew

DG Mix
Solid

DG Mix
Liquid

Cattle
Slurry

Cattle
Manure CAN Straw Glucose

DM % 6.7 6.2 6.9 21.2 5.2 6.3 26.3 100 89.8 98.0
Ntotal % DM 6 6.6 7.8 2.5 6.5 4.5 2.3 27 0.5 n.d.
Corg % DM 38.2 39.5 42.2 41.6 34.9 44 28.1 0 51.9 42.1

C:N-Ratio 6:1 6:1 5:1 17:1 5:1 10:1 12:1 - 103:1 n.d.
P g kg−1 DM 12.2 17.4 11.1 5.9 12.2 11.5 5.6 0 1.2 n.d.
K g kg−1 DM 45.7 47.4 85.9 16.8 70.1 33.9 17.6 0 10.6 n.d.

Mg g kg−1 DM 8.5 9.4 3.2 4.7 11 8.9 4.3 0 0.7 n.d.
Na g kg−1 DM 6.7 5.9 3.5 2.5 8.7 9.4 2.4 0 0.3 n.d.

Cellulose % DM 11 9.9 12.3 23.9 4.1 14.6 8.4 0 43.8 n.d.
Hemicellulose % DM 10 12.9 6 18.2 0 14.1 3.2 0 39.9 n.d.

Lignin % DM 16.7 15.7 18.7 21.1 17 9.9 21.4 0 6.3 n.d.
pH 7.8 7.7 8.1 9 7.6 6.5 7.9 n.d. 7.1 n.d.
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Table 4. Soil texture and chemical properties of the soils used in the soil respiration experiment.

Soil Sand (%) Silt (%) Clay (%) Corg (%) Ntotal
(%) pH

Berge 75.6 16.6 7.8 0.7 0.06 5.8
Thyrow 83.1 14.2 2.7 0.4 0.05 5.4

2.3. Soil Respiration

The soil respiration experiment aimed to determine the C conversion rates of different digestates
in comparison to conventional organic fertilizer substrates and standard substances. The same organic
fertilizers as in the field trial were used (see Table 3) and compared to wheat straw and glucose and a
soil only control.

The experiment was carried out in accordance with DIN ISO 16072 [41] under controlled conditions
(20± 1 ◦C, constant water content, no plant growth) in a soil respiration meter (CarbO2Bot®®) from prw
electronics (Berlin, Germany). In this device, incubation takes place in 200 mL vessels, into which 40 g of
soil and an amount of substrate corresponding to 2 g kg−1 Corg (0.08 g per vessel) were filled. Released
CO2 is collected in an aqueous solution of potassium hydroxide (0.6 mol L−1). The absorption of CO2

reduces the electrical conductivity of the KOH solution. The conductivity was recorded cumulatively
every hour over a period of 178 days. The CO2 release was then calculated from the change in
conductivity, taking into account a correction derived from empty vessels with the following formula:

CO2 (mg) = 1 − ((conductivity test vessel)/(conductivity empty vessel)) × CO2Coeff.
×molarity lye (mol) × volume lye (mL)

(1)

The CO2 coefficient (CO2Coeff.) is calculated according to Chapman [42] at 39.76.
Two different soils were used in the experiment: (a) Soil from the untreated control plots of the

field trial (“Berge”) and (b) soil from the research station of the Berlin Humboldt University in Thyrow,
Brandenburg, Germany (“Thyrow”). The first one is a loamy sand to sandy loam, the second one is a
silty sand with a very low content of organic matter (Table 4). All treatments were replicated four times.

2.4. Statistical Analysis

DHA was statistically analyzed with one-way ANOVA followed by Tukey’s post hoc test (at
p ≤ 0.05) to analyze the significance of differences between the treatments and by two-way ANOVA
(p ≤ 0.05) to identify the significance and possible interactions of the factor treatment and sampling
date. Soil respiration was analyzed with two factor variance analysis to identify differences between
treatments and soils. Correlations were determined with Pearson’s correlation coefficient. In addition,
the soil respiration of digestates, manure, and slurry was visualized using principal component analysis
(PCA). Data in figures/tables were calculated as arithmetic means ± standard deviation (SD). Statistical
analysis was conducted using SPSS Statistics Desktop 20.0 for Windows (IBM, Armonk, NY, USA).

3. Results and Discussion

3.1. Dehydrogenase Activity

Dehydrogenase activity in the field soil was increased by all organic fertilizers (Figure 3). This is
in accordance with Makádi et al. [43], who also found that dehydrogenase activity was promoted
by digestate application, while catalase and invertase activity was not enhanced by digestates.
Other authors also reported an increase in microbial activity after the application of organic materials
such as compost and manure [44,45]. It must, however, be noted that on day 0 (before application, or
rather 7 months after the last application (see Figure 2)), DHA was not significantly different from the
control in all treatments, indicating that the DHA-promoting effects are rather short lived and do not
last from one application date to the next.
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Figure 3. Dehydrogenase activity (DHA) in the field experiment. Bars show absolute values; lines show
the percentage of DHA in comparison to the control (control = 100%). Different letters mark significant
differences between treatments within one column, viz. on the respective day of measurement (Tukey’s
HSD test, p ≤ 0.05, n = 4).

The immediate effects after application were greatest and statistically different from the control for
DG Pig (day 14), DG Cattle (days 14 and 28), DG Mix liquid (days 4, 7, 28, and 100) and Cattle Slurry
(days 2, 4, 7, 14, and 28). These four fertilizers have on average the lowest pH (< 7.8; see e.g., Table 3).

Significantly positive correlations were indeed found between the pH of the soil sample and DHA
on five sampling dates and overall (Figure 4). The correlations between pH and DHA were particularly
close before fertilizer application (day 0) or 100 days after application. Apparently, the potential effects
of pH on DHA are temporarily overshadowed after fertilization, e.g., by the availability of degradable
organic matter or soil moisture. The pH was, however, positively correlated to the dehydrogenase
activity (higher pH = higher DHA). A positive correlation between pH and DHA is reported by other
authors as well [24,46]. The pH of the digestate is therefore not a direct indicator of its influence on the
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DHA, as it cannot be stated from this data that digestates with higher pH necessarily lead to higher
soil pH and higher DHA.

Figure 4. Regressions and Pearson’s correlation coefficients (PCCs) for correlations between
dehydrogenase activity in the field experiment and the pH of the soil samples. Significances: * p < 0.05;
** p < 0.01 (two-tailed t-test).
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Three of the four (DGs Pig, Cattle, and Mix liquid) also provided the highest amount of organic
nitrogen via the last application before the measurements (see also Table 2). The other treatments
received the same amount of total nitrogen, but a greater proportion of it was given in mineral form.

On those days with maximum temporal distance to the last fertilizer application (day 0 and day
100), dehydrogenase activity was highest in the treatments with DG Mix liquid, suggesting a longer
lasting positive effect on microbial activity compared to the other fertilizers. All other treatments did
no longer differed significantly from the control on day 100. Treatment DG Mix liquid usually receives
no or very low amounts of N from balancing mineral fertilization because it has a narrow Corg:N ratio
(see Table 2).

The DHA in the CAN treatment was lower than for all other treatments on all dates, reaching a
maximum of 89% of the untreated control on day 7 after application. In the laboratory experiment,
the same trend could be seen (Figure 5). DHA in the CAN treatment reached a maximum of 95% of
the control on day 14, but accounted, on average, for only 76% of the control. Nitrate can negatively
influence DHA because it serves as an alternative electron acceptor. Fertilizers containing nitrate can
thus inhibit dehydrogenase activity for up to at least six months [47]. Some authors claim that this
effect can be reversed in the long run when fertilization leads to higher plant biomass production and
thereby to more soil organic matter [48,49].

Figure 5. Dehydrogenase activity in the laboratory experiment with a C-based (left figures) and
N-based setup (right figures). Bars show absolute values; lines show percentage of DHA in comparison
to the control (control = 100%). Different letters mark significant differences between treatments within
one column, viz. on the respective day of measurement (Tukey’s HSD test, p ≤ 0.05, n = 3).

A long-term field experiment with annual mineral N fertilization showed no effect of CAN on
DHA [50]. However, in our field trial, even after five years of fertilization, DHA was still lower in
the CAN treatment than in the untreated control. We assume that the frequent application of CAN,
usually in six month intervals, might constantly suppress DHA.

The results of the control from the field experiment also show that there is a general fluctuation of
DHA over time that is not related to fertilizer application (see Figure 3), but may, for example, be caused
by temperature changes or precipitation. A two-way ANOVA showed that the treatment, as well as
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the day of the measurement, had a significant influence on the DHA results (p < 0.001, respectively)
but that there was no interaction between these two factors (p = 0.681). The relative comparison of the
treatments as a percentage of the control still demonstrated an overall trend where the application of
fertilizers increases DHA in the first 2 to 14 days. It follows a decrease that stretches over a maximum
of 80 days. The only exemption from this trend was the DG Mix liquid, which demonstrated a second
peak in DHA towards day 100, compared to the control.

In the laboratory experiment, Cattle Slurry generated the highest DHA both in the N-based and
in the C-based setup, with values between 193 and 293% of the control (Figure 5).

In both setups, the four liquid digestates (DGs Pig, Cattle, Mix liquid, and Renew) dropped back
to the level at the beginning of the experiment or even beneath that on days 28 and 56. This was not
the case for the solid substrates Wheat Straw, Cattle Manure, and DG Mix solid. They also showed
a slow decrease in DHA towards the end of the experiment, but still had a much higher DHA on
day 56 than on day 0, with values between 161% (Cattle Manure, C-based) and 234% (DG Mix solid,
N-based) of the control on the last day of the experiment. DG Mix solid, Cattle Manure, and Wheat
Straw are the three substrates with the widest C:N ratio (17:1, 12:1, and 103:1, respectively). This might
explain the longer-lasting positive effect on dehydrogenase activity compared to the other digestates,
especially since comparable results are known from other authors. Rao and Ghai [51], for example,
reported a positive correlation between the DHA and nitrogen and organic carbon of the substrate,
respectively, with carbon being the most important factor, and Saha et al. [45] also demonstrated a
significant positive correlation between DHA and soil carbon content.

In the N-based setup, DHA values were probably connected to differing C inputs, as microbial
activity is usually carbon limited [52]. In this setup, most digestates obtained less carbon than slurry,
while DG Mix solid and Cattle Manure received more. However, the high DHA values of Cattle Slurry
cannot be explained by C:N ratios alone.

In accordance with the results from the field experiment, Cattle Slurry application also resulted in
higher DHA values in comparison to the digestates in the C-based setup. A DHA-promoting effect of
other factors than carbon must exist in Cattle Slurry. Makádi et al. [43] showed that dehydrogenase
activity strongly depends on magnesium and sodium.

In the N-based setup, Cattle Slurry was the substrate which brought the highest amounts of
magnesium and sodium (1.68 mg and 1.77 mg, respectively) to each vessel. In the C-based setup,
however, Cattle Slurry (1.71 mg Na and 1.61 mg Mg per vessel) was second to DG Mix liquid (1.99 mg
Na per vessel) with regard to sodium amounts and fourth behind the digestates DG Mix liquid, DG Pig,
and DG Cattle with regard to magnesium (2.52 mg, 1.91 mg and 1.78 mg Mg per vessel, respectively).

In both setups, the amounts of N, P, and K and also of cellulose and hemicellulose applied with
Cattle Slurry were in the medium range of all substrates, but Cattle Slurry did bring the lowest amounts
of lignin to each vessel compared to all the digestates. Microbial activity generally focuses first on labile
fractions of carbon that are easier to metabolize and provide energy faster [26]. Lignin, on the other
hand, is a water-insoluble, aromatic polymer with a high structural complexity and a high molecular
weight that is known to inhibit the enzymatic hydrolysis of plant cell walls and usually requires
extracellular biodegradative systems for the initial degradation steps [34,53–55]. Dehydrogenase,
as written above, is an integral part of intracellular metabolisms, but does not accumulate outside of
cells. High relative lignin contents, therefore, probably reduce the DHA and vice versa. According to
Chu et al. [49], DHA is highest when fertilization is balanced and N, P, and K are not deficient. The fact
that Cattle Slurry had medium contents of these nutrients in comparison to the other fertilizers may
thus add to its DHA-promoting effect.

A two-way ANOVA showed, for both setups, that not only the treatment, but also the date of the
measurement, were significant factors and that there was also a significant interaction between treatment
and date in both setups (p < 0.001). It is known that in the short term, fertilizers, especially with a high
proportion of labile organic compounds, promote microbiological activity [16,56]. Stabilization during
digestion possibly lowers carbon availability in digestates in comparison to undigested slurry, leading
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to a reduced or delayed positive effect of digestates on microbial activity. In the literature, the stronger
effects of slurry fertilization on microbial biomass or activity were frequently reported, but these
experiments were usually conducted on the basis of equal nitrogen or ammonia fertilization, a setup in
which the digestate treatments typically receive less C in comparison to slurry treatments [9,57,58].
However, such experiments do not allow to distinguish if the promoting effect of slurry is based on
differing carbon inputs or result from differences in the composition and structure of the organic input.
Results from this study indicate that the latter mechanism is also relevant.

3.2. Soil Respiration

A high CO2 release rate can be seen in all treatments within the first 20–40 days (Figure 6).
After·that, there is a sharp reduction in the CO2 release rate. In the soil with a higher clay content
(Berge), the curves of most treatments reach a plateau between day 50 and day 100. With the exception
of DG Mix solid and Cattle Slurry, all treatments showed a slower rise in mineralization rates in the soil
with less clay (Thyrow), where between 1.2 (Cattle Manure) and 3.3 (Glucose) times more days passed
until the treatments reached 80% of their respective maximum mineralization. In particular, Glucose,
Wheat Straw, DG Renew, and DG Pig reached no such clear plateau in the Thyrow soil as in the Berge
soil within the duration of the experiment, but had a continuously ascending curve of mineralization.

Figure 6. Mineralized proportion of the added organic carbon in the soil respiration experiment
depending on the soil type. Soil from Berge with 7.8% clay, soil from Thyrow with 2.7% clay. Crosses
mark the day on which 80% of the maximum mineralization was reached. Values shown are mean
values from four repetitions.

Of the organic carbon in the digestates, 20 to 44% was converted to CO2 after 178 days (Table 5).
The background CO2 release of the soils differed substantially and was, with 2 mg CO2 per g soil,
four times higher in the loamy soil (Berge) than in the sandy soil (Thyrow).

Table 5. Mineralized portion (%) of the weighed-in carbon after 178 days, depending on the two types
of soil from Berge and Thyrow. Different letters within a row mark significant differences between the
treatments for each soil (Tukey’s HSD test, p ≤ 0.05, n = 4).

Substrate DG
Cattle DG Pig DG

Renew
DG Mix

Solid
DG Mix
Liquid

Cattle
Slurry

Cattle
Manure

Wheat
Straw Glucose

Berge 20 b 25 b 44 c 29 b 25 b 51 c 11 a 72 d 95 e

Thyrow 31 abc 34 bcd 40 cd 24 ab 29 abc 49 de 16 a 61 f 88 e

Regarding the maximum percentage of mineralized carbon, the influence of the soil was ambiguous
for the treatments. No consistent tendency was recognizable or indicated which soil resulted in the
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higher amount of total mineralized carbon. A two-factor analysis of variances revealed a significant
influence of the treatments (p < 0.001), but not of the soil type (p = 0.542). There was, however,
a significant interaction between soil type and treatment (p < 0.001).

If one compares the substrates across both soils, the following order of mineralization results
(Tukey’s HSD test, p ≤ 0.05, n = 4):

Cattle Manure < DGs Cattle, Mix solid, and liquid, Pig < DG Renew < Cattle Slurry < Wheat
Straw < Glucose

We performed a principal component analysis (PCA) for the organic fertilizers to extract the
most important independent factors. Glucose and Wheat Straw were not included. The different
samples (n = 56), covering seven treatments in four replications and two soils, were characterized by
variables describing mineralized carbon at day 178 (% of weighed-in carbon) and nitrogen, cellulose,
hemicellulose, and lignin content. The PCA generated two significant principal components, which
explained 48 and 40% of the variance, respectively (Figure 7). The loadings indicated that nitrogen
contents were negatively correlated to hemicellulose and cellulose contents, as described by the first
principal component. Mineralized carbon had strong positive loadings and lignin content strong
negative loadings for the second principal component, indicating a negative correlation between
these variables. Figure 7 shows that DG Mix solid was related to high cellulose and hemicellulose
contents, whereas DG Mix liquid was related to high N contents. Hence, it is plausible that the effect
of DG Mix solid on DHA was similar to the effect of wheat straw in the C-based trial (Figure 5).
Moreover, the effect of DG Mix solid on DHA was comparable to the effect of CAN in the N-based
trial (Figure 5). Cattle Manure was highly related to lignin, suggesting that lignin content is the main
reason for the low mineralization rate of manure. Digestates with a strong relation to nitrogen, like
DGs Mix liquid and Renew, are, on the other hand, more likely to have a high carbon mineralization
rate, as is shown in Figure 6. The PCA supports, therefore, the results of the two-factor analysis of
variances mentioned before, which had suggested that the treatment is indeed the most important
factor influencing carbon mineralization.

Figure 7. Factor scores (left) and loading plot (right) of the two principal components from different
variables describing 56 objects.

Analyses of Pearson’s correlation further confirmed the negative relation between lignin content
and carbon mineralization (Table 6), which is in accordance with the expectations based on the findings
of other authors [55,59,60]. Nitrogen, cellulose, and hemicellulose content were not correlated to the
maximum mineralized portion of carbon at the end of the experiment, even though in other studies,
nitrogen and lignin were equally crucial factors influencing the decomposition and CO2 release of
substrates [61].
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Table 6. Pearson’s correlation coefficients and associated significances (two-tailed t-test) for correlations
between mineralized portion (%) of the weighed-in carbon after 178 days and amounts of nitrogen,
cellulose, hemicellulose, and lignin per vessel in the soil respiration experiment.

Component Pearson’s Correlation Coefficient Significance

Overall Berge Thyrow Overall Berge Thyrow

N 0.21 0.11 0.34 - - -
Cellulose 0.15 0.13 −0.14 - - -

Hemicellulose 0.22 0.24 −0.18 - - -
Lignin −0.82 −0.78 −0.90 <0.01 <0.01 <0.01

Several studies have recently shown that residues with a high lignin content decompose slower,
but in the long run, more completely than substrates with a low lignin content and may even contribute
less to soil organic matter reproduction than those with less lignin [62,63]. In our study, however,
the mineralization rates of the lignin-rich substrates reached a stable plateau in at least one of the two
soils (the soil with a higher clay content). After 100 days, at the latest, there was no more mineralization
of the carbon in the experiment with the substrate. Digestates may, therefore, nonetheless play an
important role in soil organic matter reproduction. A high nitrogen content and a narrow N:lignin ratio
appear to rather promote the humification of substrates and prevent decomposition [62,64,65]. This may
be due to the suppression of lignolytic enzymes [66] and a reduced abundance of lignin-degrading
microorganisms [67], increased microbial efficiency [68], and/or chemical complexation and the
condensation of SOM fractions [64,65].

The results for the soil respiration in a C-based setup for slurry and digestates support the
results for DHA in the field and the C-based incubation experiment. Soil respiration was lower for
all digestates in comparison to Cattle Slurry. This is in accordance with the literature, as undigested
substrates usually have a lower stability in comparison to digestates and slurry is a common substrate
for biogas plants [16,69,70]. Presumably, microbial digestion processes in the biogas plant exhaust the
available organic matter of the substrates and lead to the accumulation of stable organic compounds,
such as lignin. The high stability of digestates may have positive effects on the soil organic matter
content of soils. However, it should be noted that due to a narrow C:N ratio, digestates usually supply
less carbon than other fertilizers if equal amounts of nitrogen are applied.

4. Conclusions

Our experiments showed that lignin content is significantly negatively correlated with carbon
mineralization and appears to reduce microbial activity, thus confirming hypothesis 1. Our results
therefore indicate a higher potential for SOM reproduction for digestates with high lignin contents.
Surprisingly, nitrogen content did not appear to significantly influence the mineralization of carbon.

Results for DHA and soil respiration both indicated that carbon from digestates is less available
to microorganisms after soil application than cattle slurry. This effect was visible under laboratory,
as well as under field, conditions and is probably related to stabilization processes during digestion.

Hypotheses 2 was could not be confirmed within our experiments: A lasting effect on microbial
activity in the soil was not observed in the field trial, where DHA values were back to the level of the
unfertilized control within seven months after application, despite the fact that the digestates had been
applied to the field twice a year over a period of five years at the time of the measurement. Therefore,
digestate application does not appear to have a negative effect on microbial activity even after many
years of repeated usage. It could, however, influence the composition of the microbial community [59],
which needs to be further investigated.

Hypotheses 3 was only partly confirmed since the soil itself, especially the clay content, appears
to influence microbial activity and carbon mineralization rates, even though the maximum ratio of
mineralized carbon did not differ clearly between the two soil types. In contrast to the expectations,
the mineralization rate was much slower in the soil with less clay, where treatments needed between
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1.2 and 3.3 times longer to reach 80% of their respective maximum carbon mineralization, at least
under otherwise controlled conditions.

Overall, our results showed that digestate application promotes microbial activity for a few weeks,
but has no lasting effect on soil microbial activity, even in case of repeated application. In comparison
to an untreated control, no negative effects were observed at any point.

Taking this into account, we therefore assume that concerns about a negative effect of digestates
on soil fertility are unnecessary as far as they are related to aspects of microbial activity. The digestates’
capacity to reproduce SOM needs to be further investigated in long-term experiments without
interfering fertilization from other sources. Our results do, however, show that a higher lignin content
is one of the major factors determining the mineralization of the organic matter. Regarding the
comparison of the organic fertilizers tested here, this would implicate that digestates from plant
material only, solid fractions of separated digestates, as well as manure are better suited to reproduce
SOM than slurry, liquid fractions of separated digestates, or digestates obtained from pig or cattle slurry.
As a consequence, it must be noted that the current practice of some member states of the EU to use
only one general factor to calculate the humus reproduction capacity of digestates [71] is not sufficient.
Individual factors have to be developed which take into account the digestates’ chemical compositions.

This study provides evidence that the parent material and the digestion process in the biogas
plant have a marked influence on the quality of the digestate with large implications for soil biological
activity, C-turnover, and the reproduction of soil organic matter. However, an overall assessment of
the organic inputs tested in this study would require a comprehensive analysis of, i.a., investment,
operating expenses, and potential benefits which were not in the scope of this work and need to be
addressed in another paper.

Author Contributions: Conceptualization, F.E., K.N.; methodology, F.E., K.N., A.M.; investigation, K.N., M.H.,
A.M.; writing—Original draft preparation, K.N., C.-L.R.; writing—Review and editing, C.-L.R., T.K., F.E., M.H.,
A.M.; visualization, C.-L.R., K.N.; supervision, F.E., T.K.; project administration, K.N.; funding acquisition, K.N.,
F.E., C.-L.R. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Federal Ministry of Food and Agriculture (former Federal Ministry of
Food, Agriculture and Consumer Protection) in Germany under the funding codes FKZ 220-130-10 and FKZ
22012813. We acknowledge support by the German Research Foundation (DFG) and the Open Access Publication
Fund of Humboldt-Universität zu Berlin.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Appels, L.; Lauwers, J.; Degrève, J.; Helsen, L.; Lievens, B.; Willems, K.; Van Impe, J.; Dewil, R. Anaerobic
digestion in global bio-energy production: Potential and research challenges. Renew. Sustain. Energy Rev.
2011, 15, 4295–4301. [CrossRef]

2. Tambone, F.; Scaglia, B.; D’Imporzano, G.; Schievano, A.; Orzi, V.; Salati, S.; Adani, F. Assessing amendment
and fertilizing properties of digestates from anaerobic digestion through a comparative study with digested
sludge and compost. Chemosphere 2010, 81, 577–583. [CrossRef] [PubMed]

3. Möller, K.; Müller, T. Effects of anaerobic digestion on digestate nutrient availability and crop growth:
A review. Eng. Life Sci. 2012, 12, 242–257. [CrossRef]
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