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ABSTRACT: Biogas digestates contain valuable nutrients but also have high water contents. Di-
gestates were sampled from two different biogas facilities before and after solid-liquid separation 
and were analyzed with regard to their composition and phosphorus (P) fractions. Additionally, 
to investigate the P fertilizer effects of these digestates in comparison with undigested slurry or 
TripleSuper-P (TSP), they were applied in a pot experiment (6 kg soil per pot) in an amount cor-
responding to 200 mg P per pot in combination with various crops (amaranth, maize, maize + 
beans mixed cropping, sorghum). A separation of digestates resulted in higher P concentrations 
of the solid fraction in comparison with the liquid fraction. The proportion of the readily soluble P 
fractions (H2O-P, NaHCO3-P) to the total P was higher than 70 % in all digestates. The digestates 
increased P uptake of the tested crops and concentrations of bioavailable P in the soil to the 
same extent as highly soluble TSP. Activities of soil enzymes were lower after application of the 
digestates in comparison to unfermented slurry. The fertilizer management of digestates can be 
improved by a solid-liquid separation since the solid fraction showed a relatively high concentra-
tion of P resulting in a reduction in application doses required to meet the P demands of crops.
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Introduction

The anaerobic digestion of organic wastes is be-
coming more important as a source of energy and a 
treatment of wastes. Most biogas installations use ani-
mal slurries which are co-fermented with energy crops. 
Other substrates are by-products from slaughterhouses, 
the food sector, and bio-wastes from private households 
(Nkoa, 2014). The digestates which are left after the 
biogas process contain important plant nutrients like 
phosphorus (P), nitrogen (N), potassium (K) (Arthurson, 
2009). During anaerobic digestion the total amount of 
nutrients generally remains stable but other character-
istics of the input substrate may change. It has been 
shown that the C/N ratio decreases, while the miner-
al N (NH4-N) content and substrate pH may increase 
(Möller and Müller, 2012). P solubility may decrease af-
ter anaerobic digestion due to the formation of struvite 
(MgNH4PO4 * 6 H2O) and poorly soluble hydroxylapatite 
(Ca5(PO4)2OH) compounds (Field et al., 1984, Güngör et 
al., 2007). However, previous studies have shown that 
an application of digestates increases such crop P uptake 
and readily available P pools in soil to an extent compa-
rable with high soluble P fertilizers like TripleSuper-P 
(TSP) (Bachmann et al., 2011; Loria and Sawyer, 2005). 
The high water content of digestates, makes a separation 
of solid and liquid parts an important tool for achieving 
better handling of these residues. Mechanical separation 
with screw presses or decanter centrifuges are efficient 
and simple techniques and are widely used, whereby 
the results of the separation process also depend on the 
type and the dry matter content of the slurries (Møller 
et al., 2002). Furthermore, mechanical solid-liquid-sep-
aration of residues efficiently leads to an enrichment of 

biogas digestates

P in the solid phase, whereas N is often found in higher 
concentrations in the liquid phase. According to the state 
of the art research, it can be assumed that the solid frac-
tion of biogas residues is an effective P fertilizer, but 
to our knowledge, very little data regarding P solubil-
ity in separated digestates and their impact on P nutri-
tion of crops is available. The aim of our study was to 
analyse the P fractions in biogas digestates before and 
after solid-liquid separation. Furthermore, we wanted to 
evaluate the P fertilizer effects they may have in combi-
nation with different crop species, as crops develop vari-
ous strategies to influence either the spatial or chemical 
availability of P in soil (Eichler et al., 2004; Richardson 
et al., 2011) and thus influence the use-efficiency of fer-
tilizer applied. 

Materials and Methods

Digestate sampling and analysis
The digestates were sampled from commercially 

operating biogas plants close to the city of Rostock in 
Northern Germany. The digestate from biogas Plant A 
was a mixture of dairy slurry (57 %, w/w) and maize 
silage (43 %, w/w). The solid-liquid separation in Plant 
A was performed by a screw press, where the digestates 
were compressed into a gradually decreasing screw chan-
nel between a screw shaft and screen mantle, squeezing 
out the liquid. Approximately 92 % of the fresh digestate 
was separated into liquid and 8 % into solid. After sepa-
ration the solid fraction was further treated and dried 
with the waste heat from the biogas plant. An unfer-
mented dairy slurry from this farm was also included in 
the study. The digestate from biogas Plant B was based 
on energy crops (87 %, maize silage, 9 % cereal whole 
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plant silage, and 4 % grass silage, w/w) only. Here the 
solid-liquid separation was done via a decanter centri-
fuge, which works on the principle of different specific 
gravities of the material. The digestates are pumped 
into a cylinder, which rotates at about 2000 and 4500 
rpm. The centrifuge separates approximately 89 % of 
the fresh digestate into liquid and 11 % solid. Samples 
from both plants were taken directly before and after 
the separation device. The digestates from both biogas 
plants were sampled two times; i.e. in September 2012 
for characterization of the nutrient composition and P 
availability, and in April 2013 for analysis of the nutri-
ent composition and the following application in a pot 
experiment.

The dry matter (DM) content of the dairy slurry, 
the digestates and the solid and liquid fractions were de-
termined by freeze drying and subsequent oven drying 
at 105 °C. Organic matter content (OM) in the dry mate-
rial of the products was determined after ashing in an 
oven at 550 °C and weighing (Bauer et al., 2009). Total 
P, K and Mg concentrations in the slurry and digestate 
samples were determined after digesting the ash with 25 
% HCl. Phosphorus contents were determined spectro-
metrically via the Vanadate-molybdate method (Page et 
al., 1982), K via flame spectroscopy, and Mg spectropho-
tometrically. Total N contents were determined in the 
fresh slurry using a Kjeldahl analyzer. NH4-N contents 
were determined after shaking 20 g of fresh sample in 
500 mL ultrapure water and analyzing the N contents 
in the supernatant using a Kjeldahl apparatus (Schmitt, 
1954). Sulfur was measured with the CNS elemental an-
alyzer. The pH value (H2O) was determined in the fresh 
slurry with a pH electrode according to DIN EN 12176. 

The separation index (Et(x)) for a respective com-
pound was calculated according to Hjorth et al., (2010) 
and expresses the distribution of the respective com-
pound between the solid and liquid fractions. For the 
solid fraction this value was calculated as follows:

Et x( )
,

,

=
m

m
x solid

x slurry

where mx,solid is the mass (g) of the respective compound 
in the solid fraction and mx,slurry is the mass of the respec-
tive compound in the slurry/digestate treated. For the 
liquid fraction the value was calculated in a similar way: 

Et x( )
,

,

=
m

m
x liquid
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The solubility of P in the dairy slurry, the diges-
tates, and their solid and liquid fractions were deter-
mined according to Dou et al., (2000). In brief, 0.3 g of 
the freeze-dried slurry sample was shaken in 30 mL of 
deionized water for 16 hours on a horizontal shaker at 
150 rpm. Samples were centrifuged for 20 minutes at 
1700 g and the supernatant was decanted. Subsequently, 
the residue was extracted with 0.5 mol L−1 NaHCO3 (pH 
8.5), 0.1 mol L−1 NaOH and 1.0 mol L−1 H2SO4 as de-
scribed above. Total P content in the supernatant of each 

phase was measured using inductively coupled plasma 
spectroscopy (ICP-OES) on a wavelength of 214.91 nm. 
Inorganic P content was determined using the molyb-
date-blue method as described by Schinner et al., (1996). 
Residual P content was calculated as follows: total P – 
(H2O-P+NaHCO3-P+NaOH-P+H2SO4-P). All samples 
were analyzed in parallel. P solubility in the digestates 
was analysed only for samples taken in September 2012. 

Experimental design of the pot experiment
An outdoor pot experiment covered by a wire cage 

was carried out at an experimental station in Rostock 
(Mecklenburg-Vorpommern, Germany: 54°3'41.47''N 
and 12°5'5.59'' E) in April 2013. The soil which was 
sampled from a field experiment of the experimental sta-
tion was a moderately acidic loamy sand and according 
to the World Reference Base for Soil Resources is classi-
fied as Stagnic Cambisol. To achieve a very low bioavail-
able P content (double lactate-soluble phosphorus Pdl: 
37 mg kg−1), a 1:1 mixture of soil from the A horizon 
and the B horizon was used. The pots (height 21 cm, 
diameter 19.5 cm) were filled with approximately 6 kg 
of soil. Four different crops were cultivated, amaranth 
(Amaranthus cruentus), sorghum (Sorghum bicolor), maize 
(Zea mays) and beans (Phaseolus coccineus; four seeds) 
intercropped with maize (four seeds). Crops were culti-
vated for 8 weeks with distilled water used for irrigation. 
The pots could freely drain to field capacity, and perco-
lated water was collected in a bowl below the pots and 
was replenished. 

Nine different treatments were established: I) 
mineral treatment without P (NK), II) mineral treat-
ment with TripleSuperPhosphate (TSP) (NPK), III) unfer-
mented dairy slurry, IV) digestate A (from biogas Plant 
A – see above), V) liquid phase A, VI) solid phase A, 
VII) digestate B (from biogas Plant B – see above) VIII) 
liquid phase B, IX) solid phase B. The P containing prod-
ucts were applied in an amount equivalent to 200 mg P 
per pot (except the control). As other nutrients besides 
P were applied with the digestates (see Table 1), the ad-

Table 1 − Amendments and nutrients applied in the pot experiment.

Substrate Amount DM OM NH4-N* P* K* Mg*

 --------------------------------------------------- g per pot ---------------------------------------------------
NK - - - 1.0 0 1.3 0.25
NPK - - - 1.0 0.2 1.3 0.25
dairy slurry 312 29.3 23.6 1.0 0.2 1.3 0.25
digestate A 267 18.6 13.6 1.0 0.2 1.3 0.25
liquid A 338 16.5 11.0 1.0 0.2 1.3 0.25
solid A 62.1 21.4 18.2 1.0 0.2 1.3 0.25
digestate B 246 17.1 13.1 1.0 0.2 1.3 0.25
liquid B 425 20.6 16.0 1.0 0.2 1.3 0.25
solid B 66.0 17.6 14.7 1.0 0.2 1.3 0.25
DM = dry matter; OM = organic matter; NK = Mineral fertilizer without 
P-addition; NPK = Mineral fertilizer with P-addition; *calcium ammonium nitrate 
(CAN), potash and magnesium sulfate were supplemented to the organic 
fertilizers to reach equal amounts of NH4-N, K and Mg.
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dition of N, K, and Mg was adapted to ensure a uniform 
supply of these nutrients to all treatments according to 
the following amounts per pot: NH4-N: 1 g, K: 1.3 g, and 
Mg: 0.25 g with nutrient salts (NH4-N as calcium ammo-
nium nitrate, K as potash (KCl) and Mg as magnesium 
sulfate (MgSO4·7 H2O)). Each treatment consisted of 4 
replications. For this experiment the digestates sampled 
in April 2013 were used.

At the end of the experiment, plant and soil sam-
ples were taken from each pot for laboratory analysis. 
For the analysis of soil microbial activity a sub-sample 
was stored frozen.

Plant and Soil analyses
The dry matter yield of the crops was determined 

by drying the harvested biomass in an oven at 60 °C 
for seven days and then weighing it. To determine the P 
content of the plant tissue, the dried plant material was 
ground and the P content was measured after dry ash-
ing using the vanadate-molybdate method (Page et al., 
1982). The P uptake was calculated by multiplying dry 
matter yield by P or N concentration.

For the analysis of the chemical soil parameters, 
the soil was air-dried and sieved (< 2 mm). The double 
lactate soluble P (Pdl) concentration, which is a stan-
dard procedure for estimating plant available P in soil 
in Germany, the water soluble P (Pw) and the pH values 
were measured using the method described by Blume et 
al., (2000). To determine the effect of the digestates on 
the activity of soil microorganisms the frozen samples 
were thawed and kept at room temperature for 24 hours 
before analysis. Thawed samples were sieved and roots 
were removed as quickly as possible using tweezers in 
order to avoid drying. Dehydrogenase activity (DHA) in 
the soil was measured after incubating 1 g of soil for 24 
hours with triphenyltetrazolium chloride solution and 
the DHA was estimated after measuring the triphenyl-
formazan (TPF) concentration photometrically (Schinner 
et al., 1996). The alkaline phosphatase (alkPase) activi-

ties were determined after incubating 1 g soil with p-
nitrophenolphosphate for 1 hour at pH 11.0 and after, 
the subsequent photometrical measurement of the p-
nitrophenol (pNP) according to Tabatabai and Bremner 
(1969). 

Statistics
For statistical analysis, the software package PASW 

Statistics 18 was used. Soil and plant data correspond-
ing to four replications were subjected to a two facto-
rial analysis of variance (ANOVA, general linear model). 
The means of soil and plant parameters were compared 
using the Duncan multiple range test. Significance was 
determined at p ≤ 0.05 and significantly different means 
were indicated by different letters. Data from digestate 
analysis were subjected to a one factorial ANOVA. 

Results and Discussions

Effect of mechanical solid-liquid separation on the 
nutrient content and nutrient distribution in the 
digestates

Results of both sampling dates (Sep 2012 and Apr 
2013) consistently showed, that after mechanical separa-
tion the solid fraction is characterized by a relative high 
dry matter and organic matter content (Table 2 and Fig-
ure 1). After mechanical separation the dry matter (DM) 
content was about 5 % in the liquid fraction and about 
30 % in the solid fraction. This makes the solid fraction 
better for storing and easier to transport, as less water 
must be moved. Our results are consistent with studies 
from Bauer et al., (2009) and Möller et al., (2010) who 
found a DM content between 4 - 8 % in the liquid frac-
tion and 19 -23 % in the solid fraction of digestates from 
on-farm biogas plants.

Additionally, except for K, the N, P, Mg, Ca and 
S concentrations were high in the solid fraction of the 
digestates, which makes them, in combination with the 
relative low water content, a potentially viable organic 

Table 2 − Composition of the dairy slurry and digestates from two biogas plants and their liquid and solid phases after mechanical separation at 
two sampling dates (sampling date Sept 2012 – first number, Apr 2013 – second number, n = 3).

Parameter Dairy slurry*
Plant A Plant B

digestate liquid solid solid+drying** digestate liquid solid
DM (% of FW) 9.4 6.97/6.64 4.89/4.80 34.6/32.7 34.7/35.2 6.99/6.41 4.86/4.92 26.7/28.3
OM (% of DM) 80 73/74 67/67 85/85 87/85 77/76 78/75 84/76
N (g kg−1 FW) 4.50 3.94/4.22 3.55/3.89 9.83/7.54 9.17/10.8 4.01/4.60 3.63/4.20 8.19/8.63
NH4-N (% of N) 49 51/50 53/53 29/41 23/25 39/33 41/38 27/18
P (g kg−1 FW) 0.64 0.75/0.75 0.59/0.55 3.22/3.16 2.75/3.92 0.81/0.64 0.47/0.44 3.03/2.79
K (g kg−1 FW) 2.40 3.48/3.00 3.70/3.51 2.85/2.90 2.96/3.24 3.92/3.24 3.79/0.40 3.29/3.42
Mg (g kg−1 FW) 0.91 0.92/0.83 0.76/0.63 3.47/3.11 2.49/3.43 0.42/0.41 0.21/0.31 1.83/1.82
Ca (g kg−1 FW) 1.95 1.90/1.65 1.65/1.48 5.42/4.98 4.59/5.67 0.77/0.79 0.63/0.73 1.47/1.44
S (g kg−1 FW) n.a. 0.51/n.a. 0.42/n.a 2.38/n.a. 2.07/n.a. 0.41/n.a. 0.36/n.a. 1.51/n.a.
pH 7.5 7.9/7.5 8.0/7.8 9.0/8.9 9.1/8.6 8.0/8.1 8.1/8.0 8.7/8.9
DM = dry matter; OM = organic matter; FW = fresh weight; n.a. = not analysed; Input substrates: Plant A – dairy slurry (57 %) Maize silage (43 %), Plant B – Maize 
silage (87 %), cereal whole plant silage (9 %), grass silage (4 %); *dairy slurry was sampled only in April 2013; **Drying of the solid digestate was only applied in 
biogas plant A.
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depends on the separator, as well as on the type and 
composition of the input slurry, amongst other factors 
such as the organic matter content, the particle size dis-
tribution and the pH value (Bauer et al., 2009; Hjorth 
et al., 2010; Møller et al., 2002). In both biogas plants 
studied, about 40 % of the DM previously present in the 
untreated digestate was separated to the solid fraction, 
while 60 % of the DM remained in the liquid fraction. 
These results are comparable to the findings of Popovic 
et al., (2012) who reported that 46 % of the DM slurry 
was transferred to the solid separated fraction when us-
ing a commercial screw press. 

Only 7-20 % of the N, NH4-N and K previously 
present in the digestate was separated into the solid 
fraction, whereas over 80 % remained in the liquid 
phase. On the other hand, between 30 and 40 % of the 
total P previously present in the digestate was found in 
the solid phase after mechanical separation. Bauer et 
al., (2009) reported that as much as 52 % of P found in 
the inflow was found in the solid fraction after digestate 
separation. NH4 and K salts are very soluble and most of 
the NH4 and K in slurries is present in dissolved form, 
and thus remains in the liquid fraction after separation. 
On the other hand, more than 80 % of the P in untreated 
slurry is present in crystalline form (mainly Ca-P or Mg-
P) or adsorbed onto particles, and therefore a higher 
proportion is separated into the solid fraction (Massé et 
al., 2005). 

More P was separated into the solid fraction in 
Plant B than Plant A. Apart from the different original 
material this could also be attributed to the separation 
technology. A screw press, which was applied at Plant A, 
has a lower efficiency when separating P into solids than 
other separation techniques (Hjorth et al., 2010; Møller 
et al., 2002). In the screw press the DM-rich solid frac-
tion is pressed against a filter plate to press out more 
liquid, and the small particles are forced to pass through 

fertilizer. P concentration in the solid fraction (2.8 to 3.2 
g kg−1 FW) was about four times as high as in the un-
treated digestate (0.6-0.8 g kg−1 FW), and five to six times 
higher than in the liquid fraction (0.4-0.6 g kg−1 FW). 
Comparable P contents of the solid and liquid fractions 
of digestates and slurry were also reported by other au-
thors (Fangueiro et al., 2012; Jørgensen and Stoumann-
Jensen, 2009). The N:P ratio was considerably lower in 
the solid fraction (about 3.0 – Plant A, 2.5 – Plant B) than 
in the liquid fraction (about 7.0 – Plant A and 8.0 – Plant 
B) or untreated digestate (5.5 – Plant A, 6.0 – Plant B) 
(the average of both sampling dates). A low N:P ratio 
of 3.4:1 in the solid fraction of separated digestates was 
also reported by Möller et al. (2010), and demonstrates 
the preferential accumulation of P in the solid fraction. 
The low N:P ratio is also positive in terms of plant nutri-
tion because the P demand of field crops could be met 
without excessive N supply. 

Although total N concentration in the solid phase 
was high, only less than 30 % of the total N was analyzed 
as NH4-N, which is regarded as being easily available to 
crops. In the liquid fraction and in the non-separated 
digestates the proportion of NH4-N to total N was about 
50 % for biogas from Plant A and about 40 % from Plant 
B. The solid fraction is also a potential source of S, as the 
S concentrations were about four times higher compared 
to that of the untreated digestate. In addition, the pH 
value of the solid fraction was high (8.7-9.0), probably 
due to the high Ca content. Additional drying of the solid 
fraction with waste heat from biogas plant A did not in-
crease DM content significantly, but led to a reduction 
in total N and NH4-N content. The composition of the 
liquid fraction was very similar to that of the untreated 
digestate.

To evaluate the efficiency of the separation pro-
cess, the simple separation index (Et) was calculated as 
described by Hjorth et al. (2010). Separation efficiency 

Figure 1 − Distribution of nutrients for the solid and liquid phases after mechanical separation of digestates from two different biogas plants as 
expressed by the separation index (sampling date Sept 2012). DM = dry matter; OM = organic matter; FM = fresh matter.
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the filter and end up in the liquid fraction (Popovic et 
al., 2012). Interestingly, Mg showed the same partition 
tendencies between the solid and liquid fractions as P, 
demonstrating that P is associated with Mg in slurries 
and digestates, e.g. as struvite (Dou et al., 2000). 

Effect of mechanical solid-liquid separation on P 
availability in the digestates

The sequential P fractionation has often been used 
to evaluate P solubility and potential P availability in 
farmyard manure or agroindustrial by-products (Ajiboye 
et al., 2004; Dou et al., 2000; Kruse et al., 2010; Sharpley 
and Moyer, 2000). In both biogas plants, 70 to 90 % of the 
total P in the digestates and its solid and liquid fractions 
were extracted with mild agents such as H2O and NaHCO3 
(Figure 2). Neither the mechanical separation technique 
nor the subsequent drying process (in plant A) had a sig-
nificant effect on the readily soluble P (H2O+NaHCO3-P; 
p ≤ 0.178). The H2O-P and the NaHCO3-P fractions gen-
erally represent labile and highly soluble P forms, such 
as dicalcium phosphate dihydrate (CaHPO4*2H2O), stru-
vite (MgNH4PO4*6H2O), hydrated aluminum phosphate 
(AlPO4*2H2O), P sorbed to CaCO3 or phospholipids, DNA 
and simple phosphate monoesters (Ajiboye and Akrin-
remi, 2007; Turner and Leytem, 2004). Thus, our results 
indicate, that the bioavailablity of P in digestates is high, 
even in the P-rich solid phase after digestate separation. 
The fact that most of the P contained in slurries and diges-
tates is present in easily bioavailable form has also been 
demonstrated in previous studies (Bachmann et al., 2011; 
Güngör and Karthikeyan, 2005).

Between 5 - 15 % of the total P in the digestates and 
its solid and liquid fractions were extracted with NaOH 
and H2SO4. This proportion is also comparable with our 
previous results (Bachmann et al., 2011) where 12 % of 
the total P in the digestate was extracted with NaOH and 
H2SO4. The NaOH and H2SO4 fractions are considered to 

represent P forms of moderate to low solubility. In the 
NaOH-fraction of farmyard manure organic P forms dom-
inate, whereas complex Ca-P compounds i.e. low soluble 
hydroxylapatite (Ca5(PO4)2OH) or phytic acid and Ca-phy-
tate, dominate in the H2SO4/HCl-P fraction (Ajiboye and 
Akrinremi, 2007; Kruse et al., 2010; Turner and Leytem, 
2004). Between 5 - 23 % of total P was not extracted by 
the different agents and was considered Residual-P.

The mineral P predominated in all digestate sam-
ples. The organic P represented only 5 - 18 % of the total 
P (Figure 3). This range is quite similar to what was re-
ported by Dou et al., (2000) in dairy slurry samples. In 
contrast, a higher proportion of organic P, between 29 - 45 
% of the total P, was found for solid manures (Aijboye et 
al., 2004). The proportion of organic P to total P in the di-
gestates varied between the two biogas plants and was in-
fluenced by the use of mechanical separation (p = 0.020). 
The digestate from Plant B had a higher proportion of or-
ganic P (18 % of the total P) than that from plant A (12 % 
of the total P). This might be attributed to the different in-
put substrates used. Animal slurries are composed of or-
ganic and inorganic P forms, but inorganic P is usually the 
principal P form. In a wide variety of organic wastes of 
different origins and treatments animal slurry was found 
to have a low concentration of organic P (about 1 %) in 
relation to total P (García-Albacete et al., 2012). Biogas 
Plant A mainly used dairy slurry (57 %, w/w) which may 
explain the relatively low proportion of organic P in the 
digestates. Surprisingly, in both biogas plants, we found 
a considerably lower proportion of organic P to total P in 
the solid fraction (5 - 7 % of the total P for plant B and 
plant A) than in the liquid fraction (13 - 14 % of the total 
P for plant B and plant A). This indicates that organic P 
compounds in digestates probably have a very low par-
ticle size and thus remain in the liquid fraction.

Figure 2 − P-fractions of the total P in digestates from two different 
biogas plants as influenced by mechanical solid-liquid separation 
(sampling date Sept 2012). Drying of the solid digestate was 
applied only in biogas plant A.

Figure 3 − Proportion of organic P in each P fraction in digestates 
from two different biogas plants as influenced by mechanical 
solid-liquid separation (sampling date Sep 2012). One-Way 
ANOVA with post hoc comparison of means (Tukey-Test p ≤ 0.05). 
Different letters indicate significant differences of the organic P 
concentration between the digestates.
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Effect of the digestates on plant and soil parameters
The dry matter yield and P uptake differed be-

tween crops and were affected by the amendments ap-
plied. Significant interactions between crops and fertil-
izer treatments indicate that the efficacy of the organic 
amendments also depended on the crop cultivated.

All types of digestates resulted in higher P up-
take than the control and were in the range of that of 
TSP and unfermented dairy slurry (Table 3). The diges-
tates can, therefore, be considered a suitable P source 
for plants. These results confirmed previous outcomes 
of an experiment with maize and amaranth (Bachmann 
et al., 2011). As regards yield, the positive effect of the 
amendments was not so clear. All amendments resulted 
in higher yield of maize and sorghum in comparison to 
the control whereas for amaranth only the unseparated 
digestates increased yield and none of the amendments 
resulted in higher yields of the mixed cropped maize and 
beans (see also below). On average, we could not detect 
an effect of separation on the crops and the unseparated 
digestates had the same effect as the solid or liquid frac-
tion of the separated digestates. Differences occurred, 
however, between the digestates and the digestate B and 

its liquid fraction resulted in higher P uptake than di-
gestate A and its liquid fraction (average of all crops). 
As the same amount of P was provided to all pots we 
assume that other components in the digestates affected 
the soil characteristics and the P delivery to plant. Due 
to the varying P concentration, the digestates were ap-
plied in different amounts to warrant a P supply of 200 
mg per pot. Other ingredients except P, NH4-N, K and 
Mg (which were balanced for all pots) were thus also 
applied in different amounts.

Soil P concentration (Pw and Pdl) also increased 
when P was applied (Table 4). The only exception was 
the Pdl concentration in combination with amaranth 
cultivation, where only two treatments resulted in high-
er values than the control without P. The Pw concentra-
tion in soil of all pots almost doubled when P was ap-
plied in comparison to the control. As mentioned above, 
we could not detect stringently a different effect of the 
digestates or differences between the solid or liquid frac-
tion. 

The pH values in soil rose when the organic 
amendments were applied, which can be explained by 
the high pH values of the substrates (see Table 4). 

The microbial metabolitic activity (DHA) was 
highest when undigested dairy slurry was applied (Table 
5). This was the case in combination with all crops test-
ed. It is well documented that the application of organic 
materials enhances the microbial biomass and microbial 
activity of soils (Ehlers et al., 2010; Krey et al., 2013; 
Requejo and Eichler-Löbermann, 2014). Nonetheless, 
this depends on the material applied. After digestate ap-
plication (separated or unseparated) the DHA was gen-
erally lower than after application of dairy slurry. This 
was also found in previous experiments with digested 
and undigested animal slurries (Bachmann et al., 2011, 
Bachmann et al., 2014; Elfstrand et al., 2007). Elevated 
values in comparison to the control after digestate ap-
plication were only found in combination with maize 
and maize + bean. The activity of the dehydrogenase 
in soil is closely related to microbial activity and can be 
regarded as a sensitive indicator of changes in the nutri-
ent and carbon turnover in soil because this enzyme is 
an integral part of their cellular metabolism (Watts et al., 
2010; Brookes, 2001). 

As the activity of soil microorganisms strongly de-
pends on the presence of available organic C, the lower 
microbial activity in soil after application of the diges-
tates can be attributed, in part, to the lower amount of 
applied organic matter. Furthermore, the quality of the 
organic matter in the digestates could also have affected 
the microbial activity. Obviously, the organic matter ap-
plied with the digestate did not stimulate the growth 
of the soil microorganisms. After anaerobic digestion, 
mainly stable lignin-like organic C compounds remain, 
which can hardly be used as carbon and energy sourc-
es by most soil microorganisms (Marcato et al., 2009; 
Thomsen et al., 2013). Our results, therefore, show that 
changes in substrate composition due to anaerobic diges-

Table 3 − Yield and P uptake of different crop species as influenced by 
different amendments at the end of an eight week pot experiment 
on a P-poor loamy sand. 

Fertilizer/p-values
Amaranth Maize Maize + Bean Sorghum

DM yield (g per pot) (105 °C)
p ≤ 0.036 p ≤ 0.001 ns p ≤ 0.001

NK 33.1 a 37.4 a 43.0 a 30.0 a
NPK 33.1 a 68.8 b 54.9 a 40.2 b
dairy slurry 35.9 abc 64.0 b 56.2 a 49.8 e 
digestate A 39.5 bc 63.0 b 53.3 a 43.8 bcd
liquid 37.9 abc 61.2 b 52.8 a 44.8 bcde
solid 36.2 abc 59.8 b 49.6 a 42.0 b
digestate B 41.1 c 63.5 b 48.6 a 47.5 cde
liquid 38.2 abc 64.9 b 53.5 a 43.4 bc
solid 35.2 ab 59.4 b 52.6 a 48.8 de
mean 36.7 A 59.1 D 51.6 C 43.4 B

P uptake (mg per pot)
Fertilizer/p-values p ≤ 0.001 p ≤ 0.001 p ≤ 0.001 p ≤ 0.001
NK 112 a 58.3 a 68.9 a 53.3 a 
NPK 150 b 110 bc 116 c 81.9 bc 
dairy slurry 186 c 112 bc 112 bc 77.3 b 
digestate A 172 bc 101 b 98.7 b 76.4 b 
liquid 166 bc 101 b 103 bc 73.7 b 
solid 169 bc 106 bv 117 c 85.0 bc 
digestate B 186 c 115 c 114 c 94.1 c 
liquid 213 d 108 bc 117 c 98.1 c 
solid 182 c 102 b 106 bc 85.9 bc
mean 171 C 101 B 106 B 80.7 A
Results of One-Way ANOVA and post hoc comparison of means (Tukey-Test p ≤ 
0.05). Different lower case letters in one column indicate significant different 
means between the fertilizer treatments. Different upper case letters indicate 
significant different means between the crop species; NK = Mineral fertilizer 
without P-addition; NPK = Mineral fertilizer with P-addition; DM = dry matter; 
ns = not significant.
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tion influence the activity of enzymes, which in turn can 
affect the P turnover in the soil. In our experiment we 
found a significant correlation between Pw contents in 
soil and DHA (0.349, p ≤ 0.001). 

The activities of the alkaline phosphatase (alkPase) 
were also influenced by the fertilizer application. Al-
though averaged for all crops the addition of dairy slurry 
and digestate A resulted in higher activities in compari-
son to the NK and the NPK treatment, the effect of or-
ganic matter supply was not as clear as was found for 

DHA. Obviously it was not decisive if the applied organ-
ic material was digested or not. The activity of alkPase 
is also affected by pH value and alkPase develops higher 
activities when soil pH rises (Tabatabai and Bremner, 
1969). The correlation between pH values and alkPase 
was highly significant (0.262, p > 0.001) when all treat-
ments and crops were included, and even higher (until 
0.47 p ≤ 0.001) when only amaranth or sorghum were 
considered. A higher activity of Pase indicates a greater 
potential for mineralizing P from organic compounds. 
The alkPase is mainly produced by soil microorganisms, 
and the extent of its synthesis and excretion should be 
coupled to the microbial activity and/or population (Al-
biach et al., 2000). Thus, correlations between DHA and 
alkPase were also found (0.291 p ≤ 0.001, including all 
crops and fertilizer treatments). Higher activity of alk-
Pase after addition of organic fertilizers (compost and 
manure) in a field experiment was also shown in a study 
of Krey et al., (2013), where this was also related to an 
increase in pH and soil organic matter. 

Table 4 − Bioavailable P concentration and pH of the soil after 
application of different amendments and cultivation of different 
crop species in an eight week pot experiment on a P-poor loamy 
sand.

Fertilizer/p-values
Amaranth Maize Maize + Bean Sorghum

Pdl, mg kg−1

p = 0.048 p ≤ 0.001 p ≤ 0.001 p ≤ 0.001
NK 35.8 ab 31.0 a 30.0 a 29.5 a
NPK 34.7 a 44.1 d 39.3 b 37.6 b
dairy slurry 38.4 ab 36.6 bc 36.9 b 36.4 b
digestate A 38.1 ab 39.0 bcd 35.6 b 38.3 b
liquid 40.8 b 36.7 bc 37.8 b 38.4 b
solid 34.3 a 33.8 ab 36.0 b 35.1 b
digestate B 33.4 a 34.4 ab 35.9 b 36.7 b
liquid 37.4 ab 42.3 d 39.0 b 37.7 b
solid 41.6 b 41.8 cd 36.6 b 35.2 b
mean 36.9 A 37.9 A 36.3 A 36.1 A

Pw, mg kg−1

Fertilizer/p-values p ≤ 0.001 p ≤ 0.001 p = 0.002 p ≤ 0.001
NK 3.62 a 4.31 a 4.77 a 5.05 a
NPK 6.31 bc 8.06 b 12.9 c 6.54 b
dairy slurry 6.81 c 8.00 b 9.33 bc 9.42 de
digestate A 7.50 c 8.62 b 9.31 b 8.67 cde
liquid 7.31 c 7.87 b 7.62 ab 10.0 e
solid 7.06 c 8.75 b 11.0 bc 8.37 cd
digestate B 5.62 b 7.75 b 9.89 bc 9.62 de
liquid 9.31 d 8.73 b 9.25 b 9.22 de
solid 7.18 c 8.35 b 8.25 b 7.71 bc
mean 6.81 A 7.80 B 9.13 C 8.25 B

pH 
Fertilizer/p-values p ≤ 0.001 p ≤ 0.001 ns p ≤ 0.001
NK 4.47 a 4.64 a 4.77 a 4.92 ab
NPK 4.45 a 4.80 b 4.76 a 4.86 a
dairy slurry 4.56 ab 5.12 f 4.88 a 5.21 e
digestate A 4.56 ab 5.10 ef 4.83 a 5.21 e
liquid 4.68 bc 5.16 f 4.87 a 5.22 e
solid 4.46 a 4.96 cd 4.75 a 5.07 cd
digestate B 4.48 a 5.00 de 4.79 a 5.06 cd
liquid 4.70 c 4.94 cd 4.84 a 5.10 d
solid 4.56 ab 4.88 bc 4.84 a 5.00 bc
mean 4.55 A 4.96 C 4.82 B 5.07 D
Results of One-Way ANOVA and post hoc comparison of means (Tukey-Test p ≤ 
0.05). Different lower case letters in one column indicate significantly different 
means between the fertilizer treatments. Different upper case letters indicate 
significantly different means between the crop species. NK = Mineral fertilizer 
without P-addition; NPK = Mineral fertilizer with P-addition; Pdl = double-lactate 
soluble P; Pw = water soluble P; ns = not significant.

Table 5 − Microbial metabolic activity and activity of alkaline 
phosphatase in soil after application of different amendments 
and cultivation of different crop species in an eight week pot 
experiment on a P-poor loamy sand. 

Fertilizer/p-values

Amaranth Maize Maize + Bean Sorghum
Microbial metabolic activity, TPF, 

µg g−1 soil (DM) (after 24 h)
p ≤ 0.001 p ≤ 0.001 p ≤ 0.001 p ≤ 0.001

NK 20.9 a 26.8 a 28.5 a 30.1 ab
NPK 25.1 ab 39.3 ab 46.5 b 41.5 abc
dairy slurry 42.5 d 99.5 e 80.4 e 65.1 d
digestate A 28.5 abc 67.2 cd 53.2 bc 45.8 bc
liquid 30.5 bc 58.5 cd 65.3 cd 41.6 abc
solid 34.2 c 53.3 bcd 50.1 bc 47.5 c
digestate B 27.8 abc 68.1 d 72.3 de 41.6 abc
liquid 21.0 a 49.2 bc 53.2 bc 25.7 a
solid 27.8 abc 54.4 bcd 52.7 bc 42.8 bc
mean 28.7 A 57.4 C 55.8 C 42.4 B

Activity of alkaline phosphatase, pNP,
µg g−1 soil (DM)

Fertilizer/p-values p ≤ 0.001 ns p = 0.047 p = 0.004

NK 19.8 a 31.4 31.1 abc 25.0 a

NPK 23.5 a 38.3 28.6 abc 22.9 a
dairy slurry 34.6 bc 44.2 35.6 c 35.1 bc
digestate A 38.5 c 42.3 37.3 c 37.4 bc
liquid 34.5 bc 35.4 31.0 abc 31.8 abc
solid 34.0 bc 25.1 24.0 a 28.3 ab
digestate B 21.2 a 34.4 25.1 ab 40.8 c
liquid 35.6 bc 35.5 32.7 abc 31.4 ab
solid 26.6 bc 27.7 34.3 bc 31.5 ab
mean 29.8 A 34.9 B 31.1 A 31.6 AB
Results of One-Way ANOVA and post hoc comparison of means (Tukey-Test p ≤ 
0.05). Different lower case letters in one column indicate significantly different 
means between the fertilizer treatments. Different upper case letters indicate 
significantly different means between the crop species; ns = not significant; NK 
= Mineral fertilizer without P-addition; NPK = Mineral fertilizer with P-addition; 
DM = dry matter ; TPF = triphenylformazan; pNP = p-nitrophenol.
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On average for all fertilizer treatments, the shoot 
yield ranged as follows: maize > maize + bean > sorghum 
> amaranth (Table 3). The relatively small effect of P sup-
ply on yields (see above) may indicate that the amount of 
P in the soil (despite the low Pdl contents in the treatment 
without fertilization) was still sufficient to cover plant de-
mand. Even P compounds with relatively low solubility 
can be mobilized in soil by crops and microorganisms, and 
such processes might not be reflected adequately by stan-
dard soil-P extraction like the double-lactate method (Re-
quejo and Eichler-Löbermann, 2014; Dakora and Phillips, 
2002). To improve the spatial or chemical availability of P 
in soil, crops can change their root morphology (mainly 
the formation of fine roots) to explore a larger soil vol-
ume; others excrete P-solubilizing compounds like organic 
acids, organic and inorganic ions, sugars, vitamins, nucle-
osides, and enzymes (Richardson et al., 2011). This can 
be especially advantageous in mixed cropping where two 
major processes occur: complementarity and facilitation. 
Resource complementarity minimizes the niche overlap 
in space and time and facilitation enhances the resource 
availability and growth of a crop by another crop (Hins-
inger et al., 2011). This can be the reason, that in the pres-
ent study for the mixed cropping with maize and beans no 
yield effect of the treatments was observed. 

The internal P utilization efficiency also varied be-
tween crops. Despite the comparable low yield, shoot 
uptake of P by amaranth was, with 171 mg per pot, con-
siderably higher than the P uptake of the other crops 
and unproportionally high in relation to the shoot bio-
mass, because of the high P concentration in the plant 
tissue (data not shown). This implies a low internal P 
utilization (biomass production in relation to P uptake). 
However, the high P uptake of amaranth did not result 
in lower bioavailable P concentrations in the soil (Pdl) 
in comparison to the other crops. This suggests on the 
other hand a relatively high efficiency for P acquisition. 
The lowest pH values in soil were also found for ama-
ranth which can probably be explained by the release 
of organic acids which was shown by Li et al., (2006) 
who cultivated amaranth under K stress. We assume that 
in our experiment the amaranth roots released organic 
acids to mobilize P resources in soil to cover the high P 
demand of this crop. Outstandingly high P uptakes by 
amaranth were also found in other studies (Ojo et al., 
2010; Brandt et al., 2011; Bachmann et al., 2011). Lower 
pH values after amaranth cultivation were probably also 
the reason for the decrease in enzyme activities. 

Conclusion

Digestates showed the same P fertilizer effects as 
the high soluble mineral P fertilizer (TSP) and undigest-
ed dairy slurry and thus represent a valuable P source. 
Nutrient management and the nutrition of crops can be 
improved by a solid-liquid separation of digestates as the 
solid phase showed relatively high concentration of P 
and a low N:P ratio. Because of the low water content of 

the solid phase, it is more easily transported, and allows 
for targeted application on soils with low P status and 
low risk of P losses. The reduced activity of enzymes in 
soil after application of the digestates (mainly activity of 
dehydrogenase) indicated a lower C and P turnover in 
the digestate-amended soils which needs to be investi-
gated for a longer time span under field conditions.
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