& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

Chris Blok,
Wageningen University and Research,
Netherlands

Lin Ouyang,

Chinese Academy of Agricultural Sciences,
China

Adrie Veeken,

Wageningen University and Research,
Netherlands

Dieter Lohr
dieter.lohr@hswt.de

14 July 2025
29 September 2025
17 October 2025

Muser M, Meinken E and Lohr D (2025)
Separated solid digestate from biogas
production as a growing media
constituent for potted ornamentals.
Front. Hortic. 4:1665721.

doi: 10.3389/fhort.2025.1665721

© 2025 Muser, Meinken and Lohr. This is an

open-access article distributed under the terms

of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the

original author(s) and the copyright owner(s)
are credited and that the original publication

in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Horticulture

Original Research
17 October 2025
10.3389/fhort.2025.1665721

Separated solid digestate
from biogas production as a
growing media constituent
for potted ornamentals

Michael Muser, Elke Meinken and Dieter Lohr*

Working Group Sustainable Nutrient and Resource Management in Horticulture, Institute of
Horticulture, Weihenstephan-Triesdorf University of Applied Sciences, Freising, Germany

Introduction: Reducing peat in the growing media is one of the challenges
currently faced in horticulture. Therefore, the availability of suitable alternative
raw materials is a main topic. Separated solid digestate from agricultural biogas
plants might be an option. In Germany, separated solid digestates are available in
large quantities without a value-adding utilization. Whereas the separated liquid
phase is used as an effective organic fertilizer, the nutrient availability of the solid
residues is limited. Indeed, some research has been done on the use of separated
solid digestate as a growing media constituent. The results revealed that the
material has potential. However, there are still many unanswered questions, in
particular about the effect of various biogas feedstocks on the quality of the
digestate and the development of quality guidelines on how they have been
established for aerobically produced compost.

Methods: In the current study, five separated solid digestates from agricultural
biogas plants were used. Two of these used only plant-based feedstocks, while
two others used 10% and another 30% cattle manure as feedstock. The separated
solid digestates were composted aerobically for approximately 6 weeks to break
down the phytotoxic compounds and to initiate nitrification. Subsequently, the
digestates were mixed with bog peat at ratios of 30%, 50%, and 70% (v/v)
respectively, and a plant trial was conducted with French marigold
(Tagetes erecta).

Results and discussion: The chemical characterization of the digestates revealed
that they comply with the established thresholds for green waste compost
suitable as a growing media constituent up to 40% (v/v). However, in the plant
trial, some separated solid digestates impaired plant growth already at 30% (v/v).
This indicates that the guidelines for green waste compost cannot be transferred
one-to-one. Moreover, the growth reduction could not be attributed to a single
factor, but was suspected to be the result of the interplay between pH, soluble
salts, and the concentration of individual elements. Considering the great
heterogeneity of separated solid digestate, it is a potentially suitable but
challenging growing media constituent. However, there are various
approaches to improve quality, e.g., the use of additives, washing, and the
strict selection of feedstocks, which are worth further investigation.
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1 Introduction

Due to its favorable chemical and physical properties, peat is
currently the most important growing media constituent (Gruda,
2019). However, due to its contribution to climate change and the
loss of biodiversity and hydrological functions of drained bogs
(Stichnothe, 2022), there is increasing political and social pressure
to reduce the use of peat in horticulture (Gruda et al., 2024).
Currently, wood fiber and composted green waste, coir, and
(composted) bark are the most important peat substitutes in
growing media (Blok et al., 2024; IVG/GGS, 2025). In Germany,
these four materials have accounted for approximately 90% of all
peat substitutes in 2024 (IVG/GGS, 2025). However, in the coming
decade, a tightening competition for these materials is to be
expected as not only the share of peat in growing media will
further decrease and the total demand for growing media is
expected to quadruple (Blok et al., 2021) but also the de-
carbonization of the economy will increase the overall demand
for renewable raw materials (Piotrowski et al., 2015). This is further
worsened, e.g., by forest conversion with a growing proportion of
hardwoods in the wake of climate change (Fuchs et al., 2024). This
further decreases the raw material reserves as hardwood species are
less suitable for the production of wood fibers due to their several
times higher N immobilization and, thus, reduced crop safety
(Beuth et al., 2023).

Thus, new raw materials—preferably those without strong
competition for use—are needed. A potential candidate might be
separated solid residues from the anaerobic digestion of energy
crops and manure. While the liquid phase is used as a fertilizer with
similar efficacy to mineral fertilizers, the nutrient availability from
separated solid digestates (SSDs) is rather low (Guilayn et al., 2020).
A value-added use of SSDs could be as a growing media constituent.
However, the chemical properties of SSDs vary considerably
depending on the feedstock used in the biogas plant
(Jankauskiene et al., 2024). Especially livestock excrements
increase the nutrient and ballast salt contents and thus limit the
maximum share (Schmitz and Meinken, 2009). In addition to the
total content of water-soluble salts, the high concentration of plant
available phosphorus (P) is of special concern, particularly in the
cultivation of P-sensitive plants. Furthermore, Schmitz and
Meinken (2009) stated that SSDs could not be used fresh, but
need to be pretreated by aerobic composting in order to stabilize
organic matter, thus reducing the N dynamics and breaking down
phytotoxic compounds as volatile fatty acids (Brinton, 2006). This is
confirmed by others (Torres-Climent et al., 2015; Dubsky et al,
2019). Furthermore, composting leads to sanitation, which is not
guaranteed for fresh SSD. Therefore, a sufficient thermophilic phase
is necessary, which requires proper management of the composting
process (Kovacic et al., 2022).

If feedstock is purely plant-based, shares up to 50% (v/v) are
possible without significant yield loss (Asp et al., 2022), whereas the
maximum share of SSD containing livestock excrements as biogas
feedstock is lower. Schmitz and Meinken (2009) outlined the effect
of different types of livestock excrements on the possible share of
SSD in growing media. Cattle slurry already caused significant yield
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loss and severe damage at 20% (v/v). Dubsky et al. (2019) also
described a significant decline in the growth of pelargoniums and
petunias when shares exceeded 20% (v/v), which was attributed to
the high pH levels and potassium concentrations. However, the
authors did not provide details regarding the feedstock used in the
biogas plant. Moreover, they assumed that physical properties—in
particular a lower content of easily available water—could
contribute to more compact growth, which is in line with the
results of Crippa et al. (2013). A lower water holding capacity was
also reported by Asp et al. (2022), whereby the authors stated that
this should not pose any problems for plants, but may require
different watering strategies.

The aim of the current study was to evaluate the potential of
SSDs with increasing proportions of livestock excrements in the
biogas feedstock as a growing media constituent. As the limitations
of SSDs have not yet been clearly identified, special focus was on the
chemical factors affecting plant growth and resulting in fertilization
adjustments to overcome the negative effects.

2 Materials and methods
2.1 Separated solid digestate

The SSDs were procured from five agricultural biogas plants in
southern Germany. Two of these only used plant-derived feedstock,
while two added approximately 10% and one approximately 30% cattle
manure. With the exception of one biogas plant, which used a high
percentage of chopped hob bines—composed of steam, leaf, and cone
residue—as feedstock, the plant-based feedstocks were typical energy
crops (maize, green rye, clover/grass mixture, and cup plant). The SSDs
were separated by the respective biogas plants and sampled from heaps.
Approximately 0.75 m was taken per plant and aerobically composted
for 6 weeks at Weihenstephan-Triesdorf University of Applied Sciences
according to the procedure described by Schmitz and Meinken (2009).
After composting, the residues were dried at ambient temperature in a
shaded greenhouse (18 + 4°C) and stored for approximately 2 weeks.
Details of the feedstocks and the chemical characterization of the SSDs
right before the start of the experiment are given in Table 1. With the
exception of the phosphorus content of SSD E, all values complied at
least with the thresholds of the German Federal Quality Association for
Compost (BGK, 2025) for green waste compost used as growing media
constituent up to a volume of 20%. Furthermore, there is no clear effect
of the percentage of cattle manure on the concentrations of soluble salts
and plant-available nutrients. Moreover, it is noticeable that only in
SSD A were significant amounts of nitrate-N found, indicating that
nitrification had not been started during composting in SSD B to E.

2.2 Preparing the growing media and
conduction the plant trial
Each of the five SSDs was mixed with Baltic sod peat (H3-H5;

0-8 mm) (Patzer Erden, Sinntal-Altengronau, Germany) at ratios of
70:30, 50:50, and 30:70 (v/v), respectively. The volume was taken by
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TABLE 1 Feedstock and chemical characterization (all analysis according to VDLUFA, 2026) of the five separated solid digestates after composting.

Properties
10
WCC, clover/

Cattle manure 0 (0] 10 30

Plant-derived Chopped hop Clover/

WCC, clover/grass,

Cup plant,

feedstock bines, CCM*, WCC? WCC, grass  grass, green rye landscaping waste grass
pH (CaCl,) 7.3 ™ 8.4 ™ 8.4 ™ 8.1 m 9.0 ™
total salts (H,0) gKalL™! 3.84* 4.28* 3.30* 3.25% 445+
NH, (CAT) mg N Lt 59 na 3 na 5 na 35 ma 116 ™
NO, (CAT) mg N Lt 165 ™ 0 e 3 na 10 0 e
N (CAT) mgNL™! 224 30 55+ 36% 116**
P (CAL) mg P,0s L™ 1,616 1,206* 1,708* 867+ 2,581
K (CAL) mg K,0 L™ 2,373 3,072* 2,716 2,177 3,060
Na (H,0) mg Na L™ 17%* 12%% 74+ 123%* 103**
Cl (H,0) mg CI L™ 693* 687* 667+ 807* 687+
Ca (H,0) mg Ca L 34 % 175 ™ 24" 347 48 ™
Mg (CAT) mg Mg L™ 373 ™ 221 ™ 177 ™ 183 ™ 157 ™
Fe (CAT) mg Fe Lt 36 M 3 na. 15 na 10 M 6 D
Mn (CAT) mg Mn L™ 32 3.0 ™ 3.9 ™ 2.8 ™ 3.5
Cu (CAT) mg Cu L™ 0.60 ™ 0.09 ™ 0.04 ™ 0.06 ™ 0.20 ™
Zn (CAT) mg Zn L™ 2.07 ™ 0.79 ™* 3.45 " 2.67 ™ 2.96 ™*
B (CAT) mgB L™ 1.56 ™ 1.26 ™ 0.49 ™ 0.21™* 0.59 ™
Mo (CAT) mg Mo L™ 0.04 ™ 0.08 ™ 023 ™ 0.22 ™" 0.26 ™
S (H,0) mg SO, ! 29 na 47 P 13 na 13 na 3] D

SSD, separated solid digestate; CCM, corn cob mix; WCC, whole corn crop; CAT,; CAL,; n.a., no available threshold
“For $SD A-E, values comply with the thresholds for green waste compost as growing media constituent up to 20% (v/v) (BGK, 2025).
“For SSD A-E, values comply with the thresholds up to 40% (v/v) (BGK, 2025) for green waste compost as growing media constituent.

weight calculated from the bulk density according to VDLUFA
(2016). In total, 15 mixtures (five SSDs x three mixing ratios) were
first analyzed for pH, water-soluble salts, and CAT-soluble nitrogen
(N), phosphorus (P), and potassium (K) and then limed and
fertilized on demand. The lower pH limit for liming was set at
5.8. When the pH was higher, no further actions were done. The
lower limits for N, P (expressed as P,Os), and K (expressed as K,0)
were 250, 250, and 350 mg L', respectively. Due to the high P and
K concentrations in SSDs (Table 1), all treatments far exceeded the
lower limits, and only the treatment with 30% (v/v) SSD A needed
to be limed, whereas N fertilization was necessary for all SSD
treatments. This was done by BAVARIA CaN (15.4% N; Planta,
Regenstauf, Germany). As a control treatment, the Baltic sod peat
was limed to pH 5.8 and fertilized up to the listed lower limits of N,
P, and K, and additionally with trace elements [BAVARIA CaN
(15.4% N), Ferty Basis 1 (0-14-35), and Ferty 10 Spezial] (Planta,
Regenstauf, Germany).

The trial was conducted with Marigold (Tagetes erecta ‘Antigua
Gold F1’; Beringmeier Samen und Saaten, Volkmarsen, Germany)
from the end of October to mid-December 2024. Seedlings (10 days
old) were individually pricked into 13-cm plastic pots (approximate
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volume of 1 L) and arranged randomly (four replications with 15
plants each, giving 60 plants per treatment and 960 plants in total)
in a greenhouse. The pots were placed in dishes, and drain water
was regularly flushed back into the pots to prevent nutrient loss.
The heating temperature was set to 20°C (day/night) during the first
2 weeks, and then lowered to 18°C. Ventilation was 2 K above
heating temperature. When the radiation outside the greenhouse
was below 10 klx between 6:00-9:00 a.m. and 3:30-10:00 p.m.,
supplement light was provided (one lamp per 3 m?) (LED-KE 400
VSP; DH Licht, Wiilfrath, Germany). Irrigation was done with
deionized water on demand per pot. To avoid sulfur deficiency, 50
mg S L' as MgSO,-7H,O (analytical grade; AppliChem GmbH,
Darmstadt, Germany) was added. Fertilization was continuously
adapted based on biweekly analysis of the growing media, whereby
the lower limit of N was set to 100 mg N L™". Nitrogen was applied
as ammonium nitrate (technical grade; AppliChem GmbH,
Darmstadt, Germany) when the pH was >6.5 or as calcium
nitrate (BAVARIA CaN; Planta, Regenstauf, Germany) when the
pH was <6.5, with both N fertilizers at a dose of 50 mg N per pot.
Furthermore, treatments with a growing media pH 26.5 were
fertilized with Fe-EDDHA (Ferty 72; Planta, Regenstauf,
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Germany) twice during the experiment. Fertilization of the control
was done accordingly, whereby phosphorus, potassium, and trace
elements were additionally supplied using water-soluble fertilizers
[Ferty Basis 1 (0-14-35) and Ferty 10 Spezial] (Planta,
Regenstauf, Germany).

2.3 Data collection and analytical methods

The plant trial ran for 45 days. During the experiment, plant
growth was visually rated (e.g., for the occurrence of chlorosis and
necrosis). At the end of the experiment, the remaining 12 plants per
plot (three of the initial 15 plants per plot were taken out for
growing media analysis during the experiment) were cut at the
growing media surface, and the fresh and dry mass (drying in a
forced-air oven at 60°C until weight was constant) were recorded
per replicate. Furthermore, root growth (intensity and health) was
visually rated (from 1 = worst to 9 = best) individually per pot, and
the indices were calculated as the sum of scores per replicate. Dried
plant material was ground (ZM 200 with 0.5-mm mesh; Retsch,
Haan, Germany) and analyzed for total N using the dry combustion
method (Horneck and Miller, 1998) with a LECO CN 828 (LECO
Corporation, St. Joseph, MI, USA) and for total P, K, magnesium
(Mg), calcium (Ca), sulfur (S), iron (Fe), zinc (Zn), manganese
(Mn), copper (Cu), boron (B), and molybdenum (Mo) using
inductively coupled plasma optical emission spectroscopy (ICP-
OES) (iCAP PRO X; Thermo Fisher Scientific Inc., Waltham, MA,
USA) after microwave-assisted digestion (ecowave; Anton Paar
GmbH, Graz, Austria) in a mixture of nitric acid and hydrogen
peroxide (Miller, 1998). The SSDs before mixing of growing media
and the growing media at the end of the plant trial were analyzed for
pH in CaCl, suspension (method A 5.1.1; VDLUFA, 2016); water-
soluble salts (method A 13.4.1; VDLUFA, 2016) and water-soluble
sodium (Na), chloride (Cl), Ca, and S (method A 13.4.3; VDLUFA,
2016); CAT-soluble N, P, K, Mg, Fe, Zn, Mn, Cu, B, and Mo
(method A 13.1.1; VDLUFA, 2016); and CAL-soluble P and K
(method A 6.2.1.1; VDLUFA, 2016). In addition, the growing media
were analyzed for pH, water-soluble salts, and CAT-soluble N, P,
and K biweekly during the trial for adjustment of fertilization.
Analysis of the pH and soluble salts was done using electrodes, and
an AA500 continuous flow analyzer coupled with two LED
spectrometers (SEAL Analytic, Norderstedt, Germany) was used
for NH,- and NO;-N, with Cl measured by potentiometric
titration with silver nitrate (TitroLine 5000; SI Analytics,
Weilheim, Germany) and the remaining elements by ICP-OES.
For analysis during the plant trial, one pot per plot was taken out
and the four pots of each treatment were used as a pooled sample.
At the final evaluation, each of the remaining 12 pots per plot was
sampled and the pooled material analyzed.

2.4 Statistical analysis

For the fresh and dry mass, the concentration of nutrients in
plant tissue, and the pH, water-soluble salts, and CAT-soluble
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nutrients in the growing media, data were tested for normality
and homogeneity of variance using the Anderson-Darling test and
Levene’s test, respectively. Furthermore, visual inspection was
performed according to Kozak and Piepho (2018). Although
normality and homoscedasticity were not confirmed in all cases,
visual inspection only showed minor deviations. Thus, a one-way
ANOVA was first calculated for all parameters, followed by
Dunnett’s test against the peat control in case of significant
differences. Subsequently, the control was removed from the
dataset, and a two-way ANOVA with type and share of SSD as
factors was performed. Due to significant interactions between
factors in the majority of cases, the datasets were split along type
and share of SSD. For each subset, one-way ANOVA was
computed, followed by a post-hoc Tukey’s test in case of
significant differences.

For the visual rating of root intensity and root health, the sum of
scores per replicate was calculated for each treatment and a non-
parametric ANOVA (Kruskal-Wallis) calculated. In case of
significant differences, the non-parametric ANOVA was followed
by a Nemenyi test (n = 4, f = 16).

For all statistical evaluations, the level of significance was set to
5%. Data pretreatment and visualization were conducted in MS
Excel, version 2016 (Microsoft Corporation, Redmond, WA, USA),
whereas for all statistical calculations, the software package Minitab
V22 (Minitab, LLC, State College, PA, USA) was used.

3 Results
3.1 Plant growth

Differences between treatments already became noticeable
within the first 2 weeks after potting. Plants grown in the mixture
with the highest share of SSD E showed reduced growth and severe
necrosis (Supplementary Figure S1). Subsequently, nearly all plants
in this treatment died. Furthermore, the plants in all mixtures with
50% or 70% (v/v) SSD developed typical symptoms of Fe deficiency.
These were most pronounced when SSD B was used. However, the
symptoms disappeared completely after fertilization with Fe-
EDDHA. During the following weeks, differences between the
control and the SSD treatments became more and more clear, in
particular with the perceptibly reduced growth in the treatments
with SSD B even at a share of 30% (v/v), but also in the treatments
with SSDs C and D at the highest share (Supplementary Figure S1).
This was confirmed by the fresh and dry mass of the plants at the
end of the experiment (Figure 1). Although the fresh and dry mass
were highly correlated (r = 0.96***), the results showed a different
systematic pattern in relation to the control: While the plants in all
SSD treatments, with the exception of SSD B, reached the same
fresh mass as the control at a share of 30% or 50% (v/v), none of the
SSDs did so for the plant dry mass. Due to the significant
interactions between type and share of SSD, the datasets were
split along these factors and evaluated separately. For both plant
fresh and dry mass, a reduction was found irrespective of whether
SSD 70% (v/v) was used, whereas the differences between 30% and
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FIGURE 1

Fresh and dry mass of marigold plants in relation to the type of separated solid digestate (SSD) (for details on SDD A to E, see Table 1) and the share of SSD
(30%, 50%, and 70%, v/v) in growing media. Dashed line indicates the fresh and dry mass of the peat control. Error bars indicate the 95% confidence intervals
of Dunnett's test (i.e., treatments do not differ significantly from the control if the error bar intersects with the dashed line, n = 4). Treatments with the same
lowercase letters do not differ significantly within the type of SSD, while treatments with the same uppercase letters (the same grayscale field) do not differ

significantly within the share of SSD (Tukey's test, p < 0.05; n = 4).

50% (v/v) were only significant for SSD B. However, the decrease in
plant fresh and dry mass was lower for SSD A than for the
remaining four SSDs. The poorer growth of the plants in the
mixtures with SSD B also became obvious from the comparison
of SSDs at the same level of share: At 30% and 50% (v/v), there were
no significant differences between SSDs A, C, D, and E, whereas the
fresh and dry mass of the plants cultivated in the mixtures with SSD
B were significantly reduced in almost all cases. However, at the
70% (v/v) level, the differences between SSDs were more
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pronounced, with SSD A showing the best growth, SSD E the
worst, and with SSDs B, C, and D in between.

A similar pattern for aboveground growth was found for root
growth (Figure 2), whereas root health was not affected by any SSDs
(data not shown). With the exception of SSDs B and C with 30% (v/v)
and SSD A with 50% (v/v), the root intensity was significantly reduced
by SSD compared with the peat control. Within each SSD, no significant
effect of its share on root growth was found for SSD A, whereas for all
other SSDs, there was a negative correlation between root growth and
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FIGURE 2

Visual rating of the root intensity (from 1 = worst to 9 = best) of marigold plants in relation to the type of separated solid digestate (SSD) (for details
on SSD A to E, see Table 1) and the share of SSD (30%, 50%, and 70%, v/v) in growing media. Horizontal black lines indicate the median, and asterisks
indicate outliers. Table on the left: median of the sum of scores marked in bold do not differ significantly from the control. Treatments with the
same lowercase letters do not differ significantly within the type of SSD, while treatments with the same uppercase letters do not differ significantly
within the share of SSD (Nemenyi test for the sum of scores, p < 0.05, n = 4). n.s., not significant in the Kruskal-Wallis test (p < 0.05).

the share of SSD. However, the differences were only statistically
significant for the highest share. The differences between SSDs become
more pronounced with increasing shares, whereby root growth was best
in the treatments with SSD A and worst in those with SSD E.

3.2 Nutrient concentration in plant tissue

The concentrations of main and trace elements in plant tissue in
relation to the type and share of SSD are displayed in Figure 3. For
treatments with 70% (v/v) SSD E, data are presented, but are not
discussed as almost all plants died. The N content in plant tissue
was nearly the same irrespective of the type and share of SSD and
did not differ from the peat control. The same was true for P, with
the exception of the SSD B treatment, where the P concentration
was approximately half that of the control. The K concentration in
the treatments with SSD was two to three times higher than that in
the control and reached a maximum of 144 g kg™" for SSD C with
70% (v/v). Furthermore, a significant increase in the K
concentration was found with increasing shares of SSD, and the
K content tended to correlate positively with the percentage of cattle
manure in the biogas feedstock (SSD A = SSD B<SSD D < SSD C <
SSD E). For Ca and Mg, the opposite of that described for K was
found, whereby the effect was more pronounced for Ca than for Mg.
On the other hand, for Mg at least, the treatments with the lowest
SSD share mostly reached the Mg level of the peat control, with the
Ca concentration ranging between 2.8 and 18.8 g kg™' in all SSD
treatments compared with 28.9 g kg™' in the control. For both Ca
and Mg, significant negative correlations with the K content were
found, with r = —0.94*** and r = —0.80***, respectively. Similarly to
Ca, significantly lower S contents were found in all SSD treatments
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(1.4-2.0 g kg™") than in the peat control (3.2 g kg™"), but no clear
effect was observed for either the type or the share of SSD.

The Fe concentration in the SSD treatments was slightly below the
control, but no clear effect of the type and share of SSD was recognizable.
For Mn and Zn, a similar pattern was found: With the exception of SSD
B, a significant decrease of the Mn and Zn concentrations with
increasing SSD share was found. In the SSD B treatment, the
concentrations of Mn and Zn were the lowest, in particular at shares
of 30% and 50% (v/v). For the four remaining SSD treatments, an
increase of the Mn and Zn concentrations with increasing percentages of
cattle manure in the biogas feedstock was observed at shares of 30% and
50% (v/v) for Min and irrespective of the share for Zn. For Cu, a distinct
difference exists between SSD A and SSDs B to E: Whereas the Cu
content in the SSD A treatment was comparable to that of the control
and increased with increasing shares of SSD A, the Cu concentrations in
the SSDs B to E treatments were less than one-third of the control, and
no share effect was found. The B concentrations in the treatments with
the lowest SSD share were not significantly different from those in the
control for all five SSDs, but tended to decrease when higher shares were
used. In contrast to Mn, Zn, and B, a sharp increase of the Mo
concentration in plant tissue was found at the highest SSD share, in
particular for SSDs B and D. In treatments with 70% (v/v) of these SSDs,
the Mo concentration exceeded the control by a factor of 5, but was
lower when only 30% (v/v) was used.

3.3 pH, soluble salts, and plant-available
nutrients in growing media

Figure 4 shows the time course of pH, water-soluble salts, and
plant-available N, P, and K (extractable by CAT). As previously
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mentioned for nutrient contents in plant tissue, the results of the
analyses of the growing media for 70% (v/v) SSD E are presented,
but are not discussed as the plants already showed severe damage on
the second sampling date (day 12). With the exception of SSD B,
which resulted in pH values of 7.0 or higher, the pH values were in
an acceptable range between 5.0 and 6.5 up to an SSD share of 50%
(v/v). At the highest share of 70% (v/v), the pH values in the

treatments with SSDs A, C, and D were between 6.5 and 7.0. During
the 45-day cultivation period, the pH values remained stable or
tended to increase. The water-soluble salts increased with increasing
shares of SSD. At shares of 30% and 50% (v/v), the average values
were 2.2(+0.3) and 3.0(+0.4) g KCl L, respectively. At a share of
70% (v/v), the differences between SSDs became more noticeable,
with the SSD D treatment showing an average water-soluble salt
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Time course of the pH, the water-soluble salts, and the CAT-soluble N, P, and K in the growing media during a 45-day cultivation period of marigold
plants in relation to the type of separated solid digestate (SSD) (for details on SSD A to E, see Table 1) and the share of SSD (30%, 50%, and 70%, v/v)

in the growing media compared with the peat control.
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content of 3.0(+0.3) g KCI L™ compared with 4.2(+0.3) and 4.1
(+0.3) g KCI L™" for the treatments with SSDs B and C, respectively.
The time course of the plant-available mineral N (as the sum of
NH,- and NO3;-N) has to be interpreted with caution as
fertilization already started a few days after the second sampling
date. Nevertheless, it can be seen that the N concentration dropped
during the second half of the experiment, in particular in the
control. However, the N supply should be adequate even at such
low levels, as plants were fertilized three times a week. The most
distinct differences between SSDs were found for CAT-soluble P.
However, the share of SSD was of minor importance than the SSD
type, e.g., for treatments with SSD B, the CAT-soluble P was, on
average, 135(+24), 189(+22), and 178(+25) mg P,Os L™ at 30%,
50%, and 70% (v/v), respectively. Moreover, the CAT-soluble P was
not significantly different for 50% and 70% (v/v) SSD B at the end of
the experiment (Supplementary Table S1). Similar results were
found for the four other SSDs. Moreover, it can be noted that the
P concentration in the treatments with SSD B, C, and E with shares
of 50% and 70% (v/v) remained stable or even increased throughout
the experiment, although no P fertilization was performed. In
accordance with the CAL-soluble K analyzed in the pure SSDs,
the highest values for CAT-soluble K were found in the treatments
with SSDs B and E and the lowest in the treatments with SSD D.
However, for the lowest share of 30% (v/v) SSD D, the K levels
already exceeded 1,000 mg K,O L™*, which was much higher than
the target value of the control (250 mg K,O L.

Due to the continuous supply of Mg and S with the irrigation
water, the values in the growing media were quite high at the end of
the experiment (Supplementary Table S1), and the effect of the type
and share of SSD was masked. With the exception of SSD B, a
systematic increase in water-soluble Ca was found with decreasing
shares of SSD. However, this is mainly due to the N fertilization
using calcium nitrate in treatments with lower SSD shares because
of the lower pH. All treatments with SSD B and treatments with
higher shares of the remaining SSDs received N fertilization as
ammonium nitrate. For water-soluble Na, a systematic increase
with increasing shares of SSD was found, and at the same share, the
SSDs without cattle manure showed lower values than those with
cattle manure. The highest value of 115 mg Na L™" at the end of the
trial was found for 70% (v/v) SSD D and the lowest for 30% (v/v)
SSD A. This corresponds to the Na concentration of the pure SSDs
(Table 1). For the CAT-soluble Fe, the effect of SSD share was low
and the differences at the end of the experiment not significant in
the majority of cases. However, significant differences were found
between the SSDs, with the SSD A treatment having the highest
(53-58 mg Fe L") and SSD B the lowest values (9-17 mg Fe L.
The values of the other three SSD treatments ranged in between
(14-37 mg Fe L™"). An effect of the treatment-specific application of
Fe-EDDHA on the CAT-soluble Fe in the growing media was not
found. The values for the CAT-soluble Mn were lowest for 30% (v/
v) and highest for 70% (v/v) SSD, with the exception of SSD A,
where the effect of share was not significant. In relation to the type
of SSD, the lowest values were found for SSD treatments B and D
(2.7-3.5 and 2.6-4.1 mg Mn L', respectively), medium levels for
SSD treatments A and C (4.9-5.7 and 4.5-7.8 mg Mn L},
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respectively), and highest for the SSD E treatment (6.4-10.5 mg
Mn Lfl). Similarly to Mn, an increase of the CAT-soluble Zn and B
concentrations in the growing media was found with increasing
shares of SSD. As the Zn values tended to increase with increasing
proportions of cattle manure in the biogas feedstock, the opposite
was true for B. The highest values were found in the treatments with
SSDA (upto1.11 mgB L™ and SSD B (up to 0.77 mgB L), while
the maximum values for SSD treatments C, D, and E were 0.39,
0.23, and 0.38 mg B L', respectively. For Cu, a tendency toward
increasing values in relation to the SSD share was also found.
However, the differences between the SSD treatment A with values
ranging from 0.33 to 0.50 mg Cu L ™" and the SSD treatments B to E
with values between 0.09 and 0.14 mg Cu L' were much more
pronounced. As previously mentioned for Na, the analysis data of
the growing media at the end of the experiment corresponded to the
values analyzed in pure SSDs (Table 1) for Zn, B, and Cu, but not
for Mn. In all treatments, the levels of CAT-soluble Mo were below
the limit of detection (<0.01 mg LY. The data and the statistical
analysis for pH, water-soluble salts, and water-soluble and CAT-
soluble nutrients are listed in Supplementary Table S1, whereby
statistical analysis was performed only between the SSD treatments,
but not in comparison to the control.

4 Discussion

Firstly, it can be stated that the quality guidelines for composted
green waste, which have been successfully proven in practice for
many years, are not completely valid for SSDs. Although SSD B
completely complies with the thresholds for use up to 20% (v/v)
(Table 1), an unexpected sharp decline in fresh mass of
approximately 20% compared with the peat control was found
even at the lowest share of 30% (v/v). One possible reason might be
the high pH value of the mixtures with SSD B compared with others
(Figure 4), which manifested as symptoms of Fe deficiency within
the first 2 weeks of cultivation (Supplementary Figure S1). Although
these symptoms disappeared after fertilization with Fe chelate, a
latent Fe deficiency might still have been present, leading to a slight
growth depression (Venkatraju and Marschner, 1981; Gruber and
Kosegarten, 2002). A high pH as a limiting factor for the use of SSDs
was also suspected by Dubsky et al. (2019). Furthermore, soluble
salts and, thus, osmotic stress, which increase with increasing shares
of SSD, might have contributed to the growth reduction of both
aerial parts (Figure 1) and roots (Figure 2). However, this
assumption is not clearly supported by comparisons between
SSDs: Although the mixture with SSD D had, by far, the lowest
content of soluble salts (approximately 3 g KCI L™ during the entire
experiment) within the treatments with 70% (v/v) SSD, the fresh
mass, the dry mass, and the root score index (35.0 g/plant, 2.5 g/
plant, and 11.4, respectively) were significantly reduced compared
with the mixture with SSD A (41.4 g/plant, 3.3 g/plant, and 40.4,
respectively), which had up to 1 g KCI L™" higher soluble salts,
particularly in the first half of the experiment when plants are
assumed to be most sensitive to osmotic stress (Lauchli and Grattan,
2007). Moreover, the majority of the plants in the mixture with 70%
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(v/v) SSD E already died within the first 14 days, but the soluble salts
were in the same range (3.5-4.0 g KCI L") at the beginning of the
experiment as in the other four SSD mixtures. This indicates that
soluble salts contribute to the maximum possible share of SSD;
however, other factors, in particular the concentration of the
individual elements, have to be considered as well.

In contrast to the results of Schmitz and Meinken (2009) and
Dubsky et al. (2019), no clear negative effect of the percentage of
cattle manure, i.e., livestock excrements, was found. This
emphasizes the high variability in SSD, which is dependent on the
feedstock for biogas production. SSD E, which worked well despite
30% cattle manure up to a share of 50% (v/v), made clear that not
the animal-derived feedstock itself but the chemical properties of
the SSD must be taken into account. Whereas SSD E contained
soluble salts equivalent to 4.45 g KCI L7, the SSDs with less animal
feedstock used by Schmitz and Meinken (2009) had a higher
average content of 6.45(+1.52) g KCl L. This was probably
mainly due to the several times higher amounts of mineral N and
CAL-soluble P (Schmitz et al., 2009). The values reported by others
(e.g., Asp et al, 2022) cannot be used directly for comparison as
different analysis methods were used. Realizing that even SSDs with
a higher percentage of livestock excrements in the feedstock can be
used is important with regard to the potentially available quantities
of SSD, as only a small percentage of biogas plants in Germany
(=7%), the country with by far the highest number of biogas plants
in Europe (Pavicic et al, 2022), uses completely plant-based
feedstocks (Rensberg et al., 2024).

Matching the fresh and dry mass with the nutrient contents in
plant tissue does not indicate a single factor explaining the
increasing growth reduction with increasing SSD shares. For
nitrogen, no considerable differences were found, neither when
compared with the control nor within the type and share of SSD. All
values ranged between 43 and 49 g kg’1 (Figure 3). Indeed, a
complete N balance could not be calculated as the pots were not
filled with a defined amount of growing medium. However, it can be
assumed that the N dynamics of SSDs are rather low as the N uptake
by plants, the N stock in the growing media, and the N applied by
fertilization were similar for all treatments. This is confirmed by the
results of incubation experiments (Schmitz et al., 2009) and might
be due to the microbial degradation of the easily available carbon
sources during biogas production and the subsequent composting
(van Midden et al., 2023).

In addition, there are other aspects that might have had an
influence on the results and are worth discussing in terms of
recommendations for the use of SSD as a growing media
constituent: Phosphorus was found to be a limiting factor for the
use of SSD in growing media by Schmitz and Meinken (2009). They
reported severe damage on Scaevola aemula at CAT-soluble P levels
0f 300-350 mg L%, which are lower than the values for the mixtures
with 30% (v/v) of SSDs A, C, D, and E (Figure 4 and Supplementary
Table S1). In contrast, in the current research, the P content in plant
tissue did not exceed the 11 g kg™ found in the control (Figure 3),
even at the highest share of any SSD and even when the CAT-
soluble P in the growing media containing SSD exceeded the values
in the control by far (Figure 4). The plant damage observed by
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Meinken and Schmitz (2009) at relatively low P levels in the
growing medium might be partly explainable by the high P
sensitivity of S. aemula (Schmitz and Meinken, 2009). A second
reason might be the mineralization of organic P during plant
cultivation, and thus an underestimation of the current P supply
by common extraction solutions. This assumption is supported by
Grigatti et al. (2015), who reported a higher proportion of organic P
in SSDs than in aerobic compost, particularly in those with animal-
based feedstock. This is in line with the increase of CAT-soluble P in
the growing media with shares of 50% and 70% (v/v) SSD E
(Figure 4), which is based on a biogas feedstock containing 30%
cattle manure. Due to the higher share (up to 70%) of animal-based
feedstock in the SSDs of Schmitz and Meinken (2009), a higher P
mineralization and, thus, a stronger underestimation of the P
supply can be assumed. Two aspects can be derived from this,
which should be addressed in future research: 1) the addition of P-
fixing compounds such as Al-associated phosphorus buffers
(Tanaka et al, 2006) or clay (Binner, 2014) to reduce plant-
available P and thus to avoid plant damage (Caspersen et al,
2023), and 2) the elaboration of reliable methods and limit values
for rating P in the quality assurance of SSDs. It is well known that
organic P is not extracted by acid-buffered CAL solution (Steffens
et al, 2010), which is currently used for the analysis of plant-
available P in aerobic compost.

The growth reduction can also be partly attributed to the high
potassium content of SSDs (Table 1) as this contributes to an increase
of the water-soluble salts in growing media and, thus, to osmotic stress.
Moreover, excessive K uptake by plants—the K concentration in plant
tissue was two to three times higher than that in the control—probably
decreased the Ca and Mg uptake due to ion antagonism (Jakobsen,
1993). In particular, the Ca levels (2.3-18.8 g kg_l) were far below the
values of the control (289 g kg_l), and that in the 70% (v/v) SSD E
treatment also below the damage threshold (3.0 g kg™') reported by
Pitchay (2002). As the symptoms on the plants (Supplementary Figure
S1) also fit the author’s description of Ca deficiency (i.e., necrotic spots,
wilting of oldest leaves, and dieback of shoot tips), the plants in the 70%
(v/v) SSD E treatment most likely died due to Ca deficiency caused by
an excessive K supply. As previously mentioned for P, this questions
the applicability of the compost guidelines for the assessment of SSDs.
In the case of K, this might be due to the lower cation exchange
capacity (CEC) of the digestate compared with composts resulting in
more dissolved K in the growing medium (Teglia et al., 2011; Binner,
2014). To reduce the risk of K surplus, washing with water or buffering
with Ca solution, as is common practice for coir (Carlile et al., 2019),
might also be a suitable treatment for SSDs. This can already be done in
the biogas plant, followed by a second separation step as the washing
solution could be used as a liquid fertilizer or put back into the
fermenter, depending on the nutrient concentration (FNR, 2016).
Furthermore, maximum usable shares of SSD might be defined in
relation to the soluble K levels, as is done for coir and green waste
compost by RAL quality assurance in Germany (GGS, 2025;
BGK, 2025).

The sulfur concentration in plant tissue in the SSD treatments
was only approximately two-thirds that in the peat control, but was
in the same range (2-3 mg kg ') as that reported by Pitchay (2002)
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for an adequately supplied control and far above the deficiency
threshold (<1 mg kg™"). The difference between the SSD treatments
and the control was probably due to the additional fertilization of
the control with Ferty Basis 1 (0-14-38), which contains potassium
sulfate. This highlights the need for a sophisticated adjustment of
nutrient management when SSDs are used in growing media. It
might be particularly important when SSDs are washed to reduce K,
as the already low amounts of sulfate in the SSDs (Table 1) are
further lowered. As K might still be sufficient after washing,
additional K fertilization, which is typically given as potassium
sulfate, is not necessary, and thus no additional S would be
supplied either.

As outlined for sulfur, the micronutrient supply must also be
adjusted in the growing media with SSD compared to those with
green waste compost. At shares of 25%-50% (v/v) green waste
compost, an additional base dressing with micronutrients other
than Fe is generally not necessary, and higher shares might even
result in toxicity (Grigatti et al., 2007). In contrast, the
micronutrient supply in the growing media with SSD appears to
be insufficient without additional microelement fertilization. This
might be due to the high pH values, which is supported by a
decrease of the concentrations of Mn, Zn, and B and an increase of
the concentration of Mo in plant tissue with increasing shares of
SSD (George et al, 2012) and leaching of trace elements to the
liquid phase (Romio et al., 2024). However, the comparison of the
SSDs at the same level of share indicated that the chemical
properties of SSDs other than pH also have to be considered.
This becomes most evident for Cu: The Cu concentration of the
plants cultivated in the growing media with SSD A was up to five
times higher than that of the plants cultivated in the growing media
with the remaining four SSDs. This is probably due to the high
amounts of Cu in the chopped hop bines used as feedstock in the
biogas plant. The accumulation of Cu in hop bines results from the
high Cu loads in the topsoils of hop gardens due to excessive
spraying of Cu-based fungicides in hop cultivation (Kiihne et al,
2017). Tt has already been indicated by an up to 10 times higher
CAT-soluble Cu concentration in this SSD (Table 1). This
strengthens the above-mentioned heterogeneity issue of SSD
depending on the biogas feedstock, which is a major challenge for
growing media manufacturers who rely on the consistent quality of
their raw materials (Schmilewski, 2008).

The current results not only revealed the potential of SSDs as a
growing media constituent but also highlighted the challenges
regarding the chemical properties and the resulting adjustments
of fertilization. Furthermore, quality issues, in particular the
inconsistent chemical properties and the lack of suitable
thresholds, were stressed. However, there are several other
potential risks and limitations that need to be addressed in
further research. Some of them are more relevant, i.e., regarding
plant growth, while others are more important for user safety, and
some affect both. Regarding plant growth, the stability of the
organic matter and the physical properties have to be investigated
in detail. In the case of organic matter stability, special focus should
be placed on the pretreatment of SSDs and the elaboration of
suitable thresholds for maturity assessment. Moreover, the
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microbiome of SSDs and its effect on plant growth need to be
considered. As outlined in recent research on green waste compost
(Lutz et al,, 2020; Pot et al., 2021; Pot et al., 2022), the microbiome is
probably one of the most important and at the same time the least
understood factor of compost quality. Therefore, not only the
positive effects of the microbiome on suppressing plant diseases
but also the contamination with both human and plant pathogens
must be considered. As shown in a meta-analysis by Alvarez-Fraga
et al. (2025), the reduction performance of anaerobic digestion
widely differs depending on the microbial species and strongly relies
on the process conditions. In addition to pathogens, organic and
inorganic pollutions are also a potential safety risk (Nkoa, 2014;
Czatzkowska et al, 2025). The two main groups of organic
pollutants are antibiotics and other active pharmaceutical
ingredients from animal husbandry (Lehmann and Bloem, 2021;
Nesse et al., 2022), as well as pesticide residues such as pyridine
carboxylic acids (Tremblay et al., 2014). Moreover, contamination
with heavy metals, e.g.,, Cu and Zn, has been reported
(Alburquerque et al., 2012). Therefore, not only the total loads
but also the bioavailability—which may be increased during
digestion—have to be considered (Zheng et al., 2022).

5 Conclusion

Even when a higher percentage of livestock excrement is used as
a feedstock in the biogas plant, SSDs can be suitable as a growing
media constituent with a substantial share. This share might be
increased by pretreating the SSDs similarly to coir and by using
additives such as clay to avoid the negative effects of high potassium
and phosphorus loads. The most challenging issue for both growing
media manufacturers and growers is likely to be the heterogeneity of
SSDs, which requires a sophisticated adjustment of the base
dressing and the subsequent nutrient management. However, a
big advantage of SSDs appears to be the lack of N dynamics. Thus,
the targeted digestion of carefully selected renewable raw materials
in biogas plants might be a possible approach for the production of
high-quality growing media constituents, whereby the costs for raw
material and processing might be covered by the gas yield. However,
even when the feedstock is strictly controlled and nutrient
management is optimized, there are still a lot of challenges and
safety risks that need to be addressed before SSD can be used as a
growing media constituent without restrictions.
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