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Abstract: Orchard meadows are biodiversity hotspots, as the understory often consists of species-rich
lowland hay meadows. Due to the low energy density of the grass, it is not suitable as feed, but the
energetic utilisation of cuttings from orchard meadows for biogas production could facilitate the pro-
tection of these semi-natural grasslands. Here, lowland hay meadows and extensively used orchards
were investigated to assess their potential for anaerobic digestion in biogas plants. Aboveground
biomass was harvested weekly from three lowland hay meadows differing in conservation statuses
and analysed for cell wall components (aNDF, ADF, and ADL), nutritional values (XF, XL, XP), and
methane formation potential by anaerobic digestion. Further, orchard meadows were harvested twice
during summer and analysed in the same way. Specific methane yield decreased linearly with cutting
dates from 0.325 m3 kg−1

(oDM) to 0.237 m3 kg−1
(oDM). The cumulated area-related methane yields

of the orchards ranged from 818 m3 ha−1 to 1036 m3 ha−1. Specific methane yields were linearly
correlated with XL, aNDF, ADF, and ADL.

Keywords: biomass; biogas; nature conservation; semi-natural grassland; biodiversity; orchard
meadow; bioenergy; grassland management; forage quality

1. Introduction

Orchard meadows are on the Red List of endangered habitat types in Germany and
are classified as severely endangered to threatened with complete destruction [1].

The orchard meadows have high biodiversity, provide ecosystem services, and have
been part of UNESCO’s immaterial cultural heritage since 2021 [2–4]. The high biodiversity
of contiguous orchard meadows is based on the combination of the two habitats’ open land
and forest, creating semi-open and semi-natural tree savannas. This structural richness, as
well as high food supply through extensive management of the understory, supports the
conservation of 5000 species [5]. The abandonment of meadow orchards is accompanied
by a loss of biodiversity, whereas extensive mowing of meadow orchards, for example,
promotes the number of herbaceous species [6].

This traditional agroforestry system is widespread in Central, Eastern, and Western Eu-
rope, covering about 10,000 km2 and running like a belt through 11 European countries [7].
One of the largest contiguous stands of traditional orchards is located in the foothills of the
Swabian Jura in Baden–Württemberg [8].

A study commissioned by the Baden–Württemberg State Institute for Environmen-
tal Protection reveals that the number of extensively managed fruit trees declined from
8.6 million in the year 2008 to 7.1 million in 2021 [9]. The same study projects the possible
disappearance of all fruit trees in Baden–Württemberg by the year 2050.

The UNESCO Swabian Alb Biosphere Reserve, also known as the Swabian Jura,
is a model region in which attempts are being made to combine economic and nature
conservation interests and develop them in a future-oriented and sustainable way [10].
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The region is particularly famous for its scattered orchards and diverse flower mead-
ows. The biosphere area covers about 85,000 hectares, of which about a third is designated
as Fauna–Flora–Habitat (FFH) areas.

The Natura 2000 network of protected areas includes FFH (habitats) and bird sanc-
tuaries, which serve to protect important natural habitats and species in accordance with
European directives. The European Habitats Directive [Annex I; 1992] also designates
habitat types of community interest to be protected. This includes habitat type 6510, the
lowland hay meadow. The Swabian Jura, in particular, is characterised by well-developed
stocks of this habitat type due to the calcareous parent rock [11–15].The meadows are
divided into different conservation statuses, the conservation status of which must be
recorded as part of the process of mapping the areas.

According to the Habitats Directive, extensively used meadow orchards in Germany
do not represent a separate habitat type (HT) to be protected. Only if the orchard meadows
are located in designated FFH areas or if the fruit trees are located on protected lowland
hay meadows (LRT 6510), in which case the condition of the grassland must not deteriorate,
but the tree population does not receive any special protection, and the orchard meadows
acquire a protected status.

Traditional hay meadows, where the land was used extensively, are no longer prof-
itable. The reason for this is that the nutritional value of traditional fodder is insufficient
for modern livestock production [16,17]. On the other hand, recycling the cuttings in a
composting plant is the most expensive recycling method, as fees are incurred for recycling
outside the farm’s own composting plant.

Currently, a high loss of protected areas can be observed due to intensification, but also
extensification measures, and the remaining lowland hay meadows are in poor conservation
status, which will further deteriorate over time [18,19]. This has now even led to legal
action by the EU Commission against Germany before the European Court of Justice [20].

Restrictions in fertiliser application und extensive mowing with one to two cutting
times can be considered optimal for lowland hay meadows [21]. In this context, later
cutting dates than envisaged for intensive grassland and the removal of biomass, resulting
in nutrient-poor grassland, promote biodiversity. Simply mulching these areas has a
detrimental effect on species composition and diversity [22].

While years ago, the construction of biogas plants in Germany was seen as a reason
for the decline of species-rich meadows [23,24], the energetic use of the cuttings from
orchard meadows (OMs) or species-rich lowland hay meadows (LHMs) in a biogas plant
is supposed to be an alternative to sustainably secure this unique cultural landscape. The
harvesting of the grass, which typically takes place twice a year, and its utilisation in biogas
plants preserves the nutrient-poor grassland and counteracts the destruction of the orchard
meadows in the Swabian Jura region [25].

Mowing causes all inflorescences to disappear temporarily [6]. Therefore, large-scale,
simultaneous mowing should be avoided, otherwise it can have significant effects on flower-
pollinating insects, and there will be no more compensatory areas left where subpopulations
of organisms can develop and recolonize the mown areas [6,26,27]. In addition, 10% of
the areas should be left standing during each mowing, for example, as overwintering
habitats [27–30].

Grass from FFH-mowed meadows does not compete with other cultivated biomass
and promises a reduction of greenhouse gas emissions due to its low ecological footprint.

The aim is to demonstrate synergy effects between energy use and landscape conserva-
tion, so that the use of the mown grass in a biogas plant is a simple and sensible alternative
to the previous use.

Grassland crops differ greatly in their composition, anaerobic degradability, and
biogas yield [31]. Therefore, this study addresses the closer examination of these species-
rich hay meadows.

The following questions will be addressed in this study: (1) What is the biomass
yield in different lowland hay meadows and orchard meadows during a growing season?
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(2) What is the influence of harvest timing on biomass chemical composition and specific
methane yield, and thus on potential hectare methane yield? (3) Does the energetic use of
biomass from orchard meadows offer an alternative utilisation path that also meets the
requirements of nature conservation?

2. Materials and Methods
2.1. Experimental Area and Fieldwork
2.1.1. Lowland Hay Meadows

For the first field trial, three meadows were selected, which are classified in the Natura
2000 network as lowland hay meadows (LHM; habitat type 6510), characterised by different
conservation statuses (A, B, and C). All meadows are located at the foot of the low mountain
range Swabian Jura in Eningen unter Achalm (u. A.), in the southwest of Germany. The
entire area is part of the UNESCO Swabian Alb Biosphere Reserve. Meadow A (LHMA)
had an excellent conservation status (value A) and is located at 48◦29′35.7′′ N 9◦16′31.1′′ E,
560 m above sea level, Meadow B (LHM-B) had a good conservation status (value B) and
is located at 48◦29′16.9′′ N 9◦16′03.5′′ E, 519 m above sea level, and Meadow C (LHM-C)
had a medium conservation status (value C) and is located at 48◦29′36.0′′ N 9◦17′03.3′′ E,
583 m above sea level. All meadows are in proximity within an area of 2 km². Slopes of
LHM-A and LHM-C face south/southwest, while the slope of LHM-B faces northwest.
The vegetation types of LHM-B and LHM-C are Arrhenatheretum plant communities, while
LHM-A is an Arrhenatheretum salvietosum plant community. The exact mapping data can be
found in the following references [32–34].

The mean annual temperature in Eningen u. A. was 12.7 ◦C, and the mean annual
precipitation was 647 mm for the year 2020, measured at the research station “Unterer
Lindenhof” of the University of Hohenheim.

In each meadow, biomass was harvested on a 1 m2 area in three replicates on 20 weekly
dates between April and September 2020 to determine aboveground biomass. An alu-
minium cuboid with internal dimensions of 1 × 1 × 1 m3 was used for harvesting. To avoid
contamination of the sample material and to ensure sufficient reserves for regrowth of the
meadow, the meadow was cut 7 cm above the ground using a cordless hedge trimmer
(Makita DUH751Z, Makita Werkzeug GmbH, Ratingen, Germany). A latinised resolvable
row-column design using CycDesigN [35] was applied to randomize sampling points,
guaranteeing a buffer zone between sampling points of at least twice the length of the
maximum vegetation height. After harvesting, fresh samples were placed in sturdy plastic
bags, tightly sealed, and weighed immediately after sampling in the laboratory. For further
analysis, replicates were combined into a composite sample.

2.1.2. Extensively Managed Orchard Meadows

For the second trial, 24 orchard meadows (OMs) were selected in the municipalities of
Eningen u. A. (OM-E) and Lichtenstein (OM-L). Eningen u. A. is part of the UNESCO Bio-
sphere Reserve Swabian Alb; the municipality Lichtenstein borders this biosphere reserve.

The orchard meadows have an average size of 1673 m2. Of the 24 orchard meadows,
nine were designated lowland hay meadows in the Natura 2000 network (five meadows
with conservation status B, four meadows with conservation status C). Another three
meadows were in an FFH area. The remaining orchard meadows were not under protection
because they were used more intensively before the start of the study. As recommended
by the local authorities, the meadows were mowed twice in the summer of 2020, with the
first mowing occurring when the stand-forming grasses were in bloom [36] on 5–6 June,
and the second in mid-August. Thus, the mowing of the orchard meadows corresponded
to a typical hay harvest. The cutting height of the mowers was 7 cm for both hay cuts. To
determine yields per hectare, the tractor-drawn loader wagons were weighed with a truck
scale before and after unloading the hay at the biogas plant.

The clippings were processed with a crossflow chipper and fed to the research biogas
plant. Sub-samples were collected and subjected to further analysis, such as moisture con-
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tent, chemical components, and specific methane yields, as for the lowland hay meadows
samples. The meadows were not fertilised during the experimental period because targeted
nutrient removal was to occur on the areas.

2.2. Laboratory Analysis
2.2.1. Sample Preparation and Chemical Composition Analyses

Collected samples were analysed for dry matter and organic dry matter in the labora-
tory of the State Institute for Agricultural Engineering and Bioenergy (Stuttgart, Germany,
Hohenheim), according to the guidelines of the Association of German Agricultural Testing
and Research Institutes (VDLUFA, 2012) [37]. For the determination of dry matter, six
samples from the composite sample were dried at 105 ◦C to constant weight. Organic dry
matter and crude ash content was then determined by placing the samples in muffle ovens
at 550 degrees and then weighing them.

Additional sub-samples were dried in a drying chamber at 60 ◦C for 48 h to preserve
the volatiles. After drying, the substrates were ground with a cutting mill (Pulverisette
19, Fritsch GmbH, Idar–Oberstein, Germany) to a particle size of 1 mm for the HBT batch
fermentation test and for the other chemical composition analyses to obtain homogenous
samples. After pre-drying the samples at 60 ◦C, the residual moisture and ash content of
these sub-samples were determined by incinerating the samples first at 105 ◦C and later at
550 ◦C, noting the weight loss during the process.

The determination of crude ash, crude protein (XP), crude fat (XL), and crude fibre
(XF) was performed by the Core Facility Hohenheim (Stuttgart, Germany) in accordance
with Commission Regulation (EC) No 152/2009 for Weender analysis [38].

Neutral detergent fibre after amylase treatment (aNDF), acid detergent fibre (ADF),
and acid detergent lignin (ADL) were determined by the Core Facility Hohenheim accord-
ing to the guidelines of the Federation of German Agriculture Investigation and Research
Institutes’ method 6.5.1, 6.5.2, and 6.5.3 (VDLUFA, 2012) [37].

2.2.2. Biochemical Methane Potential Test

Substrate-specific methane yields of three replications of the samples were determined
using the HBT, a standardised method according to VDI 4630 [39]. Specific methane yield
refers to the organic dry matter. 100 mL glass syringes were filled with 30 mL of inoculum
and 400 mg of the sample material pre-dried at 60 ◦C. Syringes filled with 50 mL of inoculum
were used as blank samples. Syringes filled with 30 mL of inoculum and 400 mg of hay
standard or concentrate feed standard were used to control the experimental procedure.

The syringes were rotated in a heating cabinet under mesophilic conditions
(37 ◦C ± 0.5 ◦C) for 35 days to ensure that the contents remained always in motion.
The volume of gas produced was measured at regular intervals using the scale on the
syringe. After drying with an absorber (SICAPENT®, Merck, Darmstadt, Germany), the
CH4 concentration of the gas was measured with an infrared spectrometric methane sensor
(“Advanced Gasmitter”, Pronova Analysetechnik, Berlin, Germany). The methane sensor
was calibrated before and after the measurement with a fixed, defined methane concentra-
tion (60.0% methane) (GG0007054, Westfalen AG, Münster, Germany). Subsequently, the
methane concentrations were corrected to standard conditions (1013.3 hPa, 0 ◦C).

2.2.3. Inoculum

The inoculum used is from a laboratory-scale 400 L biogas reactor continuously
fed with wheat meal, soya meal, corn silage, rapeseed oil, and digestate from a biogas
plant. The retention time of the reactor is 200 days, and the organic loading rate (OLR)
is 0.3 kg(oDM) m−3 d−1. The fermenter temperature is 37 ◦C [40]. Before starting the
experiment, the inoculum was sieved with a mesh size of 0.5 mm.
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2.2.4. Kinetics of Methane Formation Process

The kinetics of the methane formation process were simulated using the modified
Gompertz function [41], which is used to describe the biogas production in batch experi-
ments based on bacterial growth.

M = P × exp
{
−exp

[
Rm × exp(1)

P
(λ − t) + 1

]}
(1)

Rm(x) = Rm × e×exp
{
−exp

[(
Rm × exp(λ − x)

P

)
+ 1

]
+

[(
Rm × exp(λ − x)

P

)
+ 1

]}
(2)

M is the accumulated methane yield (m3 kg−1
(oDM)) as a function of time, P is the

methane production potential (m³ kg−1
(oDM)), Rm is the maximum daily methane formation

rate (m3 kg−1
(oDM) d−1), λ (d) is the lag phase, i.e., the time required until methane

is produced, e is exp(1) or 2.7182818, and x (d) is the trial day. The parameters P, Rm,
and λ were determined using nonlinear regression analysis. In addition, the duration
(days) during which half of the total methane ½ M (d) was produced was determined. The
model parameters of the nonlinear regression equations were determined using the Solver
function of Microsoft Excel, and the squared correlation coefficient (r2) was used to assess
the accuracy of the model quality.

2.3. Statistical Analysis

Statistical analysis was performed using SPSS 28.0—IBM (Armonk, NY, USA). For
comparison of means, a one-factor analysis of variance (ANOVA) followed by Tukey’s post
hoc test was performed.

To determine the influence of the factors of meadow and 20th cut timing on the
independent variables, a two-factor ANOVA was performed, and a Tukey’s post hoc test
was used to identify the differences within the two factors. An interaction term was always
formed between the two factors. The same approach was true when examining orchards at
the two sites (OM-E and OM-L) on the two harvest dates.

For the comparison of the measured values at the respective cutting or harvesting
dates, a generalised linear model was applied, and Bonferroni sequential was chosen as
the fitting method for multiple comparisons in the case of multiple contrasts. This method
reduces alpha error accumulation, so that a reduction of false correctly significant results
can be counteracted.

A stepwise selection method was used to determine the coefficients of the multilinear
regression equation. To represent the relationship between the variables, the creation of a
Pearson correlation coefficient matrix was chosen. Since the orientation of the relationship
was not known in advance, a two-sided probability was chosen.

3. Results and Discussion
3.1. Biomass Yields of Lowland Hay and Orchard Meadows during the Growing Season

Aboveground dry biomass (AGBdry) ranged from 0.62 t ha−1 on 28 April 2020 (2nd cut-
ting date) in LHM-A to 4.13 t ha−1 on 14 July 2020 (13th cutting date) in LHM-B (Figure 1).
The AGBdry of the LHM showed a continuous increase from the beginning of sampling
until mid-June. On 9 June 2020 (8th cutting date), the AGBdry in LHM-A, LHM-B, and
LHM-C was 1.97, 3.29, and 4.04 t ha−1, respectively. At this point, the AGBdry of LHM-A
remained constant, while the AGBdry in LHM-B and LHM-C initially remained at a stable
level and then tended to decrease. This decline in yield can be explained by the laying
down of the grass and the subsequent rotting process in zones close to the ground. LHM-C,
in particular, showed a certain heterogeneity of stand density along the slope, which is
reflected in high standard deviations.
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Figure 1. Aboveground dry biomass (AGBdry) (t ha−1) of three lowland hay meadows (LHMs),
characterised by different conservation statuses (A = excellent, B = good, and C = average) over the
vegetation period and of orchard meadows in two different regions (E = Eningen and L = Lichtenstein)
at two harvest dates at Swabian Jura.

On average, across all samplings, AGBdry in LHM-A was 1.65 t ha−1, which was
significantly lower than in LHM-B at 2.87 t ha−1 and LHM-C at 2.81 t ha−1.

The orchard meadows were harvested on 3 and 6 June 2020 (1st cut) and on 14.08 and
15 August 2020 (2nd cut). In the 1st cut, AGBdry was 2.71 t ha−1 in OM-L and 2.45 t ha−1 in
OM-E, and in the 2nd cut, AGBdry was 1.27 and 0.92 in OM-L and OM-E, respectively. For
both cuts, AGBdry was significantly lower at site E than at site L. In comparison, AGBdry
of lowland hay meadows at the time of the first and second cuts in the orchard averaged
2.71 and 2.37 t ha−1 across conservation status, respectively.

At the first cutting date, only the meadow in medium conservation status had sufficient
aboveground biomass for further analyses. Unfertilised semi-natural grassland, unlike
agriculturally improved and/or fertilised grassland, can be expected to grow linearly in
spring or early summer and reach maximum yield later, in mid-June [42].

LHM-B is the only meadow on the northern slope that is less arid and more nutritious,
resulting in the highest biomass yields [33]. LHM-C has a relatively low proportion of herbs
in the vegetation, which is why the habitat-typical species inventory is impoverished [32]. In
addition, the almost identical biomass yields as LHM-B can be explained by the presence of
nitrogen indicator and fat meadow species, despite the predominantly south to southwest
exposure [32]. LHM-A has a balanced distribution of grasses and herbs; parts of the
meadow are rough grasslands, resulting in lower biomass yields [34].

Lower yields would be obtained for OM-E. The areas are located on the lower slopes
of the foothills of the Swabian Jura where the soil types Pararendzina and Rendzina
predominate, yielding drier sites due to their soil composition [43,44]. Higher yields were
obtained on OM-L. This is because the land at site L is primarily located in the valley bottom
and thus closer to the water table. The first cut of the orchard meadows is comparable to
the biomass yields of the three lowland hay meadows, because the orchard meadows are
predominantly lean lowland meadows. However, the second cut of the orchard meadows
is not comparable to the three lowland hay meadows studied because they were not
previously mowed and thus the biomass growth rate is stagnant. On the other hand, the
biomass of the orchard meadows at the second cut depends mainly on the amount of
precipitation in the summer months and the emergence after harvest [45]. Overall, higher
yields were obtained in the areas of the orchard meadows. Thus, a second mowing on the
same area leads to higher yields.



Inventions 2024, 9, 23 7 of 19

3.2. Chemical Composition of Harvested Biomass during the Vegetation Period

The ash content of the lowland hay meadows, at 7.58%, was lower than the ash content
of the orchard meadows, at 11.28%. The differences are due to contamination of the grass
clippings of the orchard meadows with soil from mowing on the slope, and the inclusion
of soil piles at a cutting height of 7 cm is reflected in the increased ash contents. This can
be counteracted by increasing the cutting height to 10 cm, which also has a positive effect
on the mortality rate of insects and amphibians while reducing the rate of introduction of
unusable sediments into the fermenter [26].

Crude protein content (XP) ranged from 7.6% on 28 July 2020 (15th cutting date) to
18.1% on 28 April 2020 (2nd cutting date) in the lowland hay meadow, with both values
being measured in LHM-B (Figure 2). Crude fat content (XL) ranged from 2.6% on 26 May
2020 (6th cutting date) in LHM-A to 5.2% on 28 April 2020 (2nd cutting date) in LHM-B.
The crude fibre content (XF) ranged from 21.2% on 28 April 2020 (2nd cutting date) to 42.7%
on 18 August 2020 (18th cutting date), with both values measured in LHM-B. While XP
and XL decreased at the beginning of the growing season until early July and mid-June,
respectively, and remained constant thereafter, XF increased until almost the end of the
growing season.
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Figure 2. Content of crude protein (XP), crude fat (XL), and crude fibre (XF) (%(oDM)) of three
lowland hay meadows (LHMs) characterised by different conservation statuses (A = excellent,
B = good, C = average) over the vegetation period and of orchard meadows in two different regions
(E = Eningen, L = Lichtenstein) at two harvest dates at Swabian Jura.

On average, over the growing season, the highest XP was found in LHM-B at 10.4%,
followed by LHM-C and LHM-A at 10.1 and 10.0%, respectively. XL was highest in LHM-A
at 3.3%, followed by LHM-B and LHM-C at 3.3 and 3.2%, respectively. XF was highest in



Inventions 2024, 9, 23 8 of 19

LHM-B at 35.1%, followed by 34.6 and 34.3% in LHM-A and LHM-C, respectively. Com-
parison of mean values over the entire growing season revealed no significant differences
between the conservation statuses of the meadows in cases of XP, XL, and XF. However,
comparison of meadows characterised by different conservation statuses at individual
sampling dates revealed significant differences for XP, XL, and XF in most samplings.

XP in OM-L and OM-E were 8.8%(oDM) and 9.5%(oDM) in the 1st cut and 12.0%(oDM)
and 12.2%(oDM) in the 2nd cut, respectively. While XP was significantly higher in the 2nd cut
than in the 1st cut, no significant differences were found between the two sites. Samplings
in the lowland hay meadows conducted at the same time as the 1st and 2nd cut in the
orchards revealed XP of 9.9 and 8.4%, respectively, averaged across conservation status.

In the orchards, XL was 2.3%(oDM) and 2.4%(oDM) in OM-L and OM-E, respectively, for
the 1st cut, while it was significantly higher for the 2nd cut at 4.18%(oDM) and 3.9%(oDM)
in OM-L and OM-E, respectively. Again, no significant differences were found between
sites. Sampling in the lowland hay meadows at the same timepoints of the 1st and 2nd cut
averaged over conservation status XL of 2.9 and 3.3%, respectively.

At 31.5 and 32.7% for OM-L and OM-E, respectively, XF was significantly higher in
the 1st cut than in the 2nd cut at 30.1 and 30.2% for OM-L and OM-E, respectively. No
significant differences were found between sites. Samplings of lowland hay meadows
during the same periods of the 1st and 2nd cuts revealed XF of 33.4 and 37.7%, respectively,
averaged across conservation status.

When temperatures increase during the growing season, the crude protein content
decreases, but the content of structural cell wall components increases [46]. In this context,
the increase in crude fibre during the growing season is negatively correlated with crude
protein content [47] and dependent on growth and maturation. Thus, the increase in
structural carbohydrates leads to a decrease in digestibility [48].

The meadows LHM-A and LHM-C are similar in chemical composition; LHM-B starts
with a higher crude protein content but drops to the lowest value during vegetation, LHM-B
reaches the highest biomass yields. Also, the meadow was more nutrient-rich, causing a
steeper drop in protein content, as was also found in another study [48].

Studies on the chemical content of Arrhenatheretum elatioris typicum meadows in Poland
for the 1st cut, which took place in early June, yielded results in the same range of values [49].
The decrease in crude protein content seems to be steeper during the first growing season
(time to first cut) than during the second growing season.

In general, the forage quality of hay is no longer suitable for dairy cattle; at best, it is
suitable for cattle and sheep if the crude protein content is at least above 8%, a limit we
reached at both cutting dates of the orchard meadows and almost over the entire growing
season of the lowland hay meadows [50,51].

aNDF, ADF, and ADL increased during the growing season until mid-August and re-
mained approximately constant thereafter (Figure 3). Averaged across all cutting dates, the
highest mean aNDF was measured on LHM-A at 71.0%, while LHM-C and LHM-B reached
70.7 and 68.3%, respectively. The highest mean ADF was found on LHM-B with 51.1%,
while LHM-A and LHM-C reached 50.3 and 49.1%, respectively. No significant differences
were found in both aNDF and ADF, among meadows characterised by conservation status
and cutting dates. However, mean ADL was significantly higher in LHM-A at 8.8% than in
LHM-C at 8.1%, while LHM-B was not significantly different from LHM-A and LHM-C,
with an ADL of 8.4%. The ADL content ranged from 3.42% on 28 April 2020 (2nd cutting
date) in meadow LHM-B to 12.46% on 18 August 2020 (18th cutting date) in the leanest
meadow, LHM-A.
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Figure 3. Content of aNDF, ADF, and ADL (%(oDM)) of three lowland hay meadows (LHMs) charac-
terised by different conservation statuses (A = excellent, B = good, C = average) over the vegetation
period and of orchard meadows in two different regions (E = Eningen, L = Lichtenstein) at two harvest
dates at Swabian Jura.

In the orchards, aNDF was significantly lower in the first cut in OM-L (61.6%) than
in OM-E (66.7%), while no significant difference was found between sites in the second
cut at 60.0% in OM-L and 61.4% in OM-E. At both cuts, ADF was significantly lower at
OM-L, 44.0% at the 1st cut and 47.2% at the 2nd cut, compared to ADF at OM-E, with 48.3%
and 49.7% at the 1st and 2nd cuts, respectively. At 7.7%, ADL at the first cut in OM-L was
significantly lower than ADL in OM-E at 10.1%, while no significant difference was found
between sites at the 2nd cut at 9.8 and 10.5% in OM-L and OM-E, respectively.

Sampling of lowland hay meadows during the same periods of the 1st and 2nd cuts in
orchards resulted in aNDF of 66.3 and 76.4%, respectively, on average across conservation
status. In addition, in these samplings, the ADF was 46.2 and 53.1%, and the ADL was
7.5 and 9.2% at the time of the 1st and 2nd cuts, respectively.

The change in the content of cell wall components (aNDF, ADF, and ADL) during
the season is due to the increasing proportion of cell wall components in the biomass as
maturity progresses [52].

The fact that the three meadows were similar in chemical composition is because
all three studied meadows belonged to the same plant community and were at a similar
elevation above sea level and in the same region. However, it cannot be excluded that
biomass from other areas differs from the biomass from the study area in terms of its
chemical composition and, in particular, its degree of maturity, e.g., due to differences
in altitude.
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The higher lignin content in LHM-A may be due to advanced maturity due to lower
water availability at this site or to the higher proportion of herbs/forbs resulting in higher
lignin content [53]. Lignin in particular has numerous aromatic groups that are capable
of replacing aromatics of fossil origin [54]. The degradation of the stable lignin–cellulose
structure using suitable pre-treatment methods and the valorisation of lignin are becoming
increasingly important [55]. In contrast, lignin is difficult to degrade in anaerobic diges-
tion [56]. However, the complex structure is broken down by pre-treatment processes, and
hemicellulose and cellulose can be converted into biogas [57].

In terms of feed digestibility, crude fibre has been largely replaced by the detergent
system [58]. aNDF is an estimate of cell wall component content, and ADF is negatively
correlated with the digestibility of forages. When considering, for example, alfalfa hay, a
value of more than 370 g kg−1 of ADF indicates low quality [59]. In addition to ADF, crude
protein content also plays an important role in animal nutrition [60]. In biogas production,
however, mainly the content of crude fat and lignocellulose (hemicellulose, cellulose, and
lignin) is decisive for the expected biogas yield [31,61,62]. The results presented are also
consistent with this finding (see Section 3.3). In the study by Mezule et al. (2021), semi-
natural grassland habitats were analysed for fermentable sugar for biofuel production [63].
In this study, lowland hay meadows showed the highest productivity in terms of yield per
hectare at a harvest date in June and afterwards, decreased over the growing season. In
general, the chemical composition of the orchard meadows at the first cutting time was
similar to the composition of the FFH meadows that were cut during the same period. It can
therefore be assumed that a similar plant community can be found in the orchard meadows,
as the orchard meadows are predominantly extensively managed. The second cut of the
meadow orchards is not comparable to the weekly samplings in the three lowland hay
meadows. When using cuttings as animal feed, the low digestibility and low energy content
must be taken into account. Additionally, special attention must be paid to the presence
of potentially toxic plants, such as Colchicum autumnale and Jacobaea vulgaris, which can
lead to potential toxicity of the silage [64,65]. Changing the time of cutting and increasing
the nutrient supply can suppress these plant species, but this is contrary to the goal of
preserving biodiversity [66,67].

In contrast, the substrate can be used in biogas plants after mechanical pre-treatment
at both the first and second cutting time without any further restrictions [68–71].

3.3. Methane Yield Potential

Specific methane yield (SMY) ranged from 0.237 m3 kg−1
(oDM), measured for LHM-B

on 25 August 2020 (19th cutting date), to 0.325 m3 kg−1
(oDM), measured for LHM-C on

21 April 2020 (1st cutting date) (Figure 4). On the 1st cutting date, only LHM-C had
sufficient biomass for harvesting. The specific methane yields of the meadows decreased
continuously and linearly over the growing season for the meadows characterised by
different conservation statuses. However, regression analysis showed differences in the
mean daily decrease in specific methane yield among meadows, with the largest daily
decrease of 0.00053 m3 kg−1

(oDM) in LHM-C, followed by LHC-B with 0.00046 m3 kg−1
(oDM),

and LHM-A with 0.00033 m3 kg−1
(oDM).

On average, across sampling dates, the highest specific methane yields were recorded
in LHM-C with 0.280 m3 kg−1

(oDM), followed by LHM-A with 0.277 m3 kg−1
(oDM) and

LHM-B with 0.273 m3 kg−1
(oDM). However, differences in specific methane yields between

meadows characterised by different conservation statuses were not significant at p < 0.05.
In the orchards, specific methane yields of 0.293 and 0.279 m3 kg−1

(oDM) were mea-
sured for hay harvested at the 1st cutting date in OM-L and OM-E, respectively. On the
2nd cutting date, specific methane yields of 0.278 and 0.265 m3 kg−1

(oDM) were measured
for OM-L and OM-E, respectively. However, no significant differences were observed
between sites or cutting dates.



Inventions 2024, 9, 23 11 of 19

Inventions 2024, 9, x FOR PEER REVIEW 12 of 21 
 

 
Figure 4. Specific methane yields (m3 kg−1(oDM)) and methane yields per hectare (m3 ha−1) of three 
lowland hay meadows (LHMs) characterised by different conservation statuses (A = excellent, B = 
good, and C = average) over the vegetation period and of orchard meadows in two different regions 
(E = Eningen and L = Lichtenstein) at two harvest dates at Swabian Jura. 

On average, across sampling dates, the highest specific methane yields were recorded 
in LHM-C with 0.280 m3 kg−1(oDM), followed by LHM-A with 0.277 m3 kg−1(oDM) and LHM-B 
with 0.273 m3 kg−1(oDM). However, differences in specific methane yields between meadows 
characterised by different conservation statuses were not significant at p < 0.05. 

In the orchards, specific methane yields of 0.293 and 0.279 m3 kg−1(oDM) were measured 
for hay harvested at the 1st cutting date in OM-L and OM-E, respectively. On the 2nd 
cutting date, specific methane yields of 0.278 and 0.265 m3 kg−1(oDM) were measured for 
OM-L and OM-E, respectively. However, no significant differences were observed be-
tween sites or cutting dates. 

Sampling in the lowland hay meadows at the same 1st and 2nd cutting dates in the 
orchard meadows averaged specific methane yields of 0.286 and 0.258 m3 kg−1(oDM), respec-
tively, across conservation status. The differences in the mean specific methane yields be-
tween meadows characterised by different conservation statuses and orchard meadows 
were not significantly different at the first cutting time at p < 0.05. The specific methane 
yields of OM and LHM for the second cut cannot be compared, as the results are based on 
different harvesting methods. Area-specific methane yields varied from 162.9 m3 ha−1 for 
LHM-A on 28 April 2020 (2nd cutting date) and 1090.9 m3 ha−1 for LHMC on 9 June 2020 

14 April 2020 26 May 2020 7 July 2020 18 August 2020
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34

14 April 2020 26 May 2020 7 July 2020 18 August 2020
0

200

400

600

800

1000

1200

1400

1600

1800

2000

Sp
ec

ifi
c 

m
et

ha
ne

 y
ie

ld
 [m

3  k
g−1

(o
D

M
)]

LHM-A
LHM-B
LHM-C
 OM-E
 OM-L

 SMYC = 0.320 - 0.00053 x time(day)

 r2 = 0.9170

 SMYB = 0.313 - 0.00046 x time(day)

 r2 = 0.9246

 SMYA = 0.298 - 0.00033 x time(day)

 r2 = 0.8433

M
et

ha
ne

 y
ie

ld
 [m

3 
ha

−1
]

Date
Figure 4. Specific methane yields (m3 kg−1

(oDM)) and methane yields per hectare (m3 ha−1) of
three lowland hay meadows (LHMs) characterised by different conservation statuses (A = excellent,
B = good, and C = average) over the vegetation period and of orchard meadows in two different
regions (E = Eningen and L = Lichtenstein) at two harvest dates at Swabian Jura.

Sampling in the lowland hay meadows at the same 1st and 2nd cutting dates in
the orchard meadows averaged specific methane yields of 0.286 and 0.258 m3 kg−1

(oDM),
respectively, across conservation status. The differences in the mean specific methane
yields between meadows characterised by different conservation statuses and orchard
meadows were not significantly different at the first cutting time at p < 0.05. The specific
methane yields of OM and LHM for the second cut cannot be compared, as the results
are based on different harvesting methods. Area-specific methane yields varied from
162.9 m3 ha−1 for LHM-A on 28 April 2020 (2nd cutting date) and 1090.9 m3 ha−1 for
LHMC on 9 June 2020 (8th cutting date). During the growing season, area yields increased
in the early phase, reached their maximum in early mid-June, and remained constant or
slightly decreased thereafter. The heterogeneity of the analysed meadows, which led to
high standard deviations, is also reflected in the results of the methane yields.

Averaged across all samplings, the highest area-based methane yield was for LHM-B
at 762.7 m3 ha−1, followed closely by LHM-C at 732.8 m3 ha−1. At 433.0 m3 ha−1 across all
samplings, the methane yield of LHM-A was significantly lower than at the other sites.

In the orchards, area methane yields were significantly higher at the 1st cutting date,
729.1 and 608.0 m3 ha−1 in OM-L and OM-E, respectively, than at the 2nd cutting date,
308.6 and 209.7 m3 ha−1 in OM-L and OM-E, respectively. In addition, area methane yields
were significantly higher in OM-L than in OM-E.
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Sampling in the lowland hay meadows during the same periods of the 1st and 2nd cut-
ting in orchards resulted in area methane yields of 722.4 and 568.5 m3 ha−1, respectively,
averaged across conservation status.

Biomass yields increase until mid-June, while specific methane yields decrease. De-
spite advancing maturity, comparable area methane yields are achieved. Adjusting the
mowing time after the optimum phenological time does not affect the possible area methane
yield. In studies on Molinia meadows in Poland, where Arrhenatherum elatius was also
found as the dominant species, low methane yields of 867 m3 ha−1 were determined at
the beginning of July (July 1). In this study, too, specific methane yields decreased over
the course of vegetation from 0.221 m3 kg−1

(oDM) in May to 0.197 m3 kg−1
(oDM) in Septem-

ber [72]. In contrast, yields of between 5300 and 9400 m3 ha−1 can be expected from energy
maize cultivation, and the SMY ranges between 0.251 und 0.366 m3 kg−1

(oDM), depending
on the variety and the harvest time [73,74].

The higher proportion of forbs in the LHM-A meadow results in a lower specific
methane yield than in the meadows dominated by grass species [75].

Herrmann et al. (2013) found a correlation between increasing crude fibre content and
decreasing methane yield in grass from landscape maintenance materials [47]. However,
there was no clear trend in the orchards, because although the content of crude protein and
crude fat increased significantly in the second cut, no significant increase in specific methane
yield was observed. However, for cell wall components (aNDF, ADF, and ADL), there was
also no clear indication between the cutting dates; the differences were site-dependent.

In summary, there is also sufficient methane yield potential in the second cut of the
orchards, with yields per hectare depending mainly on the amount harvested. Both cuts
of the orchards are therefore well-suited for biogas production. However, the amount of
biomass produced is also crucial for economic feasibility, so the second cut is less useful
due to the small amount harvested with almost the same amount of labour required
for harvesting.

In our trial, which took place under laboratory conditions, the lignocellulose-rich
substrate samples were first finely ground to 1 mm. As a result, the accessible surface
area for enzymes and microbes increased, thus increasing the digestibility of the biomass.
Higher specific methane yields can be achieved using this process. Zheng et al. (2014)
provide a good overview of the various methods of pre-treatment, the effect of the pre-
treatment and the resulting increase in methane yield from lignocellulosic material [76]. For
the substrate delivered directly from the field to the biogas plant, the actual biogas yields to
be obtained depend on the harvesting technique and also on the mechanical pre-treatment
method to increase the conversion of the cell wall structural substances to biogas [68,77,78].

Specific methane yields were significantly correlated with the parameters describing
the chemical composition of the harvested biomass (Table 1). While positive correlations
were found with XP and XL, XF was strongly but negatively correlated with specific
methane yield. Furthermore, strong and negative correlation with specific methane yields
was found for aNDF, ADF, and ADL.

Table 1. Pearson correlation of chemical composition and specific methane yields (SMYs) of three
lowland hay meadows characterised by different conservation statuses. Sampling on 20 cutting dates
over one growing season, with three replicates per sample. The first cutting date did not provide
material for studies in two meadows.

XP XL XF aNDF ADF ADL SMY

SMY Pearson Correlation 0.724 ** 0.252 ** −0.795 ** −0.795 ** −0.841 ** −0.804 ** 1

XP, XL, aNDF, ADF, ADL (%(oDM)); SMY (m3 kg−1
(oDM)); n = 174; ** significant at p < 0.001.

The performance of a multilinear regression model using chemical parameters to
predict specific methane yield showed that the highest model quality could be achieved by
including XL, aNDF, ADF, and ADL (adjusted r² = 0.815) (Figure 5).
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Figure 5. Simulated versus observed specific methane yield (SMY) of three lowland hay meadows af-
ter multiple regression analysis for specific methane yields and the corresponding parameters describ-
ing the chemical composition of the substrate. XL, aNDF, ADF, ADL (%(oDM)); SMY (m3 kg−1
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n = 174; LHM = lowland hay meadow.

3.4. Kinetics Analysis of Methane Formation (Gompertz)

The daily methane formation rate Rm varied from 0.0169 m3 kg−1
(oDM) d−1 on 1

September 2020 (20th cutting date) to 0.0380 m3 kg−1
(oDM) d−1 on 28 April 2020

(2nd cutting date), both on LHM-B (Figure 6). Rm decreased steadily during the grow-
ing season at all sites. Averaged over the sampling dates, the highest Rm on LHM-B,
0.0281 m3 kg−1

(oDM) d−1, was significantly higher than on LHM-A, 0.0252 m3 kg−1
(oDM) d−1,

while LHM-C 0.0271 m3 kg−1
(oDM) d−1 did not differ from the other meadows.

In the orchard meadows, the Rm of 1st cut hay was significantly lower at
0.0261 m3 kg−1

(oDM) d−1 on OM-E than on OM-L at 0.0301 m3 kg−1
(oDM) d−1 and also

lower than the Rm of 2nd cut hay at 0.0317 and 0.0306 m3 kg−1
(oDM) d−1 on OM-L and

OM-E, respectively.
Samplings in the lowland hay meadows, which occurred at the same dates of 1st and

2nd cutting in the orchards, averaged Rm of 0.0310 and 0.0216 m3 kg−1
(oDM) d−1, respec-

tively, across conservation status.
The lag phase λ ranged from undetectable in LHM-B (20th sampling date) and LHM-C

(18th and 19th sampling dates) to 0.863 days in LHM-B (3rd cutting date). λ decreased
from the beginning of the growing season to early June and fluctuated widely thereafter.
On average, across sampling dates, λ ranged from 0.467 days in LHM-B, closely followed
by 0.463 days in LHM-A and 0.383 days in LHM-C. However, no significant difference in λ
was observed among meadows characterised by different conservation statuses.

In the orchard meadows, λ was significantly lower in the 1st cutting period at 0.352 and
0.167 days for OM-L and OM-E, respectively, than in the 2nd cutting period at 0.701 and
0.676 days at OM-L and OM-E, respectively. Sampling in the lowland hay meadows during
the same periods of 1st and 2nd cutting in the orchards yielded λ of 0.537 and 0.395 days,
respectively, on average across conservation status.

Half production time ranged from 4.708 days at the 2nd cut to 6.825 days on the
last cut, both at LHM-B. ½ M constantly increased steadily during the growing season.
Averaged across all sampling dates, ½ M at LHM-A was significantly higher at 5.559 days
than at LHM-B at 5.327 days, while LHM-C was not significantly different from the other
sites at 5.487 days.
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Figure 6. Kinetic parameters Rm (m3 kg−1
(oDM) d−1), λ (d), ½ M (d), using the modified Gompertz

function of three lowland hay meadows (LHMs) characterised by different conservation statuses
(A = excellent, B = good, and C = average) over the vegetation period and of orchard meadows in
two different regions (E = Eningen and L = Lichtenstein) at two harvest dates at Swabian Jura.

In orchards, ½ M was significantly higher at the 1st cut in OM-E at 5.089 days than in
OM-L at 4.915 days and higher than at the 2nd cut at 4.900 and 4.933 days in OM-L and
OM-E, respectively. Sampling in the lowland hay meadows at the same timepoints of the
1st and 2nd cut in the orchards yielded a mean over conservation status in ½ M of 4.964 and
5.994 days, respectively.

No kinetics data could be obtained for meadow LHM-A at the 2nd, 7th, and 8th cutting
dates, for meadow LHM-B at the 15th cutting date, and for meadow LHM-C at the 16th
and 20th cutting dates.

The Pearson correlation matrix (Table 2) shows the significant correlations between
the modelled kinetic parameters and the measured specific methane yields. The daily
maximum methane formation rate Rm and the lag phase are positively correlated with the
specific methane yield; ½ M is inversely correlated.

Table 2. Pearson correlation of kinetic parameters of modified Gompertz function and specific
methane yields (SMYs) of three lowland hay meadows (LHMs) characterised by different conservation
statuses. Three replicates per sample. Data are not available for eight samples.

Rm λ ½ M SMY

Rm Pearson Correlation 1
λ Pearson Correlation 0.876 ** 1

½ M Pearson Correlation −0.897 ** −0.766 ** 1
SMY Pearson Correlation 0.901 ** 0.693 ** −0.777 ** 1

Rm (m³ kg−1
(oDM) d−1); λ (d); ½ M (d), ADF, ADL (%(oDM)); n = 156; ** significant at p < 0.001.
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All samples had a lag phase value of less than one day. This indicates a well-run biogas
process with a well-adapted reactive inoculum and an existing substrate that does not have
high levels of crude fat or other inhibitors [79]. When looking at the crude fat content and
lag phase values of the lowland hay meadows, it is noticeable that both values decrease
until the first half of vegetation period, and no clear trend can be seen in the second half of
the vegetation period.

Pretreatment of the material has a positive influence on the kinetics of the biogas
process [68,80]. However, the parameters for Rm and ½ M are in ranges of values that
would generally be too inert for demand-oriented biogas production, as currently promoted
by policy in Germany [81]. Seasonal substrate of lignocellulose is often used as a co-
substrate [82,83]. Also, the base gas production of seasonally flexible biogas plants is greatly
reduced in the summer months, and demand peaks are then covered by gas storage [84,85].

4. Conclusions

The use of cuttings from species-rich hay meadows and orchard meadows for biogas
production as seasonal biomass can be an important component in the protection and
conservation of these habitats.

Later cutting dates, which make sense from a nature conservation perspective, have no
influence on the potential area methane yield. The newly accumulated AGB compensates
for the simultaneous decrease in specific methane yield. Mowing before the flowering
of main grasses and fertilisation of the areas increase the specific methane yield and
promote biomass production but deteriorate the conservation status of the meadows and
significantly change the species composition [86,87].

The hectare methane yields depend primarily on the AGB, with the amount of pre-
cipitation or water availability playing a decisive role, especially for the amount of AGB
that can still be harvested during the second cut. The cuttings are well-suited for biogas
production due to the good specific methane yields that can be achieved, but the harvest
quantities are low in contrast to other substrates.

Cost-effective pre-treatment of the lignocellulosic material is essential, as otherwise,
the material cannot be economically fed into a biogas plant. Further, pre-treatment prevents
undesirable process disruptions such as the formation of floating layers or clogging of plant
components [88,89].

However, mowing orchard meadows is a labour-intensive task that cannot be com-
pensated for by the expected biogas yields alone [68]. Nevertheless, the maintenance of
these meadows represents a cultural landscape and nature conservation measure that has a
high ecological value, which must be taken into account in monetary terms.

The treatment of the cuttings in practice, e.g., handling, storage, pre-treatment, should
be the subject of further research so that the energetic use of extensive grassland sys-
tems can find its way into modern agricultural systems in which biodiversity is also no
longer neglected.
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