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Organic amendments can improve grassland productivity. Timothy and tall fescue were sown on a sandy loam and
a coarse sand at Saerheim, Norway, in September 2016 and on a loamy sand at Skierniewice, Poland, in April 2017,
and cut and fertilised according to normal practices for the two regions from 2017 to 2019. At both sites, 0.75 kg
DM m of either digested or undigested manure (the latter with or without 2.9 kg biochar m) were incorporated
prior to sowing. On the coarse sand at Seerheim, total seasonal tall fescue yield in 2018 was 46—60% higher in the
organic amendment treatments, and total seasonal timothy yield in the digestate treatment was 97% higher, than
in the control treatment for the same species with only mineral fertiliser. On the sandy loam at Seerheim and the
loamy sand at Skierniewice, none of the amendments resulted in significant yield increments. These results indi-
cate a clear effect on soil type on grassland biomass response to organic amendments.
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Introduction

Forage grasses, which are often the main feedstuff for ruminants (Fulkerson et al. 2007, Thornton 2010), require
an adequate nutrient supply, which in many cases is provided by a combination of animal manure and mineral
fertiliser (Webb et al. 2010, Gundersen and Heldal 2015). Nutrients in manure and other organic materials are
largely bound in organic compounds and need to be mineralised before they can be taken up by plants (Schroder
2005, Thomsen 2005, Sosulski et al. 2013). Anaerobic digestion of manure and other organic materials to pro-
duce methane for electricity and heating (Nguyen and Hermansen 2015) affects the nutrient content and avail-
ability of these materials. Digestate, the nutrient-rich residues after anaerobic digestion of organic materials of
various origin to generate methane, differs from its undigested counterpart in having a markedly lower content
of total organic carbon and volatile solids and a higher nitrogen content (N) as a result of the reduced carbon con-
tent (C) (Tambone et al. 2010, Losak et al. 2014). Digestate can be separated into wet and dry fractions (Al Seadi
et al. 2013). The solid fraction has higher content of phosphorus (P) per unit dry matter, a lower content of N and
potassium (K) and a higher carbon to nitrogen ratio (C/N) than the liquid fraction (Méller and Mdller 2012). Pyrol-
ysis and gasification, which are other ways to treat organic matter, also affect the properties of the organic matter.
The C-rich porous biochar produced in these processes (Manya 2012) can be incorporated into soils to improve
their water and nutrient retention ability (Biederman and Harpole 2013) and to sequester C (Lehmann et al. 2006).

Soil turnover of N present in organic compounds is affected by the chemical composition of the organic material
(Masunga et al. 2016). A previous study on fertiliser application to perennial ryegrass (Lolium perenne) under
controlled greenhouse conditions showed higher shoot biomass yield in plants receiving digestate than in plants
receiving undigested slurry, and higher or equal yield compared with plants receiving corresponding amounts
of N as mineral fertiliser (Walsh et al. 2012). The same study showed lower nitrate and ammonium leaching
from pots with soils to which liquid digestate and undigested slurry had been added than from pots with soils to
which mineral fertiliser had been added (Walsh et al. 2012). Regarding biochar application to agricultural soils,
a meta-analysis of previous studies revealed small positive effects on crop productivity, with the largest positive
effects on coarse-textured soils and under low pH conditions, albeit with large variation between biochar prod-
ucts of different origin (Jeffery et al. 2011). Biochar originating from poultry litter, wastewater sludge and various
wood products all showed positive effects, while biochar originating from biosolids (stabilised organic solids from
sewage treatment) had a negative effect (Jeffery et al. 2011). Similar variations in the effects on soil and plants
of biochars of different origin were observed by Marmiroli et al. (2018). Schimmelpfenning et al. (2014) showed
that, under controlled greenhouse conditions, incorporation of biochar together with pig slurry resulted in 29%
higher shoot biomass yield of perennial ryegrass compared with pig slurry only, possibly because of increased N
retention. Other reported effects of organic amendments include increased soil water retention after application
of composted hog manure on a coarse textured soil (Zebarth et al. 1999), and increased soil water holding capac-
ity after biochar incorporation in a silt loam (Karhu et al. 2011).
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Mineralisation of organically bound N (Cameron et al. 2013), N leaching and volatilization (Valkama et al. 2015)
are also affected by soil physical and chemical properties, and climate conditions (Fu et al. 2017). Nutrient uptake
also varies between grass species. The N yield of tall fescue (Festuca arundinacea) was higher than the amount of
N supplied, whereas the N yield of timothy (Phleum pratense) and a range of other species was lower than the N
supplied by fertilisers (Maire et al. 2009). Also the potential to take up and use P varies between temperate for-
age grasses (Simpson et al. 2014) as well as with soil type, pH and initial P status of the soil the grass ley is grown
on (Valkama et al. 2016).

More knowledge about the effects of organic amendments on forage grass productivity is needed, particularly
in regions with high densities of ruminants and large flows of nutrients. Studies examining the effects of organic
materials that have been subject to different pre-treatments on soil functions and yield in intensive forage grass
systems on different soil types can help obtain such knowledge. The aim of this study was to determine the ef-
fect of different organic amendments (digested manure, undigested manure, and undigested manure + biochar)
on the biomass yield of two forage grasses, timothy and tall fescue, under intensive production conditions at two
locations, Seerheim, Norway and Skierniewice, Poland with contrasting soil and climate conditions. The effects of
the organic amendments on soil organic matter, N, P and K content were also determined.

Materials and methods
Experimental locations, and stand establishment and management

Field experiments were established at Sezerheim, Norway (58°46'N, 5°39’E, 90 m asl), and Skierniewice, Poland (51°57’
N, 20°9’ E, 128 m asl) (Table 1). The mean annual temperature is 8.0 °C at Seerheim and 8.6 °C at Skierniewice, and
mean accumulated annual precipitation is 1392 mm and 538 mm, respectively for the last 30 years. At the former
site, the experiment was conducted on one sandy loam soil (the original soil at the site), which contained organic
material and plant nutrients in amounts typical for agricultural soils in the region which reflects a historical high sup-
ply of animal manure, and one coarse sand soil with low amounts of organic material and plant nutrients (Table 1).

Table 1. Organic matter, Kjeldahl nitrogen (TN), ammonium-N (NH,-N), nitrate-N (NO_-N) and plant-available phosphorus
(P-AL) and potassium (K-AL) in the upper 25 cm soil layer, and type of species in the field experiments

Soil texture Initial soil organic matter and nutrient content  Species and mixtures of species

Seerheim, Norway

Sandy loam Soil organic matter (SOM): 6.7 DM% 1) Tall fescue cv. Swaj
(65% sand,26% silt,9% clay)  Kjeldahl-N (TN): 1.6 g kg™ DM 2) Timothy cv. Grindstad
NH,-N: 5.9 mg kg DM
NO,-N: 11.7 mg kg DM
P-AL: 49.5 mg kg DM
K-AL: 150 mg kg DM

Coarse sand SOM: 1.0 DM% 1) Tall fescue cv. Swaj
(92% sand, 4% silt, 4% clay)  Kjeldahl-N (TN): 0. 10 g kg DM 2) Timothy cv. Grindstad
NH,-N: 0. 72 mg kg DM
NO,-N: 0. 86 mg kg’ DM
P-AL: <20 mg kg* DM
K-AL: 32 mg kg*DM

Skierniewice, Poland

Loamy sand SOM: 1.4 DM% 1) Tall fescue cv. Kora

(65% sand, 18% silt, 16% clay) Kjeldahl-N (TN): 0. 40 g kg™* DM 2) Timothy cv. Orlica
P-AL: 14.6 mg kg DM 3) 50% tall fescue cv. Kora-50% timothy
K -AL: 62.4 mg kg DM cv. Orlica (seed weight basis)

The latter soil was transported from a glacial till deposit approximately 5 km northwest (58°47'N; 5°35E, 14 m
asl) of the experimental site and replaced the upper 25 cm of the original soil at the experimental site. The trans-
ported soil had not been used previously for plant production and was thus not affected by earlier agricultur-
al practices. At Sezerheim, timothy grass (Phleum pratense cv. Grindstad) and tall fescue (Festuca arundinacea cv.
Swaj) were sown in pure stands at a seed density of 3.5 g m? on 8 September 2016. These grass swards were
cut during the season in 2017-2019 and samples were dried to determine dry matter yield as described below.
Due to poor germination in autumn 2016, resulting in a sparse and uneven stand in the following spring, an addi-
tional sowing was carried out on 19 April 2017 with the same seed density to ensure an even stand. To facilitate
germination and establishment, the field was irrigated with approximately 20 mm shortly after sowing in 2017.
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Before sowing, organic amendments (see section Organic amendment characteristics and application below and
Table 4 for details of their properties) were manually distributed evenly over plots in three different treatments
and then incorporated into the upper 25 cm soil layer by a rotor harrow on 5 September 2016 within a couple of
hours after the application. A control treatment with no organic amendments was also established. The experi-
ment had a split-plot design, with soils as randomised main plots (main-plot factor) and soil amendment treat-
ments and species completely randomised within each main plot as split-plot factors. Each combination of sail,
species and treatment was replicated four times. The total size of each subplot was 24 m x 7 m. This area was
divided into 3 m x 7 m areas for each combination of species and soil amendment treatment.

At Skierniewice, timothy (cv. Orlica) and tall fescue (cv. Kora) were sown on 14 April 2017, at a seed density of 4.0
g m?2. In addition, a mixture of 50% timothy-50% tall fescue on a seed weight basis was sown at the same seed
density as in the monoculture plots. On 8 April 2017, organic amendments (see below for details) similar to those
used at Seerheim were manually distributed evenly across the experimental plots and manually incorporated into
the upper 25 cm soil layer within an hour after the distribution. The experiment was conducted on a loamy sand
soil (Table 1), which had not received any mineral or organic fertilizers for 20 years. Each species and species mix-
ture were sown in separate adjacent sections of the experimental field within which amendment treatments were
replicated in four blocks. Each of the block had an area of 18 m x 6 m divided into 4.5 m x 1.5 m areas for each
combination of species or species mixture and soil amendment. Due to infestation of barnyard grass (Echinochloa
crus-galli) in more than 80% of the experimental area, the whole area was ploughed under in June following a cut
on 25 May for which biomass was not recorded. The same grass species and mixtures as in the original plan were
re-sown on 16 July 2017, at the same seed density as in April.

At both locations, mineral fertiliser was applied at the beginning of each growing season and after each cut. At Seerheim
smallamounts of mineral fertilisers were also applied at sowing in September 2016 to enhance establishment (Table 2).

Table 2. Content of nitrogen (N), phosphorus (P) and potassium (K) in applied
mineral fertilizers (kg ha)

Application date N P K

Saerheim, sandy loam

20 September, 2016 31 5 26
4 May, 2017 80 9 36
26 June, 2017 50 5.6 22.5
11 August, 2017 50 5.6 22.5
23 April, 2018 120 14 59
5June, 2018 100 12 49
2 August, 2018 100 12 49
17 April, 2019 120 14 59
Saerheim, coarse sand

20 September, 2016 31 5 26
4 May, 2017 80 12 48
26 June, 2017 50 7.5 30
11 August, 2017 50 7.5 30
23 April, 2018 120 20 100
5June, 2018 100 12 49
2 August, 2018 100 12 49
17 April, 2019 120 20 100
Skierniewice

25 April, 2017 50 10 52
28 April, 2018 80 53 60
6 June, 2018 40 12 40
20 April, 2019 80 53 60
25 June, 2019 40 12 40
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Mineral fertilisers applied in Seerheim were manufactured by Grupa Azoty, Zaktady Azotowe “Putawy” S.A., Gdanskie
Zaktady Nawozow Fos-forowych “Fosfory” Sp. z 0.0. and Bialchem Group Sp. Z 0.0., Poland. The application rates
were based on regional recommendations for grass leys at the two locations and differences in expected biomass
between ley years. The rates were also adjusted to the plant-available P and K content of the soil according to soil
analyses carried out at the beginning of each growing season. The weather conditions during the summer of 2018
were extremely dry, both at Saerheim and at Skierniewice, and the experiments required irrigation on several oc-
casions to prevent plant death during long periods without precipitation and to enable nutrient infiltration into
the soil. At Seerheim, the coarse sand was first irrigated with approximately 50 mm of water on 24-27 May, and
both soils were irrigated with approximately 15 mm on 5-7 June, 20 mm on 2-5 July and 30 mm on 19-25 July.
The whole experimental area at Skierniewice was irrigated with approximately 20 mm on 24-27 May, 10 mm on
10-12 June, 15 mm on 7-10 July and 30 mm on 25-28 July.

Organic amendment characteristics and application

Soils at Saerheim and Skierniewice, were analysed for organic matter (SOM), N, P and K content at the start of
the experiment (Table 1), and then at the start of the growing season in March 2018 and 2019 for each soil and
amendment combination, across species. Total soil N was analysed using the Kjeldahl-N method (EN 13654-1) and
P and K content using the ammonium lactate (P-AL and K-AL) method (Egnér et al. 1960). The experimental treat-
ments comprised three organic amendments and a control treatment with no organic amendment application
(Table 3). In the soils at Saerheim, the organic soil amendments consisted of 0.75 kg m? DM of the dry fraction of
dry/wet separated pig manure, 0.75 kg m2 DM anaerobically digested dry fraction of the pig manure, and 0.75
kg m2 DM pig manure + 2.87 kg m? wood-based biochar that was not supplemented with any plant nutrients.
The total amount of nutrients and organic carbon applied in each treatment is shown in Table 3 and the chemical
properties of the amendments in Table 4. The amounts of manure and digestate applied were within the range of
manure doses normally applied to grass leys in south-western Norway in August-September, which are limited by
regulations on P dose per unit area (Ministry of Agriculture and Food et al. 2002). The amount of biochar applied
was in the middle of the recommended range to improve soil C content and productivity (Major 2010). At Skier-
niewice, cattle farm manure, i.e. the solid and liquid fraction, and straw, was used instead of pig manure, at the
same rates as at Seerheim, and the biochar used was of coniferous wood origin, which naturally contained some
N (Table 4) but was not supplemented with any additional plant nutrients.

Table 3. Content of organic carbon (Corg), nitrogen (N), phosphorus (P) and potassium (K) in applied organicamendment (kg ha*)

Application date Corg N P K

Seerheim, both soils

5 September 2016 Pig manure 3150 263 143 67.5
Digestate 2108 57 76.5 30.8
Pig manure + biochar 42120 263 143 67.5
Control - - - -

Skierniewice

15 September 2016 Cattle manure 2400 168 42.8 193
Digestate 3728 446 30.0 202
Cattle manure + biochar 38500 168 42.8 193
Control - - - -

Table 4. Nutrient and organic carbon (Corg) content (g kg* DM) of the organic amendments used in field experiments

N P K C

Seaerheim

Pig manure 35.1 19.1 9.0 420
Digestate from pig manure 7.6 10.2 4.1 281
Biochar - - - 743
Skierniewice

Cattle manure 22.4 5.7 25.7 320
Digestate from cattle manure 59.5 4.00 26.9 497
Biochar 4.8 - - 610
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Soil water-holding capacity

To obtain information on whether any observed effects of the amendment on plant productivity were related to
soil water-holding capacity rather than soil nutrients, the effect of the organic amendments on soil water-hold-
ing capacity was determined gravimetrically under laboratory conditions according to Reynolds (1970) for the
two soils at Seerheim, which represented the full texture range of the three experimental soils. Samples of these
two soils taken from the upper 25 cm layer were mixed with organic amendments at the same ratios as used in
the Szerheim field experiment and the mixtures were placed in glass funnels covered with filter paper (two sam-
ples per treatment). Control samples with soils without organic amendments were placed in similar funnels. No
mineral fertiliser was added to the soils, based on the assumption that mineral fertilisers have no direct effect on
soil water-holding capacity. Water was added to the funnels until the mixtures were saturated and then the fun-
nels were covered with plastic film to minimise evaporation and allowed to drain for 12 hours. Subsamples of the
drained samples were weighed, dried at 105 °C for approximately 36 hours and weighed again. Subsamples were
considered completely dry when their weight did not decrease after additional drying. Soil water content after
free drainage was then calculated as:

MC = (m /m x 100

dry_soil

m /m

moist_soil- dry_soil dry_soil)

where MC is soil water content (weight%), m is the weight of the moist soil after free drainage and m

is the weight of the soil after drying.

moist_soil dry_soil

Cutting regimes and dry-matter determination

In 2017, the plots on the sandy loam at Seerheim were cut on 6 June, and those on the coarse sand on 15 June, to
a stubble height of 5 cm. Due to low biomass production, this yield was not recorded. A second cut to the same
stubble height as in the first cut was carried out on 8 August in all plots. Samples of cut biomass were dried at 60
°C for at least 48 hours and weighed. In 2018, the plots were cut to 5 cm stubble height on 29 May, 17 July and
30 September, when the plants were in mid-heading stage. In 2019, one cut was performed on 5 June, before the
experiment was terminated.

At Skierniewice, the plots were cut at mid-heading stage to 5 cm stubble height on 10 August 2017, but biomass
was not recorded. In 2018, the plots were cut to 5 cm stubble height on 6 June, 13 July and 13 August, when the
plants were in mid-heading stage. In 2019, the plots were cut to 5 cm stubble height on 25 June and 10 October.
Biomass samples from all treatment plots were dried at 60 °C for at least 48 hours and weighed after all cuts.

Statistical analysis

For Saerheim, differences in fitted means (least square means) in above-ground dry matter yield between species,
organic amendment treatments, and any interactions between these factors were analysed with the Proc GLIM-
MIX function of SAS v. 9.4 (SAS Institute Inc., Cary, NC, USA). This procedure enabled species, amendment treat-
ment and soil to be treated as fixed class variables, and main plot and main plot by soil interactions as random
class variables. In Skierniewice, each species was cultivated in separate section of the experimental field. Conse-
quently, we analysed each species separately for this site without performing any analysis of species and organic
amendment treatment interactions at this site.

Pairwise comparisons of factor levels were made using the Tukey-Kramer method and the Sattertwaite method
was used to approximate the number of degrees of freedom for the mean and pairwise comparisons for both
locations. These analyses were carried out for each cut separately and for the total yield of all cuts during each
season. Differences in Kjeldahl-N (total N; TN), ammonium-N (NH,-N) and nitrate-N (NO_-N), soil organic matter,
P-AL and K-AL in the upper 25 cm layer of the two soils at Seerheim at the start of the experiment in September
2016 were analysed with the Proc TTEST function of SAS v. 9.4. Differences in soil nutrients and organic matter
between soils, amendments and soil and amendment interactions after the start of the experiment, as well as
differences in soil water content between amendments were analysed with the Proc GLIMMIX function of SAS v.
9.4, setting soil as a random variable.
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Results
Species differences

At Saerheim, there were significant interactions between soil and species (p<0.05) on yield of all cuts in August,
on total seasonal yield in 2018 and on first-cut yield in 2019. For most cuts and for total seasonal yield in 2018
(Fig. 1), the yield difference between tall fescue, which produced the largest amount of biomass on both Szerhe-
im soils, and timothy was greater on the coarse sand soil than on the sandy loam. Therefore, we subsequently
analysed differences between species for each soil separately.
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Fig. 1. Total seasonal dry matter yield of timothy and tall fescue on the two experimental
soils at Seerheim, Norway, in 2018. Error bars indicate 95% confidence interval.

Amendment effects on biomass

At Szerheim, there were no statistically significant interactions between species and amendment treatments for
any of the cuts across the three years, or for total seasonal yield in 2018. However, there were statistically signif-
icant interactions (p<0.05) between soils and treatments for third-cut yield and for total seasonal yield in 2018,
with significant differences between the treatments with organic amendments and the treatment with only min-
eral fertiliser on the coarse sand soil. Therefore, we subsequently analysed the effects of the amendments sepa-
rately per soil and, since there was a consistent species-soil interaction, also per species.

On the coarse sand at Szerheim, total seasonal biomass yield of tall fescue in 2018 was significantly (p<0.05) higher
in all the organic amendment treatments, while total seasonal yield of timothy was higher in the digestate treat-
ment than in the corresponding control treatments that only received mineral fertiliser. In 2018, on the coarse
sand there was a tendency for greater differences in first- and second-cut yield than in third-cut yield (both species)
between all organic amendment treatments and the mineral fertiliser control (Fig. 2). For the first- and third-cut
tall fescue on the same soil, the yield in the manure treatment was significantly higher than in the mineral fertiliser
control. The third-cut timothy yield in the manure and manure + biochar treatments on the coarse sand was
significantly higher than in the mineral fertiliser control on the same soil (results not shown). At Skierniewice, in
2018 and in 2019 there were no statistically significant differences in biomass between amendment treatments
for any of the cuts or for total seasonal yield in any of the species (Fig. 3 and Fig. 4).
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Fig. 2. Mean yield in the organic amendment treatments in comparison with the control
treatment for the three cuts in 2018 at Seerheim, Norway
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Fig. 3. Seasonal biomass yield of timothy, tall fescue and a timothy-tall fescue
mixture in the four treatments at Skierniewice, Poland, in 2018. Error bars
indicate 95% confidence interval.

Soil nutrients and water-holding capacity

At the start of the experiment at Szerheim, in September 2016, there were significantly higher concentrations of
TN, NH,-N and NO,-N, SOM, P-AL and K-AL in the sandy loam soil than in the coarse sand soil (Table 1). The amount
of TN continued to be higher in the sandy loam than in the coarse sand throughout the experimental period for
most amendment treatments. The amount of NH,-N remained higher in the sandy loam than in the coarse sand
until 2018 but there were no statistically significant between the two soils for any of the amendment treatments
in 2019. The difference in NO,-N varied between soils and amendments (Table 5 and 6). However, there were no
statistically significant differences in NH,-N, NO_-N or TN between amendment treatments within soils.
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Fig. 4. Seasonal biomass yield of timothy, tall fescue and a timothy-tall
fescue mixture in the four treatments at Skierniewice, Poland, in 2019.
Error bars indicate 95% confidence interval.

At Szerheim in March 2018, P-AL content was significantly higher in the digestate and manure treatments on the
sandy loam than in the digestate and mineral fertiliser treatments on the coarse sand. P-AL content was also high-
er in the manure treatment on the coarse sand than in the mineral fertiliser control on that soil. K-AL content was
significantly higher in all treatments on the sandy loam than the coarse sand. There were also positive effects of
some organic amendments on soil K-AL content in the coarse sand compared with the mineral fertiliser control
on that soil (Table 5). At Seerheim in March 2019, in most of the amendment treatments, soil organic matter, P-AL
and K-AL content were significantly higher in the sandy loam soil than in the coarse sand (Table 6). However, there
were no clear patterns in differences in P-AL between amendments within the soils (Table 6). There were also
no statistically significant differences in soil organic matter and water-holding capacity between the amendment
treatments at Seerheim (data not shown).

Table 5. Amount of Kjeldahl nitrogen (TN) (g kg DM), ammonium-N (NH,-N, mg kg™ DM), nitrate-N (NO,-N, mg kg™
DM) and plant-available phosphorus (P-AL) and potassium (K-AL) (mg kg DM) in the Saerheim plots that received
different amendments in March 2018 (+1 standard deviation for each amendment and soil combination is given
within parenthesis). Different letters within columns indicate statistically significant differences (p<0.05).

Amendment TN NH,-N NO,-N P-AL K-AL
Sandy loam

Control 1.0 A (£0. 14) 4.7 A(+1.4) 0.76 B (+0.11) 45.7 AB (£0.88) 63.9 A (+1.2)
Manure + biochar 1.1 A (+0) 6.1A (+1.7) 2.0A(10.62) 53.7 AB (¥13.3) 80.4A(x1.0)
Digestate 1.2 A(£0.14) 6.4 A (+0.46) 0.94 AB (¥0.021)  76.7 A (£8.3) 76.5A (+4.4)
Manure 1.15A (¥0.071) 6.4 A(%0.17) 0.86 AB (¥0-28)  74.2 A (£3.0) 74.4 A (£9.4)
Coarse sand

Control 0.2 B (+0) 0.56 B (+0.021)  0.56 B (+0.021) 14.2 C (£0.14) 14.2 C (£0. 14)
Manure + biochar ~ 0.25B (£0.071) 0.54 B (+0) 0.97 AB (+0.44) 37.7 ABC(+10.1) 37.7 B (+0.60)
Digestate 0.3 B (x0) 0.57 B (+0.014) 0.57 B (+0.014) 32.3BC(+15.8) 28.7BC(+10.7)
Manure 0.35B(+0.071) 0.525B(+0.0071) 0.525B (+0.0071) 60.9 AB (+16.4) 39.3 B (+5.8)
Standard error 0.083 0.79 0.29 10.5 5.7

Before the experiment, the soil at Skierniewice was characterised by low SOM, TN, P and K content (Table 1). The
soil organic matter content in the plots with manure + biochar increased to 1.57 g 100 g DM by October 2018.
There was no significant effect of the other amendments on soil organic C, and no significant effect of any of the
amendments on total organic nitrogen, P-AL or K-AL (data not shown).
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Table 6. Amount of Kjeldahl nitrogen (TN) (g kg DM), NH4-N (NH,-N, mg kg™ DM), nitrate-N (NO_-N, mg kg™ DM), plant-
available phosphorus (P-AL) and potassium (K-AL) (mg kg™ DM), and soil organic matter (SOM, g kg™ DM) in the Saerheim
plots that received different amendments in March 2019 (+1 standard deviation for each amendment and soil combination
is given within parenthesis). Different letters within columns indicate statistically significant differences (p<0.05).

Amendment TN NH,-N NO,-N P-AL K-AL SOM
Sandy loam
Control 3.45A(+0.49)  2.75A(+0.071) 11.0AB(+2.4) 54BCD (+1.4) 71A (+9.9) 67 A (£5.7)
Manure + biochar 3.8 A (+0.21) 2.2A(1.7) 14.4 A (x0.35) 76.5A(+6.4) 76.5A(%3.5) 76.5 A (£0.71)
Digestate 3.7 A(%0.21) 3.6 A (x0) 12.1 A (3.7) 69 AB (+7.1) 76 A(£2.8) 67 A (+4.2)
Manure 3.15A(+0.49)  3.35A(+0.21) 11.2AB(+1.6) 71AB(+5.7) 83.5A(+13.4) 67.5A(+0.71)
Coarse sand
Control 0.35B(+0.071) 2.15A(+1.3) 1.05C(#0.071) 23.5E(¢4.9) 29C (20) 14 B (+1.4)
Manure +biochar 0. 80 B (+0) 2.45A(+1.2)  4.4BC(+0.99) 46.5CD(+6.4) 36.5BC(+4.9) 22B(+1.4)
Digestate 0.55B (+0.071) 3.0A(:0.57) 2.5C(+1.1) 34.5DE (+6.4) 31.5C(+2.1) 14 B (+2.8)
Manure 0.70B(+0-28) 3.35A(+0.30) 3.6 C (+1.3) 60.5C(+2.1) 49 ABC(+18.4) 16B (+1.4)
Standard error 0.29 1.8 1.8 5.4 9.1 2.9
Discussion

The positive effect of the organic amendments on tall fescue and timothy biomass yield on the coarse sand soil at
Seerheim indicates that these materials can increase yield on soils with low organic matter and plant nutrient con-
tent in intensive production systems requiring a high supply of nutrients, under certain conditions. However, the
lack of effect of organic amendments on biomass yield at Skierniewice, where the soil organic matter content was
likewise low shows that this is due to other factors, such as weather factors or cultivars, that differed between the
location but were not included in this study. The effects on the coarse sand soil at Seerheim are in line with pre-
vious findings of positive effects of various organic soil amendments on the yield of forage grasses (Warman and
Termeer 2005, Montemurro et al. 2006) and the general short-term positive effect of organicamendment on crop
yield, which has been found more pronounced on soils with low organic matter content (Wortman et al. 2017).

The lack of significant effect of any of the organic amendments on biomass yield of either of the forage species on
the sandy loam soil at Seerheim was possibly a result of nutrient supply from the soil and mineral fertiliser at rates
that did not limit plant growth even without addition of organic amendments. This supposition is based on results
from previous simulations of long-term soil organic carbon effects on wheat under different N-fertiliser regimes,
where a positive effect of agronomic productivity was found with N fertiliser application rates up to 100 kg N ha™?,
but no (Ghaley et al. 2018) or only small effects at higher rates (Palmer et al. 2017). However, the difference in
initial nutrient status between the two soils at Saerheim was relatively small compared with the total amount of
nutrients supplied by the organic amendments and the mineral fertiliser together. Therefore, the differences in
amendment effect on grass biomass between the two soils could also be due to other factors than nutrient supply,
such as a more positive amendment effect on water-holding capacity in the coarse sand than in the sandy loam. In
a previous meta-analysis, it was found that an increase in soil organic matter content had a greater positive effect
on soil water-holding capacity in sandy soils than in loams (Minasny and McBratney 2018). Although we did not
find any effects of the organic amendments on soil water-holding capacity in the Saerheim soils under laboratory
conditions, such effects could still partly explain the difference in effects of the amendments on dry matter yield
on the two soils, especially given the dry weather conditions in 2018.

The lack of significant differences in dry matter yield effects between the organic amendment treatments tested
is somewhat surprising, given that the amendments differed considerably in plant nutrient and organic carbon
content. It also contradicts findings in a previous greenhouse experiment, where grass species biomass respond-
ed differently to digestates (Andruschkewitsch et al. 2013) and a pot experiment, where the above-ground maize
yield responded differently to different types of organic fertilizers (Gondek and Filipek-Mazur 2005). Also in pre-
vious field experiments grass species biomass responded differently to organic fertilisers which differed in prop-
erties (Warman and Termeer 2005). As speculated for the lack of organic amendment effect on the sandy loam
soil, the high supply of mineral N may have masked any effects of differences in amendment composition on plant
growth in our experiment. The lack of effect of biochar addition on soil properties also contradicts previously
reported positive biochar effects on soil N and C content in nutrient-poor soils grown with unfertilised grassland
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(Han et al. 2016) or agricultural crops (Ohsowski et al. 2012). The greater yield of tall fescue than timothy in both
soils at Seerheim and the greater difference between the biomass of these two species in 2018 on the coarse sand
soil than on the sandy loam soil at Saerheim could be a combined effect of the dry conditions and morphologi-
cal differences between the species. Timothy normally has a larger proportion of root biomass allocated to shal-
low soil layers than tall fescue (Bolinder et al. 2002). Given the visible drought symptoms on the coarse sand soil
and its lower water-holding capacity than the sandy loam, it is clear that there was relatively less plant-available
water in the former soil than in the latter during 2018. In a previous controlled greenhouse experiment by Eneji
et al. (2008), the effect of drought was relatively stronger on timothy dry matter than on tall fescue dry matter,
which further supports the assumption that the soil effect on biomass production by the two species was due to
different degrees of drought stress. The dry conditions, with precipitation well below normal, during the grow-
ing season in 2018 at both locations probably also explain the higher tall fescue yield than timothy yield on the
sandy loam soil at Seerheim. The relative larger effect of organic amendments on grassland productivity on the
coarse soil than on the finer-textured soils could also mean that allocating a disproportionally larger fraction of
soil amendment materials to coarser soils could potentially have a greater positive effect on grassland productiv-
ity than uniform allocation among soil types within a farm or production region with heterogeneous soils. More
experiments under a wider range of soil, climate conditions and management practices need to be carried out to
further investigate the advantages of such soil-texture based application regimes.

The lack of difference in dry matter yield between the manure and digestate treatments in our study, indicates
that changes in nutrient composition during anaerobic digestion do not negatively impacts the effect of amend-
ment on grassland biomass in systems with high nutrient turnover. However, if less mineral fertiliser had been
supplied, the nutrient composition of the amendment might have affected grassland dry matter yield, as shown
in a previous experiment (Simon et al. 2015). Some, but not all, of the studies reviewed by Méller and Miiller
(2012) reported a positive effect of anaerobic digestion of animal manure on crop and grassland yields. In a study
comparing the effects of raw cattle manure and separated digestate at similar N supply rates, no differences in
forage barley biomass yield were found between these two treatments (Chiyoka et al. 2014). However, it is diffi-
cult to compare our results with those of the many studies using unseparated digestate and manure with different
nutritive and physical properties from the dry fraction of separated manure and digestate used here.

Conclusions

A positive effect of incorporation of organic materials on biomass yield of forage grasses was observed on a coarse
sand soil with low initial organic matter and plant nutrient content, under intensive production conditions with
a large supply of nutrients. At the application rates used here, addition of raw biochar together with undigested
manure did not affect the yield of the grasses or the water-holding properties of the soils.
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