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Paludiculture, and in particular the cultivation of perennial grasses as biomass feedstock
for green biorefineries, may be an economic and environmentally sustainable option for
agricultural peatlands in temperate regions. However, the optimal biomass quality for
protein extraction from flood-tolerant grasses is largely unknown. The aim of this study was
to define the combined effect of harvest and fertilization frequency, with one to five annual
cuts, on protein yield and extractability for the grasses tall fescue (TF) and reed canary
grass (RCG), cultivated on an agricultural fen peatland in Denmark.The content of protein
fractions was determined according to the Cornell Net Carbohydrate and Protein System
(CNCPS). We assessed protein extractability by lab-scale biorefinery techniques using a
screw-press followed by acid precipitation of true protein. The two methods were
compared to correlate potential extractable protein yields with actual biorefinery
outputs. We found the highest annual biomass and crude protein (CP) yields in the
two cut treatments, with 13.4 and 15.6 t dry matter (DM) ha−1 year−1, containing 2.9–3.4 t
CP ha−1 year−1 for TF and RCG, respectively. The highest neutral-extractable (fractions B1

and B2) true protein yields of 1.1 and 1.5 t ha−1 year−1 were found in the two cut
treatments, representing 39% (TF) - 45% (RCG) of total CP. Using biorefining
techniques, we were able to precipitate up to 2.2 t DM ha−1 year−1 of protein
concentrate, containing up to 39% CP. Significant correlations between methods were
found, with a distinct relationship between CNCPS fractions B1 + B2 and CP yield of the
protein concentrate, indicating the suitability of the CNCPS as an indicator for extractable
protein yields. Biomass and CP yields were not significantly improved beyond two annual
cuts. However, timing and harvest frequencies significantly affected plant maturity and
consequently extractable CP contents and protein concentrate yields. We conclude that
TF and RCG are promising feedstocks for green biorefineries due to high biomass,
extractable CP, and protein concentrate yields, and highlight the potential of flood-tolerant
grasses, cultivated on wet agricultural peatlands, for an enhanced valorisation beyond the
common utilisation for bioenergy.
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INTRODUCTION

With an increasing world population, being expected to reach 9.7
billion in 2050 (United Nations, 2019), and the associated
escalating demand for food and clean water (Ibarrola-Rivas
et al., 2017) the competition for productive land areas is
growing (Joosten et al., 2016). At the same time, there is an
environmental crisis, with never seen records of ocean
temperature and sea level rise, as well as atmospheric
greenhouse gas (GHG) concentrations (Kappelle, 2020).
Peatlands, being the dominating wetland type globally (Yu
et al., 2010) and covering about 3% of the continental surface
(Joosten and Clarke, 2002) contribute significantly to GHG
emissions. Anthropogenic degradation of peatlands by
drainage for agriculture led not only to a substantial loss of
global peatlands and the associated ecosystem functions
(Wichmann, 2017), but also to emission hotspots releasing 6%
of the total anthropogenic emissions in carbon dioxide
equivalents (CO2eq) (Joosten, 2012), contributing up to 37%
of the total emissions from the European agricultural sector
(Geurts, et al., 2019).

A transition towards more sustainable cultivation practices on
peatlands after rewetting may accelerate the extensification of
currently drained peatlands. Paludiculture, defined as agriculture
on wet or rewetted peatlands, has been proposed as a suitable
mitigation strategy (Günther et al., 2014) in order to reverse
traditional farming with unsustainable environmental concerns
such as land subsidence, nutrient leaching and GHG emissions to
the atmosphere (Tanneberger and Wichtmann, 2011; Giannini
et al., 2017). In particular, the production of biomass from flood-
tolerant perennial grasses for the provision of e.g., fodder and raw
materials (Wichtmann andWichmann, 2011a) or for the purpose
of renewable energy (Kandel et al., 2013b) is a well-known option
for an economic biomass utilisation. Nevertheless the revenues of
the peatland biomass for these purposes have so far been too low
to provide a competitive sustainable business plan.

Previous research has shown promising results on the use of
perennial grasses as feedstock for protein extraction (Kromus
et al., 2006) with subsequent application as a high-quality
substitute for soy. Current estimates indicated that up to 47%
of the crude protein (CP) fraction present in the biomass can be
extracted in a protein concentrate that may substitute the
currently used soybean meal in diets for monogastric animals
(Santamaría-Fernández et al., 2017; Stødkilde et al., 2018; la Cour
et al., 2019). Furthermore, by-products resulting from the
biorefining process, such as the fibre fraction and the brown
juice, may additionally be used directly as valuable forage for
ruminants (Damborg et al., 2018) or can be further refined into
value-added products (Ambye-Jensen et al., 2014).

The flood-tolerant perennial grasses reed canary grass
(Phalaris arundinacea) (RCG) and tall fescue (Festuca
arundinacea) (TF) can produce high biomass yields on poorly
drained peatsoils (Kandel et al., 2013a; Kandel et al., 2016). While
there has been extensive research concluding their suitability as
efficient energy crops (Kandel et al., 2013b; Tilvikiene et al.,
2016), a further assessment of their applicability as biomass
feedstock for value-added products from biorefineries has been

lacking so far. Assessments of CP contents in RCG and TF
cultivated on mineral soils showed yields of up to 3.2 t CP
ha−1 year−1 and 3.1 t CP ha−1 year−1, respectively, of which
about 40% were potentially extractable (Solati et al., 2018b).
However, there is a desideratum concerning the CP yield and
extractability of these grass species cultivated on wet agricultural
peatlands. This also applies to the evaluation of biomass quality
for protein extraction as a response to plant maturity and
nitrogen (N) uptake, and hence the effect of agricultural
management regarding annual harvest and fertilization
frequencies.

Until now, there has been research on the content of potential
extractable protein fractions in grasses and legumes (e.g., Elizalde
et al., 1999; Solati et al., 2017), mainly in order to determine
forage quality, following the CNCPS. Further, efforts regarding
protein extraction optimisation are at the heart of green
biorefinery strategies (Santamaria-Fernandez et al., 2019;
Pihlajaniemi et al., 2020) and increasing attention has been
paid on the protein extractability and quality using the rather
simple method of mechanical screw-press extraction followed by
chemical protein precipitation (Stødkilde et al., 2018; Damborg
et al., 2020). However, to the authors knowledge, no correlation
between the theoretical extractable protein yields as indicated by
means of the soluble CNCPS fractions B1 + B2, respectively acid
extractable fractions B1 + B2 + B3, and the actual protein yields by
precipitation in biorefineries, has yet been conducted. The protein
content and allocation in grasses depends on a variety of factors,
including environmental conditions, stress factors (e.g., drought;
Roy-Macauley et al., 1992) and N availability. Generally, grasses
are known to positively respond to N input by fertilization, with
reported linear increases of 50–90 g CP kg−1 DM per 100
kg N ha−1 applied (Peyraud and Astigarraga, 1998) as well as a
significant decrease of CP content with N limitation (Dindová
et al., 2019). However, the process of lignification in grasses was
also found to be positively associated with N fertilisation
(Coblentz et al., 2017).

Nevertheless, grass maturity and harvesting time are known to
be important factors for biomass quality (Butkutė et al., 2013;
Solati et al., 2017). Plant nitrogen is mainly stored as protein in
chloroplast (Peoples and Dalling, 1988), and hence located in the
form of true proteins within leaves. It has further been shown,
that leaf-protein contents decrease with plant maturity as a
reaction to senescence and subsequent lignification (Sanderson
and Wedin, 1989), contributing to a substantial increase in total
plant lignin to about 30% (Butkutė et al., 2013). These constant
alterations with increasing plant development facilitate bounding
of proteins to cell walls, and hence increases the content of
insoluble protein fractions B3 and C according to the CNCPS
method, while the soluble protein fractions B1 and B2 decrease.

We hypothesized that high protein yields and extractability
can be obtained in flood-tolerant perennial grasses by
manipulating the harvest frequency during the growth season
under provision of adequate nutrient availability. The aims of this
study were to, 1) determine the combined effect of harvest and
fertilization frequency on biomass and protein yields of the
perennial grasses RCG and TF grown on a wet fen peatland,
2) quantify theoretically and potentially extractable protein
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fractions by the CNCPSmethod, and 3) assess the extractability of
soluble plant protein fractions using a screw-press as the initial
biorefining separation step followed by protein precipitation.

MATERIALS AND METHODS

Site Description
The field experiment was conducted in 2019 on a riparian fen in
Vejrumbro, located in Central Jutland, Denmark (56°26′15.3″N,
9°32′44.1″E; Figure 1). Environmental variables were taken from
the meteorological station at Foulumgård, Aarhus University,
located 6.5 km from the field site. During the study period from
May until October 2019, ranged the temperature between 8.7 and
16.8°C, with August as the warmest month. Monthly
precipitation ranged between 57 and 122 mm, with May as the
driest and October as the wettest month. The site has been
shallow drained in the first half of the 20th century and has
primarily been used as pasture until the establishment of the
present experiment in 2018. Average peat depth at the site is 2 m,
overlying a layer of 8 m gyttja. The upper soil layer (0– 20 cm)
contains 35.8% total carbon (TC), 2.5% total nitrogen (TN), 0.2%
phosphorus (P), 0.2% potassium (K), with a bulk density (BD) of
0.2 g cm−3, and an average pH of 5.1. The lower soil layer
(20–100 cm) contains 45.6% TC, 2.6% TN, with 0.1 g cm−3

BD, and pH 5.8. The site had in 2019 a mean annual water
table depth (WTD) of −0.13 cm, with on average −0.22 cm during
the study period.

Experimental Design and Agricultural
Management
The effects of species and combined harvest and fertilizer
management were tested within a complete split-plot design,
with four block replicates, species as main plot and management
as sub-plot. The five management sub-plots (3 m × 16 m) were
assigned randomly on the established main plot. A total of eight

plots (15 m × 16 m) were established in June 2018, with four plots
each cultivated with either RCG (Phalaris arundinacea, cultivar:
Lipaula) or TF (Festuca arundinacea, cultivar: Swaj). Soil
cultivation and sowing of the seeds occurred in one
mechanical process following previous spraying of original
vegetation using Round Up (Bayer AG, Leverkusen,
Germany). The seeding rates were 25 kg ha−1 for both species
and all subplots in each plot were fertilized with 40 kg N ha−1, 9 kg
P ha−1, and 43 kg K ha−1, using 286 kg ha−1 of combined NPK
fertilizer with a grade of 14-3-15, after emergence of the seeds.
Treatments with TF experienced partial invasion by velvet grass
(Holcus lanatus). In 2019, subplots were fertilized and harvested
according to the treatment plan (Figure 2). The one cut treatment
was fertilized with 100 kg N ha−1 year−1 and 100 kg K ha−1 year−1.
Split-fertilizer applications with a total of 200 kg N ha−1 year−1

and 200 kg K ha−1 year−1 were applied to two cut, three cut, four
cut, and five cut strategies in equal doses for each harvest within
each strategy. First fertilization prior to growth onset was
performed on April 16, 2019. The remaining split-fertilizer
applications were applied the day following the last harvest
day for each occurrence. No fertiliser was applied following
the last cut. The grass species were harvested up to five times,
depending on treatment, in the growth period of May 12 to
October 16, 2019, between 15.00 and 18.00 CET. Grass samples
were harvested in stripes of between 1.5 and 3.0 m length and
1.18 m width at stubble height of approximately 7 cm within the
middle of the sub-plots, using a sickle bar mower (Grillo G107,
Grillo SpA, Cesena, Italy). The grass was manually collected and
immediately brought to the laboratory for determination of fresh
weight and subsequently dry-matter. The dried plant material
was milled (Retsch ZM 200, Retsch GmbH, Haan, Germany) and
stored for further analysis.

Screw-Pressing and Protein Extraction
A portion of the harvested grass was stored overnight at 2°C and
processed the following morning at room temperature in a lab-
scale twin-screw-press (Angelia 8500S Angel slow-juicer, Angel

FIGURE 1 | Location of the study site in Denmark including aerial picture, taken in June 2020.

Frontiers in Environmental Science | www.frontiersin.org April 2021 | Volume 9 | Article 6192583

Nielsen et al. Grass Protein Yield and Extractability

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Co. Ltd., Busan, Korea) without prior chopping or discarding of
wilted plant fragments or weeds. The resulting pulp and a sample
fraction of the juice were frozen at −18°C. The grass protein was
isolated from the remaining juice fraction using a two-step
procedure as described by Stødkilde et al. (2019). Proteins
were precipitated by acidifying the juice to pH 4, using
14.8 mol L−1 phosphoric acid. Following overnight-storage at
4°C, the sample was centrifuged for 12 min at 2000×g at 4°C
for final separation of the acid-precipitated protein from the juice,
leading to a protein concentrate and the residual brown juice
fraction. All samples were stored frozen at −18°C until drying at
60°C for further analysis. Biomass samples from the one cut
treatment could not be processed by the screw-press due to
advanced lignification. Total nitrogen (TN) of the screw-
pressed fractions were analysed using a Vario MAX CN
(Elementar Analysesysteme GmbH, Hanau, Germany), with
following conversion to crude protein (CP) by using the
conversion factor 6.25 (Eq. 1). CP within screw-pressed
fractions is referred to as CP content within this text.

Protein Fractionation Following Cornell Net
Carbohydrate and Protein System
Fractionation of proteins within the dried whole grass sample was
performed following the Cornell Net Carbohydrate and Protein
System (CNCPS) as described by Licitra et al. (1996) and as
modified by Solati et al. (2018a). Total nitrogen in the plant
material was determined using the Kjeldahl method (Kjeltec
8400, FOSS A/S, Hillerød, Denmark) with subsequent
conversion to CP by using the conversion factor 6.25 (Eq. 1)
as described by AOAC (1990), and within the text further referred
to as CP content. The fractions A, B1 and B2 are soluble in neutral
detergent solution, whereas B3 is soluble in acid detergent
solution. Fraction A was determined by subtracting
trichloroacetic acid (TCA)-precipitated proteins from TN (Eq.
2). Fraction B1 was determined by subtracting the borate-
phosphate buffer insoluble N from the TCA insoluble N (Eq.
3). Fraction B2 was estimated by subtracting the neutral-detergent
insoluble N (NDIN) from the borate-phosphate buffer insoluble
N (Eq. 4). Determination of NDIN was based on a neutral

detergent fibre (NDF) assay where 50 μl of heat stable amylase
(No. A3306, Sigma-Aldrich, Denmark) was added to the sample,
following the procedure described by Van Soest et al. (1991). Both
NDF and acid-detergent fibre (ADF) included the residual ash.
The insoluble protein fraction B3 was determined by subtracting
the acid-detergent insoluble N (ADIN) from NDIN (Eq. 5).
Fraction C was equal to ADIN (Eq. 6). ADF and NDF
analyses were performed on a FOSS Fibertech 2010 (FOSS
A/S, Hillerød, Denmark).

Crude Protein � Total N × 6.25 (1)

Fraction A � Total N − TCA insoluble N (2)

Fraction B1 � TCA insoluble N − borate

− phosphate buffer insoluble N (3)

Fraction B2 � Borate − phosphate buffer

insoluble N − NDIN (4)

Fraction B3 � NDIN − ADIN (5)

Fraction C � ADIN (6)

Statistical Analysis
Mean yields per cut were summed up to annual yields for
treatments with more than one harvest event. Standard
deviations are reported to present the distribution of data.
Analysis was performed using a linear mixed model with the
function lmer of the package lme4 (Bates et al., Version 1.1-23,
2015) in the statistical software R [R Core Team (2020) Version
4.0.2 – “TakingOff Again”], in which the followingmodel was used:

Yijk � μ + αi + ηk(i) + βj + (αβ)ij + εk(ij)
Where Yijk is the observed dependent variable, μ is the population
mean, αi is the fixed combined effect of cut and fertilization
treatment, ηk(i) is the whole plot error, βj is the fixed effect of
species, (αβ)ij is the fixed interaction between species and
management, and εk(ij) is the split-plot error. The model
residuals were inspected for normality and homoscedasticity,
and variables were log-transformed in order to stabilise the
variance and normal distribution. When p < 0.05 and hence

FIGURE 2 | Exemplary split-plot distribution in onemain plot, indicating number of annual cuts and corresponding fertilization rates. The distribution of subplots has
been randomized on each main plot. Harvest weeks and dates are given for the corresponding treatments and harvest occurrences.
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significant, a Tukey’s HSD test at 95% confidence level was
performed for pairwise comparison of means. Multiple linear
regression using Pearson’s correlation was performed to analyse
correlation effects between different crude protein and protein
fraction yields.

RESULTS

Biomass Yield
Annual average biomass yield across treatments was on average
34% higher in reed canary grass (RCG) than in tall fescue (TF)
treatments (Table 1). In particular, RCG four and five cut
treatments yielded, respectively, 50 and 54% more than TF
treatments. The overall highest annual DM yields for both
species were found in the two cut treatments, with 15.6 (±7.7)
t DM ha−1 year−1 for RCG and 13.4 (±4.8) t DM ha−1 year−1 for
TF. However, for RCG, there was no difference between the two,
four (15.4 (±7.0) t DM ha−1 year−1) and five cut (14.9 (±5.1) t DM
ha−1 year−1) treatments. In treatments receiving 200 kg NK
ha−1 year−1 of fertilization (two, to five cut), harvest
frequencies did not significantly (p > 0.05) affect the annual
biomass yield. The one cut treatment yielded for both species least
biomass and was not significantly different to the three cut
treatment (p > 0.05).

Crude Protein in Biomass
The CP content (g kg−1 DM) of the two grass species was similar,
with TF having significantly higher contents as compared to RCG

only in weeks 36 (four-, and five cuts) and 42 (three cuts). Further,
the content as well as the annual average crude protein yield (in
t ha−1 year−1) were significantly affected by the number of annual
cuts [χ2 (4) � 29.9, p < 0.001] as well as harvest date [χ2 (4) � 77.9,
p < 0.001]. The mean annual CP content of RCG and TF
increased from 106 (±10) g kg−1 DM and 117 (±18) g kg−1 DM
for one cut treatments to 227 (±23) g kg−1 DM and 236 (±24)
g kg−1 DM for five cut treatments, respectively (Table 1).
However, there was no difference between averaged annual CP
content for the two to five cut treatments. Further, a general
significant decline in CP content was observed in all treatments
during summer growth. This applied for stands harvested in late
July and August. The highest annual CP yields in biomass for
both species were found in the two cut treatments, with 3.4 (±0.9)
t ha−1 year−1 for RCG and 2.9 (±0.4) t ha−1 year−1 for TF.
However, for RCG there was no difference in CP yields for
the two, four [3.0 (±0.1) t ha−1 year−1], and five cut [3.1 (±0.0)
t ha−1 year−1] treatments. The lowest yield was, with
0.7–0.9 t ha−1 year−1, found in the one cut treatment for TF
and RCG, respectively.

CNCPS Fractions in Biomass
Fraction A
The content of fraction A ranged between 28 g kg−1 DM (RCG,
one cut) and 63 g kg−1 DM (TF, two cuts) on an annual average
per treatment, and was more affected by harvest date [χ2 (4) �
36.3, p < 0.001] than number of annual cuts [χ2 (4) � 18.4, p <
0.01]. However, species did not affect fraction A content.
Initial increases in the content of fraction A were observed

TABLE 1 | Total annual average biomass yields in dry matter (t DM ha−1) and averaged crude protein (CP) contents (g kg−1 DM) per harvest and treatment for reed canary
grass and tall fescue. Standard deviation is giving in brackets.

Reed canary grass Tall fescue

Treatment Cut Week Yield (t DM ha−1) CP (g kg−1 DM) Yield (t DM ha−1) CP (g kg−1 DM)

One cut
1 32 8.3 (±3.8) 106 (±10) 6.1 (±1.9) 117 (±18)

Annual average 8.3 (±3.8) 106 (±10) 6.1 (±1.9) 117 (±18)
Two cuts

1 24 8.8 (±3.3) 230 (±7) 7.9 (±1.9) 231 (±45)
2 36 6.8 (±4.4) 216 (±43) 5.5 (±2.9) 210 (±48)

Annual average 15.6 (±7.7) 223 (±25) 13.4 (±4.8) 220 (±46)
Three cuts

1 20 1.6 (±0.7) 206 (±5) 1.3 (±0.8) 200 (±12)
2 32 5.5 (±1.4) 153 (±32) 5.1 (±2.7) 163 (±25)
3 42 3.2 (±0.7) 234 (±10) 2.6 (±1.2) 271 (±28)

Annual average 10.3 (±2.8) 198 (±16) 9.0 (±4.7) 212 (±22)
Four cuts

1 20 2.0 (±0.7) 198 (±10) 1.0 (±0.7) 200 (±18)
2 24 4.0 (±1.3) 271 (±28) 2.7 (±1.6) 276 (±35)
3 36 8.8 (±4.5) 175 (±36) 4.7 (±0.3) 228 (±26)
4 42 0.6 (±0.5) 236 (±21) 1.9 (±3.4) 241 (±68)

Annual average 15.4 (±7.0) 220 (±24) 10.3 (±6.0) 236 (±37)
Five cuts

1 20 1.7 (±0.6) 187 (±6) 0.9 (±0.5) 184 (±7)
2 24 3.9 (±1.0) 283 (±47) 2.4 (±1.8) 264 (±31)
3 32 6.5 (±1.3) 159 (±20) 4.7 (±1.2) 168 (±39)
4 36 2.4 (±2.1) 242 (±14) 1.1 (±0.1) 283 (±17)
5 42 0.4 (±0.1) 264 (±24) 0.7 (±0.5) 281 (±17)

Annual average 14.9 (±5.1) 227 (±23) 9.8 (±4.1) 236 (±24)
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during spring growth in the period between May and June for
the four and five cut treatments of both species (Figure 3B).
However, this was followed by a decline over summer
months. A subsequent significant change (p < 0.001) was
observed for RCG (three cuts), with a relative increase from
23% (week 20) to 50% (week 42) based on total CP. On an
annual average basis, has fraction A only been slightly

decreasing with increasing number of harvests
(Supplementary Tables S1, S2).

Fraction B1

The biomass content of the neutral buffer soluble protein fraction
B1 ranged between 3 g kg−1 DM (RCG, one cut) and 32 g kg−1

DM (TF, four cuts) on an annual average per treatment. Based on

FIGURE 3 |Contents of (A) crude protein (CP), and (B–F) protein fractions according to the Cornell Net Carbohydrate and Protein System (CNCPS) in the biomass
(g kg−1 DM) for the various treatments and species on the different harvest dates. Attention should be paid to the different magnitudes of the y-axes. Error-bars show
standard deviations.
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total CP, this equaled to between 3 and 14% for RCG (one cut)
and TF (four cuts), respectively. The three to five cut treatments
for both species showed the highest average annual contents with
24–27 g kg−1 DM (RCG) and 28–31 g kg−1 DM (TF). Harvest
week [χ2 (4) � 100.5, p < 0.001] and cut frequency [χ2 (4) � 22.2,
p < 0.001] affected the contents of fraction B1. Fraction B1
declined in all treatments in dependency of plant maturity,
with the lowest average values in week 32 (Figure 3C).

Fraction B2

The neutral detergent soluble protein, fraction B2, was the largest
fraction in relation to CP and was affected by the number of
annual cuts [χ2 (4) � 22.2, p < 0.001] In harvests during the spring
growth period, RCG had a higher content of fraction B2 than TF,
with a significant difference for the four and five cut treatments.
However, spring growth led to a significant increase of fraction B2
for the four and five cut treatments of both, RCG and TF, showing
in week 24 contents of 120 g kg−1 DM and 129 g kg−1 DM (RCG),
and 81 g kg−1 DM and 91 g kg−1 DM (TF), respectively
(Figure 3D). Relative to total CP, remained average annual
contents of fraction B2 constant over all treatments within a
range of 32–38% for RCG, and 32–36% for TF.

Fraction B3

The annual average content of the hemicellulose-bound protein
fraction B3 increased with increasing number of annual cuts from
26 g kg−1 DM to 61 g kg−1 DM (RCG) and 28 g kg−1 DM to
62 g kg−1 DM (TF). However, the share of B3 relative to total

annual CP remained constant with 23% (RCG, two cuts)–27%
(RCG, five cuts) throughout all treatments and species. In line
with contents of other fractions, a decline of B3 during summer
cuts was observed (Figure 3E). Fraction B3 content was
significantly affected by number of annual cuts [χ2 (4) � 67.1,
p < 0.001] and harvest week [χ2 (4) � 78.2, p < 0.001]. There was
no effect of species on B3 content (p > 0.05).

Fraction C
The cellulose- and lignin-bound protein fraction C was more
affected by harvest date [χ2 (4) � 128.9, p < 0.001] than number of
annual cuts (p > 0.01) or species (p > 0.05). The one cut treatment
of both species had the highest share with 11% (11 g kg−1 DM) in
RCG and 10% (12 g kg−1 DM) in TF of total CP. However, a
decline in the annual average content of fraction C relative to total
CP was observed with increasing number of annual cuts, with 4%
each, or 9 g kg−1 DM (RCG) and 10 g kg−1 DM (TF), for the five
cut treatments. Fraction C was lowest in early spring cuts (week
20) with contents between 2% or 3 g kg−1 DM (TF, three cuts), to
3% or 5 g kg−1 DM, (RCG and TF, four cuts) relative to total
biomass CP (Figure 3F).

Cumulative Neutral Extractable and Acid Extractable
Protein Fractions
The groups of combined neutral extractable fractions B1 and B2
(soluble proteins) as well as the acid extractable fractions B1, B2
and B3 (potentially extractable protein) both followed the
patterns of biomass CP yield in t DM ha−1 (Figures 4A–C), as

FIGURE 4 | Yields (t DM ha−1) of (A) total crude protein (CP), (B) protein fractions B1 + B2, and (C) protein fractions B1 + B2 + B3 for the various treatments and
species on the different harvest dates. Attention should be paid to the different magnitudes of the y-axes. Error-bars show standard deviations.
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well as annual average CP in t ha−1 year−1 from biomass harvest,
across all treatments. The share of the cumulative fractions B1 and
B2 ranged from 38% (RCG, one cut) to 49% (RCG, five cuts; and
TF, three cuts) relative to total CP (Table 2), equivalent to
41 g kg−1 DM (RCG, one cut) and 112 g kg−1 DM (RCG, five
cuts). The lowest neutral extractable protein contents in biomass
(61 g kg−1 DM, respectively 67 g kg−1 DM for RCG and TF, five
cuts) was found in summer cuts (week 32). Based on annual
average yields of biomass in t DM ha−1 year−1, RCG yielded in all
treatments more of the cumulative fractions B1 and B2 than TF.
The two-cut management for both species yielded with 1.5 t DM
ha−1 year−1 (RCG) and 1.1 t DM ha−1 year−1 (TF) most. There
were no significant differences between yields of two, four, and
five cut treatments of RCG, as well as two and five cuts of TF
(Figure 5). The share of neutral extractable protein fractions to
total CP yield increased from 39% (one cut) to 47% (five cuts) for
RCG, whereas this increase in share was not observed for the TF
species.

However, including the potentially acid extractable protein
fraction B3 raised the theoretical extractability to between 63%
(RCG, one cut) as well as 76% (RCG, five cuts), equivalent to
67 g kg−1 DM and 173 g kg−1 DM, respectively. RCG had higher
contents of both combined B1 and B2, as well as B1 + B2 + B3,
during spring growth as compared to TF (Figure 4). Cumulative
fractions of B1 + B2 + B3 were only marginally higher in the two
cut treatments (2.3 t DM ha−1 year−1 for RCG, 1.8 t DM
ha−1 year−1 for TF) than in four and five cut treatments
(Figure 5). On an annual yield basis, the potentially

extractable fraction B3 increased the theoretical protein yield
by on average 25% as compared to B1 + B2 based on total CP
(g kg−1 DM) for both species across all treatments, with the two
and five cut treatments experiencing the highest increase with
27% for RCG and 28% for TF.

Screw-Pressed Fractions
Of the fractions produced during biorefining of biomass, the pulp
fraction had the lowest CP content, which was highest in TF
treatments with 119 g kg−1 DM (two cut)–164 g kg−1 DM (five
cuts). CP in the residual brown juice ranged between 138 g kg−1

DM (RCG, five cuts) and 206 g kg−1 DM (TF, four cuts). The
precipitated protein fraction had the highest CP content in the
five cut treatment for TF with 393 g kg−1 DM, and for RCG in the
four cut treatment with 383 g kg−1 DM. Lowest contents in
precipitated protein fractions were observed in three cut
treatments for both species (Tables 3, 4). Common for all
fractions, had summer cuts the lowest CP contents, whereas
late-spring and late-autumn cuts showed the highest values.

Cumulative annual CP yields of precipitated protein
concentrate were significantly affected by harvest date [χ2 (4)
� 42.8, p < 0.001], indicating plant maturity, as also the number of
annual cuts [χ2 (3) � 25.8, p < 0.001]. Between 1.0 t DM
ha−1 year−1 (TF, three cuts) and 2.2 t DM ha−1 year−1 (RCG,
four cuts) of the protein concentrate could be precipitated,
resulting in protein concentrate CP yields of 0.4–0.7 t
DM ha−1 year−1, respectively (Tables 3, 4). Pulp fraction yield
(t DM ha−1 year−1) was highest in the two cut treatments,

TABLE 2 |Share of neutral extractable protein fractions B1 + B2, and potentially extractable fractions B1 + B2 +B3 based on total biomass crude protein (CP) for reed canary
grass and tall fescue in dry matter (DM).

Reed canary grass Tall fescue

B1 + B2 B1 + B2 + B3 B1 + B2 B1 + B2 + B3

Treatment Week DM (g kg−1 DM) % DM (g kg−1 DM) % DM (g kg−1 DM) % DM (g kg−1 DM) %

One cut
1 32 41 (±3) 38 67 (±6) 63 48 (±4) 41 76 (±8) 65

Annual average 41 (±3) 38 67 (±6) 63 48 (± 4) 41 76 (±8) 65
Two cuts

1 24 102 (±5) 44 155 (±8) 67 87 (±24) 38 148 (±34) 64
2 36 101 (±28) 47 149 (±38) 69 89 (±22) 42 137 (±30) 65

Annual average 101 (±16) 46 152 (±23) 68 88 (±23) 40 142 (±32) 65
Three cuts

1 20 108 (±7) 52 155 (±6) 75 155 (±6) 78 146 (±13) 73
2 32 62 (±10) 40 105 (±18) 69 105 (±18) 64 111 (±22) 68
3 42 92 (±20) 39 148 (±25) 63 148 (±25) 55 187 (±18) 69

Annual average 97 (±12) 49 136 (±17) 69 104 (± 17) 49 148 (±18) 70
Four cuts

1 20 97 (±8) 49 144 (±8) 72 103 (±12) 51 147 (±15) 73
2 24 136 (±15) 50 202 (±21) 74 120 (±11) 44 193 (±20) 70
3 36 74 (±15) 43 117 (±26) 67 95 (±8) 42 145 (±13) 64
4 42 109 (±11) 46 170 (±17) 72 111 (±41) 46 168 (±54) 70

Annual average 104 (±12) 47 158 (±18) 72 107 (±18) 45 163 (±26) 69
Five cuts

1 20 97 (±6) 52 141 (±6) 76 97 (±5) 53 138 (±5) 75
2 24 147 (±31) 52 215 (±39) 76 110 (±17) 42 186 (±23) 71
3 32 61 (±9) 38 107 (±14) 67 67 (±15) 40 119 (±27) 71
4 36 123 (±12) 51 190 (±19) 79 129 (±6) 45 208 (±9) 73
5 42 117 (±10) 50 212 (±10) 80 149 (±5) 53 211 (±12) 75

Annual average 117 (±14) 49 173 (±18) 76 110 (±10) 47 172 (±15) 73
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representing 72% (TF) and 73% (RCG) of the total annual
biomass input. The CP yield in pulp ranged between 0.7 t DM
ha−1 year−1 (TF, three cuts) and 1.4 t DM ha−1 year−1 (RCG, two
cuts), representing 29% (RCG, five cuts) and 45% (TF, five cuts)
on a mass percentage basis. The brown juice fraction yielded least
CP in t DM ha−1 year−1 as well as on a percentage basis. The
lowest CP yields in all fractions were observed in early-spring cuts
as well as late-autumn cuts in frequent-harvest treatments
following an initial increase in yieldable CP during late-
summer (Figures 6A–D). Losses within the CP balance
originate from foaming and related overflow of juice during
screw-pressing as well as fibre residues left in the screw-press
(Figure 7). Composition of DM (g kg−1 FW) and CP contents
(g kg−1 DM) for the different fractions and treatments are
provided in the Supplementary Material.

Correlation of Crude Protein Yields in
Biomass and Precipitated Protein
Results of the Pearson correlation showed a significant positive
association between annual cumulative CP yield in the
precipitated protein concentrate and the corresponding CP
yields in biomass, CNCPS fractions B1 + B2, as well as
CNCPS fractions B1 + B2 + B3, across all treatments but
depending on species. The highest correlation [r(98) � 0.9,
p < 0.001] was observed between CP yield in the protein
concentrate and CNCPS fractions B1 + B2 for TF. The
correlation decreased with increasing CP yield in the
corresponding counterpart (B1 + B2 > B1 + B2 + B3 >
Biomass), with TF in all scenarios having a higher
correlation coefficient compared to RCG (Figure 8).

However, we found distinct differences in correlations for the
miscellaneous treatments on a product basis for CP in
precipitated protein as compared to CP yields in biomass, and
for CNCPS fractions B1 and B2, as well as CNCPS fractions B1 +
B2 + B3. For reed canary grass (Figures 9A,C,E), the largest
positive association to other CP yields was found for the
treatment with four cuts per year [r(98) � 0.98, p < 0.001],
whereas the highest correlation for tall fescue (Figures 9B,D,F)
was found in the two cut treatment [r(98) � 0.97, p < 0.001].
Generally, tall fescue treatments showed higher positive
associations in all correlation tests.

DISCUSSION

Biomass Yield and Crude Protein Content
Prevailing environmental variables and variations in nutrient
availability for different sites and years seem to be the driving
factors for inconsistencies of biomass yields and CP contents as a
response to cut frequency and hence plant maturity (Guretzky
et al., 2017; Vitra et al., 2019), making sound comparisons
between different study results a vague venture. This is in
particular true for yields from paludiculture crops, where we
expected to see differences as compared to perennial grass
cultivation on mineral soils, due to lower prevailing soil
temperatures and requirements for mineral fertilizer
application. However, the average annual yield for the two cut
treatment of 15.6 t DMha−1 year−1 (RCG) was within the range of
previously reported yields from the same area and soil type
(Kandel et al., 2013b; Karki et al., 2019). For other soil types
and management intensities, we found that RCG yields were in

FIGURE 5 |Cumulative annual yields (t ha−1 year−1) and yields per cut of crude protein (CP), protein fractions B1 + B2, and B1 + B2 + B3 for the various treatments in
(A) reed canary grass, and (B) tall fescue. Error-bars show standard deviations.
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the upper range of reported yields (7–13 t DM ha−1 year−1) for
Europe and North America (Lewandowski et al., 2003; Tahir
et al., 2011; Butkute et al., 2014; Tilvikiene et al., 2016). Similar
observations were made regarding the yields for TF, where our
results meet annual average yields of 8–14 t DM ha−1 year−1

reported in other studies (Lewandowski et al., 2003; Kandel
et al., 2016; Tilvikiene et al., 2016; Manevski et al., 2017). No
effect of annual harvest frequency on biomass yield was observed
for more than two annual cuts. A sole effect of fertilization on DM
yields of RCG as well as TF could not be assessed due to the nested
nature of the nitrogen application as a covariate to the number of
annual cuts. It was unexpected that intense harvesting frequency
on peatsoils provided no additive annual yields, which is in line
with the results from Marten and Hovin (1980), but contrary to
Guretzky et al. (2017), reporting about 30% more yield when
harvesting three times as compared to twice annually.

Our study showed a significant increase by 44%
(193–277 g kg−1 DM) for RCG and 39% (195–270 g kg−1

DM) for TF in biomass CP content in the second as
compared to the first cut, for treatments with frequent
annual cuts. This is contrary to the results from Buxton and
Marten (1989), reporting a decrease of CP in the same
magnitude from 282 to 172 g kg−1 DM (RCG) and 220 to
131 g kg−1 DM (TF). Overall, the results indicated that
increased harvest frequencies did not significantly improve
average annual CP yields beyond two cuts annually, but that
CP contents, and hence grass quality, for the various cuts
remained high throughout the year with increased number
of cuts. Perotti et al. (2021) found that biomass yields and N

contents are higher under lower temperatures, maintaining
sufficient soil moisture as an important factor for N cycling
and biomass development (Meissner et al., 2019). Further, a
decline of CP content with plant maturity (Myhr et al., 1978;
Buxton and Marten, 1989; Guretzky et al., 2017; Solati et al.,
2018a) caused by lignification and higher stem to leaf ratios are
also positively correlated with increased temperatures. The
observed increase of CP content in our study was hence
potentially favored by adequate soil fertility and moisture
(Supplementary Material) on the fen peatland, but also by a
delayed onset of plant growth due to generally lower soil
temperatures in wet peatlands. As highlighted by Huang
et al. (2012), root temperature sensitivity is more susceptible
to minor increases in soil temperature, affecting not only plant
growth but also metabolic processes such as the distribution of
N among photosynthetic proteins and thus CP content and
allocation (Yin et al., 2018). Wet agricultural peatlands in
northern Europe might hence be favorable locations for the
cultivation of flood-tolerant perennial grasses for the purpose
of green protein biorefinery.

Generally, our results highlight the importance for timing of
harvest to match optimal biomass development stages for
maximizing biomass and CP yields. This was indicated by
differences in annual average biomass and CP yields for the
one to three cut treatments of both species. While the one cut
treatment was subject to a too late harvest under the
experimental climatic conditions relative to the plants
developmental stage, resulting in increased plant maturity
and lignification, the three cut treatment was subject to a too

TABLE 3 | Dry matter (DM) and crude protein (CP) yields in plant biomass and screw-pressed fractions for reed canary grass. All yields in t ha−1 year−1. Standard deviation
(SD) is giving in brackets. Missing SD values due to only one replicate as a consequence of insufficient biomass for processing. NA’s due to a lack of sufficient biomass for
processing with the screw-press.

Reed canary grass

Plant biomass Pulp Protein concentrate Brownjuice

Treatment Week DM CP DM CP DM CP DM CP

Two cuts
1 24 8.8 (±3.3) 2.0 (±0.7) 6.9 (±2.7) 0.9 (±0.2) 0.8 (±0.2) 0.3 (±0.1) 0.9 (±0.4) 0.2 (±0.1)
2 36 6.8 (±4.4) 1.4 (±0.9) 4.6 (±3.3) 0.5 (±0.3) 0.9 (±0.4) 0.3 (±0.1) 1.0 (±0.6) 0.2 (±0.1)

Avg. annual yield 15.6 (±7.7) 3.4 (±1.6) 11.5 (±6.0) 1.4 (±0.5) 1.7 (±0.6) 0.6 (±0.2) 1.9 (±1.0) 0.4 (±0.2)
Three cuts

1 20 1.6 (±0.7) 0.3 (±0.2) 1.0 (±0.5) 0.2 (±0.1) 0.3 (±0.1) 0.1 (±>0.0) 0.2 (±0.1) >0.0 (±>0.0)
2 32 5.5 (±1.4) 0.8 (±>0.0) 4.2 (±1.0) 0.4 (±0.1) 0.4 (±0.1) 0.1 (±>0.0) 0.6 (±0.3) 0.1 (±>0.0)
3 42 3.2 (±0.7) 0.8 (±0.2) 1.9 (±0.4) 0.2 (±>0.0) 0.5 (±0.1) 0.2 (±0.1) 0.6 (±0.2) 0.1 (±>0.0)

Avg. annual yield 10.3 (±2.8) 1.9 (±0.4) 7.1 (±1.9) 0.8 (±0.2) 1.2 (±0.3) 0.4 (±0.1) 1.4 (±0.6) 0.2 (± >0.0)
Four cuts

1 20 2.0 (±0.7) 0.4 (±0.1) 1.3 (±0.5) 0.2 (±0.1) 0.3 (±0.1) 0.1 (±>0.0) 0.3 (±0.1) >0.0 (±>0.0)
2 24 4.0 (±1.3) 1.1 (±0.3) 2.9 (±1.0) 0.3 (±0.2) 0.5 (±0.1) 0.2 (±0.1) 0.4 (±0.1) 0.1 (±>0.0)
3 36 8.8 (±4.5) 1.5 (±0.6) 6.1 (±3.1) 0.5 (±0.2) 1.1 (±0.5) 0.3 (±0.1) 1.3 (±0.7) 0.2 (±0.1)
4 42 1.3 (±NA) 0.3 (±NA) 0.8 (±NA) 0.1 (±NA) 0.3 (±NA) 0.1 (±NA) 0.2 (±NA) >0.0 (±NA)

Avg. annual yield 16.1 (±6.5) 3.3 (±1.0) 11.1 (±4.6) 1.1 (±0.5) 2.2 (±0.7) 0.7 (±0.2) 2.2 (±0.9) 0.3 (±0.1)
Five cuts

1 20 1.7 (±0.6) 0.3 (±0.1) 1.1 (±0.4) 0.2 (±>0.0) 0.3 (±0.1) 0.1 (±>0.0) 0.2 (±0.1) >0.0 (±>0.0)
2 24 3.9 (±1.0) 1.1 (±0.2) 2.8 (±0.8) 0.4 (±>0.0) 0.4 (±0.1) 0.2 (±>0.0) 0.3 (±0.2) 0.1 (±>0.0)
3 32 6.5 (±1.3) 1.1 (±0.2) 5.0 (±1.3) 0.5 (±0.1) 0.4 (±0.1) 0.1 (±>0.0) 0.7 (±0.1) 0.1 (±>0.0)
4 36 2.4 (±2.1) 0.6 (±0.6) 1.5 (±1.4) 0.2 (±0.2) 0.4 (±0.3) 0.2 (±0.1) 0.3 (±0.3) 0.1 (±0.1)
5 42 NA NA NA NA NA NA NA NA

Avg. annual yield 14.5 (±3.1) 3.1 (±1.1) 10.4 (±3.9) 1.3 (±0.3) 1.5 (±0.6) 0.6 (±0.1) 1.5 (±0.7) 0.3 (±0.1)
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early first cut, preventing optimal plant growth and resulting in
unimproved annual yields. Contrary to these observations, the
interplay between timing of harvest and climatic conditions
seem to have been more favorable for the two, four, and five cut
treatments. Our results highlight the need to further elucidate
site-specific and climatic drivers for differences in biomass and
CP yields.

Cornell Net Carbohydrate and Protein
System
As aforementioned and according to Buxton and Marten (1989),
environmental factors such as temperature and solar radiation are
crucial factors for plant protein allocation within tissue.
Considering the enhanced performance of RCG on soils with
a water table depth of - 30 cm (Ustak et al., 2019), as in our study,
and in years with high rain fall, one should be aware of the
theoretical complexity when comparing protein fractions within
plants of, though, the same species but in significantly different
ecological settings.

In our study, fraction B1, the smallest of the extractable crude
protein partitions, showed to account for up to 20% of total CP in
early spring cuts. The ascertained decline of fraction B1 content
during summer months coincided with the observations made by
Solati et al. (2018a), likely caused by plant maturity and the
associated increase of cell wall and lignin-bound protein fraction
C (Solati et al., 2017). The increase of fraction B1 in our study with
increasing number of cuts, and hence prolonged plant
adolescence, supports this hypothesis.

Fraction B2 was the largest CP fraction in perennial grasses,
as also stated by other studies (e.g., Elizalde et al., 1999; da Silva
et al., 2013; Solati et al., 2017). While our results showed
increasing B2 contents during spring, followed by a minor
decline during summer months, Solati et al. (2017) stated a
decline of B2 throughout the growing season. This dependency
of fraction B2 in response to plant maturity and lignification,
driven by an interplay of environmental factors and plant
developmental stage, is also evident by the constant high
contents in the two cut treatments. With averaged annually
84 g kg−1 DM for RCG and 73 g kg−1 DM for TF, timing of
harvest was likely to be optimal for the avoidance of a plant
maturity and temperature related decline in fraction B2.
However, B2 fractions reported in our study were lower
than results from other studies (Elizalde et al., 1999; Solati
et al., 2018a) which are likely due to plant phenological
behavior in relation to soil type and wetness.

The cellulose bound and only theoretically extractable
protein fraction B3 had an average share of 25% on total
biomass CP across treatments and species, which was higher
than in other studies (e.g., Elizalde et al., 1999; Jardstedt et al.,
2017). Generally, the pattern of B3 development throughout the
year in response to harvest frequencies and dates resembled
protein fraction B2 and was caused by an overall increase in total
CP. A similar observation was highlighted by Loaiza et al.
(2019), stating that management regarding harvest and
fertilization affects the content of total biomass CP rather
than the relative distribution of protein fractions. On a share
basis, fraction B3 increased with enhanced plant maturity, in

TABLE 4 | Dry matter (DM) and crude protein (CP) yields in plant biomass and screw-pressed fractions for tall fescue. All yields in t ha−1 year−1. Standard deviation (SD) is
giving in brackets. Missing SD values due to only one replicate as a consequence of insufficient biomass for processing with the screw-press.

Tall fescue

Plant biomass Pulp Protein concentrate Brownjuice

Treatment Week DM CP DM CP DM CP DM CP

Two cuts
1 24 7.9 (±1.9) 1.8 (±0.5) 6.0 (±1.5) 0.7 (±0.1) 0.7 (±0.2) 0.3 (±0.1) 0.9 (±0.3) 0.1 (±0.1)
2 36 5.5 (±2.9) 1.1 (±0.4) 3.5 (±1.8) 0.4 (±0.1) 0.5 (±0.3) 0.2 (±0.1) 1.0 (±0.6) 0.1 (±>0.0)

Avg. annual yield 13.4 (±4.8) 2.9 (±0.9) 9.5 (±3.3) 1.1 (±0.2) 1.2 (±0.5) 0.5 (±0.2) 1.9 (±0.9) 0.2 (±0.1)
Three cuts

1 20 1.3 (±0.8) 0.3 (±0.2) 0.9 (±0.5) 0.1 (±0.1) 0.2 (±0.1) 0.1 (±0.1) 0.2 (±0.1) >0.0 (±>0.0)
2 32 5.1 (±2.7) 0.8 (±0.3) 3.8 (±1.9) 0.4 (±0.2) 0.4 (±0.2) 0.1 (±>0.0) 0.7 (±0.4) 0.1 (±>0.0)
3 42 2.6 (±1.2) 0.7 (±0.3) 1.5 (±0.7) 0.2 (±0.1) 0.4 (±0.3) 0.2 (±0.1) 0.5 (±0.2) 0.1 (±>0.0)

Avg. annual yield 9.0 (±4.7) 1.8 (±0.8) 6.2 (±3.1) 0.7 (±0.4) 1.0 (±0.6) 0.4 (±0.2) 1.4 (±0.7) 0.2 (±>0.0)
Four cuts

1 20 1.0 (±0.7) 0.2 (±0.1) 0.6 (±0.4) 0.1 (±0.1) 0.2 (±0.1) 0.1 (±0.1) 0.1 (±0.1) >0.0 (±>0.0)
2 24 2.7 (±1.6) 0.7 (±0.4) 1.9 (±1.1) 0.3 (±0.2) 0.3 (±0.2) 0.2 (±0.1) 0.3 (±0.2) 0.1 (±>0.0)
3 36 5.5 (±1.7) 1.1 (±0.2) 3.7 (±1.2) 0.4 (±0.1) 0.6 (±0.2) 0.2 (±0.1) 0.9 (±0.4) 0.2 (±>0.0)
4 42 1.0 (±NA) 0.3 (±NA) NA NA NA NA NA NA

Avg. annual yield 10.2 (±4.0) 2.3 (±0.7) 6.2 (±2.7) 0.8 (±0.4) 1.1 (±0.5) 0.5 (±0.3) 1.3 (±0.7) 0.3 (±>0.0)
Five cuts

1 20 0.9 (±0.5) 0.2 (±0.1) 0.6 (±0.3) 0.1 (±0.1) 0.1 (±0.1) 0.1 (±>0.0) 0.1 (±0.1) >0.0 (±>0.0)
2 24 2.4 (±1.8) 0.6 (±0.4) 1.7 (±1.2) 0.3 (±0.2) 0.3 (±0.2) 0.1 (±0.1) 0.3 (±0.2) >0.0 (±>0.0)
3 32 4.7 (±1.2) 0.8 (±0.2) 3.5 (±0.7) 0.4 (±0.1) 0.4 (±0.1) 0.1 (±>0.0) 0.6 (±0.3) 0.1 (±>0.0)
4 36 1.1 (±0.1) 0.3 (±>0.0) 0.6 (±0.1) 0.1(± >0.0) 0.1 (±0.1) 0.1 (±>0.0) 0.2 (±>0.0) >0.0 (±>0.0)
5 42 1.1 (±0.1) 0.3 (±>0.0) 0.6 (±0.1) 0.1 (± >0.0) 0.3 (±>0.0) 0.1 (±>0.0) 0.2 (±>0.0) >0.0 (±>0.0)

Avg. annual yield 10.2 (±3.7) 2.2 (±0.7) 7.0 (±2.4) 1.0 (±0.4) 1.2 (±0.5) 0.5 (±0.1) 1.4 (±0.6) 0.1 (±>0.0)
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particular during summer months, highlighting its
characteristic cell-wall bonds.

However, there is a research gap regarding type of plant
protein fractions following the CNCPS for perennial grasses
grown on wet agricultural peatlands. Not only differences in
soil physics and biogeochemical properties, but also the plants
response to wetter circumstances should be considered in
discussions of results from different ecological settings as well
as in future research.

Screw-Pressed Biomass Fractions
The extraction of plant biomass CP by refining techniques for the
purpose of potential fodder applications is not a new notion (e.g.,
Davys and Pirie, 1963), though it only recently gained attention as
a tangible future for new pathways in agriculture (Corona et al.,

2018). Our results demonstrate that 1.2–2.2 t DM ha−1 year−1

(RCG) and 1.0–1.2 t DM ha−1 year−1 (TF) of precipitated protein
concentrate were extractable using simple lab-scale biorefining
techniques. Average annual CP yields within the protein
precipitate ranged between 0.4–0.7 t DM ha−1 year−1 for RCG,
and 0.4–0.5 t DM ha−1 year−1 for TF. This is similar to the
0.7 t ha−1, reported by Jørgensen et al. (2020) for green
triticale, an annual cereal, grown on productive arable land,
and to perennial ryegrass, with a reported CP content of 245 g
CP kg−1 DM (Damborg et al., 2020). Considering that the flood-
tolerant perennial grasses in this study were cultivated on a
riparian fen peatland, a soil-type being widely considered as
an unproductive marginal land area (Wichtmann and
Wichmann, 2011b), our results indicated a high efficiency
from an ecosystem-perspective.

FIGURE 6 | Yields of crude protein (t ha−1) in (A) unseparated biomass, and the screw-pressed fractions (B) pulp, (C) protein precipitate, and (D) brownjuice for the
various treatments and species on the different harvest dates. Attention should be paid to the different magnitudes of the y-axes. Missing values for late cuts of the four,
and five cut treatments due to insufficient biomass for juicing in the screw-press. Error-bars show standard deviations.
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For the five cut treatments, we were able to extract a protein
concentrate with a content of up to between 37% CP (RCG), and
39% (TF), which is lower than the values of up to 40–47%
reported for red clover, clover grass blends, alfalfa and oilseed
radish concentrates (Santamaría-Fernández et al., 2017; la Cour

et al., 2019). However, additional to differences in plant species
and families, it should be noticed that, contrary to our study, the
fresh biomass input of the reviewed studies was frozen prior to
processing, additionally explaining differences in CP content.
Freeze-thawing of biomass has the potential to positively

FIGURE 7 | Process flowchart of the biorefinery screw-press technique, indicating dry matter (DM) and crude protein (CP) contents relative to the biomass input.
Magnitudes of dry matter losses during processing are given at the two stages. Contents of dry matter (g kg−1 fresh weight) and crude protein (g kg−1 dry matter) for the
various fractions and treatments on different harvest dates are provided in the supplementary material for reed canary grass (Supplementary Table S3) and tall fescue
(Supplementary Table S4).

FIGURE 8 | Pearson correlations between yields of crude protein (CP) in precipitated protein and crude protein in biomass (light-grey lines), neutral soluble Cornell
Net Carbohydrate and Protein System (CNCPS) fractions B1 + B2 (black lines), and the acid soluble CNCPS fractions B1 + B2 + B3 (grey lines) for the species reed
canary grass (RCG, solid lines) and tall fescue (TF, dashed lines), across all treatments and harvest dates.
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contribute to the protein extractability due to tissue denaturation
(la Cour et al., 2019), therewith increasing efficiencies.
Nonetheless, the difference of only 10% recovered CP in the
protein concentrate indicates the potential for perennial grasses
grown on peatlands to compete with the more efficient legume
species grown on mineral soils. This is also made evident on a
product yield basis by a comparison with values published by
Santamaría-Fernández et al. (2017), who yielded 6–13 kg of dried
protein product per ton of fresh biomass input, having a total CP
content of to 46%. In our study, RCG across all treatments yielded
between 22–32 kg of dried green protein concentrate per ton of
fresh weight input. Though having, with up to 39%, a lower CP
content within the green protein product, high protein
concentrate yields indicate the potential to offset reduced
protein recovery rates as compared to the results from
Santamaría-Fernández et al. (2017). However, the quality of
the proteins still needs to be defined by an assessment of
amino acid composition and digestibility in order to evaluate
the appropriateness of paludicrop proteins for animal fodder. The
majority of CP within biomass remained in the fibrous pulp
fraction (Figures 10A,B), with average annual yields of up to 1.4 t
DM ha−1 year−1 (RCG, two cuts) and 1.1 t DM ha−1 year−1 (TF,
two cuts). On a yield basis, this represents approximately 38% of
the total biomass CP all treatments. However, the increased

valorisation of the fibrous pulp as ruminant forage was
highlighted by Damborg et al. (2018).

Future research should hence not only put emphasis on more
screw-press fractionation trials regarding flood-tolerant
perennial grasses, but in particular of those grown on wet
agricultural peatlands in order to further determine their
potential for the generation of value-added protein products
resulting from biorefining. Further, differences in precipitation
efficiencies should be evaluated, as also claimed by Jørgensen
et al. (2020). For instance have lactic-acid fermentation
(Santamaría-Fernández et al., 2017), microfiltration
(Santamaría-Fernández et al., 2020) and lignosulfonates (la
Cour et al., 2019), shown to be promising improvements for
protein recovery as compared to precipitation by acid
precipitation or heat treatment.

Comparison of extractable and potentially
extractable proteins indicated by the
CNCPS vs. protein precipitated following
screw-pressing
Maximising product yield has been highlighted as the most
critical optimisation parameter for biorefineries from an
enviro-economic perspective (Corona et al., 2018;

FIGURE 9 | Pearson correlations between crude protein (CP) yields in precipitated protein and crude protein in biomass (A, B), neutral soluble Cornell Net
Carbohydrate and Protein System (CNCPS) fractions B1 + B2 (C, D), and acid soluble CNCPS fractions B1 + B2 + B3 (E, F) for the species reed canary grass (RCG; A,
C, D) and tall fescue (TF; B, D, F). Treatments are indexed by differently shaded correlation lines, and harvest dates by symbols.
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Santamaría-Fernández et al., 2020). Our results showed
maximum yields for fractions B1 and B2 of 1.5 t DM
ha−1 year−1 (RCG, two cuts) and 1.1 t DM ha−1 year−1 (TF,
two cuts), representing 45%, respectively 39% of the total
biomass CP. However, for these treatments, only 18 and
16% of biomass CP, respectively 40 and 41% of the summed
fractions B1 and B2, were extracted during the biorefinery
process. When also accounting for the potentially
extractable protein fraction B3, the potential for biomass CP
recovery by biorefinery increases to 2.3 t DM ha−1 year−1 and
1.8 t DM ha−1 year−1, representing 67 and 64% of total biomass
CP. These values for extractable and potentially extractable
protein fractions are similar and only marginally higher
compared to those reported by Solati et al. (2018b), though
cultivated on different soil types and under different
environmental conditions.

The strong correlation of methods showed, that using
CNCPS fractions B1 and B2 as an indicator provides a
promising opportunity for prediction of protein
extractability, and hence obtainable yields, with current
biorefinery techniques. However, there are obstacles
regarding the improvement of precipitation efficiencies that
need to be overcome in order to make the green biorefinery
concept a not only sustainable, but also economically viable
enterprise. Adding fraction B3 to the extraction potential,
increasing the potential protein yield by on average 24%,
might be a hindering for the near future, when even the
easily-soluble protein fractions can not entirely be extracted.
However, this should be interpreted as an incentive for more

prompt improvements. Additional improvements for the
protein precipitation potential, and hence increased protein
yields, might be found in cutting of the biomass prior to
screw-pressing or multiple pressing of the protein-rich pulp
fraction, as indicated by the low DM content of the latter.

CONCLUSION

Paludiculture is a promising option for promoting rewetting of
drained agricultural peatlands to mitigate adverse environmental
impacts by the provision of critical ecosystem services, while at
the same time providing an economic output. However, new
opportunities for the generation of value-added products derived
frompaludicrops have yet to be defined.We found the highest annual
biomass and CP yields in the two cut treatments, with 13.4 and 15.6 t
DM ha−1 year−1, yielding 2.9 and 3.4 t CP ha−1 year−1 for TF and
RCG, respectively. Overall, the results indicated that increased harvest
frequencies did not significantly improve average annual biomass and
CP yields beyond two cuts annually, but that CP contents, and hence
grass quality, for the various cuts remained high throughout the year.
Our results showed maximum neutral-extractable (fractions B1 and
B2) true protein yields of 1.1 and 1.5 t ha−1 year−1 in the two cut
treatments, representing 39% (TF) and 45% (RCG) of total CP.When
also accounting for the acid extractable protein fraction B3, the
potential for biomass CP recovery by biorefinery increased to 1.8 t
(TF) and 2.3 t (RCG) ha−1 year−1. The allocation of plant protein
between CNCPS fractions was significantly affected by harvest date,
underlining the importance of plant maturity, and frequency of

FIGURE 10 | Total annual yields (t ha−1 year−1) and yields (t ha−1) for individual harvest weeks of crude protein (CP) in the biomass and in the screw-pressed
fractions for the various treatments and species (A) reed canary grass (left-hand panel), and (B) tall fescue (right-hand panel). Abbreviations: Bio � Biomass, Pr � Protein
Paste, Pu � Pulp, Br � Brownjuice. Error-bars show standard deviations.
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annual cuts. This also applied for cumulative annual CP yields of
precipitated protein concentrate, with a content of up to 39% CP,
where 1.0 and 2.2 t DM ha−1 year−1 were precipitated for TF and
RCG, respectively. We found a significant positive correlation
between CP yield in the protein concentrate and CNCPS fractions
B1 + B2, indicating that the CNCPS analysis is suitable for the
prediction of protein extractability with current biorefinery
techniques. Harvest dates and frequencies should be adjusted to
match optimal site-specific climatic conditions and biomass
development stages for protein extraction. In conclusion, the
results from this study indicated not only high biomass and CP
yields, as well as reasonable protein concentrate outputs from
biorefining, but also the suitability of paludiculture crops, such as
reed canary grass and tall fescue, as promising feedstock candidates
for value-added product chains.
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