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ARTICLE INFO ABSTRACT

Keywords: Context and objectives: Cropland use for biogas production has sparked debate due to its competition with food

Bioenergetic cropping systems production and potential environmental trade-offs derived from maize-based systems. Furthermore, climate

]l?lvermﬁcatlon change influenced cropping conditions, generating the need to adapt productive and sustainable systems. This
egumes

work aimed to optimise crop production and sustainability in the face of these challenges by exploring alter-
natives to existing crop sequence, tillage and irrigation strategies.

Methodology: Within a long-term field experiment conducted in Miincheberg (NE Germany), specific cropping
systems were assessed from 2008 to 2015, with two alternative crop sequences (continuous maize vs. 4-year crop
rotation), tillage practices (plough/no-till), and irrigation (irrigated/rainfed). Productivity indicators, water and
N use efficiency, and soil fertility indicators were evaluated at the cropping system level.

Results and discussion: Continuous maize systems achieved the highest energy and methane yield levels, while the
diverse crop rotation achieved the highest protein yields. Irrigation showed variable yield increases (8-125 %) at
rainfall levels < 400 mm pa. The tillage reduction showed a trend to lower yield but higher soil C in the later
experimental years. Overall, the systems with the highest productivity also showed high levels of resource use
efficiency.

Conclusions: We observed a trade-off between productivity and sustainability when diversifying continuous maize
systems. Higher productivity came with evidence of soil quality decline over time. A maize and perennial legume
forage-based system coupled with a target water supply for maize of 400 mm pa and the adoption of strategic
tillage could maintain high productivity and sustainability in the long term.

N use efficiency
Soil organic C
Trade-offs

Yield benchmarking

1. Introduction increased to 205 Mill ha in 2023 (FAO, 2024). Approximately, a third of
the German maize acreage was used for biogas production (FNR, 2020).

During the first decade of the XXI century, Germany promoted the Click or tap here to enter text. In recent years, the use of cropland for

expansion of biogas production as part of a national energy transition.
Biogas was produced from animal slurry, waste products and crops,
incentivising the cultivation and use of maize (Zea mays L.) and other
energy crops (Thran et al., 2020). In essence, the objective of energy
crops is to maximise biomass production. In this socioeconomic situa-
tion, maize became an important crop for farmers and was grown at high
intensity including fields with continuous maize production to maximise
biomass productivity (Janicke et al., 2022). Germany’s proportion of
arable land devoted to silage and grain maize was 21 % in 2023 (2.5 Mill
ha) (Destatis, 2024). Similarly, worldwide land use for maize production
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biogas production has been under debate for its direct competition with
the production of food (Jordan et al., 2023) and potential negative
environmental impacts including nutrient losses, impacts on biodiver-
sity, and altered weed communities (von Redwitz and Gerowitt, 2018).

In contrast to simplified systems, diverse crop rotations including
legumes can provide a range of benefits and services fundamental for
long-term sustainability, such as N fixation, control of biotic factors or
improved soil quality (Bennett et al., 2012; Peoples et al., 2009; Rizzo
et al., 2022). However, significant attention has been paid to individual
energy crop performance (Schittenhelm et al., 2011; Strauss et al.,
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2019), while productivity at the cropping system level has received less
attention. Such an evaluation requires the use of effective indicators to
allow a fair and holistic comparison (Costa et al., 2021; Simon-Miquel
et al, 2023). In the context of biogas-oriented systems, specific
methane yields for each crop can be used as a standard measure
(Herrmann et al., 2016a). Accounting for the tensions regarding crop-
land use for biogas production, the output of such cropping systems can
also be used as forage for livestock. In such cases, the crop gross energy
and protein productivity can also be used as productivity indicators
(Costa et al., 2021).

Besides the agronomic and socioeconomic factors fostering cropping
system diversification, climate change increased mean air temperatures
in central European areas and changed precipitation patterns. This sit-
uation increased potential evapotranspiration and crop water demands
(European Environment Agency, 2024). In northeastern Germany,
spring droughts are increasingly affecting spring cropping (Schmitt
et al., 2022). While irrigation can alleviate these issues, the agronomic
and economic outcome depends on the inclusion of high-value crops and
future water availability (von Czettritz et al., 2023) which is unlikely. In
traditionally semi-arid areas of the world, reduced tillage or no tillage
techniques have been adopted as a water-saving strategy (Cornish et al.,
2020; Lampurlanes et al., 2016). In addition, no-tillage adoption can
lead to other advantages such as reduced fuel and labour demand and
reduced soil erosion risks (Kotir et al., 2022; Llewellyn et al., 2012).
However, tillage reduction in temperate areas (such as Germany) has
lower adoption and has been less studied, with variable yield responses
that are dependent on the crop species (Fiorini et al., 2020; Gruber et al.,
2012; Krauss et al., 2022).

Given this scenario, alternatives are needed to maintain productive
and sustainable cropping systems (Olesen et al., 2011; Springmann
et al., 2018) that can improve upon the existing baseline (maize-based)
systems (Hufnagel et al., 2020) in terms of both production and sus-
tainability. In addition, it is important to understand the factors that
may limit current productivity in the baseline systems such as the supply
of water (Passioura and Angus, 2010), nitrogen (N) (Lassaletta et al.,
2014) and radiation (Sadras and Dreccer, 2015). For water availability,
boundary functions have been previously used worldwide in various
major crops such as wheat, sunflower and maize (Sadras, 2020),
allowing yield potential benchmarking based on water supply (Miti
et al., 2024). In the case of N use, one of the simplest, yet meaningful
metrics is the NUE indicator proposed by the EU Nitrogen Expert Panel
(2015). The N Input-Output ratio allows categorisation of the cropping
systems into three areas: those with either (i) increased risk of N
pollution (low NUE), (ii) targeted NUE and (iii) increased risk of soil
mining (high NUE, Outputs > Inputs). From a sustainability perspective,
cropping systems must also be designed to maintain soil fertility in the
longer term, and in that regard, the changes in soil organic matter
provide a comprehensive indicator for several soil functions such as
nutrient supply through mineralisation, water holding capacity and soil
structure (Lefevre et al., 2017). As well, soil organic N content, plant
available P and K and pH are paramount for ensuring long-term soil
fertility.

Long-term field experiments provide a framework to evaluate alter-
native cropping sequences and management alternatives over long pe-
riods (Johnston and Poulton, 2018). This allows robust conclusions on
the relative productivity and sustainability of different management
options (Cusser et al., 2020) that can be monitored over time. However,
for utility, it is also desirable that the long-term experiments represent
practices that can be adopted on farms, and that these can evolve to
retain relevance in the longer term.

The objectives of this work were to (i) investigate cropping system
productivity under alternative crop sequences, tillage intensity and
irrigation, (ii) quantify the factors limiting yield in the different systems,
and (iii) evaluate the impact of the different cropping systems on soil
fertility (soil organic C and N, plant-available P and K, pH). The research
was carried out in the framework of a dynamic long-term experiment in
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NE Germany. Our hypotheses were (i) that crop diversification and
reduced tillage can reach similar productivity levels as continuous maize
and intensive tillage while having a positive effect on soil fertility, and
(ii) that water availability will be the main abiotic factor limiting crop
productivity.

2. Materials and methods
2.1. Experimental site and design

In 1999, a field experiment was established at the Leibniz Centre for
Agricultural Landscape Research (ZALF) in NE Germany (52°30°57"" N,
14°07°21"" E, 63 masl). The soil particle size distribution was 80 % sand,
15 % silt and 5 % clay in the 0-60 cm layer. The soil had a field capacity
volumetric water content of 14.6 % and a permanent wilting point
content of 3.7 % in the 0-60 cm layer. At the beginning of the experi-
ment, soil organic C concentration in the 0-30 and 30-60 cm was 5.4
and 1.8 g kg !, respectively. The soil pH was 6.3 and 6.5 in the 0-30 and
30-60 cm layers, respectively. The experimental area has a score of
25-32 points within the German soil quality rating, which has a range
from 7 (very low fertility), < 20 (marginal and difficult to crop) up to
100 (most fertile). Maintaining fertility is therefore a challenge for the
farming systems of the area. The region has a central European climate
with an annual mean air temperature of 9.4 °C, precipitation of 567 mm
and potential evapotranspiration of 716 mm. On average, winter, spring,
summer and autumn months receive 110, 144, 166 and 121 mm,
respectively (Figure S1).

The initial study (established in 1999) focused on the effects of
irrigation (with or without) and tillage (mouldboard ploughing and no-
tillage) with crop rotation adapted to each tillage strategy. After 7 years
of studying the effect of tillage and irrigation on these two adapted ro-
tations, and due to the growing interest in energy crops for biogas plants
(Thran et al., 2020), the crop sequences in the experiment were transi-
tioned towards biomass production. Plots were re-arranged to accom-
modate crop sequence as an additional factor, giving a total of three
study factors with two levels each (Huynh et al., 2019). The tillage and
irrigation treatments were maintained in the same areas as established
in 1999. The tillage treatments consisted of mouldboard ploughing
(hereafter, MP) or a strict no-till system (hereafter, NT). The irrigation
treatments consisted of a rainfed (hereafter, Rfed) and irrigated (here-
after, Irri) treatment. The crop rotation treatments consisted of either a
continuous maize system (hereafter, MM) or a four-year crop rotation
(hereafter, CR) including winter rye (Secale cereale (L.)M.Bieb) and
sorghum (Sorghum bicolor (L.) Moench) double cropping system (year 1),
winter triticale (x Triticosecale) (year 2), alfalfa (Medicago sativa
L.)-clover (Trifolium pratense L.)-grass (Lolium perenne L.) mixture (ACG,
year 3) and maize (year 4) (Fig. 1). The main goal of the treatments was
to compare the biogas production potential, along with protein and
energy, and assess the system’s sustainability through resource use ef-
ficiency (water and N) and soil organic C evolution. The experiment ran
for 8 years, covering two entire rotation cycles for the CR system
(2008-2015) and the plot size was 37.5 x 21 m. As for the experimental
design, crop rotation and tillage factors were arranged as a standard
split-plot design with crop rotation in the main plots, yellow and green
areas in Figure S2. Irrigation was a split-block arrangement (randomised
in perpendicular strips) over crop rotation and tillage factors (Federer
and King, 2008), as shown by the blue areas in Figure S2. The field
experiment had three replications.

2.2. Cropping systems management and data collection

The MM system consisted of a winter rye cover crop followed by the
maize (cv. Atletico) planting in late April-early May (22" April — 2"
May) (Fig. 1, top). The only pesticides used were herbicides and were
always applied as a post-emergence herbicide at the BBCH 12-13. The N
fertilisation was applied according to soil mineral N content before
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Fig. 1. Conceptual diagram of the crop sequences tested in the Long-term field experiment in Miincheberg in the 2008-2015 period. Winter rye in the MM system is a
cover crop; SRG: sorghum; ACG mixture: alfalfa-red clover-grass mixture; Black arrows indicate ACG mixture cut; brown bars in 2009, 2011, 2013 and 2015 indicate

soil organic C measurements.

fertilisation (Table 1). In 2012-2015, an extra 30 kg ha™! of N was
added to the irrigated treatments to acknowledge the higher-yielding
potential of the irrigated crops (Table 1). Maize harvest was between
the 23™ of August and the 18™ of September. The rye cover crop was
sown in early October and no pesticides nor N fertilisation were applied.
In the case of MP treatment, mouldboard ploughing was conducted
before each crop was sown e.g. twice a year for double cropping and
followed by a cultivator pass. Except for maize, sowing was conducted
with a commercial seeder (Amazon 302®) equipped with a rotary
cultivator and harrow. Maize was sown with a Becker® aeromat preci-
sion seeder. In the case of the NT treatment, the rye cover crop was
terminated with a glyphosate application before maize sowing. After the
maize harvest, the crop residues were chopped using a mulcher. Sowing
was performed with a no-till seeder (John Deere 750 A®). In the case of
maize, the same machine as in the MP treatments was used.

In the CR treatment, year 1 consisted of a winter rye and sorghum
double cropping system, year 2 was a winter triticale followed by an
alfalfa-red clover-grass mixture sown in July, year 3 included the mul-
tiple cuts of the ACG mixture and Year 4 included maize (Fig. 1, bottom).
In the MP treatments, tillage (same operations as in the MM) was con-
ducted before the sowing of each crop. In the NT treatments, glyphosate
applications and mulcher passes were carried out as seedbed prepara-
tion. Although no cover crops were included in the CR, the combination
of winter, summer and perennial crops ensured year-round green cover.
Crop protection was based on post-emergence herbicides applied ac-
cording to specific needs. Similarly to the previous MM system, N fer-
tilisation was based on crop needs and soil mineral N content before the
application (Table 1). Maize and sorghum in the irrigated treatments
received a 30 kg N ha~! increase in fertilisation to acknowledge the

Table 1

N fertiliser rates (kg N ha™!) applied to different treatments across the experi-
mental years (MM: continuous maize; CR: 4-Years crop rotation). WR+S: winter
rye + sorghum; WT: winter triticale; ACG: alfalfa-red clover-grass mixture.
Within each crop rotation (MM or CR) and irrigation (Rainfed or irrigated)
combination, there were no differences between ploughed (MP) and no-tillage
(NT) plots.

Years MM CR
Crop Rainfed Irrigated Crop Rainfed Irrigated

2008 Maize 227 227 WR+S 249 279
2009 Maize 196 196 WT 139 139
2010 Maize 198 198 ACG 220 220
2011 Maize 208 238 M 127 157
2012 Maize 207 237 WR+S 260 290
2013 Maize 188 218 WT 130 130
2014 Maize 181 211 ACG 260 260
2015 Maize 168 198 M 118 148

Average 197 215 188 203

higher yield potential (Table 1).

Irrigation in the Irri treatments was determined by the WEB-BEREST
model that calculates the irrigation water based on the crop demand
using the coefficient of actual to potential evapotranspiration (Mirschel
et al,, 2020). The dates, applied irrigation amounts, precipitation,
temperature, radiation and potential evapotranspiration were calcu-
lated according to Wendling et al. (1991) are provided in the data set by
Reckling and Rosner (2024), with annual irrigation rates varying from
44 to 400 mm depending on the year. The Rfed treatments did not
receive any irrigation throughout the eight experimental years. In March
2013, lime was applied to the entire field experiment at a rate of 2 t
ha™L. The cited dataset also includes all dates and input rates for all the
operations conducted during the experimental period.

Crop biomass was sampled when the crops were harvested. For the
winter rye, winter triticale, sorghum and maize only one sampling date
was necessary. In the case of ACG, biomass was sampled several times
per year with the harvest dates (3 in 2010 and 5 in 2013-2014) (Fig. 1).
In all the cases, the biomass was sampled using a plot harvester for
forage crops and the area harvested was 18 m2. A sub-sample was used
to determine the dry matter content (all data reported as oven-dry
biomass). The samples were ground and N (Kjeldahl), P and K (atomic
absorption spectrometry) concentrations were analysed. The total
nutrient amount removed with the harvest was calculated by multi-
plying the nutrient concentration by the biomass yield. Soil samples
(0-30 and 30-60 cm) for water content were taken at pre-sowing and
post-harvest. On average, 3-5 samples were taken per plot and merged
for analysis. Soil samples were taken with a semiautomatic soil sampler
(i.e., a rod with a rectangular cross-sectional area of 20 x15 mm) at
depths of 0-15, 15-30, and 30-60 cm. Sampling dates were adapted to
each cropping system (MM and CR).

2.3. Productivity indicators

The different cropping systems were designed principally for whole-
crop biomass production. In this context, two outcomes can be defined,
animal feed or biogas production. For the former, the nutritional value
of the produce is important, especially gross energy and protein. For the
latter, the biogas yield productivity is the output to be maximised.
Consequently, these three productivity indicators were considered in the
present study. Gross energy productivity was calculated using Eq. 1

EY (GJ ha') =BmY (t ha'') x GEC (GJ t) €h)

where EY is the energy yield, BmY is the annual biomass yield and GEC is
the specific gross energy content of each crop (Table 2). In the ACG
mixture, an average value from alfalfa, clover and grass was used.
Protein yields were calculated using Eq. 2.
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Table 2

Gross energy content (GEC), ash content and specific methane yield (SMY) used
for the calculation of cropping systems productivity. Values for GEC and ashes
content were extracted from Feedipedia (2024) and SMY from Herrmann et al.
(2016a). ACG: alfalfa-clover-grass mixture.

Crop GEC (GJ t ™! dm) Ash (in g 100 g™1) SMY (Ly kg o)
Maize 18.2 7.0 350
Rye 17.8 10.7 325
Sorghum 18.1 8.7 314
Triticale 17.7 8.9 345
ACG 18.1 10.4 304

PY (kg ha™') =BmY (t ha™') x BmNCont. (g 100 g') x 6.25 (2)

Where PY is the protein yield, BmY is the annual biomass yield and
BmNCont. is the biomass N content. The 6.25 is the standard conversion
factor from N to protein in plant tissues, despite recent discussions to
account for crop-specific values (Mariotti et al., 2008). For methane
yields, it was assumed that all product was fermented into silage before
being processed in the biogas plant. Specific methane yields were ob-
tained from Herrmann et al. (2016a), who analysed 43 crop species
across Germany and determined their specific methane yields. The study
was also selected because the analyses were performed using the same
methods as in large-scale anaerobic digestion, thus increasing the
comparability with farm-scale results. Methane yields were calculated
using Eq. 3

MY (Ly ha ') =BmY (kg ha') x SMY(Ly kgopy') x (1

—Ash (g 100 g')) Eq. 3
Where MY is the Methane yield, BmY is the annual biomass yield, SMY is
the specific methane yield of each crop in litres of methane per Kg of
organic dry matter, and (1-Ash) is the correction from dry matter to
organic dry matter. The SMY and Ash content for each crop are reported
in Table 2.

2.4. Resource use efficiency and productivity benchmarks

Two approaches were used to evaluate cropping system water use
efficiency over the experimental period. The first focused on the
continuous maize under ploughed conditions (MM-MP), both rainfed
and irrigated. The objective was to benchmark maize biomass yield
according to the water available to the crop and define a minimum
amount of water required to reach the maximum yields. Therefore, a
regression was conducted between water use and crop biomass yield.
The water use was calculated according to Eq. 4.

WU (mm) =Ppt + ASWC + (Irrig) 4

Where WU is water use, Ppt is the precipitation received between maize
sowing and harvest, ASWC is the difference in soil water content be-
tween sowing and harvest, and Irri is the irrigation water applied in the
Irrigated treatments. To benchmark the yields achieved within a broader
context, we added the boundary function for maize water use efficiency
defined by Grassini et al. (2009). This boundary was defined using a
simulation approach with 859 cases across the US Corn Belt. The same
authors used the boundary function against empirical data from several
locations worldwide (n = 263), reporting satisfactory applicability
across environments.

The second approach involved the calculation of the Input-water use
efficiency (I-WUE) of all systems and experimental years. The main aim
was to understand the effects of irrigation and tillage in the MM and CR
systems, as both factors are inherently linked to water use. Eq. 5 was
used to calculate I-WUE.
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- BmY (kg ha™")
" Ppt (mm)+ (Irrig (mm))

I— WUE (kg ha™* mm™) (5)

Where I-WUE is Input-Water use efficiency, BmY is the annual biomass
yield, Ppt is the precipitation received between sowing and harvest, and
Irri is the irrigation water applied in the Irrigated treatments. In this
instance, ASWC was not included in the calculations as the CR systems
included overwinter crops. During winter, the precipitation accumu-
lated is approximately 98 mm greater than the potential evapotranspi-
ration, suggesting a high deep percolation risk. Therefore, including the
ASWC might have led to an overestimation of the water used by the
crop.

In the case of N use efficiency (NUE), a standardised procedure
published by the EU Nitrogen Expert Panel (2015) was used. Such a
method allows standardisation and comparability of the results between
cropping systems within the same experiment and other published
studies. As recommended, NUE was calculated at the cropping system
level, following Eq. 6. Doing so also allowed for smoothing the crop
rotation effects in terms of N supply and uptake across years, giving a
more meaningful overview of the different cropping systems.

_ Noutput (kg ha™)

: 100 6)
Ninput (kg ha )

NUE (%)

Where NUE is the N use efficiency, N output is the amount of N exported
from the system through harvest. In this case, N output equals above-
ground N uptake as the whole plant is harvested and removed from the
field. The N input is the amount of N provided to the system over the
cropping period including mineral N fertilizers (Table 1) and biological
N fixation in the ACG mixture phases. This experiment did not include
organic fertilizers or animal grazing.

Biological N fixation was not measured in this field experiment.
However, the N balance (N fertilizer minus N uptake) in the ACG
mixture was —210 and —309 kg ha™! in 2010 and 2014, respectively.
Such results suggest that biological N fixation had a key role as a N input
source. Therefore, an estimation is used to account for the biological N
input of the alfalfa and clover. The estimations are based on Carlsson
and Huss-Danell (2003), who summarised several studies investigating
N fixation in red clover and alfalfa across a gradient of environments
from 42°N to 67°N. They focused on studies using the isotope dilution
and N difference methods (Unkovich et al., 2008). Also, they considered
whether the legumes were grown as sole crops or mixtures. Egs. 7 and 8
were presented for N fixation estimation of red clover and alfalfa grown
in legume/grass mixtures and have been used in the present study to
estimate biological N fixation.

Ndfa,,, (kg ha) =0.026 x DM + 7.4 R* =091 Eq. 7

clover (

Ndfagy, (kg ha')=0.021 x DM+16.9 R* =0.91 Eq. 8
Where Ndfacjover and Ndfagysaisa are the amount of N biologically fixed in
red clover and alfalfa and DM is the amount of dry matter biomass
produced from each crop. It was assumed that alfalfa and red clover
represented, on average, 60 % (30 % for each species) of the total
biomass yield (monitoring justifies these assumptions but also showed
that the proportions can vary between years and individual cuts within
years). The coefficient of determination (Rz) was reported by the authors
of the equations (Carlsson and Huss-Danell, 2003).

2.5. Effects on soil organic C and N and plant-available P and K

Soil samples for soil organic C (SOC), total organic N (TON), plant-
available P and K and pH were taken every two years, in 2009, 2011,
2013 and 2015 (Fig. 1, brown marks). For each plot, 3-4 samples for
each depth were taken and bulked for analysis. Given the absence of soil
carbonates in the soil, SOC was measured with the dry combustion
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method (DIN ISO 10694). As well, total soil N was measured using dry
combustion (DIN ISO 13878). The plant-available P and K were
measured using atomic absorption spectroscopy. The soil pH was
extracted in KCL. The SOC, TON and plant-available P and K were used as
indicators of the effects of the system on soil quality and nutrient bal-
ances over time.

2.6. Statistical analyses

All statistical analyses were performed with JMP Pro 16. Analyses of
variance (ANOVA) were performed for the different variables. The sta-
tistical design can be described as follows: Crop rotation and tillage
factors are set up in a standard split-plot design and irrigation as a split-
block arrangement over crop rotation and tillage (Federer and King,
2008, see section 5.4 and Figure S2). Following the recommendation in
the cited book, the ANOVA consists of six error terms that acknowledge
the different precision for each factor and interaction (Table S1). Such a
model was used for the analysis of the three productivity indicators
(gross energy, protein and methane) and water use efficiency. The
means separation test HSD Tukey was performed for significant in-
teractions and/or single factors. Year-independent analyses were
preferred to avoid confounding significant effects due to the climatic
effect. The interannual variability was tackled in the water-limited yield
benchmarking regressions, where causes for significant yield variation
are evaluated. The NUE was calculated at the cropping systems level and
plotted against the NUE reference values diagram designed by the EU
Nitrogen Expert Panel (2015). Finally, SOC, TON and plant-available P
and K concentrations were subjected to an ANOVA with tillage, irriga-
tion, crop rotation and year as fixed factors (Table S1). The study factors
were arranged in the same way as in the productivity indicators. The
Year effect was included as a split-plot in the elementary plots, as rec-
ommended by Gomez and Gomez (1984). The inclusion of Year in this
case was to study the changes in the selected variables over time as a
response to the treatment factors applied. Finally, key indicators for the
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categories of productivity (energy, protein and methane yields),
resource use efficiency (NUE and I-WUE) and soil quality (SOC con-
centration and pH) were plotted in a spider chart to gain a holistic
overview of the performance of the systems across indicators. Each
variable (except NUE) was normalised to the highest impact result
(Sevenster et al., 2024). In the case of NUE, we report the closeness to
the target value of 90 % set by the EU Nitrogen Expert Panel (2015).

3. Results
3.1. Climatic conditions during the experimental period

During the experimental period, annual precipitation ranged from
468 to 763 mm representing a difference of —104 and 221 mm with the
long-term average. The driest year was in 2015, with the major differ-
ences found in the April-August period. In the wettest year (2010),
precipitation was highest in July-November, with a 92 % increase (on
average) compared with the long-term average. Mean air temperature
and potential evapotranspiration did not present significant variations
from the long-term average.

3.2. Cropping systems productivity

The three productivity indicators showed a similar pattern of factor
significance and only a few significant interactions were evident
(Table S2). Consequently, single effects across years are reported to
capture the main sources of variability and robust data trends. The en-
ergy yield was, on average, 16 % greater in the MM system than in CR
(Fig. 2A) with 333 and 281 GJ ha™! yr‘l, on average. Within the CR,
winter triticale (2009 and 2013) performed poorly (on average, 173 GJ
ha™! yr!) compared to maize. Winter rye/sorghum double cropping
system and the ACG mixture showed more competitive energy yields
compared to maize (2008, 2010, 2012 and 2014), with an average en-
ergy yield of 306 GJ ha™! yr~1. Finally, maize in the CR showed no

Crop rotation

Tillage

Irrigation

A ——MM -+-CR B

500 4 ns L * ns * § § § ns ns ns ns

400 -
300 -
200 A

Energy (GJ ha?)

100 +

—a=MP  —e=NT C
§ § § *k * ns hk ns ns * ns  kk

+-Rainfed —e=|rrigated F 1200
I 1000

-, - 800
. F 600

1| 400

I
|:| I 200
0

(ww) uoneundidald

4000 -

3000 -

2000 -

Protein (kg ha't)

1000 +

ns ns * el ns § * ns ns ns  **x

9000 { G H
7500 -
6000 - N

4500 / ~ %
3000 A Se v
1500 -

Methane (Lyha')
o
Y

§ *k ok *k ok ns *k ns ns * ns *kk

0 T T T T T T T T T T T T

2008 2009 2010 2011 2012 2013 2014 2015 2008 2009 2010 2011 2012 2013
Year

2014

T

T T T T T

2015 2008 2009 2010 2011 2012 2013

2014

2015
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maize; CR: 4-Year crop rotation, A, D, G), Tillage (MP: mouldboard ploughing; NT: no-till, B, E, H) and Irrigation (Rainfed, Irrigated; C, F, and I) across the eight
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irrigation (blue bars) were added as an interannual variability indicator.

**p < 0.001. In sub-figure C, maize in-crop precipitation (grey bars) and
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differences compared with the MM system, suggesting a negligible pre-
crop effect of 5 % on maize performance (Fig. 2A). In the case of protein,
the CR showed similar or higher protein yields than the MM system
(Fig. 2D), with an average increase of 27 % across years (1338 and
1706 kg protein ha™! yr™!, respectively). Only winter triticale in 2009
showed significantly lower protein yield than the MM (-54 % compared
to CR). The ACG mixture produced the most protein (2744 and
3545 kgha™! in 2010 and 2014, respectively). The methane yield
showed a similar pattern as the energy yield, with the difference be-
tween the MM and CR significant in 6 out of 8 years (Fig. 2G). Only in
2011 and 2015 (maize phase in the CR), were methane yields similar
between the two crop sequences (5746 and 6079 Ly ha~! yr~! in the MM
and CR, respectively).

Tillage had a similar effect on the three productivity indicators, and
no differences were observed in response to tillage during the first half of
the experimental period (Fig. 2B, E and H). From 2011 onwards, the
difference between treatments emerged with higher yields in the MP
treatments. The yield reduction in the NT plots was 20 % on average
across indicators and the years from 2012 to 2015 with absolute dif-
ferences of 53 GJ ha™! yr!, 318 kg protein ha~! yr ! and 853 Ly ha™!
yr~!. The irrigation treatment also had consistent effects across in-
dicators (Fig. 2C, F and I), and systems were most responsive in the
driest years (2008 and 2015). In these instances, yield increases ranged
from 42 % to 125 %. In the other wetter years, the smaller yield in-
creases averaged 8 %.

3.3. Water and N use efficiency

Continuous maize under MB and rainfed conditions was considered
the baseline system, representing the standard management practices
for the region. The selection and presentation of maize was also chosen
to acknowledge the interannual crop variability across the same species.
As described in Section 3.1, precipitation showed the most variability
across the experimental years. In order to capture the effect of water
availability on the different systems, water use (in crop precipitation +
soil water content variation) was evaluated for its effect on maize yield
(Table S3). Under rainfed and MP conditions, maize yield increased
linearly with increasing water availability (Fig. 3). To further test the
effect of water availability, the same regression was performed adding
the irrigated MB-MM data to the analysis. The second-degree regression
showed a trend towards limited yield increase after 400 mm of water
use, suggesting that further yield increases are likely limited by other
factors (Fig. 3). Data from 2010 fell significantly below the expected

30,000 —m—0———— -
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Fig. 3. Regression between water use (in crop precipitation + soil water con-
tent variation) and maize biomass yield for the rainfed, MP and MM conditions
(Yellow circles and dotted line) and for the rainfed + irrigated, MP and MM
conditions (blue circles and dashed line). The two values for 2010 (X) were
excluded from the regression analysis, see text for further information. The grey
dashed line is the boundary function for WUE in maize defined by Grassini
et al. (2009).
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yields given the water availability. Metadata confirmed a severe Ostrinia
nubilalis attack, thus the data was excluded from the regressions.

Input-water use efficiency was mainly affected by the Irrigation x
Crop rotation interaction (in 5 out of 8 experimental years) and the
tillage single effect in the four latter experimental years (Table S2). The
Irrigation x Crop rotation interaction showed a consistent pattern across
years with three differentiated levels. In all significant cases, rainfed MM
showed the highest WUE (55 kg biomass ha~! mm ™), followed by the
irrigated MM (Fig. 4) with 37 kg biomass ha~! mm ™. The CR systems
showed a lower WUE (on average, 23 kg biomass ha~! mm™!) compared
to MM and no differences between rainfed and irrigated treatments were
evident. Overall, the lowest -WUE were recorded in 2010 and 2014
(ACG phases, 16 kg biomass ha~! mm™!) and the highest in 2011 for the
CR and 2012 for the MM. In 2008, the interaction effect was not sig-
nificant. However, there was a significant crop rotation effect (Fig. 4,
capital letters). The tillage effect was significant in the 2012-2015
period (Table S2), with MP treatments showing a higher -WUE than NT
treatments (from 34.9 to 41.7 kg biomass ha~* mm ™, respectively). The
effect was a result of the yield increases described in Fig. 2B, E and H.

As the EU Nitrogen Expert Panel (2015) recommends, NUE is re-
ported at the cropping system level. For the case of arable cropping
systems, they recommend NUE ranges between 50 % and 90 %, to
ensure that there is neither an N accumulation in soils (low NUESs) nor an
increased risk of soil mining (NUE > 100 %). Overall, cropping systems
NUE values ranged from 92 % to 114 % across systems, with no differ-
ences across irrigation and crop rotation systems (Table 3). The MP
systems presented a slight increase in NUE due to the higher yield in the
later years and the unchanged N input in such systems. In all the cases,
the NUE was above 90 %, the maximum value recommended to avoid
soil nutrient mining over time (Table 3).

As for the N Input-Output levels, MM showed lower values and,
overall, lower variability in the N Outputs (Fig. 5, circles). Within these,
irrigated systems showed slightly higher values due to the increased N
fertilisation in the 2012-2015 period. The CR systems were located in
the N input range of 255-285 kg ha ! yr !, presenting a higher N output
variability due to the different crop species in this system (Fig. 5,
squares). Similar to the MM, the irrigated systems were at the higher end
of the N input and Outputs, especially under the MB system. In the CR
systems, the N input from biological N fixation was estimated using
biomass productivity and Eqs. 7 and 8. These estimations yielded an
average N fixation of 253 and 341 kgN ha~! in 2010 and 2014,
respectively. Minimal differences were observed between irrigation and
tillage treatments. The higher values in 2014 are explained by the higher
biomass accumulated in that year.
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Fig. 4. Input-water use efficiency depending on the crop rotation x irrigation
interaction across the experimental years (MM-Rfed: continuous maize - Rain-
fed; MM-Irri: Continuous maize — Irrigated; CR-Rfed: crop rotation - Rainfed;
CR-Irr.: crop rotation - irrigated). Within each year, levels not connected by the
same letter are statistically different at p < 0.05. * indicate significant differ-
ences between CR and MM found in 2008. ns: not significant.
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Table 3

N use efficiency indicator for the eight cropping systems tested (MM: continuous
maize; CR: crop rotation; Rfed: Rainfed; Irri.: irrigated; MP: mouldboard ploughing;
NT: no-till). Values refer to the average of the 8-year experimental period.

System NUE (%)
Crop rotation Irrigation Tillage
MM Rfed MP 104 %
NT 95 %
Irri MP 114 %
NT 104 %
CR Rfed MP 105 %
NT 92 %
Irri MP 112 %
NT 95 %
400
® MM_Rfed_MP  © MM_Rfed_NT -G
® MM_lrri_MP O MM_Irri_NT
S 300 |=CRRfed MP @ CR Rfed NT }
© ; ;
= = CR_Irri_MP O CR_Irri_NT
i~
= 5 NUE =50%
5 200 1 soil miningrisk
=%
=
S
= 100 4
Leaching risk
0 T T T
0 100 200 300 400

N input (kg ha)

Fig. 5. Conceptual diagram of the NUE indicator; a two-dimensional Nijpu-
Noutput diagram. Adapted from EU Nitrogen Expert Panel (2015). The diagram
depicts the NUE target area for arable cropping systems (between 50 % and
90 %) recommended by the authors of the NUE report. The circle and square
series represent the annualised NUE values (N input vs. N output) for the eight
cropping systems tested in the field experiment (MM: continuous maize; CR:
crop rotation; Rfed: Rainfed; Irr.: irrigated; MP: mouldboard ploughing; NT:
no-till). Error bars refer to standard error of the Noyput-

3.4. Soil organic C and N, and plant-available P and K

Soil organic C and N concentrations were mostly affected by the Year
x Crop rotation interaction across all depths. Tillage also reduced SOC
and TON concentrations in the upper layers (0-15 and 15-30 cm)
(Table S4). The SOC showed a trend towards greater concentrations in
the CR systems over the experimental period, especially in the upper
layers (Fig. 6 A and B). In the 30-60 cm layer, no difference was
observed between systems but a declining trend from 2009 was evident
with values going from 2.7 to 1.8 g kg~! (Fig. 6 C). The TON concen-
trations followed a similar pattern to SOC, with greater and increasing
concentrations in the CR than in the MM (Fig. 6 D and E). Similar to
organic C, no differences were observed between systems and across
years in the 30-60 cm layer (Fig. 6 F). For both variables, the tillage
main effect showed more N and C in the surface layer (0—15) compared
to the 15-30 cm layer (data not shown). The 30-60 cm layer had no
differences between the tillage systems (Table S4).

The Year x Crop rotation interaction affected the P concentrations in
the 0-15 cm layer and the K concentrations in all layers (Table S4). In
the case of P, the means separation test highlighted a stronger declining
effect across years than differences between systems (Fig. 7A), with
average P concentrations declining from 133 to 95 mg kg™ ' over the
experimental period. In the deeper layers, there were no differences
across years or between crop rotations (Fig. 7B and C). In the case of K,
CR generally had lower values than MM (except in 0-15 cm in 2011)
(Fig. 7D, E and F). Across layers, K concentration tended to decrease
over time, which was clearer in the 30-60 cm layer (Fig. 7 D, E and F).
The pH was also affected by the Year x Crop rotation interaction in the
three depth layers. However, the means separation test only showed a
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significant pH decline over the experimental period, from 6.3 to 5.3 in
the 0-15 cm layer and from 6.3 to 5.8 in the 15-30 cm (averages across
systems). In the 30-60 cm layer, the pH remained constant at 6.3 across
years and systems.

3.5. Cropping systems performance across indicators

The different cropping systems in the field experiment have been
evaluated from the perspectives of productivity, resource use efficiency,
and soil quality. In order to gain a general understanding of the systems’
performance, Fig. 8 presents key variables normalised to the highest
result and averaged across the experimental period. Overall, the systems
with the highest productivity also showed a high level of resource use
efficiency, with minimal impacts on the soil quality parameters during
the course of the experiment but with declining trends (Fig. 8). In terms
of productivity (energy, protein and methane), irrigation increased
yields compared to the rainfed counterparts (Fig. 8, solid vs. dashed
lines). The MM systems achieved the highest yield levels in energy and
methane, while the CR outperformed the MM in terms of protein. The I-
WUE was greater in the MM systems, especially the rainfed system. In
the case of NUE, the CR-NT-Rfed, CR-NT-Irri and MM-NT-Rfed pre-
sented the closest values to the target proposed by the EU Nitrogen
Expert panel (2015). On the other hand, the ploughed and irrigated
systems (both under MM and CR) were the furthest from the mentioned
target (Fig. 8). Soil quality parameters (SOC and pH in 2015) showed a
lower variability compared to the other indicators. In the case of SOC,
CR-NT exhibited the highest SOC concentration in 2015, while no clear
differences were observed for pH across cropping systems. However, an
overall reduction in the soil pH was observed over the experimental
period.

4. Discussion

The present study explored the productivity and sustainability of
alternative biogas production systems compared to the baseline system
of continuous rainfed maize in a ploughed system. As the systems are
based on whole plant harvest and intensive biomass (and nutrient)
export, reductions in soil quality in the mid- to long-term are a risk. In
addition, a changing climate, declining soil quality and increased input
costs will mean water and N-use efficiency may become increasingly
important along with high productivity. Our study considered the im-
pacts of diverse rotation, irrigation and reduced tillage on systems
performance and the balance between productivity and sustainability.

4.1. Cropping systems productivity

The MM system showed the highest gross energy and methane yields,
especially compared to winter triticale (2009 and 2013). These results
are consistent with Strauss et al. (2019) who reported an average
biomass yield decrease of 8.1t ha™! in Triticale compared to maize
across 8 locations in Germany. The ACG mixture showed the most
competitive results compared to maize in terms of gross energy and
protein, but lower methane productivity (Herrmann et al., 2016b;
Strauss et al., 2019). The legume components of the mixture allowed an
increase in protein productivity, partly facilitated by the biological N
fixation in these species (Simon-Miquel et al., 2023). Such results indi-
cate that maize and ACG mix-based cropping systems could be a way
forward to deliver high productivity (across all indicators) while
reducing the dependence on external inputs. Furthermore, extending the
ACG mixture to a second year could also reduce costs (crop already
established) and increase N fixation. The winter rye + sorghum double
cropping (2008 and 2012) showed intermediate results between winter
triticale and maize across indicators. Such results contrast with Schit-
tenhelm et al. (2011), who reported a 15 % increased biomass produc-
tivity in double cropping systems across Germany and under irrigated
conditions. This finding also suggests that the increase in cropping
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experimental period.

intensity will likely increase labour demand and costs (Kotir et al.,
2022), thus reducing profitability.

No-tillage consistently reduced productivity indicators in the later
experimental years. The experimental metadata suggested that a higher
weed pressure in the NT systems may have contributed to the yield
decrease. Adapting the weed control strategies to the tillage treatments
would be the next step to close the yield gap between ploughed and no-
till systems (Nichols et al., 2015). From a broader time perspective,
Cusser et al. (2020) reported that no-till yield responses might take up to
19 years to be significant. However, the authors reported positive eco-
nomic returns after just 13 years (effect of reduced costs). A similar
situation (albeit for grain maize) was reported in a location in the same
state by Verch et al. (2009). Although the authors reported lower maize
yields under NT, they observed greater profitability than MP. In such
situations, the adoption of strategic tillage, targeted at controlling spe-
cific weeds, would contribute to a reduction in fuel and labour demand
that could ultimately reduce cropping systems C footprint (Kirkegaard
et al., 2014) and economic costs. In contrast to more arid areas, such as
the Mediterranean or Australia, no-till did not lead to better soil water
storage to impact yields (Lampurlanés et al., 2016; Page et al., 2019) in
central European systems.

Irrigation increased yield by 4-111 % (average across indicators),
with significant increases only observed in the years with the lowest in-
crop precipitation. Such results suggest low average returns on irrigation
investments during the experimental period (von Czettritz et al., 2023).
On the other side of the spectrum, no yield increases in maize were
observed when the water availability exceeded 400 mm (precipitation +
irrigation + soil water), suggesting that further irrigation would lead to

inefficient water use. Nonetheless, water availability may decrease and
potential evapotranspiration in the area may increase due to climate
change, thus increasing the water deficit and the need for irrigation
systems to maintain productivity (Iglesias and Garrote, 2015), especially
during critical crop phases such as flowering. It is worth noting, that
irrigation could not offset the lower productivity of the CR system
compared to MM which remained higher in both irrigated and rainfed
systems.

While still a third of German maize production is devoted to biogas
production, the end of the subsidies for biogas and land competition for
food production (Jordan et al., 2023) has reduced the demand for bio-
energetic cropping systems. In that context, there is an opportunity to
explore other crop sequences to keep improving the cropping system’s
productivity and profitability. Such alternatives could include tradi-
tional grain crops (small-grain cereals, oilseed rape (Brassica napus L.),
etc.) and food-grade crops (e.g. soybean or chickpea).

4.2. Yield benchmarking and abiotic limiting factors

To provide a context to the productivity performance, we bench-
marked observed yields against theoretical yield limits for different
abiotic factors. Farmers and researchers have used such approaches
worldwide to estimate attainable yields for the major staple crops
(Sadras, 2020). In the case of water, we used a boundary function (Miti
et al., 2024) for maize biomass productivity, the most productive crop in
the experiment. Under rainfed conditions, we observed a linear yield
increase with increasing water availability which was within the range
of the boundary function reported by Grassini et al. (2009) for the US
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Fig. 8. Overview of seven selected indicators for the 8 cropping systems assessed in the field experiment in the 2008-2015 period. The indicators can be categorised
into productivity (orange), resource use efficiency (blue) and soil quality (dark red). *In the case of NUE, the normalisation represents the closeness to the target of
90 % NUE rather than the maximum values achieved. (MM: continuous maize; CR: crop rotation; MP: mouldboard ploughing; NT: no-till; Rfed: Rainfed;

Irr.: irrigated).

Corn Belt and other locations worldwide. This indicates that water will
be the main limiting factor for further yield increases when the water
supply is less than 400 mm. When water limitation was overcome by

irrigation, the yield response flattened above 400 mm (Fig. 3), sug-
gesting other factors limit yield when water is abundant (Shatar and
Mcbratney, 2004).
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Indeed, temperature and radiation (especially in the critical period of
yield determination) strongly determine the potential yield of any crop
in a given location. In the case of maize, and the experimental location,
average cropping season radiation (2437 MJ m~2) would set a potential
aboveground biomass yield of 22 t ha™!, according to Grassini et al.
(2009). Using the same author’s function for temperature (average
maximum temperature before flowering) would set the yield potential at
24t ha~l. While these values can illustrate that there is room for
improvement in the present results (across systems and years, maize
yield was 18.4 t ha’l), two considerations must be taken into account.
First, only the WUE boundary function was tested with multiple datasets
outside the USA Corn Belt. Second, climate change might likely increase
temperatures (European Environment Agency, 2024), but decrease ra-
diation due to the dimming effect (Stanhill and Cohen, 2001), thus
impacting crop production potential (Hatfield et al., 2011).

Nutrient availability, particularly N, plays a major role in crop pro-
ductivity. On average, the cropping system NUE was 102 %, indicating
that N output was similar to or slightly greater than N input (namely,
fertiliser and biological N fixation). This supports the idea of N being the
main limiting factor, provided the water supply is sufficient, and poses
the question of whether a higher N input would lead to greater pro-
ductivity, especially if focussed on wetter seasons. For example, ac-
cording to German nutrient regulation (DiiV, 2017), the N demand for
silage maize is 4.7 kg N t ! of fresh matter (35 % DM). Therefore, the
maize yields obtained in the wettest years (2011 and 2014), and under
rainfed conditions, would have required 278 and 237 kg N ha!
(average across systems). In both cases, N fertilisation was
56-71 kg ha™! below these values, to comply with the EU fertilisation
regulations and avoid N losses (European Commission, 2019). Following
the idea of the previous section, a larger share of legumes in the system
(especially perennial legumes) would help to increase N input sustain-
ably, although matching N availability to N demand with legume resi-
dues may be more challenging than with strategic supplemental
fertiliser applications when N losses are less likely.

4.3. Soil fertility evolution

Our results showed a different trend regarding SOC and TON be-
tween CR and MM systems. Generally, the MM system had a reduced
SOC and TON compared to CR. While MM produced more aboveground
biomass, most of it was exported with the harvest. Instead, the CR sys-
tem might have led to two key factors for SOC accumulation in the soil.
Firstly, a diverse C input through the belowground systems of different
crops (McDaniel et al., 2014; Ruf et al., 2018). Secondly, an overall
higher N input due to the biological N fixation in the ACG mixture phase,
which is essential for SOC stabilisation (Van Groenigen et al., 2017).
Furthermore, the ACG mixture was kept until the maize planting (ca.
5-6 months after the last harvest, Fig. 1), thus increasing the potential
amount of N fixed. The lack of SOC increases in the irrigated systems,
despite higher productivity than the rainfed, also supports this theory. In
other environments, increases in SOC have been reported with pro-
ductivity increases, and thus C input to the soil (Pareja-Sanchez et al.,
2020) but a lack of stabilising nutrients (N-P-S) has been shown to limit
the sequestration of residue C even when it is plentiful (Kirkby et al.,
2016).

Finally, plant-available P and K, and soil pH, were not significantly
affected by the experimental treatments, but in all three cases, a
declining trend over time was observed. A likely explanation comes from
the change in production orientation between the previous crop rotation
(including more grain crops) and the biomass removal studied in this
work (whole crop harvest). These systems entail a greater export of
nutrients, thus increasing the risk of soil depletion and declining pH,
thus impacting soil fertility (Lefevre et al., 2017). Soil acidification
warrants frequent soil monitoring and adequate liming to maintain
nutrient availability. This highlights the risk of biomass-oriented crop-
ping systems in terms of soil fertility over time. Indeed, several authors
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have reported similar soil fertility declines in biogas-oriented cropping
systems (Anderson-Teixeira et al., 2013; Blanco-Canqui, 2010; Don
et al., 2012).

5. Conclusions

This study aimed to maximise cropping system productivity while
maintaining soil fertility for biogas and forage-oriented agricultural
systems. We observed a trade-off between productivity and sustain-
ability when diversifying continuous maize systems. The higher pro-
ductivity came with evidence of soil quality decline over time, though
relatively minor. Within the crop rotation tested, the ACG mixture was
the most competitive alternative to maize. Water availability was the
main yield-limiting factor when less than 400 mm were available to the
crop over the season. Further yield increases could be achieved by tar-
geted increases in N input (especially biological N fixation) that could
also contribute to fostering SOC accumulation. No-tillage had increas-
ingly negative effects on productivity in the later years. Therefore, from
a practical perspective, a maize and ACG mixture-based system could
maintain high productivity while minimising soil quality decline.
Furthermore, strategic tillage adoption could be a sustainable way to
reduce labour and greenhouse gas emissions while maintaining yields.
In future research, changes in the socioeconomic conditions should be
accounted for. For instance, given the reduction in biogas subsidies in
recent years, crop sequences could be adapted to keep the most pro-
ductive biogas phases but include other crops that could increase prof-
itability (e.g. grain crops, food-grade crops, etc.) sustainably.
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