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Abstract: Silage maize (Zea mays L.) is the dominating energy crop for biogas production due to its
high biomass yield potential, but alternatives are currently being discussed to avoid environmental
problems arising from maize grown continuously. This study evaluates the productivity and resource
use efficiency of different bioenergy crops and cropping systems using experimental and simulation
modelling derived data. The field experiment consisted of two years, two sites differing in soil
texture and soil water availability, different cropping systems and increasing nitrogen (N) supply.
Continuous (two years) perennial ryegrass and two crop rotations including winter cover crops
(double cropping system) and combining C4 and C3 crops were compared with continuous maize
(maize–maize). The productivity of the crops and cropping systems in terms of dry matter (DM)
yield was analyzed with respect to the fraction of light interception and light use efficiency (LUE).
In addition, water use and water use efficiency (WUE), N uptake, and N use efficiency (NUE) were
quantified. DM yield of the double cropping system was similar to that of continuous maize,
due to a prolonged leaf area duration, compensating for the intrinsic lower LUE of C3 crops.
Perennial ryegrass was less productive than the other crops/cropping systems. Nitrogen uptake and
consequently N demand of perennial ryegrass and the C3 crops of the crop rotations were higher than
for maize–maize. Groundwater recharge was mainly site-dependent, but was at both sites higher for
maize than for the crop rotations or the perennial ryegrass system. Our results indicate that, in terms
of biomass productivity, optimized rotations are feasible alternatives to maize–maize, but trade-offs
exist in terms of water and N use efficiency.

Keywords: bioenergy; biomass; cropping systems; maize; wheat; grasses; water use efficiency;
nitrogen use efficiency

1. Introduction

European Union energy policies, and particularly the energy policies in Germany,
strongly promote energy production from renewable resources. Germany has recently become the
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world’s most important producer of biogas (biomethane) [1]. The key substrate for German biogas
plants is whole-crop maize silage [2]. This has resulted in a considerable increase in the acreage of
maize (Zea mays L.), which is often cultivated in monoculture. Arising problems like high pest pressure
and high nutrient losses may be overcome by using alternative crops and cropping systems with
higher crop diversity [3]. Double- and inter-cropping or crop rotation systems have been proposed
in general [4,5], and in particular for bioenergy cropping systems [3,6], because for biomethane
production, vegetative biomass can be used and the completion of the whole growth cycle is not
necessary. Crop rotations combining C3 winter cover crops and annual C4 and C3 main crops may
be advantageous if low temperatures during parts of the growth period limit the productivity of
the thermophile C4 crop maize [7–9]. Including cold tolerant C3 crops within the crop rotation may
prolong the leaf area duration and light interception and thereby the overall productivity [4].

On the other hand this may lead to a higher water demand, possibly resulting in less ground
water recharge or temporary drought stress, depending on precipitation and soil water storage capacity.
The higher N concentration of C3 crop leaves [10–12] may boost N demand and thereby lower the
N efficiency and indirectly affect the greenhouse gas balance of the cropping system negatively.

Some key variables of resource use and resource use efficiency like the cumulative radiation
interception and the components of the water balance are difficult to measure in the field. Crop and
cropping system simulation models [13] can be used to estimate these variables, but may not be
available for every crop in a cropping system experiment. Alternatively, empirical experimental data
describing crop productivity may be combined with components of simulation models [14]. Especially,
high frequency non-destructive measurements offer the possibility to additionally include dynamic
aspects of crop growth into the analysis.

The objective of this paper was (1) to evaluate the productivity (DM yield) of different
cropping systems for biogas production; (2) to identify some key variables of resource use
(e.g., radiation interception) and resource use efficiency (water, transpiration and N use efficiency);
and (3) to analyze resource limitations on DM accumulation. Thereby, the experimental data were
analyzed by a simulation model taking sequently measured crop variables as input. In other studies
based on the same field experiments, aspects of different N sources including biogas residues on
productivity [15,16], N losses due to leaching [17], NH3 volatilization [18], N2O emissions [19], and their
effects on a life cycle assessment (LCA) analysis [20] have already been given.

2. Materials and Methods

2.1. Field Experiment

2.1.1. Sites and Weather Conditions

The two experimental sites differ mainly in their soil types and, to a small degree, in terms of their
climatic conditions. The soil at Hohenschulen (HS, 54◦18′ N, 9◦58′ E) was a sandy loam soil (Luvisol),
that at Karkendamm (KD, 53◦55′ N, 9◦56′ E) a sandy soil (Gleyic Podzol), resulting in different soil
water storage capacities of 166 mm (HS) and 125 mm (KD), assuming an effective rooting depth of
100 cm at both sites. At KD, the groundwater table fluctuates between 80 cm in winter and 240 cm
during summer. Additionally, the soil at the KD site is characterized by a soil pan from ferrous oxides
at 30–40 cm soil depth.

At KD mean air temperatures and precipitation were in both experimental years slightly higher,
whereas average wind speed was lower than at HS (Table 1). At both sites, the measured averaged air
temperatures in 2007 were approx. 1.7 ◦C higher and in 2008 approx. 1.1 ◦C higher than the long-term
average. Both sites received significantly higher amounts of precipitation in 2007 (approx. plus 150 mm
at HS and plus 300 mm at KD). Drought periods occurred during spring, with monthly amounts of
precipitation of <10 mm in April 2007 and <20 mm in May 2008.
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Table 1. Monthly average air temperature, wind speed, accumulated global radiation and accumulated
precipitation given for the experimental periods and both sites Hohenschulen (HS) and Karkendamm (KD).

Site Year Month Air Temperature
(◦C)

Global Radiation
(MJ m−2)

Precipitation
(mm)

Wind Speed
(m s−1)

HS 2006 August 16.6 361 155 2.6
September 17.0 315 37 3.5
October 12.5 130 88 3.0

November 7.7 57 66 3.5
December 6.5 30 54 4.1

2007 January 5.5 42 142 6.3
February 3.7 94 53 4.0

March 7.2 272 56 4.3
April 10.3 455 3 3.4
May 12.6 471 94 2.6
June 16.3 436 120 2.5
July 16.2 436 189 3.2

August 17.0 376 59 3.2
September 13.1 264 71 3.7
October 8.9 173 25 2.3

November 5.0 85 38 3.6
December 3.3 30 77 2.8

2008 January 4.4 41 64 4.6
February 4.7 117 40 4.5

March 4.3 242 62 4.3
April 7.6 423 41 3.0
May 13.7 695 19 2.6
June 15.4 647 42 3.4
July 17.6 561 69 3.2

August 16.6 364 131 3.1
September 13.2 284 65 2.6
October 9.5 152 124 3.2

Site Year Month Air Temperature
(◦C)

Global Radiation
(MJ m−2)

Precipitation
(mm)

Wind Speed
(m s−1)

KD 2006 August 17.2 443 184 2.1
September 16.9 364 56 2.1
October 12.7 149 81 2.2

November 8.0 70 70 2.7
December 6.7 44 69 2.8

2007 January 5.4 54 186 4.2
February 3.7 93 73 2.8

March 7.2 306 66 2.9
April 10.9 487 9 2.3
May 13.3 545 81 1.8
June 16.9 501 108 1.7
July 16.5 490 154 1.5

August 17.4 443 89 1.1
September 13.9 275 86 1.6
October 9.1 174 23 1.2

November 5.1 84 66 2.1
December 3.7 38 98 2.2

2008 January 5.1 50 78 3.4
February 4.8 114 38 2.7

March 4.6 227 93 3.0
April 7.6 400 30 2.1
May 13.4 703 12 1.8
June 16.1 638 44 1.8
July 18.0 561 92 1.6

August 16.8 382 124 1.3
September 12.9 283 28 1.2
October 9.3 154 110 1.8
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2.1.2. Experimental Design

The experiment was set as a randomized block design with four replications for each treatment.
Plot size was 12 m × 12 m, divided into four strips with one strip for plant and soil sampling, one strip
for harvest and the two outer strips for avoiding border effects. The main experimental factors were
cropping system (CS) and level of N supply (N). The cropping systems (Figure 1), established in
HS and KD, were different and chosen according to the soil types, but with ‘continuous’ silage
maize (cv. Ronaldino, FAO class 240) in both experimental years (CS1) as a common system for
both sites. At the KD site continuous maize CS1 was compared with a four-cuts per year sward
of perennial grassland (CS4) consisting of two ryegrass varieties (Lolium perenne L. cv. Fennema
and Edda). At the HS site, system CS1 was compared with a rotation consisting of silage maize
(cv. Salgado, FAO class 200) followed by a winter wheat (Triticum aestivum L. cv. Biscay) used as
whole plant silage and a two-cuts per year Italian ryegrass (Lolium multiflorum Lam. cv. Gisel) as
a winter intercrop (CS2) and by a mixed food/biomass rotation with silage maize (cv. Ronaldino,
FAO class 240), grain wheat (Triticum aestivum L. cv. Biscay) followed by yellow mustard (Sinapis alba
L. cv. Accent) as a catch crop (CS3). The experiment was established in autumn 2006 and ended
in autumn 2008 at both sites. Each crop of each rotation was grown in each year, according to
the principles of crop rotation experiment, to allow for the analysis of year by crop interaction.
Sowing dates of the crops depended on the cropping systems and are indicated in Figure 1 by thin
vertical lines. Nitrogen fertilizer was given at four supply levels, denoted as N1, N2, N3, and N4.
For maize and wheat this was 0, 120, 180, and 360 kg N ha−1, split for maize into two and for wheat
into three equal amounts. Nitrogen fertilization levels for the perennial ryegrass were 0, 160, 320,
and 480 kg N ha−1, split into four applications, one for each cut with decreasing rates. Only two
different N levels were distinguished for the Italian ryegrass winter cover crop: N1 (0 kg N ha−1) and
N2, N3, N4 (each 160 kg N ha−1), split into two equal rates in early autumn and early spring. The catch
crop of CS3 was not fertilized. Nitrogen fertilizer was applied as calcium ammonium nitrate. All other
crop management—e.g., pest and disease control—was based on local best-practice recommendations.
Additional information about the experimental layout is presented in [15,16].Agronomy 2018, 8, x FOR PEER REVIEW  5 of 21 
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show start and end of the period, which was considered by quantification via modelling (24 months). 
‘Initiation’ indicates the model calculation period conducted in advanced to level off some output 
variables, e.g., soil water contents. 
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(cm) and green area index (m2 m−2) (GAI) were determined as crop state variables. DM yield and N 
uptake were obtained by mechanical harvest. Thereby fresh matter per unit area was measured by 
the harvester’s internal weighing system and corrected to DM yield based on the DM content of a 
subsample. The same subsamples were also used for determining N concentration by 
near-infrared-spectroscopy (FOSS NIR Systems Modell 5000). Crop height and GAI were measured 
during the whole growth period at an approximately fortnightly interval. The measurements for the 
catch crop were carried out at five measurement dates during the growth period of 2008. Early stage 
measurements of GAI were conducted by taking digital pictures, from which ground cover values 
were estimated by a digital image analysis technique [21]. Ground cover then was transformed into 
GAI values using the Lambert–Beer law. As soon as GAI values were > 1, the LAI-2000 (LI-COR 
LAI-2000 m; LI-COR, Inc., Lincoln, NE, USA) was used for determining GAI. 

For maize (10 plants) and wheat (0.25 m2) additional ‘destructive’ samples were taken at every 
second measurement date. Plants were fractionated into leaf, stem and generative organs. Leaf and 
stem area were routinely measured using the LAI-3100 (LI-COR, Inc., Lincoln, NE, USA). These 
destructively measured GAI values were used to adjust the LAI-2000 GAI values by crop-specific 
linear regressions without intercept, resulting in transformation factor values of 1.22 for maize and 
1.14 for wheat. LAI-2000 data obtained in the grass crops and in the catch crop were also 
transformed by 1.14. In all crops, crop height was determined in the N1 and N4 plots only. Missing 
crop height values were deduced from best fit regression correlations between measured GAI and 
crop height values, assuming for all crops that crop height stayed constant with decreasing GAI. 

In order to close the data gaps for the catch crop (mustard), a dynamic plant growth model for 
oilseed rape described by [22] was used. The required specific parameterization for mustard was 
mostly derived from an unpublished mustard data set of a field trial conducted in autumn of 1998 at 
a site located near Hannover, Germany. The calibrated growth model for mustard was validated 
against above-ground DM data gained within the described field trial at HS in 2006, 2007, and 2008 
at the end of the growth period and resulted in a RMSE of 34 g m−2. Validation of the model 
concerning GAI was conducted using the GAI time course data observed during autumn and winter 
2007/2008 in HS and resulted in an RMSE of 0.92 m2 m−2. Finally, this plant growth model for 

Figure 1. Cropping systems of the field trial in Hohenschulen (HS) and Karkendamm (KD).
Thin vertical lines indicate sowing or harvest cutting dates respectively. If the interval between
harvesting and sowing of the following crop was <14 days, sowing date was not additionally shown.
Arrows indicate the freezing-off date of the catch crop, used as the harvest date. Thick vertical lines
with dots show start and end of the period, which was considered by quantification via modelling
(24 months). ‘Initiation’ indicates the model calculation period conducted in advanced to level off some
output variables, e.g., soil water contents.
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2.1.3. Measurement State Variables

Above-ground dry matter (DM yield) (Mg ha−1), above-ground N uptake (kg ha−1), crop height
(cm) and green area index (m2 m−2) (GAI) were determined as crop state variables. DM yield
and N uptake were obtained by mechanical harvest. Thereby fresh matter per unit area was
measured by the harvester’s internal weighing system and corrected to DM yield based on the
DM content of a subsample. The same subsamples were also used for determining N concentration by
near-infrared-spectroscopy (FOSS NIR Systems Modell 5000). Crop height and GAI were measured
during the whole growth period at an approximately fortnightly interval. The measurements for the
catch crop were carried out at five measurement dates during the growth period of 2008. Early stage
measurements of GAI were conducted by taking digital pictures, from which ground cover values were
estimated by a digital image analysis technique [21]. Ground cover then was transformed into GAI
values using the Lambert–Beer law. As soon as GAI values were > 1, the LAI-2000 (LI-COR LAI-2000 m;
LI-COR, Inc., Lincoln, NE, USA) was used for determining GAI.

For maize (10 plants) and wheat (0.25 m2) additional ‘destructive’ samples were taken at
every second measurement date. Plants were fractionated into leaf, stem and generative organs.
Leaf and stem area were routinely measured using the LAI-3100 (LI-COR, Inc., Lincoln, NE, USA).
These destructively measured GAI values were used to adjust the LAI-2000 GAI values by crop-specific
linear regressions without intercept, resulting in transformation factor values of 1.22 for maize and
1.14 for wheat. LAI-2000 data obtained in the grass crops and in the catch crop were also transformed
by 1.14. In all crops, crop height was determined in the N1 and N4 plots only. Missing crop height
values were deduced from best fit regression correlations between measured GAI and crop height
values, assuming for all crops that crop height stayed constant with decreasing GAI.

In order to close the data gaps for the catch crop (mustard), a dynamic plant growth model for
oilseed rape described by [22] was used. The required specific parameterization for mustard was
mostly derived from an unpublished mustard data set of a field trial conducted in autumn of 1998
at a site located near Hannover, Germany. The calibrated growth model for mustard was validated
against above-ground DM data gained within the described field trial at HS in 2006, 2007, and 2008 at
the end of the growth period and resulted in a RMSE of 34 g m−2. Validation of the model concerning
GAI was conducted using the GAI time course data observed during autumn and winter 2007/2008 in
HS and resulted in an RMSE of 0.92 m2 m−2. Finally, this plant growth model for mustard was used to
calculate the missing DM yield values at the freezing-off date and the missing GAI values over the
growth period.

Soil water content was measured using the time domain reflectometry (TDR) technique [23] at
30 cm layers down to 120 cm, which were recorded at the same time as the fortnightly measurements.
For the same soil layers, but just to 90 cm soil depth, soil samples for determining gravimetric soil
water content and mineral soil N content (SMN) were taken at sowing, at the end of autumn growth,
at the start of spring growth and at harvest. At site KD the groundwater table was measured weekly at
six dipwells using a water level meter.

2.1.4. Statistics

For both, the above-ground DM accumulated over a whole cropping system and above-ground
DM of single crops, single block values averaged over the two years were used for the statistical
analyses. Data were subjected to an analysis of variance using the SAS procedure PROC MIXED,
with block set as random (SAS version 8.2, SAS Institute Inc., Cary, NC, USA). Comparison of means
was performed by the Tukey test.

2.2. Model Based Calculations

A simple model approach was used to calculate photosynthetically active radiation interception
(Q), temperature and drought stress effects, drainage, transpiration (TIact), and evaporation (Eact) for
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the different cropping systems. Light use efficiency (LUE), transpiration use efficiency (TUE) and
evapotranspiration use efficiency (WUE) values were calculated from the measured above-ground DM
at harvest and corresponding modelled cumulative values of Q, TIact and Eact. In order to assure the
comparability of the results the time span analyzed was exactly two years (see vertical lines with dots
in Figure 1), ending for each cropping system with the harvest date of the last crop in 2008. Based on
this reference date, starting dates of the quantification periods differ slightly for the cropping systems
and do not start exactly with the sowing date of the first crop in 2006.

2.2.1. General Concept

The model approach is comparable to the approach described in [17] and [24]. Measured crop
state variables were linearly interpolated and used as inputs for the evapotranspiration and soil water
model. Root growth was modelled according to [25]. Potential evapotranspiration and soil water
balance are calculated following a mechanistic modelling approach [26]. The model is implemented
using an object-orientated component library [27]. Principally, the model runs on daily time steps,
just internal processes of the soil water balance module are calculated by a variable length of time steps.

2.2.2. Evapotranspiration Module

Potential evapotranspiration (mm d−1) (ETpot) is calculated using the Penman–Monteith
equation [28]. For calculating the canopy resistance (s m−1) (rc) and the aerodynamic resistance (s m−1)
(ra), weather data, GAI and crop height are needed as input variables. Important crop-dependent
parameters are rc0 (s m−1), canopy resistance at optimum water supply, and kglob (-), the extinction
coefficient for global solar radiation (Table 2). The value kglob was derived from the extinction
coefficient for photosynthetic active radiation (PAR) by a division factor of 1.35 [29].

Table 2. Crop parameters, their units and values, as used in the model analysis.

Parameter Dimension Crop

Maize Wheat Grass Catch Crop

rc0 s m−1 75 50 50 50
T1

◦C 6 0 0 3
T2

◦C 16 10 10 10
T3

◦C 28 20 20 20
T4

◦C 34 34 34 34
GDDemer

◦C d 77.5 168 124 150
kPAR - 0.661 0.5 0.63 +, 0.55 ++ 0.85
zr0 Cm 6 2 1 # 2

zrmax Cm 100 120 70 120
kzr cm (◦C d)−1 0.156 0.09 0.09 0.09
RL0 cm cm−2 3.7 1 1 # 1

RLmax cm cm−2 252 300 300 80
kRL cm cm−2 (◦C d)−1 0.0087 0.0045 0.0045 0.0045
ka [-] 0.009 0.042 0.042 0.042

psicrit hPa 439 200 500 500
+: Italian ryegrass, ++: Perennial ryegrass; #: Parameter values, used for simulating crop establishment.

2.2.3. Soil Water

The soil water balance module is essentially the same as described in [26]. The soil profile is
subdivided into a number of layers, for which vertical soil water movement is calculated using the
water content-based formulation of the Richards equation. The retention function proposed by [30]
in the formulation revised by [31] thereby is used. Potential transpiration is distributed between the
soil layers depending on root length densities. The actual water uptake in each layer is calculated
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by a reduction factor according to [32], using a crop-specific critical soil water potential (hPa) (psicrit)
(Table 2). Actual evaporation (mm d−1) (Eact) is calculated by a reduction factor, which corrects Epot by
the influence of low soil water content in the top soil layer, according to a critical soil water potential
(hPa) psicritevap, which was assumed to be at 22.5 hPa [33] equally for both sites. Groundwater is
considered by measured values of the groundwater table, which represent then the lower boundary
condition for the Richards equation. The van Genuchten parameters and the saturated soil conductivity
for the two different sites are given in Table 3.

Table 3. Soil texture, van Genuchten parameter considering Mualem parameterization (α, θs, θr, and n)
and saturated water conductivity (KS) for Hohenschulen (HS) and Karkendamm (KD) subdivided in
the different soil horizons [cm]. If not extra assigned, parameter values result from direct measurements
at the soil pits dug at the two sites.

Site Soil Horizn Soil Texture α (cm−1) Θs (cm3 cm−3) Θr (cm3 cm−3) N (-) KS (cm d−1)

HS

0–30

Sl4 0.043 + 0.3394 + 0 + 1.18 +
42 +

30–60
60–90

21 +
90–200

KD

0–30 mSgs 0.038 0.4276 0.1187 1.66 41
30–40 mSfs 0.035 0.3661 0.0783 2.48 91
40–50 mSgs 0.042 0.4008 0.1375 1.62 157

50–200 SS 0.087 + 0.3707 + 0.0430 + 1.57 + 67 +

+: Parameter values are derived from [34].

2.2.4. Crop Growth

GAI and crop height data are linearly interpolated by the model, starting with emergence which is
calculated by a crop-specific temperature sum (◦C d) (GDDemer) (Table 2). An empirical dynamic model
approach is used to calculate root growth [25]. Rooting depth zr (cm) thereby increases linearly with
effective temperature, for which the parameter kzr (cm (◦C d)−1) denotes the increase of rooting depth
per growing degree day. Rooting depth increase stops if a maximum predefined rooting depth zrmax

(cm) is reached. Root length RL (cm cm−2) is assumed to be a logistic function of temperature sum,
using parameters describing the initial (RL0) and maximal root length per unit soil (RLmax (cm cm−2))
and using kRL (cm cm−2 (◦C d)−1), a growth rate parameter (Table 2). The vertical root distribution
is calculated by an exponential decrease of root length density RLD (cm cm−3) with soil depth (z)
(cm). Thereby, kr, the fractional decrease in RLD per increasing soil depth, is calculated as the negative
logarithm of a fit parameter ka (-) (Table 2) divided by zr.

PAR interception (Q) is calculated by incident PAR, GAI and the extinction coefficient for PAR
(kPAR) (-) (Equation (1)).

Q = PAR
(

1− e−kPAR·GAI
)

(1)

Thereby, PAR is derived from the global radiation using a factor of 0.5 according to [35]. The kPAR

is assumed to be constant and to include effects of canopy reflection. The crop specific kPAR value
for maize was calculated from the GAI data and the measured fraction of non-intercepted diffuse
radiation (DIFN data) measured by the LAI-2000 device, according to [36]. For wheat, kPAR was taken
from [37], for mustard a kPAR value of oilseed rape was taken from [38] assuming that it is also valid
for mustard, for Italian ryegrass a value from [39] and for perennial ryegrass from [39] and [40] were
taken (Table 2).

The temperature factor (fT) (-) is calculated by the crop-specific cardinal temperatures T1, T2, T3,
and T4 [◦C] (Table 2), describing a trapezoid optimum function. The drought stress factor (SWDF) (-),
varying between 0 and 1, is calculated by the ratio between Tact and Tpot. In this study, fT and SWDF
were weighted by the daily PAR interception before calculating mean values for each cropping system,
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in order to account for the stress impact on DM production. A more detailed description of some of
the modelling approaches and equations used is given by [41].

2.2.5. Statistical Measures

The performance of the soil water model was tested concerning the soil water balance by
comparing simulated with measured values of volumetric soil water content. Coefficient of
correlation (r2) as well as slope and intercept including standard errors (SE) of the linear regression
(y = a + bx) between the measured and simulated values, root mean square error (RMSE), coefficient of
determination (CD) and modelling efficiency (EF) [42] have been determined.

3. Results

3.1. Dry Matter Yield

Under sufficient N supply (N3) the three cropping systems at HS showed small but not
significant differences of DM yield averaged over the two years (p-value 0.647) (Figure 2). At KD,
CS1 (maize–maize) yielded significantly higher than CS4 (perennial ryegrass) (N3).

However, including all N levels at both sites, cropping systems’ DM yields differed significantly,
with CS1 as the most productive system. Also the interaction CS x N was significant for both sites
(Table 4) depicting the fact that CS1 achieved higher DM yields especially under low N. At HS,
DM yield of CS2 significantly increased with increasing N supply up to 240 kg N ha−1, whereas in
CS1 and CS3, an N effect was only observed from N1 to N2 (0 to 120 kg N ha−1). At HS, no DM yield
increase occurred with N supply exceeded 240 kg N ha−1 for any of the cropping systems. In CS4
at KD, DM yield increases if N supply ranged between 0 and 320 kg N ha−1, whereas CS1 showed
an effect only from N1 to N2 (0 to 120 kg N ha−1). At KD, neither of the cropping systems achieved
higher DM yields under the N supply of N4 as compared to N3. CS1 at HS outyielded CS1 at KD,
without a significant site x N interaction.

Table 4. p-values of the main effects and interactions on the whole cropping system dry matter yields.

Site Cropping System Factors p-Value

HS CS1, CS2, CS3
N <0.0001
CS <0.0001

CS x N 0.0024

KD CS1, CS4
N <0.0001
CS <0.0001

CS x N 0.0309

HS + KD CS1
N <0.0001

site 0.0008
site x N 0.3235

Within the cropping systems CS2 and CS3, maize achieved higher DM yields compared to wheat
(Figure 2). Italian ryegrass grown as a winter cover crop produced more above-ground biomass than
the catch crop mustard. The effect of N supply on DM yields of the single crop was species dependent
and differed for maize and wheat between the cropping systems. Maize in CS3 showed no DM yield
response to an increasing N supply, whereas maize in CS1 (HS and KD) showed an increase from
N1 to N2, and maize grown CS2 from N1 up to N3. Wheat in CS2 yielded higher with an N supply
increasing from N1 to N3, whereas DM yield of wheat in CS3 only increased from N1 to N2.

At HS, cropping systems’ DM yield differed between the two years. For CS1, DM yields were
similar in both years, whereas those of CS2 and CS3 were higher in 2008. Thereby, yield differences for
wheat between both years were more distinct than for maize.
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Figure 2. Dry matter (DM) yields of the different cropping systems averaged per year, indicated by
the total height of each bar and given separately for the different N levels (1–4). Different signatures
indicate different crops. Different colors indicate the yield proportion of the crop in each experimental
year. The sum of the sub-bars with the same hatching but with different colors indicates the mean DM
yield per year of each crop within a cropping system. Significant differences (p < 0.05) between the
different N treatments within a cropping system are indicated by different letters (‘a’ to ‘c’).

3.2. Radiation Interception, Light-Use Efficiency, Stress Factors

Both crop rotations with winter crops, CS2 and CS3, intercepted high portions of radiation
during longer periods than CS1, although low incident PAR occurred during autumn and winter,
as derived from the temporal dynamics of incident PAR and of the proportion of PAR interception
(Figure 3). PAR interception of CS1 is restricted to a comparatively short period (late spring till
autumn), leaving considerable amounts of potential PAR in spring unused. In total, this led to the
lowest accumulated PAR interception (ΣQ) by CS1, followed by CS3, and to highest ΣQ by CS2
(Table 5). At KD, ΣQ of CS4 clearly exceeded that of CS1 (Table 5), despite its low above-ground DM
yield (Figure 2). The observed PAR interception of the cropping systems is not correlated with their
DM yield. CS4 clearly showed the lowest LUE values of all cropping systems. LUE of CS1 was higher
at HS than at KD, whereas ΣQ differed just slightly. Average LUE values ranked opposite to those of
ΣQ with the highest values for CS1 and lowest for the grass swards (CS4) (Table 5).

The cropping systems differed in their response of PAR interception and light use efficiency to
N supply, with larger increases of PAR interception due to higher N supply in CS2, CS3 and the grass
systems and somewhat higher effects on LUE in CS1, especially at the KD site. These differences are
caused by the differences between the crops they consist of and cropping system effects (Figure 4).
In general, maize had a higher LUE than the C3 crops wheat and grass, but the N effect on the maize
crops differed between the cropping systems (Figure 4). Especially in CS3 where a catch crop was
grown before maize, the N effect on LUE and PAR interception was negligible. Radiation interception
of wheat and grass was more sensitive to increasing N supply than it was for maize but tended to be
more stable in LUE than maize in CS2 and CS3.
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Table 5. Photosynthetic active radiation (PAR) interception (MJ m−2 a−1) and light use efficiency (g MJ−1)
of cropping systems in Hohenschulen (HS) and Karkendamm (KD), separated between N-levels.

Site Cropping System PAR Interception (MJ m−2 a−1)

N-Level

1 2 3 4 Mean

HS
1 713 741 747 748 737
2 826 999 1046 1041 978
3 770 901 905 921 874

KD
1 690 769 761 763 746
4 998 1340 1434 1449 1305

Light Use Efficiency (MJ.m−2.a−1)

HS
1 1.9 2.4 2.5 2.5 2.3
2 1.0 1.5 1.7 1.5 1.4
3 1.7 1.9 1.9 1.9 1.9

KD
1 1.4 2.0 2.2 2.3 2.0
4 0.3 0.7 0.9 0.9 0.7
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Reported ΣQ and LUE values (Table 5) were affected by calculated drought (SWDF) and temperature
stress (fT) factors (Table 6). At HS, SWDF and fT did not differ strongly between the cropping systems.
Nevertheless, at high N supply the lowest drought stress impact occurred in CS1, as indicated by highest
SWDF values, whereas the lowest impact of suboptimal temperatures was observed in CS3, as indicated by
the highest fT values. At KD, CS4 (grass sward) was clearly exposed to a higher drought stress compared
to CS1, whereas no differences concerning fT were observed between CS4 and CS1. Without N supply,
all cropping systems showed slightly lower drought stress than with N supply. As expected, N supply level
did not affect the temperature stress factor fT in all cropping systems.

Table 6. Calculated drought stress factor (SWDF) and temperature stress factor fT of all crops and
cropping systems in Hohenschulen (HS) and Karkendamm (KD), separated between cropping systems
(CS) and N-levels. Only SWDF is given separately for the different N-Levels because fT was not
influenced by N supply. fT and SWDF were, before averaging, weighted by the daily PAR absorption.
High values indicate low stress impact. Means of a crop rotation is given in bold.

Site Crop/System SWDF fT

N-Level

1 2 3 4 Mean

HS

Maize CS1 0.95 0.92 0.90 0.91 0.92 0.88
Maize CS2 1.00 0.96 0.95 0.96 0.97 0.87
Wheat CS2 0.89 0.81 0.78 0.77 0.81 0.93

Grass Intercrop CS2 0.96 0.95 0.95 0.95 0.95 0.78
CS 2 0.94 0.89 0.88 0.88 0.92 0.86

Maize CS3 0.93 0.90 0.91 0.92 0.92 0.88
Wheat CS3 0.90 0.81 0.80 0.78 0.82 0.94

Mustard CS3 1.00 1.00 1.00 1.00 1.00 0.73
CS 3 0.93 0.87 0.86 0.86 0.91 0.85

KD
Maize CS1 0.93 0.90 0.90 0.90 0.90 0.90
Grass CS4 0.84 0.80 0.80 0.80 0.81 0.90
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different cropping systems as a function of the N fertilization level of the cropping systems (CS1–CS4)
cultivated at Hohenschulen (HS) and Karkendamm (KD).



Agronomy 2018, 8, 117 12 of 20

3.3. Water Balance and Water-Use Efficiencies

The approximately fortnightly-measured soil water content data for 0–90 cm (mean values
of replications) (cm3 cm−3) were used to evaluate the model performance in terms of soil water
balance. At both sites the r2 value of 0.75 and the RMSE of 0.025 cm3 cm−3 indicate an adequate
model performance (Table 7). The chosen examples of time courses of simulated and measured
soil water contents (HS CS3 N4 2008 and KD CS1 N4 2008, Figure 5) revealed some considerable
differences between the two sites. At HS, the variability of the soil water content dynamic over time
was much higher compared to the variability observed within one measurement date. In contrast,
at KD, a generally high variability of the soil water content data within one measurement date
occurred, accompanied by a generally low variability of the whole soil water content dynamic over
time, which had to be considered. This lower variability of the soil water dynamic over time results in
the lower accuracy for modelling the dynamics for KD compared to HS (Table 7).

Table 7. Model performance for soil water contents in the soil layer from 0–90 cm calculated for all data
(HS + KD) of the field experiment and separately for each site (Hohenschulen (HS) and Karkendamm
(KD)). Statistical parameters are slope, intercept and their SEs and r2 of the linear regression between
the measured and simulated results, RMSE, EF, CD, and n.

Site Slope (SE) Intercept (SE) r2 RMSE EF CD n

HS + KD 0.84 (±0.035) 0.037 (±0.009) 0.75 0.025 0.72 0.94 187
HS 0.68 (±0.047) 0.085 (±0.013) 0.62 0.026 0.47 0.75 131
KD 0.56 (±0.076) 0.080 (±0.015) 0.51 0.022 0.08 0.58 56
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Figure 5. Measured and simulated soil water contents in the soil layer from 0–90 cm over time,
based on examples for CS3 (silage maize–winter wheat for grain production, mustard as catch crop),
N4 (360 kg N ha−1) at Hohenschulen (HS), 2008 and CS1 (maize–maize), N4 (360 kg N ha−1) at
Karkendamm (KD), 2008. Lines assign simulation values, crosses assign single measured data points
and closed symbols assign the average of the measurements.
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Drainage was substantially different for both sites, with clearly higher values (plus approx.
180 mm) calculated for CS1 at KD compared to CS1 at HS (Table 8). A decrease of drainage with
increasing N supply was observed, but not very marked.

For CS4 at KD, a lower cumulative actual evaporation (cum. Eact), but a much higher
(plus approximately 100 mm) cumulative actual transpiration including interception (cum. TIact)
was calculated compared to CS1 (Table 8) leading in combination with low DM yields to low values
for WUE in CS4. For CS1 the lower cumulative Eact and Tact values at KD together with the only small
difference in DM yields resulted in a higher WUE for KD on average over the N treatments.

Evapotranspiration, cumulative TIact and cumulative Eact were only slightly higher (plus approx.
40 mm) for CS4 compared to CS1. At HS, CS2 produced lowest drainage and cum. Eact values in
combination with highest cum. TIact values (Table 8). CS1 and CS3 showed similar drainage and
cum. Eact values, but CS3 showed slightly higher TIact values. The differences in evapotranspiration
between the cropping systems grown in HS were also negligible, only CS1 showed a slightly lower
(minus approx. 30 mm) value.

Table 8. Accumulated values of actual evaporation (Eact), transpiration including interception
(TIact), total evapotranspiration, drainage, and water use efficiency (WUE) calculated by simulation
modelling for the different cropping systems (CS) on the two experimental sites under four different
N supply levels.

Site CS N-Level Eact (mm a−1) TIact (mm a−1) ETact (mm a−1) Drainage (mm a−1) WUE (g mm−1)

HS

1

1 198 307 504 342 2.7
2 190 327 517 336 3.4
3 187 333 520 337 3.5
4 186 337 522 335 3.6

2

1 209 288 497 338 1.7
2 176 367 543 301 2.7
3 166 392 557 288 3.2
4 166 386 553 293 2.9

3

1 212 308 520 341 2.6
2 193 353 546 327 3.1
3 192 355 547 328 3.2
4 191 358 549 328 3.2

KD

1

1 139 238 377 530 2.6
2 122 289 411 501 3.8
3 123 288 411 502 4.1
4 121 293 415 500 4.3

4

1 136 237 373 536 0.8
2 92 346 438 473 2.1
3 76 382 458 455 2.9
4 72 387 459 455 2.9

On average, the maize crops had the highest TUE values and grass the lowest (Table 9).
The N response of TUE thereby followed the N effects on DM yield (Figure 2). Therefore, at KD
the calculated averaged TUE values were clearly lower for CS4 compared to CS1 (Table 9) and at HS,
TUE decreased in the range CS1 > CS3 > CS2 (Table 9).

Table 9. Transpiration use efficiency (g mm−1) of the cropping systems (CS) in Hohenschulen (HS) and
Karkendamm (KD), separated between N-levels.

Site CS N-Level

1 2 3 4 Mean

HS
1 4.9 6.2 6.3 6.5 5.9
2 3.4 4.5 5.2 4.6 4.4
3 4.8 5.4 5.5 5.5 5.3

KD
1 4.6 6.3 6.8 7.1 6.2
4 1.6 3.3 4.5 4.4 3.4
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3.4. Nitrogen Demand and Nitrogen-Use Efficiency

Using linear-plateau regressions of DM yield over N supply, optimal N supply (kg N ha−1) (Nopt)
and fertilizer N use efficiency (Mg DM (kg Nfertilizer)−1) (NUE) were estimated for all cropping systems
(Table 10). The minimum N supply for maximum DM yields, Nopt, is indicated by the break point
of the function; NUE is determined by the slope of the connecting line between the origin and the
break point. N demand of CS4 at KD, indicated by Nopt, was nearly double that of the Nopt of CS1 at
the same site, whereas NUE of CS1 was 2.3 times higher compared to that of CS4. CS2 at HS showed
the lowest NUE and the highest Nopt compared to CS1 and CS3. NUE and Nopt of CS1 and CS3 were
similar. In addition, Nopt of CS1 at HS and KD were similar, whereas NUE for CS1 grown at HS was
slightly higher due to the higher DM yields.

Table 10. Minimum N supply for maximum DM yield (Nopt), resulting from a linear-plateau-regression
of dry matter yield over N supply; and fertilizer nitrogen-use efficiency (NUE). Nopt and NUE are
given separate for all cropping systems in HS and KD.

Site CS Nopt (kg N ha−1) NUE (Mg DM (kg Nfertilizer)−1)

HS
1 144 0.130
2 270 0.063
3 136 0.129

KD
1 154 0.112
4 273 0.048

4. Discussion

The objective of this study was to analyze cropping systems for biogas production in terms of their
productivity, resource use efficiency, and growth limitations. This may contribute to the development
of improved cropping systems, avoiding the negative side effects of the prevailing maize dominated
systems [3]. The challenge in sustainable bioenergy cropping is to ensure both high yields and reduced
environmental effects [43].

4.1. DM Yield

Crop rotations including winter cover crops and combining C4 and C3 crops achieved DM yields
similar to continuous maize (Figure 2). The productivity of the perennial ryegrass system on the sandy
site KD, however, was clearly lower.

A short-term crop rotation experiment with two years of field data, however, is subject to some
erratic effects of specific weather conditions and effects of previous crops different from the tested crop
rotation. The wheat crop in 2007 was the third successive wheat crop grown at this field, leading to
exceptionally low yields due to the known effects of self-incompatibility of wheat [44,45]. For the
maize systems on the other hand, the duration of the crop experiment was not able to reproduce the
known yield decline of maize in monoculture [46]. In general, therefore, higher yields can be expected
from the cropping systems including wheat if a longer time period had been tested. Although wheat
has the highest grain yield potential at HS, winter rye or winter triticale may have performed better as
whole plant silage crops in CS2 due to their more vigorous growth in spring and their higher yield
potential in total above-ground DM [47].

4.2. PAR Interception and LUE

DM yield is a function of both PAR interception and efficiency of its conversion into biomass
(LUE) [48]. The cropping systems tested in our experiment showed a wide range of radiation
interception, with a ranking of CS4 > CS2 > CS3 > CS1 (for sites HS and KD) (Table 5). This was mainly
caused by differences in the leaf area duration, with the highest values for CS4 followed by CS2 and
CS3 and lowest for CS1. Some current studies underline the importance of high leaf area duration for
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high biomass production. Heggenstaller et al. [4] found 25% higher DM yields in a triticale-maize
double-cropping system compared to a sole-grown maize due to higher amounts of PAR interception
in the double-cropping system. Dohleman and Long [49] showed that the higher yields in miscanthus
compared to maize were primarily caused by a higher leaf area duration. However, in our study,
the higher PAR interceptions for CS4, CS2, and CS3 as compared to CS1 did not result in higher DM
yields. Consequently, the resulting LUE values of these cropping systems were comparably lower
(Table 5). The crops, and consequently the cropping systems, realized high biomass yields therefore
by different combinations of fractional light use and light use efficiency (LUE) (Table 5), which were
negatively correlated for the cropping systems tested (data not shown).

4.3. Impact of Stress Factors on LUE

The lower LUE of the cropping systems partly comprised of overwintering C3 crops may be
caused by suboptimal environmental conditions, like low temperatures [50,51] or water deficit [52]
and the lower LUE of C3 crops under conditions suitable for C4 crops [48]. Higher drought stress
thereby may be the consequence of higher transpiration caused by the higher radiation interception
of CS2, CS3, and CS4 (Table 5). SWDF values for the perennial ryegrass grown at the sandy soil site
KD (Table 6) indicate that drought stress was an important factor limiting the potential LUE for this
cropping system. For all other cropping systems, drought stress, however, was mild. This indicates
that the relatively high water availability at our sites allows, especially in the case of HS, to balance the
higher water demand (Table 8) of the crop rotations caused by high leaf area duration. The relative
yield level or yield advantage of double cropping systems, however, depends clearly on the availability
of sufficient water [6].

The observed small differences in the fT values between the cropping systems do in a first view
not agree with the hypothesis of a stronger reduction of LUE for the thermophile C4 crop maize at
relatively low temperatures [7]. However, it has to be borne in mind that the temperature response
functions used to calculate fT differed between the crops.

LUE values measured or calculated for C4 crops generally exceed those of C3 crops [53–55],
which is in line with our results. The single-crop LUE (Figure 4) fit well into the range of values
reported in the literature for these crops [49,50,52,56–59]. The comparatively low LUE observed for
the perennial ryegrass and Italian ryegrass may partly be caused by the periodic defoliation and the
differences in DM partitioning between shoot and root [60].

4.4. Impact of N Supply on DM Yields

The positive N supply effect on DM yields was, at least in the cropping systems including maize
(CS1, CS2, and CS3), mainly due to a clear increase of LUE (Table 5, Figure 4). N supply generally
affects LUE by increasing leaf N content per unit leaf area [12]. Lemaire et al. [61] describe a reduction
of resource use efficiencies while maintaining leaf area as a typical response of maize to N limitation.
Akmal and Janssens [60] found for C3 grasses both a reduction of LUE and a reduction of leaf area,
fitting well to the results observed in CS4 (Table 5, Figure 4).

C4 and C3 crops differed not only in their response to N supply, but also in the efficiency to use N for
biomass production. Maize, as a C4 crop, showed a higher NUE [62] resulting in lower N optima in CS1.
The very low N fertilizer demand of CS3 for achieving maximum DM yields (136 kg N ha−1 a−1) was a result
of a cropping system effect [15]. Averaged over all N treatments and years, SMN (0–90 cm) in early spring
were about 20 kg N ha−1, 40 kg N ha−1 and 80 kg N ha−1 following Italian ryegrass (CS2), fallow (CS1) and
mustard (CS3) as catch crop, respectively. Mustard apparently reduced N leaching during wintertime and
released the incorporated N after freezing-off, thus providing it with the subsequent crop [63].
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4.5. Water Balance and Transpiration Use Efficiency

Differences in the green leaf area duration of the cropping systems affected the level and dynamic
of PAR interception (Table 5) as well as the amount of transpiration, evaporation, drainage (Table 8)
and, in consequence, the level of TUE (Table 9) and WUE (Table 8).

A reduced drainage rate caused by a longer leaf area duration of double cropping systems for
bioenergy production and may in some areas subject of critical concern [64], especially in the context
of future climate change, but for the experimental sites, groundwater recharge was with 40–50% of the
annual rainfall rate in any case still high enough to ensure a high level of water availability.

Compared to LUE, TUE of the cropping systems raised with increasing proportion of C4 crops
in the cropping system due to the TUE values of C4 crops compared to C3 crops [65,66]. However,
TUE was not only affected by physiological aspects of the crops, but also of the sites. CS1 at KD
showed a higher TUE compared to that at HS, which can be explained by higher wind speed at HS,
while no differences in saturation deficit were observed (Table 1).

4.6. Method of Analysis

Analyzing cropping system effects on resource use efficiencies relies on an accurate estimate
of DM or grain yield as the typical output of cropping systems and the inputs on the other hand.
Some inputs like the input of N fertilizer can easily be quantified, but the use of resources like PAR and
water require a dynamic approach because it is driven by a continuous process. We combined time
series of measured crop state variables with dynamic simulation model components. Other approaches
rely on measurements only [67] or use simulation models parameterized to sufficiently depict the crops
involved [68,69]. We feel that our approach gives additional and more precise options for analyzing
resource use than the purely empirical approach while avoiding inevitable prediction errors when
using crop models with large numbers of partly unknown parameters. Clearly, the approach used
in this study is restricted to analytical applications [24] and cannot be used for predictive purposes.
In addition, it can be assumed that investigations over a period longer than that in our experiment
might modify the simulations.

In general, it is difficult to transfer results from one site to another due to differing site conditions
(e.g., weather, soil). However, combining measured data from the experiment with those of simulation
modelling allows this problem to be partly overcome since site conditions can be taken into account [41].

5. Conclusions

Our study indicates that crop rotations including winter cover crops and combining C4 and C3
crops can achieve biomass yields comparable to continuous maize due to higher leaf area duration and,
therefore, higher PAR interception. However, maize was—in terms of resource use efficiency—the most
efficient crop. The potentially higher LUE of the C4 crop maize was not overcompensated by
suboptimal environmental conditions like low air temperatures. In addition, the advantage of
a high TUE observed for maize was only partly cancelled out by high amounts of evaporation,
and WUE values for both single-grown maize crops were higher. Groundwater recharge was mainly
site dependent, but on both sites it was higher for maize than for crop rotations and perennial ryegrass,
respectively. Finally, at both sites continuous maize was highly efficient in terms of N use. Nopt was
similar in the maize–maize (CS1) and the crop rotation with mustard as catch crop (CS3), but much
higher for the crop rotation with Italian ryegrass (CS2). The investigated perennial ryegrass was clearly
less productive compared to the maize–maize, mainly due to very low resource use efficiencies as
a result of a combination of genetic, crop management-specific and stress-induced factors. A full
assessment of bioenergy cropping systems has to consider further aspects, like nutrient losses, status of
soil carbon content, and especially greenhouse gas reduction potential. Approaches that focus on
biomass yields and resource use efficiencies are valuable for evaluating bioenergy cropping systems,
because they can take into account both economic and ecological sustainability.
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