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Abstract
Perennial energy crop (PEC) fields need to be reintegrated into the farm's crop ro-
tation when yield performance declines after years of use or when the farm opera-
tion requires it. In this study, 8- year- old stands of cup plant (Silphium perfoliatum 
L.) and lucerne grass followed by field grass were converted to arable cropping, 
while continuous silage maize (Zea mays L.) grown over the same period served 
as a control. The study aimed to assess changes in the weed flora, control of cup 
plant regrowth, pre- crop value of PECs for subsequently grown maize and N release 
through mineralization of crop litter and soil organic matter in the first year after 
converting the PECs. The previously practiced cropping systems resulted in widely 
divergent maize weed populations. About 90% of the cup plant volunteers were suc-
cessfully eliminated by two treatments of herbicides containing clopyralid. Maize 
following cup plant exhibited a faster soil cover, earlier male and female flowering, 
taller plants and a 10.6% and 13.6% higher aboveground biomass yield than for-
mer field grass and maize respectively. The N release by mineralization of 222 and 
238 kg N ha−1 following cup plant and field grass conversion, respectively, clearly 
exceeded the 129 kg N ha−1 observed in the maize control. The residual mineral ni-
trogen in the 90 cm soil profile after the maize harvest was also significantly higher 
in the former field grass and cup plant plots than in the maize control. The excess N 
in the first year after reverting to annual cropping runs the risk of N leaching. Given 
that N fertilization is substantially reduced after cup plant and field grass conversion, 
maize appears to be a well- suited follow- up crop due to its good suppression of cup 
plant volunteers and high N uptake capacity which helps minimize nutrient losses 
to the environment.
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1 |  INTRODUCTION

Silage maize (Zea mays L.) with a mass- based share of 75% 
is currently the dominating renewable biogas substrate in 
Germany (FNR, 2021). In second position with a share of 
10% (FNR, 2021) follows grass which comes, for example, 
as field grass from arable land, permanent grassland or from 
areas used with low input such as landscape conservation 
programs. The novel perennial energy crop (PEC) cup plant 
(Silphium perfoliatum L.) is gaining increasing attention as 
an alternative to silage maize. The cup plant area in Germany 
has steadily increased from about 400 ha in 2015 to around 
6,000 ha in 2020 (R. Brodmann, personal communication, 
19 January 2021). This development was supported by (a) 
the significant reduction of costs for establishing cup plant 
stands through sowing instead of planting (Fröhlich et al., 
2016), (b) gradually capping of maize inputs to biogas plants 
to a maximum mass- based share of 44% from 2021 onwards 
(EEG, 2017), and (c) direct payments to cup plant growers 
under the EU Greening Programme (European Commission, 
2018).

When for economic or other reasons cup plant and field 
grass are no longer used for the feeding of biogas plants, 
the former PECs must be removed and the land reintegrated 
into the farm's crop rotation. The conversion of grassland to 
arable land has been studied under various aspects such as 
soil mineral N dynamics (Buchen et al., 2017), N leaching 
losses (Seidel et al., 2009; Strebel et al., 1988), nitrous oxide 
(N2O) emission (Davies et al., 2020; Mielenz et al., 2017) 
and bacterial community structure (Obermeier et al., 2020). 
It should be considered that the particular features of perma-
nent grassland such as high carbon and nitrogen stocks as 
well as beneficial ecological functions (Nitsch et al., 2012) 
are less marked in field grass due to its shorter longevity. In 
the European Union, arable grass stands must be converted to 
agricultural land at least once every 5 years to prevent them 
from becoming permanent grassland (European Parliament 
& Council of the European Union, 2013). In contrast to 
grassland, there are no results from conversion experiments 
with cup plant available so far.

Over the years, cup plant develops large lignified root-
stocks (Figure 1a) which must be crushed such that succeed-
ing crops can be cultivated without problems. The reversion 
of old cup plant stands thus resembles somewhat the removal 
of perennial bioenergy grasses with extensive rhizomes like 
Miscanthus (Dufossé et al., 2014; Mangold et al., 2019; 
Rowe et al., 2020) and switchgrass (Panicum virgatum L.; 
Moore et al., 2020). A further challenge following cup plant 
conversion is volunteers developing either from root stock 
buds or from seeds. Uncontrolled regrowth of Jerusalem 
artichoke (Helianthus tuberosus L.), a close relative of cup 
plant, caused yield reductions of succeeding sugar beet and 
maize of 91% and 81% respectively (Schittenhelm, 1996). 

The willingness to invest in PECs would increase if the farm-
ers know that they can easily convert back to annual crops if 
markets change (Song et al., 2011).

F I G U R E  1  Cup plant shoots developing from root stocks in 
spring of the third year after planting (a), weed infestation of maize 
grown on a former cup plant plot with volunteers marked by red 
arrows (b), cup plant volunteers grown from buds of rootstock 
fragments from varying soil depths (c), aerial photographs taken on 25 
June 2020 of three adjacent maize plots formerly planted with (from 
top to bottom) maize, cup plant and grass (d)
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The transition from perennial cup plant and field grass to 
annual cropping, that is, from no- till to till systems, results in 
the degradation and mineralization of crop residues and soil 
organic matter (SOM) and the release of N and other nutrients. 
The knowledge of the potential N mineralization rates could 
be used, for example, to adapt to the Fertiliser Application 
Ordinance (DüV, 2017) with respect to the N fertilizer recom-
mendation of crops after the change in land use. Otherwise, 
there is a risk that the excess soil inorganic N may pollute 
surface and groundwater resources and/or cause climate- 
damaging N2O emissions (Drury et al., 2014). Nitrogen min-
eralization rates in the first year after conversion of permanent 
grassland to cropland can range from 100 to 500 kg N ha−1 
(Vertès et al., 2007). Due to the lack of conversion experi-
ments, no such information is yet available for cup plant.

The present study addressed various issues regarding the 
reintegration of former perennial cup plant and field grass 
bioenergy crops into a farms crop rotation. The study was 
based on 8- year- old field plots with perennial cup plant, field 
grass and silage maize. The PEC plots were rotary harrowed, 
ploughed and sown with maize, while the existing silage 
maize monoculture was continued and is hereinafter referred 
to as maize control. The aims of the study were to (1) exam-
ine the changes in the weed flora after several years of grow-
ing different types of energy crops; (2) assess the efficiency 
of controlling the cup plant regrowth; (3) determine the value 
of the different pre- crops in terms of development and yield 
of a succeeding maize crop; and (4) estimate the amount of N 
released through mineralization of organic matter in the first 
year after reverting the PECs to arable cropping.

2 |  MATERIALS AND METHODS

2.1 | Description of the site and the field 
experiment

The study is based on a field experiment which was es-
tablished at the JKI Institute for Crop and Soil Science in 
Braunschweig (52,296°N, 10,438°E) in spring of 2012. 
The site is elevated 76 m above sea level with a mean long- 
term (1962– 2006) annual air temperature and precipitation 
of 9.1°C and 616 mm respectively. The soil at the site is a 
loamy sand with locally compacted clay- rich bands in the 
60– 90  cm soil layer, typical for a Lamellic Luvisol (FAO, 
2015). The plant- available water content at field capacity 
amounts to 185  mm in the upper 150  cm of the soil. The 
experiment was arranged in a two- factorial split- plot with 
four replications (blocks) with two water regimes (with and 
without artificial irrigation as main plots) and three bioen-
ergy crops (permanent cup plant, perennial lucerne grass and 
continuous silage maize) as subplots. Each of the 24 subplots 
had a size of 240 m2. The main focus in the first phase of 

the experiment (2012– 2014) was on root traits (Schoo et al., 
2017), water use efficiency (Schoo et al., 2017) and methane 
yield (Schoo et al., 2017) of the novel bioenergy crop cup 
plant in comparison with the other two already established 
biogas crops. In 2015, the previously exhausted lucerne grass 
was replaced by field grass (also referred to as grass in the 
figures) consisting of a perennial grass mixture. In order to 
establish the field grass, the soil was tilled with a C 250 ro-
tary tiller (Maschio Gaspardo, Campodarsego) followed by 
a KE 303 rotary harrow (Amazonen- Werke GmbH & Co. 
KG) for seedbed preparation. In the second experimental 
phase (2016– 2019), heavy rain simulation was practiced on 
the formerly irrigated subplots aiming to provoke seepage 
and surface runoff. Hence, in the second phase, the primary 
emphasis was on water infiltration, nitrate leaching and soil 
erosion (Grunwald et al., 2020) as well as on soil aggrega-
tion and aggregate- associated soil organic carbon (Grunwald 
et al., 2021). The third phase of the experiment which was 
the subject of the present study started in autumn of 2019 
after the final harvest of phase 2. The third phase involved 
the destruction of the cup plant root stocks and the field grass 
sward followed by the uniform sowing of maize in all plots 
in spring 2020 including the existing maize plots which re-
mained intact and served as a control.

2.2 | Management of the previous 
crops and the succeeding maize crop

Details of the crop management are provided in Schoo, 
Wittich, et al. (2017) for the first phase and in Grunwald et al. 
(2020) for the second phase of the experiment. During these 
experiments, herbicides were used for weed control in maize 
but not in cup plant and field grass. The final experimental 
harvest was on 28 August 2019 for both cup plant and maize 
and on 17 September 2019 for field grass. Because minerali-
zation practically ceases at temperatures below 5°C, the win-
ter period was chosen for carrying out the conversion of the 
PECs. The rotary tiller with an operating speed of 2– 3 km h−1 
was used to crush the cup plant rootstocks on 19 December 
2019 and to destroy the field grass sward on 2 January 2020. 
The rotary tiller treatment was repeated on all cup plant, 
field grass and maize plots on 6 April 2020. A basic fertiliza-
tion of 166 kg K ha−1, 18 kg Mg ha−1 and 20 kg S ha−1 was 
provided on 17 March 2020. After ploughing with a Rabe 
110 C (Rabe Agrartechnik Vertriebsgesellschaft mbH) and 
preparing the seedbed with the rotary harrow, all 24 field 
plots were sown on 27 April 2020 with the medium early 
Fabiano silage maize (KWS SAAT SE & Co. KGaA) at a 
density of 95,000 plants ha−1 and rows spaced 0.75 m. The 
maize emerged on 11 May and was fertilized on 14 May with 
180  kg  N  ha−1 in the form of calcium ammonium nitrate. 
The experiment was overhead irrigated with a travelling 
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sprinkler (Hüdig GmbH & Co. KG) on 24/25 June (35 mm) 
and again on 11/12 August (37 mm). On 7 September, the en-
tire maize plots were harvested at 20 cm stubble height with 
a Champion 1200 two- row maize chopper (Kemper GmbH 
& Co. KG) on attached forage trailers. The fresh weight of 
the harvested maize was determined with portable wheel load 
scales (Bitzer Wiegetechnik GmbH).

2.3 | Weed infestation and weed control

At six positions evenly distributed within a plot, two 
0.5  ×  0.5  m weed counting frames were placed in such a 
way that both the maize rows and the spaces between them 
were captured (total area covered: 3.0 m2 per plot). Two days 
prior to the herbicide treatment, the number of weeds and cup 
plant volunteers were recorded. While the majority of vol-
unteers originated from root stock buds, a small proportion 
also emerged from seeds. The frequency of occurrence of a 
given weed species was calculated as the number of subplots 
with the species present divided by the total number of sub-
plots (8) and multiplied by 100%. On 29 May, in the five- leaf 
stage of maize, a tank mix of Effigo (23.5 g ha−1 picloram + 
93.5 g ha−1 clopyralid) and Elumis Gold Pack (37.5 g ha−1 
nicosulfuron  +  93.8  g  ha−1 mesotrione  +  781  g  ha−1  S- 
metolachlor  +  469  g  ha−1 terbuthylazine) was sprayed for 
weed control. The herbicidal active ingredients differ in 
their mechanisms of action, with clopyralid being particu-
larly effective against Asteraceae species such as Jerusalem 
artichoke. While all weeds and grasses were completely 
eliminated, a few cup plant volunteers survived the herbi-
cide treatment and some new ones had emerged. Therefore, 
a second volunteer control was carried out on 17 June using 
Lontrel 720 SG at half the recommended application rate 
(83  g  ha−1 clopyralid). The volunteer's degree of damage 
in terms of degree of chlorophyll depletion was visually as-
sessed on 5 August and grouped into categories representing 
no, light, medium, heavy and complete damage respectively.

2.4 | Sampling of soil, plant and water and 
chemical analyses

For determining the mineralized soil nitrogen (Nmin), six soil 
cores were taken along the plots diagonal on 18/19 March 
and 8/9 September in 2020 using a soil sampling system 
equipped with a soil corer (18  mm), percussion hammer 
and electric puller mounted on a caterpillar. The soil cores 
were sectioned into 30  cm increments: 0– 30, 30– 60 and 
60– 90  cm. The six samples from each soil depth of a plot 
were merged in the field into a composite sample giving a 
total of 72 soil samples which were cooled immediately after 
sampling and stored at −20°C until analysis. The Nmin in the 

form of nitrate (NO3) and ammonium (NH4) was analysed in 
0.0125 M CaCl2 extracts using a San++ Continuous Flow 
Analyser (Skalar Analytical B.V.) according to the guideline 
A 6.1.4.1. (VDLUFA, 2002). The total Nmin (NO3- N + NH4- 
N) in kg ha−1 was calculated using a bulk density of 1.42 and 
1.50 g cm−3 for 0– 60 and 60– 90 cm soil depth respectively. 
The bulk densities were determined by taking undisturbed 
soil samples with 100 cm3 steel rings close to the experimen-
tal field. Approx. 10 kg of the chopped maize biomass per 
plot were taken for further analyses. Two subsamples were 
dried either at 105°C to obtain the dry matter (DM) concen-
tration or at 60°C for the subsequent analyses of total C and N 
contents. The material for the chemical analyses was ground 
to <1 mm using a laboratory mill (Brabender). The C and 
N analyses were performed according to the Dumas com-
bustion method with a Vario MAX Cube device (Elementar 
Analysensysteme GmbH). Twenty cup plant root stock frag-
ments were randomly collected in former cup plant plots for 
determining their size (fresh weight) and carbon to nitrogen 
(C/N) ratio. The rootstocks were washed, dried to a constant 
weight at 60°C, weighed, ground to <1 mm with a Retsch 
ZM 200 high speed rotor mill (Retsch GmbH) and analysed 
for C and N as described above in this chapter. Samples 
of the irrigation water were analysed for the N concentra-
tion (NO3- N and NO2- N) with a Metrohm 761 Compact IC 
(Metrohm AG). The amount of nitrogen input via irrigation 
water was calculated by multiplying the total N concentration 
by the amount of water applied in the field.

2.5 | Development, biomass yield and N 
uptake of the maize crop

A number of traits were recorded during the maize growing 
period in order to assess the effect of the previous crops on the 
growth and yield of the subsequent maize crop. The degree of 
maize soil cover was documented on 25 June by taking aerial 
images with a Mavic Mini drone (DJI) from a height of around 
30 m. The drone was equipped with a 12 Megapixel 1/2.3- 
inch complementary metal- oxide semiconductor image sen-
sor. The degree of soil cover of each plot was estimated using 
Image Analysis version 1.12 (Böttcher, 2007). The beginning 
of male and female flowering was determined on 20 plants in 
two central rows of a plot. The beginning of male flowering 
was defined as the day of year (DOY) when the mid branch of 
the tassel of 10 out of 20 tagged plants were shedding pollen. 
The beginning of female flowering was defined as DOY when 
50% of the plants had protruded silks from the husks. The plant 
height was measured as the length from the base of the stem 
to the uppermost ligule, that is, the transition from leaf blade 
to leaf sheath, on each five plants in the two central rows of a 
plot. The aboveground DM yield was calculated by multiply-
ing the aboveground fresh matter yield (see Section 2.2) by the 
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DM concentration (see Section 2.4) and dividing by 100. The 
aboveground DM yield was multiplied by the N concentration 
to obtain the nitrogen uptake through the aboveground maize 
biomass, that is, the harvested crop N.

2.6 | Estimating the magnitude of N 
mineralization based on the soil- plant system 
N budget

The major components of the N budget for the field plots 
in the 0– 90 cm soil profile, that is, the maize rooting depth, 
were either measured directly (see chapters 2.2, 2.4 and 2.5.) 
or, in the case of N deposition, a reliable estimate was used. 
However, the magnitude of N inputs from mineralization of 
organic matter and N outputs through leaching, denitrifica-
tion and immobilization into SOM were unknown. The mag-
nitude of this unaccounted- for nitrogen (Nua; Allison, 1955; 
Buchen et al., 2017; Meisinger et al., 2008) was estimated 
based on the known components of the N budget according 
to the following equation:

where Nharvest is the harvested crop N, Nmin_harvest is the soil 
mineral N at 0– 90 cm depth after harvest in autumn, Nmin_spring 
is the soil mineral N at 0– 90 cm depth before sowing in spring, 
Nfertilizer is the amount of mineral N fertilizer (180 kg N ha−1) 
supplied to the maize crop, Nirrigation is the N input via irrigation 

water (8.21 kg N ha−1) and Ndeposition is the annual atmospheric 
N deposition (about 14 kg N ha−1) at the study site (UBA, 2019). 
This approach for estimating Nua corresponds to that of Buchen 
et al., (2017), with the content of the left and right brackets in 
Equation (1) representing the terms B and A used there.

2.7 | Statistical analysis

The redundancy analysis (RDA) was used as direct ordina-
tion method to explore pattern in weed community composi-
tion in relation to the previous crop (cup plant, field grass, 
maize). The model included Hellinger transformed weed 
densities as species matrix and previous crop as explanatory 
variable. Block was included as conditional effect to partial 
out variability due to the experimental design. ANOVA like 
permutation tests were performed to test the axis of RDA 
and the explanatory variable of the model. Thereby permu-
tations were restricted so that observations only permuted 
within blocks. Associations of each weed species with pre-
vious crop were tested using a multilevel pattern analysis 
based on permutations (again restricted to within blocks). 
Generalized mixed effect models with restricted maximum 
likelihood (when possible) were fitted with the fixed effect 
previous crop and the random effect main plot (former heavy 
rain simulation) nested in replication (block) to account for 
the split- plot design. Depending on the distribution of the 
response and residuals, models were fitted with Gaussian 
family, Poisson family for count data (species number) or 
beta family (percentage soil cover), see Table 1 for details. 

(1)
Nua = (Nharvest+ Nmin_harvest)

−(Nmin_spring+ Nfertiliser+ Nirrigation+ Ndeposition),

T A B L E  1  Summary of the models testing the effect of previous crop (cup plant, grass, maize) using generalized mixed effect models 
(GLMM). Wald- type F- tests with Kenward- Roger degrees of freedom and Type II sums of squares or chi- squared test were applied based on 
probability distribution in GLMM (family)

Dependent variable
F- value  
or Chisq

Numerator  
degrees of  
freedom

Denominator  
degrees of  
freedom p- value Family

Number of weed individuals 3.8 2 14 0.0496 Gaussian

Number of weed species 14.5 2 0.0007 Poisson

Degree of soil cover 58.7 2 0.0000 Beta

Male flowering 49.1 2 14 0.0000 Gaussian

Female flowering 19.4 2 14 0.0001 Gaussian

Plant height 9.7 2 14 0.0022 Gaussian

Biomass N concentration 6.2 2 14 0.0115 Gaussian

Biomass C/N ratio 6.1 2 14 0.0125 Gaussian

Biomass DM concentration 1.9 2 14 0.1914 Gaussian

Biomass DM yield 15.9 2 12 0.0002 Gaussian

Spring Nmin 130.3 2 14 0.0000 Gaussian

Harvest Nmin 21.3 2 14 0.0001 Gaussian

Harvested crop N 32.6 2 14 0.0000 Gaussian

Unaccounted- for N 22.3 2 14 0.0000 Gaussian
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The fixed effect was tested using Wald- type F- test with 
Kenward- Roger degrees of freedom and Type II sums of 
squares for Gaussian family and Chi- square test for Poisson 
and beta family. Tukey post hoc tests were applied, and es-
timated marginal means with 95% confidence intervals are 
presented. Model assumptions on approximate normal dis-
tribution, variance homogeneity of residuals and overdis-
persion (for Poisson family) were checked. Analyses were 
conducted in R version 3.6.3 (R Core Team, 2020) using the 
packages lme4 (Bates et al., 2015), glmmTMB (Brooks et al., 
2017), emmeans (Lenth, 2019), vegan (Oksanen et al., 2019), 
lmerTest (Kuznetsova et al., 2017) and ggplot2 (Wickham, 
2016).

3 |  RESULTS

3.1 | Weather conditions

Air temperatures in the period between the harvest of the three 
previous crops in August/September 2019 and the harvest of 
the succeeding maize crop in September 2020 were mostly 
above the long- term average (Table 2). Particularly striking 
were the high temperatures in the winter of 2019/2020 with 
4.1°C above the long- term average. Except for very high 
rainfall in February, the growing conditions in 2020 were 
characterized by mostly below- average precipitation. In the 
almost 4- month period from the beginning of March until the 
first artificial irrigation at the end of June, the precipitation 
of 114 mm amounted to only 58% of the long- term average. 
This phenomenon of pronounced spring and early summer 

drought has been observed for quite a while in Germany 
(Herbst & Frühauf, 2018).

3.2 | Weeds and weed control

A total of 2,583 weed individuals belonging to 15 weed 
species were counted (cup plant volunteers excluded). The 
dominant weed species were Lamium purpureum, Senecio 
vulgaris and Stellaria media (Table 3). RDA on weed species 
composition in relation to previous crop resulted in a model 
(p  =  0.002, F  =  4.4, df  =  2) with two RDA axis (RDA1: 
p = 0.002, RDA2: p = 0.134), of which the first axis was as-
sociated with previous crop and explained 27.2% of the total 
variance of the data. The first axis showed a clear separation 
between weed species occurring in maize and cup plant vs. 
species occurring in field grass (Figure 2).

According to RDA and the multilevel pattern analy-
sis, Lamium purpureum was associated with field grass 
(p = 0.037) although it was present in all plots (Table 3). 
Echinochloa crus- galli and Geranium spp. were associated 
with maize (p = 0.002 and 0.014), and S. media, S. vulgaris, 
Chenopodium album and Thlaspi arvense were associated 
with cup plant and maize (p = 0.001, 0.013, 0.003, 0.028).

The average number of weed individuals per  m2 was 
higher in the former cup plant plots (48.5 plants per  m2)  
than in the former grass and maize plots (29.7 and 29.4 
plants per m2 respectively; Figure 3a). Although the effect 
of previous crop was significant (p = 0.0496), the means did 
not differ according to the pairwise post hoc test (Figure 3a). 
The number of species per 3 m2 was lowest in the former 

T A B L E  2  Average monthly air temperatures and precipitation totals with deviations from the long- term averages (1962– 2006) in brackets as 
well as amounts of artificial irrigation for the period after the final previous crop harvest in September 2019 until the harvest and Nmin sampling in 
September 2020. Data were provided by the Agrometeorological Research Centre in Braunschweig of the German Weather Service (DWD)

Year Month Air temperature (°C) Precipitation (mm)
Irrigation 
(mm)

2019 September 14.5 (+0.5) 53 (+2)

October 11.7 (+1.9) 81 (+35)

November 6.1 (+1.0) 44 (−5)

December 4.9 (+3.0) 41 (−11)

2020 January 5.0 (+4.3) 26 (−20)

February 6.3 (+5.1) 108 (+72)

March 6.0 (+1.5) 37 (−8)

April 10.7 (+2.5) 14 (−32)

May 12.2 (−0.8) 19 (−34)

June 18.0 (+2.1) 44 (−24) 35

July 17.5 (−0.2) 63 (0)

August 20.8 (+3.2) 63 (0) 37

September 15.3 (+1.3) 49 (−3)
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grass plots (5.0 species per 3 m2) compared to former cup 
plant and maize plots (9.8 and 9.9 species per 3 m2 respec-
tively; Figure 3b).

3.3 | Control of cup plant volunteers

The twofold application of the rotary tiller fragmented the 
cup plant rootstocks into small pieces (Figure 1c) with an 
average fresh mass of 16 g (7– 27 g), thus allowing a trouble- 
free subsequent seedbed preparation and maize sowing. Each 
rootstock fragment gave rise to 1.5 cup plant shoots result-
ing in 8.2 volunteers  per m2 on average. Two applications 
of clopyralid gave a satisfactory volunteers control. The 
majority of the recorded cup plant volunteers (74.1%) were 
destroyed by the herbicide treatment, further 5.6% showed 
heavy, 7.6% medium, 2.5% light and 10.2% no damage. The 
latter volunteers were unaffected because they had emerged 
only after the second clopyralid treatment.

3.4 | Soil nitrogen dynamics

Figure 4 shows only the varying components of the N budget 
because the N inputs from mineral N fertilizer, irrigation 
water and atmospheric deposition were identical for the three 
previous crops. The soil Nmin concentrations in spring 2020 
were twice as high in the former grass plots (36 kg N ha−1) 
than in the former cup plant (18  kg  N  ha−1) and maize 
(16 kg N ha−1) plots (Figure 4a).

After the maize harvest in autumn, the former grass plots 
again had the highest remaining Nmin concentration, al-
though at a much higher level of 194 kg N ha−1 in the plots 
with previous crop grass, 123 kg N ha−1 with cup plant and 
78 kg N ha−1 with maize (Figure 4b). By far the highest Nmin 
values were recorded in the 0– 30 cm soil layer. Maize grown 
on former cup plant plots exhibited the highest biomass N 

Species
Cup 
plant Grass Maize

Cup 
plant Grass Maize

Lamium purpureum 28.88 25.92 14.25 100 100 100

Senecio vulgaris 9.33 0.08 1.42 100 25 87.5

Stellaria media 2.62 0.04 1.21 87.5 12.5 87.5

Polygonum aviculare 1.79 1.08 1.29 100 75 87.5

Thlaspi arvense 1.33 0.29 0.96 100 25 100

Echinochloa crus- galli 1.25 0 3.54 62.5 0 87.5

Chenopodium album 0.75 0.04 0.5 75 12.5 87.5

Polygonum convolvulus 0.67 0.75 0.5 87.5 75 62.5

Solanum nigrum 0.58 0.71 1.17 87.5 62.5 62.5

Spergula arvensis 0.58 0.08 0.83 37.5 12.5 37.5

Geranium spp. 0.21 0.04 2.21 37.5 12.5 62.5

Poa annua 0.17 0.33 1.17 37.5 37.5 37.5

Matricaria spp. 0.17 0.08 0.12 12.5 12.5 25

Taraxacum officinale 0.17 0 0.04 37.5 0 12.5

Fumaria officinalis 0.04 0.21 0.17 12.5 37.5 50

T A B L E  3  Average density and 
frequency of occurrence of weeds in the 
five- leaf stage of maize (27 May 2020) 
depending on the previous crops cup plant, 
grass and maize.

F I G U R E  2  Biplot of redundancy analysis displaying species and 
site scores of plots with previous crop cup plant, grass and maize. To 
aid visualization for each previous crop, a standard deviation ellipse 
and an ellipsoid hull enclosing all points of each group are drawn. 
Species abbreviations: CHEAL: Chenopodium album, ECHCG: 
Echinochloa crus- galli, FUMOF: Fumaria officinalis, GERAN: 
Geranium spp., LAMPU: Lamium purpureum, MATRI: Matricaria 
spp., POAAN: Poa annua, POLAV: Polygonum aviculare, POLCO: 
Polygonum convolvulus, SENVU: Senecio vulgaris, SOLNI: Solanum 
nigrum, SPRAR: Spergula arvensis, STEME: Stellaria media, 
TAROF: Taraxacum officinale, THLAR: Thlaspi arvense
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removal (321 kg N ha−1), followed by grass (286 kg N ha−1) 
and maize (271  kg  N  ha−1) (Figure 4c). The Nua estimate 
was significantly higher for the plots with the former pe-
rennial crops cup plant and grass (222 and 238  kg  N  ha−1 
respectively) than for the plots carrying the maize control 
(129 kg N ha−1; Figure 4d).

3.5 | Effect of the previous crop on maize 
development and biomass yield

The previous crop had a strong effect on the vigour and speed 
of the maize development. This was already apparent from 
the degree of soil cover on 25 June, which in the former cup 
plant plots averaged 83.9%, compared to 65.7% for maize and 

48.2% for grass (Figure 5a). Accordingly, the male flowering 
of maize in the previous cup plant plots began on DOY 207.8, 
which was 3 and 4.25 days earlier compared to maize and 
grass respectively (Figure 5b). Similarly, female flowering of 
maize started in the previous cup plant plots after 209 days, 
which was 2.5 and 3.4 days earlier than for maize and for 
grass (Figure 5c). Maize following cup plant reached an av-
erage plant height of 298 cm, which was 16 cm higher than 
for the previous crops grass and maize (Figure 5d). However, 
the earlier passing through the various growth stages was not 
finally reflected in an earlier maturity expressed in terms of 
a higher DM concentration of the harvested biomass, which 
did not differ between previous crops (Figure 5e). In contrast, 
the biomass DM yield was highest for maize with previous 
crop cup plant (23.4 Mg ha−1) compared with previous crops 

F I G U R E  3  Number of weed 
individuals (a) and number of weed 
species (b) depending on the previous 
crop. Different letters above treatments 
indicate significant differences between 
previous crops according to Tukey post hoc 
test. Estimated marginal means and 95% 
confidence intervals are displayed as error 
bars next to jittered boxplots. For model 
summary, see Table 1. Y- axes are on a log 
scale

F I G U R E  4  Soil Nmin concentration 
in spring (a) and after the maize harvest 
(b) in the 0– 90 cm soil horizon, N uptake 
by the maize crop (c) and unaccounted- 
for N (d) depending on the previous crop. 
The different shades in the plots (a and 
b) represent the 0– 30, 30– 60 and 60– 
90 cm soil depth from lightest to darkest. 
Different letters above treatments indicate 
significant differences between previous 
crops according to Tukey post hoc test. 
Estimated marginal means and 95% 
confidence intervals are displayed as error 
bars next to jittered bar plots or boxplots. 
For model summary, see Table 1. Error bars 
overlaid on bar plots in (a) and (b) display 
95% confidence intervals of the mean Nmin 
concentration at each soil depth
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grass and maize (21.2 and 20.6 Mg ha−1 respectively; Figure 
5e), which translates into a maize biomass yield superiority 
of previous crop cup plant of 10.6% and 13.6% respectively.

4 |  DISCUSSION

Reports on the impact of land- use change from monoculture 
sequencing of energy crops to arable cropping in rotation are 
rare. Some studies do exist on grassland renovation (Buchen 
et al., 2017; Seidel et al., 2009) and grassland reversion to 
arable cropping (Davies et al., 2001; Helfrich et al., 2020; 
Strebel et al., 1988; Struck et al., 2019) which can provide 
some indications of possible consequences of field grass con-
version. However, to the best of our knowledge, there are 
no published empirical studies that deal with the reverting 
of permanent cup plant back to annual crop rotation. The 
present study investigated a conversion strategy in which 
8- year- old cup plant and field grass stands were treated with 
a rotary tiller during winter and early spring before plough-
ing and sowing of maize as a subsequent crop. The following 
discussion will address the issues of weed flora composition 
and volunteer control, soil N mineralization, N management 

as well as the growth and yield of maize in the first year after 
converting perennial cup plant and field grass back to arable 
cropping.

4.1 | Previous energy crops differently 
affect the weed flora composition of 
succeeding maize

Eight years of practicing different energy cropping systems 
caused a major change in weed flora composition in the 
succeeding maize crop. While the fast- growing generalist 
Lamium purpureum was the most common weed in maize 
irrespective of the previous crop, other weeds occurred 
preferentially in a particular cropping system. For instance,  
E. crus- galli, the second most frequent weed observed in the 
maize control is part of the typical maize weed flora through-
out Germany and is found especially in crop rotations with a 
high proportion of maize (Mehrtens et al., 2005). A Germany- 
wide maize weed monitoring on 10 × 0.1 m2 sampling areas 
per field revealed a comparatively low diversity of 11 (3– 35) 
weed species and a weed density of 192 (6– 1,793) plants per 
m2 on average (Mehrtens et al., 2005). In the present study, 

F I G U R E  5  Degree of soil cover on 
25 June 2020 (a), time of male and female 
flowering at day of year (DOY; b, c), 
plant height (d), biomass dry matter (DM) 
concentration (e) and biomass DM yield (f) 
depending on the previous crop. Different 
letters above treatments indicate significant 
differences between previous crops 
according to Tukey post hoc test. Estimated 
marginal means and 95% confidence 
intervals are displayed as error bars next 
to jittered boxplots. For model summary,  
see Table 1
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the total weed diversity of 13 species following grass and 15 
species following cup plant and maize were within the range 
of the Mehrtens et al. (2005) study, whereas the average 
weed densities of 49, 30 and 29 plants per m2 in the former 
cup plant, grass and maize plots were below.

The previous crops differed primarily in the method of 
weed control which was indirect through suppression by light 
competition in cup plant, primarily mechanical by multiple 
cutting in field grass, and chemical through application of 
post- emergence herbicides in maize. The former perennial 
field grass plots had the lowest abundance and diversity of 
weeds due to the many years of intensive mechanical weed 
control. The weed management in cup plant followed the 
legal requirements for ecological priority areas where the 
use of herbicides is prohibited. Despite this restriction, cup 
plant is highly effective at suppressing weeds by shading as 
a result of the rapid formation of plant stands that are almost 
impermeable to light. Under such conditions, a good survival 
strategy for weeds involves completing their life cycles be-
fore being outgrown by cup plant. S. vulgaris used the strat-
egy of shade avoidance through early season flowering and 
fruiting very successfully (Harper & Ogden, 1970) and was 
the second most common weed in the former cup plant plots. 
Because a single specimen of S. vulgaris can produce many 
thousands of fruits per year (Chancellor, 1983), infestation 
of the cup plant plots by this weed greatly increased over the 
years. As in the present study, S. vulgaris together with S. 
media were also among the five most common dicot weeds 
observed in cup plant in eastern Poland (Radzikowski et al., 
2020).

A particular weed problem following the conversion of 
cup plant consists of the emergence of volunteers from seeds 
or buds on the root stock fragments. Cup plant regrowth could 
be quite effectively controlled by split application of herbi-
cides containing clopyralid as active ingredient. However, 
after two sprays with clopyralid about 10% of the volunteers 
were unaffected because they had emerged only after the sec-
ond herbicide treatment. Although these latecomers were not 
able to develop well due to light suppression by maize, they 
did not fully die off and will thus remain a weed problem in 
the second year after conversion, albeit a much reduced prob-
lem. When winter or summer cereals follow maize, the re-
sidual volunteers could, for example, be controlled by means 
of systemic herbicides that are particularly effective against 
Asteraceae.

4.2 | Conversion of perennial cup plant and 
field grass triggered a strong N mineralization

In the present study, the estimates of the unaccounted- for 
N (Figure 4d) were much higher for the former cup plant 
(222 kg N ha−1) and field grass plots (238 kg N ha−1) than for 

the maize control (129 kg N ha−1). Such high positive values 
of Nua (Equation 1) indicate that the unaccounted- for N gains 
from the mineralization of plant residues and SOM exceeded 
the unaccounted- for N losses (e.g. leaching, denitrification 
and immobilization into SOM) and are thus a minimum es-
timate of net N mineralization (i.e. gross N mineralization 
minus N immobilization). The C/N ratio of the substrate plays 
a crucial role in the degradation of plant residues and SOM 
(Chen et al., 2014; Enríquez et al., 1993; Trinsoutrot et al., 
2000). The threshold value of the C/N ratio which decides 
whether mineralization or immobilization of N will prevail 
during decomposition ranges from 8 to 40 depending on the 
study (Kuzyakov et al., 2000). Large net N mineralization 
can be expected for grassland biomass residue because of its 
relatively low C/N ratio (Vertès et al., 2007) and a similar 
rate is assumed for field grass. The estimated N mineraliza-
tion rate in the present study of 238  kg  N  ha−1 within the 
first year following field grass conversion lies somewhere 
in the middle of the 100– 500 kg N ha−1 variation range for 
permanent grassland reported in the literature (Vertès et al., 
2007). Vertès et al. (2007) assume that the macro- organic 
matter consisting of partly decomposed, dead fibrous mate-
rial which accumulated during the grassland phase is more 
important for N and C mineralization than the fresh plant 
residue present at the time of conversion to arable cropping.

The N mineralization of 222 kg N ha−1 in the former cup 
plant plots was remarkably high in view of the relatively 
wide C/N ratio for aboveground biomass (34:1) and root 
stock fragments (53:1) as determined in this study and that of 
roots (36:1) reported by Wessel- Terharn (2013). The largest 
amount of N is stored in the cup plant roots which form the 
major portion of the crop residue. Based on root DM yield 
(8.4 Mg ha−1) and root DM N concentration (13.65 g N kg−1 
DM) as determined by Schoo, Schroetter, et al. (2017) and 
Wessel- Terharn (2013), respectively, the N yield of the living 
cup plant roots amounted to about 115 kg N ha−1. In contrast 
to annual energy crops, perennial crops are characterized by 
high C/N ratios of the organic residues as well as high pro-
portions of cellulose and lignin which makes them more re-
sistant to microbial decomposition (Emmerling et al., 2017; 
Schrama et al., 2016). It is therefore conceived that part of the 
N released originated from SOM caused by positive priming 
effects. The release of large amounts of N in a very short time 
through accelerated SOM decomposition can be triggered by 
mechanical soil treatment in combination with mineral fer-
tilizer application and soil drying and rewetting (Kuzyakov 
et al., 2000). The use of mineral fertilizer, intensive tillage 
and supplemental irrigation in the present study may thus 
have boosted SOM mineralization. A positive priming ef-
fect was also assumed by Struck et al. (2019) to explain the 
marked increase in mineralization caused by the application 
of N fertilizer in a maize crop after ploughing a 10- year- old 
grassland sward.
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Because this is the only published study which deals with 
the consequences of cup plant conversion to arable cropping, 
the results of a corresponding conversion experiment with 
Miscanthus, another shrub grown as an energy crop, is used 
as a reference for comparing and interpreting the present re-
sults. Mangold et al., (2019) observed only a small increase 
of Nmin (14.85 kg N ha−1 on average) in the time between 
the Miscanthus sinensis harvest (February) and the harvest of 
various follow- up crops (October). These authors concluded, 
based on a previously observed wide C/N ratio of 64 for a 
20- year- old Miscanthus  ×  giganteus stand (Dufossé et al., 
2014), that the N of a certain portion of Miscanthus residues 
may have not been plant- available in the first post- conversion 
year. However, the data provided there for the biomass 
yield (17.54  Mg  DM  ha−1) and biomass N concentration 
(≈9 g N kg−1 DM) of a succeeding maize crop without N fer-
tilization indicate an N withdrawal of almost 158 kg N ha−1. 
A substantial portion of the maize biomass N must therefore 
have originated from mineralization of Miscanthus litter and/
or SOM.

4.3 | Cup plant was the most favourable 
previous crop for maize

Perennial cup plant proved to be the best preceding crop 
in terms of development and biomass yield of the succeed-
ing silage maize. The maize biomass yield was poorest in 
the maize self- succession, although maize is considered 
relatively self- compatible and shows little yield depression 
when grown in monoculture (Berzsenyi et al., 2000; Nevens 
& Reheul, 2001). However, studies in the United States 
(Bullock, 1992), Hungary (Berzsenyi et al., 2000), Canada 
(Drury et al., 2014) and Germany (Loges et al., 2018) have 
demonstrated the favourable effect of crop rotation on maize 
yield. The beneficial pre- crop effect of cup plant cannot be 
solely attributed to the availability of substantial amounts of 
additional nitrogen from mineralization, because even larger 
quantities of N were available following the conversion of 
field grass. Apparently beneficial non- N crop rotation ef-
fects such as soil structure, soil moisture content or root vig-
our (see Bullock, 1992; Nevens & Reheul, 2001; Sieling & 
Christen, 2015) must have played a role as well. Because the 
spring and early summer of 2020 were unusually dry (Table 
2), the access to subsoil water was very important for the 
development and yield of maize in that year. Cup plant cul-
tivation in contrast to field grass and maize is accompanied 
by a deeper rooting of the soil (Grunwald et al., 2020; Schoo, 
Schroetter, et al., 2017) and, compared to maize, a higher 
abundance of deep- burrowing (anecic) earthworms and other 
soil fauna (Schorpp & Schrader, 2016). It is therefore as-
sumed that 8 years of cup plant cultivation created numerous 
vertical biopores which provided rapid access to deeper soil 

layers and thus enhanced water and nutrient acquisition from 
the subsoil (Athmann et al., 2019; Kautz, 2014; Kautz et al., 
2013; Kuzyakov & Blagodatskaya, 2015). In view of the on-
going climate change, Thorup- Kristensen et al. (2020) have 
stressed the importance of more efficiently exploiting sub-
soils by using novel crops, genotypes and cropping systems 
with substantially greater effective rooting depth.

4.4 | Maize is a suitable follow- up crop 
after the conversion of perennial cup plant and 
field grass

In view of the large amounts of N resulting from the con-
version of PECs, maize proved to be a good follow- up crop 
because of its high N uptake capacity. A total of 322, 287 
and 271 kg N ha−1 were taken up by maize on the former cup 
plant, field grass and maize plots respectively. Wiesler and 
Horst (1992) also reported a large N uptake of 328 kg N ha−1 
under conditions of high mineral N fertilization. Struck et al. 
(2019) found an N yield of maize of 254 kg N ha−1 in the 
90 kg N ha−1 fertilizer treatment after grassland conversion 
through tilling and ploughing. However, in the former cup 
plant and field grass plots still high soil Nmin concentrations of 
123 and 194 kg N ha−1, respectively, were available after the 
maize harvest. The German Fertiliser Application Ordinance 
(DüV, 2017) stipulates that the possible provision of N from 
the previous crop is taken into account when planning the 
subsequent crop. The question therefore arises whether an N 
fertilization after cup plant and field grass conversion is nec-
essary at all. When the 180 kg N ha−1 of the applied mineral 
N fertilizer is subtracted from the post- harvest Nmin concen-
tration, there still remains a surplus of 14 kg N ha−1 in the 
case of field grass. This agrees with the results of Helfrich 
et al. (2020) who consider a reduction of 180– 220 kg N ha−1 
to be appropriate, especially if the converted grassland was 
older than 15 years. From an experiment with maize follow-
ing grassland at a site with high precipitation in northwestern 
Germany, Struck et al. (2019) concluded that a reduction of 
N fertilization by 75%– 85% compared to the standard rate 
can be targeted. The situation is a little different for cup 
plant because of the somewhat lower post- harvest N surplus. 
Unlike in the case of field grass, a deficit of 57 kg N ha−1 is 
calculated when cup plant was grown beforehand. However, 
it must be taken into account that maize shows luxury N con-
sumption where there is a surplus of available N (Herrmann 
& Taube, 2005; Nasielski et al., 2019). In fact, the maize 
biomass N concentration of 13.7  g  N  kg−1 DM following 
cup plant clearly exceeded the critical N concentration of 
10.5 g N kg−1 DM which according to Herrmann and Taube 
(2005) is necessary for attaining maximum biomass yields in 
northern Germany. On the other hand, it is uncertain whether 
the dynamics of N release and N uptake coincide in time so 
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that under varying weather and soil conditions sufficient N is 
available throughout the entire maize growing period. In the 
present study, due to the strong water deficit until the end of 
June, the full N quantity from mineralization was probably 
only accessible in an advanced stage of maize development. 
Omitting a start N fertilization following cup plant would 
most likely have led to delayed early growth and associated 
biomass yield losses.

5 |  CONCLUSIONS

Under no- till conditions with limited aeration in perennial 
cup plant and field grass, new equilibrium conditions are 
established in the course of time with higher SOM and ac-
cordingly higher N amounts which are then released after 
conversion to arable cropping. If maize or another spring 
crop is chosen as a follow- up crop, the cup plant root stocks 
and grass sward should be crushed during the winter in-
stead of autumn, because of the lower mineralization at low 
temperatures and thus lower risk of N leaching. Because 
the amount of N released from mineralization exceeds the 
N demand of most arable crops, the biggest challenge of 
PEC conversion is the management of the N surpluses in 
the crop that directly follows. Maize as succeeding crop has 
the advantage that it is able to take up large quantities of 
N, possesses a good suppression of late- emerging cup plant 
volunteers and in addition is a familiar crop on bioenergy 
farms. However, maize is sown late in spring when Nmin 
concentration has already substantially increased through 
mineralization processes. Therefore, the Nmin status of the 
soil should be determined just before sowing to account for 
the already plant- available nitrogen. Unfortunately, there 
exist no suitable follow- up crops or catch crops for maize 
to reduce the N surpluses potentially remaining in the short 
growing period left after the maize harvest. Nonetheless, 
the choice of early ripening maize cultivars could maxi-
mize the potential N uptake by, for example, a following 
winter cereal. This study has shown that former cup plant 
and field grass stands can be relatively easily reintegrated 
into an arable crop rotation. The costs of abandoning cup 
plant cultivation are affordable. If the conversion is done 
as in the present case, the expenses essentially consist of 
the twofold use of a rotary tiller and the double application 
of a special herbicide for the control of cup plant regrowth. 
On the other hand, savings can be made in the follow- up 
crop fertilizer supply, mainly nitrogen, which comes from 
mineralization of organic matter following the conversion. 
Further research is desirable to allow a more precise quan-
tification of the possible N fertilizer reduction under dif-
ferent climate conditions and soil types as well as other 
conversion scenarios such as the early sowing of spring 
crops.
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