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Abstract
The choice of the crop succession influences the agronomic efficiency (yield per unit agronomic input) and is relevant for the
sustainable intensification of crop cultivation. However, such effects are often ignored in assessments of agronomic efficiency.
The aim of the study was to propose a concept for the assessment of and to publish data on (i) the effect of the preceding crop on
the amount of agronomic inputs used and the yield in sugar beet cultivation and (ii) the agronomic efficiency of the 2-year sum of
preceding crop – sugar beet successions. As preceding crop (including catch crop) – sugar beet successions, we investigated (i)
mustard – silage maize – sugar beet, (ii) phacelia – grain pea –mustard – sugar beet, and (iii) winter wheat –mustard – sugar beet
in a field trial (Harste, Germany; 2011–2014). We found that fertilizer requirement of sugar beet was highest (108 kg nitrogen
ha−1; 125 kg phosphate ha−1) when mustard – silage maize was the preceding crop and lowest (30 kg nitrogen ha−1; 96 kg
phosphate ha−1) when phacelia – grain pea –mustard was the preceding crop. The efficiency of the agronomic inputs used for the
cultivation of the 2-year sum of preceding crop – sugar beet successions was generally highest for the succession with silage
maize with the exception of nitrogen-efficiency which was highest for the succession with grain pea. The main effect of the
preceding crop on fertilizer requirement was driven by the amount of harvest residues. Results of 2-year agronomic efficiency
were affected by the high energy yield of the succession with silage maize (670 GJ ha−1) and the low N-fertilization in the
succession with grain pea (130 kg N ha−1). We show for the first time a methodological approach to assess preceding crop’s
effects on agronomic efficiency and to illustrate results for decision making towards a sustainable intensification of crop
cultivation.
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1 Introduction

A worldwide challenge often described for the sustainable
intensification of arable crop cultivation is the possible
trade-off between increasing the yield of food, feed, and fiber
without further aggravating environmental impacts (Tilman
et al. 2002; Sattler et al. 2010). Within this challenge, decision

makers are caught between two choices when it comes to the
use of agronomic inputs during crop cultivation; as one exam-
ple, N-fertilizer secures a stable and high yield on the one hand
but, on the other hand, it provokes environmental impacts,
such as eutrophication and global warming. The key to
achieve the best possible equilibration is a high agronomic
efficiency which is defined here as the relation of yield per
unit of agronomic inputs used. Thus, agronomic efficiency
plays a strong role as a parameter of “sustainable intensifica-
tion.” However, for decision makers and stakeholders in the
field of agricultural practice (farming, consulting, legislation),
it is difficult to quantify the agronomic efficiency due to its
multidimensionality where various agronomic inputs have
different responsibilities for yield performance and different
environmental impacts (eutrophication, toxicity, global
warming, and depletion of resources). Thus, straightforward
tools to compare the agronomic efficiency of different crops
and different options of cultivation management in a holistic
assessment (Castoldi and Bechini 2010; Davis et al. 2013) are
needed.
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To reach the greatest agronomic efficiency possible,
the farmer needs to choose an adequate cultivation man-
agement in order to equilibrate the yield and the use of
agronomic inputs (Franzluebbers and Francis 1995).
Among others, the choice of crop successions within
the crop rotation can influence the yield as well as the
nutrient and physical status of the soil, the need of fer-
tilizers, and the number of tillage passes (Dias et al.
2015; Franzluebbers and Francis 1995; Köpke and
Nemecek 2010; Safa and Samarasinghe 2012). In short,
the choice of crop succession determines the agronomic
efficiency. Although it is known that a preceding crop
can influence the agronomic efficiency of the subsequent
crop, such effects are rarely or not investigated in, e.g.,
foot printing or life cycle assessments (Nemecek and
Erzinger 2005; Köpke and Nemecek 2010). Moreover,
it is regularly ignored that a preceding crop leaving a
high amount of nutrients in the soil as harvest residues
might strengthen the fertilization efficiency of the subse-
quent crop. We are convinced that sustainable intensifi-
cation of crop cultivation must happen for the entire crop
succession rather than for single crops. Thus, respective
evaluations must also equalize different lengths of culti-
vation periods of crops and crop successions as a calcu-
lation basis in order to deliver non-biased comparisons.

Sugar beet (Beta vulgaris L.) is not self-compatible and
needs to be cultivated in crop rotations, classically with ce-
reals. Prices and socio-political claims currently diversify sug-
ar beet’s crop rotation partners. To the best of our knowledge,
it was neither assessed how the choice of the preceding crop
influences the use of agronomic inputs in sugar beet cultiva-
tion nor were the preceding crops themselves evaluated in
succession with the subsequent sugar beet. Within our study,
we focus on cultivation systems of sugar beet and aimed to
assess (i) the effect of the preceding crop on the amount of
agronomic inputs used in and on the yield of sugar beet culti-
vation and (ii) the agronomic efficiency of different 2-year
long succession of “preceding crop – sugar beet”. We thereby
provide field trial data and propose a holistic concept for the
multidimensional assessment of agronomic efficiency of pre-
ceding crop – crop successions.

2 Materials and methods

2.1 Field trial

We evaluated the years 2011–2014 of a crop rotation trial in
Harste (51°61′ N, 9°86′ E; Lower Saxony, Germany) (Fig. 1).
All crop rotation elements were cultivated each year on a
separate plot (230 m2) in three field replicates. Crop rotations
with sugar beet were:

(i) winter wheat (Triticum aestivum L.) – mustard (Sinapis
alba L.; catch crop) – silage maize (Zea mays L.) – sugar
beet,

(ii) winter wheat – oilseed rape (Brassica napus L.) – winter
wheat – winter wheat – phacelia (Phacelia Juss.; catch
crop) – grain pea (Pisum sativum L.) – mustard (catch
crop) – sugar beet, and

(iii) winter wheat – winter wheat – mustard (catch crop) –
sugar beet.

Our study focusses on sugar beet cultivation, and we there-
fore analyzed take-outs of these crop rotations of 2-year long
successions of preceding crop (including catch crop cultiva-
tion) and sugar beet. We thereby compared sugar beet in a 3-
year rotation (i and iii) with sugar beet in a 6-year rotation (ii).
However, we assumed that this fact does not bias our results
since it was shown that an extension of the sugar beet interval
within the crop rotation (years between sugar beet cultivation)
to more than 3 years had a very slight effect on sugar beet
yield (Götze et al. 2017). Moreover, Hao et al. (2001) showed
a clear effect of the directly preceding crop on sugar beet yield.
Thus, we assumed the preceding crop effects as predominant
under our conditions and analyzed the following take-outs of
the crop rotations:

(i) mustard – silage maize – sugar beet (mid of August to
mid of September),

(ii) phacelia – grain pea – mustard – sugar beet (mid of
August to mid of September), and

Fig. 1 The crop rotation trial in Harste, Lower Saxony, Germany. Since
2006, 24 crop rotation elements of currently nine crop rotations are
cultivated in three field replicates. This study evaluates preceding crop
effects on agronomic efficiency of sugar beet cultivation. Photo taken by
Andreas Krukemeyer, May 2011
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(iii) winter wheat – mustard – sugar beet (end of September
to mid of September).

This approach enabled to compare equal timeframes. For
the following, we define “preceding crop” here as including
the catch crops. Soil type was a Luvisol and the site was
classified as “highly productive” under rainfed conditions in
Central Europe (Brauer-Siebrecht et al. 2016). Tillage was
done with a cultivator (15–25 cm depth), and crop residues
as well as catch crop biomass remained in the field for soil
protection purposes.

2.2 Agronomic inputs used and yield

Agronomic inputs considered were the amounts of mineral N-
and phosphorous (P) fertilizers, of active ingredients in pesti-
cides sprayed as well as the energy use as documented for
each crop rotation element and each year of the field trial
(Table 1). In detail, N-fertilization was done according to the
local recommendation of a mineral-N target value and the
mineral-N content in the soil measured in spring
(Landwirtschaftskammer Niedersachsen – Geschäftsbereich
Landwirtschaft 2010). Phosphorous fertilization was modeled
as the phosphate (P2O5)-need of each crop minus the re-
delivery via harvest residues of the respective preceding crop
following the local recommendation of Baumgärtel (2013)
and based on a measurement of soil nutrient status in 2010
(for values, see Brauer-Siebrecht et al. 2016). Pesticides were
sprayed according to local recommendations. Energy use via
production and application (diesel) of the agronomic inputs
was considered to be of fossil sources and was aggregated
among five categories: N-fertilizer, P-/K-/Mg-/B-fertilizer,

pesticides, diesel, and seeds. Energy equivalents, complemen-
tary assumptions, and further details are described in Jacobs
et al. (2016).

Dry matter yield was determined for all crop rotation ele-
ments in each year in a subplot. Subplot size depended on
machinery available and was 21 m2 for silage maize,
10.8 m2 for sugar beet, and 16.8 m2 for winter wheat and grain
pea. Although the production goals of the different crops and
also possibly for one crop are different (bioethanol, biogas,
feed, sugar, starch, protein), the yield needed to be expressed
in one unit which was the energy yield (Table 1). Therefore,
the dry matter yield was multiplied with a default energy con-
tent of each crop. The energy content chosen was to stand for
the nutritional value of the crops commonly reached under
cultivation conditions in Germany: silage maize 18.07 GJ t−1

(Deutsche Landwirtschafts-Gesellschaft 1991), sugar beet
root: 15.99 GJ t−1 (Deutsche Landwirtschafts-Gesellschaft
1991), winter wheat grain: 15.70 GJ t−1 (Feldheim et al.
1983), and grain pea: 18.75 GJ t−1 (Landwirtschafts-
Gesellschaft 1991).

2.3 Calculations and statistics

The efficiency of each agronomic input was expressed as the
energy yield related to the amount of agronomic inputs used.
Thereby, the sum of energy yield and agronomic inputs of the
2-year preceding crop – sugar beet succession was taken.
Land use efficiencywas equal to the energy yield. To visualize
the multidimensional agronomic efficiency, a spider graph
was designed; the efficiencies of the individual agronomic
inputs were not weighted assuming that they have equal im-
portance for the overall agronomic efficiency (de Vries et al.

Table 1 Use of agronomic inputs (nitrogen, phosphorous, pesticide, energy) for the cultivation of different 2-year preceding crop – sugar beet
successions and respective yield in a field trial in Harste (Germany, 2011–2014). Mean of years and standard deviation in parentheses (n = 4)

Nitrogen [kg N ha−1] Phosphorous [kg P2O5

ha−1]
Pesticides [kg active
ingredient ha−1]

Energy use [GJ ha−1] Energy yield [GJ ha−1]

Preceding
crop + catch
crop*

Sugar
beet

Preceding
crop + catch
crop

Sugar
beet

Preceding
crop + catch
crop

Sugar
beet

Preceding
crop + catch
crop

Sugar beet Preceding
crop

Sugar
beet

Mustard – silage
maize – sugar
beet

163 (6) 108 (15)a 436 (3) 125 (0)# 1.5 (0.7) 4.4 (0.3)ns 22.1 (0.8) 22.4 (0.9)a 383 (46) 287 (37)ns

Phacelia – grain pea
– mustard –
sugar beet

100 (0) 30 (35)b 283 (8) 96 (8) 3.1 (0.2) 4.6 (0.6) 14.7 (0.2) 17.2 (1.5)c 116 (46) 303 (15)

Winter wheat –
mustard – sugar
beet

266 (9) 75 (13)ab 260 (2) 99 (4) 4.9 (0.6) 4.6 (0.6) 21.8 (0.5) 19.6 (0.8)b 131 (24) 289 (16)

Different letters indicate significant differences in sugar beet cultivation after different preceding crops (Tukey p ≤ 0.05); ns non-significant

*Catch crops were mustard and phacelia
# Use of phosphorous for sugar beet cultivation was not statistically evaluated because it was constant when cultivated after mustard – silage maize over
years investigated
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2010). Further, for each agronomic input, the most efficient 2-
year preceding crop – sugar beet succession was set to 1, and
the other successions were related to it (de Vries et al. 2010).

For the energy yield of crops, the mean value of field rep-
licates per year was calculated. For the agronomic inputs, field
replicates were not applicable. Thus, for statistics, the years
were the independent replications (n = 4). Analysis of variance
was conducted to test the influence of the fixed factor “pre-
ceding crop – sugar beet” on the efficiency of agronomic
inputs. Tukey’s test was performed to compare mean values.
The level of significance was α = 5%. Tests were carried out
with SAS 9.3 (SAS Institute Inc., Cary, USA) using the pro-
cedure “mixed”.

3 Results and discussion

3.1 Use of agronomic inputs and yield of sugar beet
cultivated in different preceding crop – sugar beet
successions

We showed that, except for the use of pesticides, the choice of
the preceding crop (including catch crop) determines the use
of agronomic inputs in sugar beet cultivation (Table 1). The
local recommendation for fertilizer use in sugar beet cultiva-
tion were (i) 160 kg N ha−1, with a reduction recommended of
20 kg N ha−1 when a catch crop was cultivated the autumn
before sugar beet, minus the mineral-N content measured in
spring and (ii) 85 kg P2O5 kg ha

−1 with additional 40 kg P2O5

kg ha−1 due to the high yield achieved at this site (Baumgärtel
2013). Generally, the use of mineral fertilizer for sugar beet
was highest when cultivated after mustard – silage maize
(108 kgN ha−1; 125 kg P2O5 ha

−1) and lowest when cultivated
after phacelia – grain pea –mustard (30 kgN ha−1; 96 kg P2O5

ha−1) with a significant difference between both mean values
for the amount of N. This was due to the very low amount of
harvest residues left in the field after silage maize harvest
which forces high amounts of fertilizer for the subsequent
sugar beet (Baumgärtel 2013). In contrast, the amount of N-
fertilizer needed for sugar beet cultivation was lowest in the
phacelia – grain pea – mustard succession. Grain pea as a
legume has the advantage of symbiotic N-fixation and does
not need any N-fertilization at all (Nemecek et al. 2008). The
100 kg N ha−1 indicated were for the catch crops phacelia and
mustard. Moreover, after phacelia – grain pea – mustard cul-
tivation, high amounts of mineral-N in the soil were measured
in spring before sugar beet planting (mean of years and field
replicates in 0–90 cm: 100 kg ha−1 in contrast to 55 kg ha−1

after mustard – silage maize and 70 kg ha−1 after winter wheat
–mustard; data not shown) which led to a considerable reduc-
tion of the N needed as mineral fertilizer for sugar beet.

In contrast, the amount of pesticide use in sugar beet culti-
vation was not driven by the preceding crop (including catch

crop) – sugar beet succession and was 4.4–4.6 kg active in-
gredient per hectare (Table 1). The effects shown were mir-
rored in the parameter “energy use” since it also included the
energy needed for the production of fertilizers; the energy
used for sugar beet cultivation was significantly higher when
cultivated after mustard – silage maize (22.4 GJ ha−1) and
lowest when cultivated after phacelia – grain pea – mustard
(17.2 GJ ha−1). Among mineral fertilizers, N-production is
very energy intensive (Biograce 2013; Brentrup and Pallière
2008), and thus, sugar beet cultivated after phacelia – grain
pea – mustard needed the lowest energy use as well.

The agronomic inputs can be attributed to multiple envi-
ronmental impacts: (i) a proportion of 1.3% of the mineral-N
fertilized is suggested by default (de Klein et al. 2006) to be
emitted as nitrous oxide which is of a high global warming
potential (IPCC 2014; Köpke and Nemecek 2010). (ii)
Phosphorous is a non-renewable resource which is depleted
via usage as fertilizer (Van Vuuren et al. 2010). (iii) Further,
the higher the amount of N and P used as fertilizers, the higher
the risk of emission into water bodies and, thus, the risk of
aquatic eutrophication (Sattler et al. 2010; Van Vuuren et al.
2010). (iv) The amount of pesticides used indicates the risk of
toxicity in aquatic and terrestrial compartments (Lal 2004). (v)
The use of energy needed for crop cultivation mirrors the
burning of fossil energy resources and the respective global
warming potential. Thus, the preceding crop (including catch
crop) phacelia – grain pea –mustard in our study had the main
advantage to reduce global warming potential and risk of eu-
trophication due to sugar beet cultivation.

Across the years investigated, the mean energy yield of
sugar beet was somewhat, but not significantly, higher after
phacelia – grain pea – mustard cultivation than after the other
preceding crops, ranging from 287 to 303 GJ ha−1 (Table 1).
We found that the year 2014 was the only year when sugar
beet cultivated after phacelia – grain pea – mustard did not
give the highest yield (data not shown).

3.2 Agronomic efficiency of 2-year preceding crop –
sugar beet successions

A high amount of agronomic inputs used can be appropriate
when yield achieved is also high. Thus, the agronomic effi-
ciencywas defined as the energy yield related to the amount of
agronomic inputs used for crop cultivation. Moreover, we
calculated it as the respective sums of the 2-year preceding
crop – sugar beet successions in order to avoid allocation
mistakes. As a further efficiency parameter, we defined the
land use efficiency and considered the natural resource “land”
as a valuable agronomic inputs.

Significantly lowest in N-efficiency was the 2-year succes-
sion winter wheat – mustard – sugar beet (1.2 GJ kg−1) com-
pared to both other successions (mustard – silage maize –
sugar beet 2.5 GJ kg−1; phacelia – grain pea –mustard – sugar
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beet 3.4 GJ kg−1) (Table 2). Phosphorous efficiency did not
differ statistically between successions (2.5–2.9 GJ kg−1).
Pesticide efficiency of the succession mustard – silage maize
– sugar beet was by far and significantly highest (115 GJ kg−1)
compared to both other successions (phacelia – grain pea –
mustard – sugar beet 54 GJ kg−1; winter wheat – mustard –
sugar beet 44 GJ kg−1). Energy efficiency was as well highest
for the succession mustard – silage maize – sugar beet
(10.1 GJ GJ−1) but not significantly different from the one
with grain pea (9.0 GJ GJ−1). The succession with winter
wheat was significantly lowest in energy efficiency
(6.7 GJ GJ−1). In land use efficiency, the succession mustard
– silage maize – sugar beet was significantly highest
(670 GJ ha−1) compared to both other successions (winter
wheat – mustard – sugar beet 420 GJ ha−1; phacelia – grain
pea – mustard – sugar beet 419 GJ ha−1).

The multidimensional spider graph of agronomic efficien-
cy (Fig. 2) gave evidence that the 2-year succession mustard –
silage maize – sugar beet generally had the greatest agronomic
efficiency since this succession needed the largest amount of
agronomic inputs, except for pesticides, but gave the by far
highest energy yield (Table 1, Table 2). The exception was N-
efficiency where the phacelia – grain pea – mustard – sugar
beet succession performed best (Table 2) due to the very low
amount of N-fertilizer used (Table 1).

Franzluebbers and Francis (1995) and Nemecek et al.
(2008) reported as well that integrating legumes into the rota-
tion can increase N- and energy efficiency of the entire suc-
cession or crop rotation. Even though N-inputs are low,
Nemecek et al. (2008) pointed out that legumes can increase
the risk of N-leaching of crop rotations when mineral N-
contents in the soil are high during periods of low N-need
by plants. In our field trial, we might have reduced the risk
of N-leaching via cultivation of mustard as a catch crop be-
tween grain pea and sugar beet. However, to provide equal
conditions across successions, this mustard was fertilized with
50 kg N ha−1 (Table 1). Abolishment of using mineral fertil-
izer on catch crops, especially after legume cultivation but also
in terms of implementing the recent EU-regulation on

common agriculture policy (also known as “greening”;
European Union 2013), would further increase the N-
efficiency of crop rotations. The winter wheat – mustard –
sugar beet succession showed the lowest agronomic efficiency
(Fig. 2, Table 2) due to high amounts of agronomic inputs
used and lowest yield (Table 1). Although cereals are the
classic crop rotation partners for sugar beet, our study showed
that they are unfavorable in terms of agronomic efficiency.
However, one must not forget the nutritional value of cereal
cultivation as grains for bread baking and feed. This aspect
clearly shows the limits of studies like ours since social or
traditional values, which are not measurable, are not
respected. A further high value of cereals in a crop rotation
is the high amount of straw which, when left in the field after
harvest, strongly contributes to a positive humus balance
(Götze et al. 2016). Anyway, for a complete assessment of
sustainability, further effects on environmental compartments,
economy, and society are to be considered. However, in our
study, we focused on factors farmers usually consider in the
course of crop rotation design. One of such factors is the
phytosanitary effect of a preceding crop; maize is, as sugar
beet, a host for the fungus Rhizoctonia solani (relevant sub-
group: AG2–2 IIIB) and can promote a possible infection of
the subsequent sugar beet (Buhre et al. 2009). Although dif-
ferent legumes were as well reported to be hosts of R. solani
AG2-2 IIIB, pea was, so far, not (Sneh et al. 1996). However,
during our field trial, no R. solani infection on sugar beet was
observed (data not shown).

Generally, when farmers aim to increase yield, they usually
apply higher amounts of agronomic inputs, e.g., fertilizer.
However, when yield increases proportionally leading to a
stable or raised agronomic efficiency, any change in cultiva-
tion management is a contribution to sustainable intensifica-
tion of crop cultivation. Vice versa, a reduction of agronomic
inputs must not decrease the yield. Thereby, the interaction
among the different agronomic inputs needs to be considered,
e.g., when herbicide spraying is replaced by mechanical hoe-
ing which increases diesel (energy) consumption. This inter-
action is visualized by the multidimensional spider graph we

Table 2 Efficiency of the use of
agronomic inputs (energy yield
per unit nitrogen, phosphorous,
pesticide, energy, and land) for
the cultivation of different 2-year
preceding crop – sugar beet
successions in a field trial in
Harste (Germany, 2011–2014).
Mean of years and standard
deviation in parentheses (n = 4).
Catch crop cultivation (mustard,
phacelia) was included

Succession Nitrogen
efficiency [GJ
(kg N)−1]

Phosphorous
efficiency [GJ
(kg P2O5)

−1]

Pesticide efficiency
[GJ (kg active
ingredient)−1]

Energy
efficiency
[GJ GJ−1]

Land use
efficiency
[GJ ha−1]

Mustard – silage
maize – sugar
beet

2.5 (0.4)a 2.9 (0.3)ns 115 (13)a 10.1 (1.2)a 670 (73)a

Phacelia – grain
pea – mustard
– sugar beet

3.4 (0.9)a 2.5 (0.3) 54 (4)b 9.0 (0.9)a 419 (49)b

Winter wheat –
mustard –
sugar beet

1.2 (0.1)b 2.6 (0.3) 44 (5)b 6.7 (0.6)b 420 (34)b

Different letters indicate significant differences between successions (Tukey, p ≤ 0.05); ns: non-significant
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provided (Fig. 2). Moreover, the spider graph compares the
agronomic efficiency of different preceding crop – crop (here:
sugar beet) successions and facilitates decision making and
communication. In our study, the efficiencies of the different
agronomic inputs were not weighted in terms of the severity of
their environmental impacts. Although such a weighting plus
an aggregation of indicators into one single index might facil-
itate the interpretation, it depends on personal opinions or
policy intentions which are usually not transparent (Castoldi
and Bechini 2010; Nardo et al. 2008). Further, we suggest that
the compensation of a weak efficiency of one agronomic
means by a high efficiency of another means, as assumed
when aggregating indicators into one single index (Castoldi
and Bechini 2010; Nardo et al. 2008), is not reasonable. We
thereby refer to the concept of “strong sustainability” of Dietz
and Neumayer (2007) where the depletion of natural re-
sources, as energy or P, is generally irreversible. The visuali-
zation presented in this study enables an individual decision in
accordance with the actual circumstances and aims. Overall,
we showed that effects of the preceding crop need to be
accounted for when the agronomic efficiency is evaluated,
and we provided a respective methodological approach.

4 Conclusions

Overall, we provided an assessment based on reliable field
trial’s data which supports the development of default values
and concepts for the assessment of the agronomic efficiency
of crop successions. Our study closes a gap in assessment
concepts for a development towards sustainable intensifica-
tion of crop cultivation. We concluded that the choice of the
preceding crop, including catch crop cultivation, determines

the amount of agronomic inputs used in sugar beet cultivation.
However, the main driver for the agronomic efficiency of 2-
year preceding crop – sugar beet successions was the preced-
ing crop itself with differences in the need of agronomic inputs
and in yield performance. We thus suggest to consider either
high yielding (e.g., silage maize) or low input (e.g., legumes)
preceding crops in future choices of crop successions.
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