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1.1 Background and objective

The increase of livestock husbandry and
the extension of biogas production in
northwestern Germany has led to an in-
crease in the production of organic ma-
nure. Nitrogen (N) and phosphorous (P)
from manures outbalance crop demand by
far, and large amounts of manure must be
exported from areas of intensive livestock
farming (Warnecke et al. 2011).

Cultivated on up to 60% of the arable
land in the region, maize (Zea mays L.) is
the dominant crop (Keckl 2015). Although
the nutrient demand of maize is already
covered by broadcast application of or-
ganic manure, usually a mineral N and P
fertilizer is side-banded (“starter ferti-
lizer”) to ensure proper early growth de-
velopment when low soil temperatures
limit P bioavailability and root growth.
This fertilization practice often leads to
nutrient surpluses that might be lost to
non-agricultural ecosystems like surface
and groundwater resources (Withers et al.
2000).

Recently developed techniques for
slurry injection allow the banded applica-
tion of liquid manures below the maize
seeds (Figure 1). Due to high nutrient con-
centrations in the fertilizer band, N immo-
bilization and nitrification is reduced and
roots have a better spatial access to the ap-
plied N and P (Schrdder et al. 2015). This
might lead to an increased nutrient use ef-
ficiency from organic manures and the
substitution of starter fertilizer without
impairing maize yields and quality. Fur-
thermore, the addition of nitrification in-
hibitors might be able to help syn-
chronizing nitrification of the applied am-
monium to the crop N demand, which pre-
dominantly happens several weeks after
application of manure (Ruser and Schulz
2015).

The aim of this thesis was to investi-
gate consequences following the injection
of liquid manures on the growth perfor-
mance of maize.

Based on these results, different agro-
nomic options to improve crop develop-
ment are discussed particularly in regard
of a sustainable intensification in north-
western German maize production.

The objectives were to

a) compare broadcast application of
slurry with different injection treat-
ments (without and with mineral
starter fertilizer, without and with a ni-
trification inhibitor, and at two rates)
under different soil and climate condi-
tions in northwestern Germany;

b) gather deeper insight into the effects of
different soil N dynamics following
slurry injection show on crop nutri-
tional status and yield performance;

c¢) show how differences in crop growth
can be easily detected by using high
throughput hyperspectral sensors to
improve the acquisition of information
in agronomic field trials.

Figure 1: Maize plant at 3 leaves stage. The
roots have already started intensive branching
into the manure band (orange circle).



1.2 Methodology and structure

This thesis is based on the project “Op-
timierung der Stickstoff- und Phosphat-
Effizienz aus flussigen organischen Wirt-
schaftsdiingern durch “Depot-Applika-
tion” zur Verminderung der Umweltbe-
lastung” (“Optimizing nitrogen and phos-
phorus use efficiencies from liquid ma-
nure by slurry injection to reduce en-
vironmental pollution”) funded by the
German Federal Environmental Founda-
tion (“Deutsche Bundesstiftung Umwelt”;
Grant 30364/01). While injection of liquid
manure has been primarily used to miti-
gate ammonia volatilization in recent
years, the objective of this project was to
develop slurry injection into an integrated
starter fertilizer strategy for northwestern
German maize production. In this respect,
generating knowledge for using band-in-
jected slurry to obviate mineral N and P
starter fertilizers is a necessity for reduc-
ing N and P inputs to maize fields. The ad-
dition of nitrification inhibitors to the
slurry prior to application delays the nitri-
fication of ammonium, which might re-
duce nitrate leaching and enhance the
availability of nutrients like P and zinc.

In close cooperation with the extension
services in the federal states of North-
Rhine Westphalia, Lower Saxony and
Schleswig-Holstein field experiments in
typical maize production areas are con-
ducted. In a uniform trial setup, slurry in-
jection treatments are compared to
broadcast application of liquid manure
with mineral starter fertilizer. The field
trials mainly focused on nitrogen dynam-
ics in the soil-plant-system and their re-
spective consequences on maize-nutrient
uptake. Additionally, methodological so-
lutions to increase the validity of soil min-
eral N investigations, as well as to ease in-
season crop performance investigations
via spectral sensors were evaluated.
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This inclusive research approach with re-
gional uniform trials in combination with
in-depth field and laboratory trials at the
research station of the Osnabriick Univer-
sity of Applied Sciences is expected to ex-
tensively add to existing knowledge of the
subject. The cooperation with the exten-
sion services and local companies in the
regions of interest led to a rapid transfer
of knowledge and further research ques-
tions from and to the participating scien-
tists, advisors, companies and farmers.

The present thesis begins with a gen-
eral introduction, including a literature re-
view, which illustrates issues in the N and
P cycles in areas of intensive livestock
farming. The introduction then explores
the resultant consequences on northwest-
ern German maize production.

The subsequent chapter is comprised of
three articles, which are published in in-
ternational peer-reviewed journals. The
chapter begins with a study in which the
performance of liquid manure injection on
several sites within the region is tested
and discussed using two rates of applica-
tion (recommended and reduced) and the
presence or absence of a nitrification in-
hibitor. In the second article, the effects of
slurry injection on nitrogen dynamics
during crop growth were examined in de-
tail. The third article is a methodological
approach to using sensor technologies in
agronomical field trials with maize.
Thereby high throughput of plots with
low labor input should increase the ex-
pressiveness of trial series.

The results of the project are then dis-
cussed on a broader scale followed by a
general conclusion, which summarizes the
potentials of liquid manure injection to in-
crease nutrient use efficiencies in north-
western Germany and limitations in terms
of sustainability.



1.3 Nutrient cycling in areas of intensive livestock farming

To meet the demand for food, feed and fi-
ber of an ever-expanding global popula-
tion, overall agricultural production is
constantly increasing and is a driver for
long-term negative changes of ecosystems
(Foley et al. 2005). In recent decades the
increase of production was mainly driven
by intensification of a constant production
area through increasing inputs like ferti-
lizers or irrigation in crop production (Fo-
ley et al. 2011). Additionally, global trade
increased regional specialization and thus,
intensification (Schipanski and Bennett
2012). With the possibility to trade glob-
ally, decoupling livestock production from
fodder production led to so called “second-
ary nutrient flows” (e.g. N, see Figure 2)
into areas with intensive livestock opera-
tions, which leads to nutrient surpluses
(MacDonald et al. 2011; Schipanski and
Bennett 2012). Major imports into the
EU27 are feedstuff like soybeans and soy-
bean cake from South America, maize
from North America, and palm oils from
Southeast Asia. Major exports to Russia
and Japan mainly consist of meat prod-
ucts, whereas the Maghreb and Middle
East countries are major importers of Eu-
ropean feed grains (Lassaletta et al. 2014).

On a global scale, intensive production
of mainly monogastric species tends to be
concentrated in regions with good market
opportunities, which are in close proxim-
ity to densely populated areas (Gerber et
al. 2005).

While in most parts of the northern
hemisphere these intensive production
systems already exist and production
quantities are relatively stable, they are
rapidly growing in the global south (Ger-
ber et al. 2005). Several areas of intensive
livestock farming “clustered” in the south
(Catalufia and Galicia in Spain, Lombardy
in Italy), and the north (Brittany in France,
Belgium, the Netherlands, Denmark, and
the federal states of Nordrhein-Westfalen,
Niedersachsen and Schleswig-Holstein in

Germany) of Europe (Bauerle and Tamasy
2012; Melse and Timmerman 2009) and
show major inflow of feed grain and
soymeal (Steinfeld 2006). This inflow re-
sults in N and P surpluses in several mu-
nicipalities in Germany (Osterburg and
Techen 2012). The emergent biogas pro-
duction based on energy crops like maize
diminished the share of feed production
on arable land in northwestern Germany,
leading to a further rise of feed imports
(Wustholz et al. 2014). The subsequent nu-
trient surpluses necessitate transport of
manures into regions where they can be
used in arable farming (Warnecke et al.
2011).

In high-density livestock operations
however, excess fertilization (Carpenter et
al. 1998; Steinfeld 2006) leads to P accumu-
lation in soils (Leinweber et al. 1994; Mac-
Donald et al. 2011), and air and water
pollution (Jongbloed et al. 1999; Builtjes et
al. 2011) which hinders efforts to meet sus-
tainability targets (Tilman et al. 2002; Sut-
ton et al. 2013). In order to overcome the
aforementioned  concerns,  European
countries introduced legislations to miti-
gate nutrient losses to the environment
(Jongbloed et al. 1999). Directives dealing
with N emissions to water bodies
(91/676/EEC Nitrates directive;
2000/60/EC Water Framework Directive;
2006/118/EC Groundwater Directive) and
the atmosphere [2001/81/EC National
Emission Ceilings; 2008/1/EC Integrated
Pollution, Prevention and Control
(Oenema et al. 2011)] therefore evolved in
the EU during the last three decades.

Although the optimization of feeding
strategies in animal production, which di-
rectly decreases nutrient imports and,
thus, all following emission factors (Webb
et al. 2006; Webb et al. 2010) has already
been implemented in northwestern Eu-
rope (Poulsen et al. 1999), to reduce nutri-
ent surpluses further measures are in
demand.
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Figure 2: N flows from EU27 (filled black) to other countries for the year 2004. Net exporting
countries in blue. Yellow, orange, red countries are those, which are net importers from Europe.
Arrows show flows between different regions and EU27. Map by weltkarte.com (2017), data from

Leip et al. (2015).

1.4 Nitrogen and phosphorus in the environment

Global N and P fertilizer use

Nitrogen (N) and phosphorus (P) are cru-
cial nutrients for crop growth and their
plant availability is usually a limiting fac-
tor in crop production (Bouwman et al.
2017). To overcome these limitations,
farmers apply mineral fertilizers, which
account for 70-75% of total P and 40-55%
of total N inputs throughout the globe
(Bouwman et al. 2017). N and P fertiliza-
tion rates in excess of crop nutrient de-
mand lead to low nutrient use efficiencies,
high amounts of reactive N lost to the en-
vironment, and P accumulations in soils
(Bouwman et al. 2017; Carpenter et al.
1998; MacDonald et al. 2011; Sutton et al.
2011). On the other hand, N2 is amply pre-
sent in the ambient air, but not plant avail-
able. Different pathways convert inert N
to reactive N, totaling 413 Tg y! globally
(Fowler et al. 2013). Biological N fixation

(BNF) converts N2 into ammonium com-
pounds which are then transformed to
amino acids, or oxidized (Fowler et al.
2013). Marine BNF and terrestrial BNF ac-
count for 120 Tg y-1 and 58 Tg y-1, respec-
tively. The contribution of N transformed
by lightning and anthropogenic combus-
tions (5 Tg y1 and 30 Tg y1, respectively)
to crop production is limited (Fowler et al.
2013). Agricultural BNF, mainly based on
symbiotic processes between plants and
rhizobia adds 50-70 Tg N y-! (Herridge et
al. 2008). The major contribution to crop
nutrition since the beginning of the 20t
century is the Haber-Bosch process with
an annual N production of 120 Tgy!
(Fowler et al. 2013). Direct carbon dioxide
emissions contributing to global warming
are a negative aspect of N fertilizer pro-
duction, as a lot of energy is needed to
convert Nz into reactive forms (Sutton et
al. 2013).



Reactive N as nitrate pollutes ground- and
surface waters and nitrous oxide (N20)
significantly contributes to global warm-
ing (Leip et al. 2015).

Ammonia emissions and abatement strate-
gies

Livestock-related ammonia emissions are
the major source of agricultural ammonia
emissions, which account for 80% of the
total European ammonia emissions (van
der Hoek 1998; Velthof et al. 2012). On-
farm measures to reduce ammonia emis-
sions include exhaust air treatment sys-
tems, when active ventilation systems are
used for animal housing (Melse and Tim-
merman 2009) and manure storage cover
(Sommer et al. 1993). Ammonia emissions
from land application of manure account
for ~40% of livestock ammonia emissions
(van der Hoek 1998; Velthof et al. 2012).
When spreading liquid manure on the soil
surface, depending on several factors (e.g.
soil pH, plant cover, temperature, and
wind speed) up to 100% of the applied am-
monia volatilizes (Huijsmans et al. 2003,;
Misselbrook et al. 2002). Reducing the ex-
posure area to air via band spreading, or
injection (Frost 1994), as well as slurry di-
lution to increase infiltration rate into the
soil are measures to reduce ammonia
emissions (Sommer and Hutchings 2001).
The potential to decrease ammonia emis-
sions has been widely confirmed for liquid
manure surface banding (-48%), shallow
incorporation (-68%), and deep injection
(-97%) (Webb et al. 2010). As these im-
provements come at a relatively low cost
(Webb et al. 2006), they are increasingly
being adopted by European farmers. Re-
ducing ammonia emissions from land ap-
plication of liquid manure however, leads
to high amounts of ammonium in the soil,
which is then nitrified and increases not
only the potential for N2O losses on the ni-
trification and denitrification pathways
(Dosch and Gutser 1996; Webb et al. 2010),
but also contributes to nitrate (NO3)
leaching (Kohler et al. 2006).

Nitrous oxide emissions

Nitrous oxide (N20) is the third most sig-
nificant greenhouse gas contributing to
climate change and is today predomi-
nantly emitted from soils treated with N
fertilizers (Hartmann et al. 2013; van
Groenigen et al. 2010). During the applica-
tion of ammonium fertilizers, substantial
amounts of N2O are emitted during the
process of nitrification via nitrifier deni-
trification (Figure 3). The quantitative rel-
evance of N2O emissions from these
processes are currently discussed (Baggs
and Philippot 2010; Ruser and Schulz 2015;
Wrage et al. 2001). The major source of
N2O in cropping systems however, is de-
nitrification of NOs", which depends on
available NO3z- and carbon (C), soil mois-
ture and oxygen contents, as well as soil
structure and soil respiration (Maller and
Clough 2014). Denitrification rates can be
altered by cropping and fertilizer systems
(Bouwman et al. 2002; Ma et al. 2010). A
reduction of N2O emissions can be
achieved by keeping soil NO3~ concentra-
tions low, as it directly leads to reduced
denitrification potential and to a higher
N2/N2O-ratio in the denitrified product
(Ruser et al. 2006; Weiske et al. 2001). Con-
sequently, linking N fertilizer applications
and nitrification to crop N demand is ad-
vised (van Groenigen et al. 2010).

Nitrate
ammonification NHZ

NRF

N,0 <-[NO3|>NO=> N,0>N,
NAR A NR  NOR  NOS

NAP

/]\NOR

NH3>NHoOH->NO3 >|NO->N,0 >N,
AMO HAO NIR| NOR ?
,0

Nitrification Denitrification

N

Nitrifier denitrification

Figure 3: Pathways of nitrification in ammo-
nium oxidizing bacteria (green box; Arp and
Stein (2003)), nitrifier denitrification (blue box)
and denitrification (red box). Adapted from
Baggs and Philippot (2010).



Nitrate leaching

As NOs- is typically not bound to soil par-
ticles, it is the dominant N form in seepage
(Di and Cameron 2002). Leaching of
NOs- is an inevitable implication with crop
production in humid regions (Kéhler et al.
2006). Leached NOs contaminates
ground- and surface waters (through
drainage systems) and poses a threat to
human and animal health (Di and Cam-
eron 2002). NOz™ leaching furthermore re-
sults in eutrophication of aquatic eco-
systems, as N is, besides P, the most limit-
ing factor for marine life in temperate re-
gions (Howarth 1988). As for N20, the
major driver for NO3™ leaching is a surplus
of NOs™ above plant requirements (origi-
nating from mineralization of organic
matter, organic and mineral fertilizers),
paired with precipitation events that lead
to drainage (Kayser et al. 2011). This is of-
ten the case during vegetation-free peri-
ods in cropping systems and particularly
critical after soil cultivation (Francis et al.
1995). Possible measures to avoid
NOs- leaching are reducing N surpluses
and coupling fertilizer applications with
crop N demand, as well as permanent soil
coverage by catch crops or other cropping

Atmosphere NH,

A

AN

deposition
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system adaptions (Kohler et al. 2006; Stre-
bel et al. 1989). Deep ploughing and drain-
age of peatlands in northwestern Ger-
many provided large areas of sand-mix
culture soils available for agriculture
(Hageman 1978). These soils show an in-
creased potential for N mineralization and
the coarse texture favors leaching of
NOs- (Kayser et al. 2011).

Other N loss pathways

Total N losses increase with increased N
input (Liu et al. 2016). Further N losses
from agricultural systems can occur when
N bound to organic matter or soil particles
is eroded from the site and when N (par-
ticularly NO3") is dissolved in surface run-
off water (Figure 4). Compared to the
gaseous and leaching, the magnitudes of
these losses are low. While some signifi-
cant N losses through erosion are reported
in the literature (e.g. Quinton et al. 2010),
losses through runoff and erosion usually
account for less than 5% of the applied in-
put (Carpenter et al. 1998; Keppner et al.
2017). These differences, however, largely
depend on interactions between soil,
slope, tillage, crop management, and pre-
cipitation (Le Bissonnais et al. 2002).

N,, N,O plant N

A uptake
mineral

fertilizers

—» surface runoff
—» erosion

Soil surface \

—» drainage

v

mineralization

NH,* = nitrification - NOy

N

mineral

4_-_-_-_-_-

leaching to groundwater

Figure 4: Nitrogen cycle in the soil with major fractions, flows and turnover processes. Adapted

from (Blume et al. 2010).



Phosphorus

P is a crucial nutrient for plants. Unlike N,
P fertilizers are produced from mined rock
phosphate since the mid of the 19t cen-
tury at a current rate of 13-16 TgP y!
(Smil 2000). Sutton et al. (2013) estimate a
depletion of rock phosphate reserves in
~370 years. Although P reserves are ex-
pected to last longer than e.g. fossil fuels,
most P mines are located in politically un-
stable regions, or the P produced is of poor
quality due to high concentrations of
heavy metals.

Manures from livestock systems are a
substantial source of P used in agriculture.
Smil (2000) and Bouwman et al. (2009) es-
timate  that 16-20 TgPy!  and
14-17 Tg P yL, respectively, are recycled
from organic manures. A total input of
23.8 Tg P y'1 to global croplands exceeded
total removal by harvested crops
(123 Tg P yl) according to a study by
MacDonald et al. (2011). Consequently, P
input to agricultural systems is not bal-
anced, especially in areas of intensive live-
stock farming with surplus fertilizer use

(organic plus mineral), which accumulate
P in soils (Carpenter et al. 1998; MacDon-
ald et al. 2011; Schipanski and Bennett
2012).

These P accumulations in soils are
prone to runoff and a major driver for eu-
trophication of aquatic systems (MacDon-
ald et al. 2011). Global annual P erosion
from cropland accounts for 15 Mt P y-1,
from permanent pastures 13 Mt P y1 and
2 Mt P y-1 from non-agricultural land, re-
spectively. Smil (2000) estimates a total
discharge of 20 MtPy! to oceans, the
other 10 Mt P y-1 are deposited in other al-
luvia, e.g. in riverbeds. Soil P accumula-
tions can lead to leaching of P, especially
on soils with low sorption capacities and
low retention potential for water (Beh-
rendt and Boekhold 1993; King et al. 2015).
On the coarse textured soils in northwest-
ern Germany with intensive livestock
farming, arable fields are typically drain-
ed, and show high P concentrations. In
these conditions, leaching of P has been
identified as a relevant route for P losses
(King et al. 2015; Leinweber et al. 1997;
Pihl and Werner 1995).

1.5 Fertilization strategies for maize in northwestern Germany

Low suitability to produce high-income
crops on the sandy soils in major parts of
northwestern Germany led to a tradition-
ally high concentration of animal farming.
In the last decade a further incease in
stocking densities and the emergent bio-
gas production led to high nutrient sur-
pluses (Bach and Frede 1998; Osterburg
and Techen 2012).

The estimates for N and P excretions
from animal husbandry in certain areas
like the Weser-Ems region (177 kg N ha'l
and 42 kg P ha'l, respectively), with a fo-
cus on the districts Vechta (310 kg N hal,
85 kg P hal respectively) and Cloppen-
burg (252 kg N hal, and 69 kg P hal, re-
spectively; (Landwirtschaftskammer Nie-
dersachsen 2017)) already outbalance po-
tential crop nutrient uptake. Conse-
quently, huge amounts of manure have to
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be exported to other regions (Warnecke et
al. 2011). Furthermore, leaching is a com-
mon problem and nitrate concentrations
in the groundwater are elevated (Keppner
et al. 2017; Wachendorf et al. 2004). Maize
(Zea mays L.) is the dominant crop in the
region (Kayser et al. 2011; Keckl 2015). As
ample amounts of manure are available,
farmers commonly apply liquid manure
prior to planting with splash plates, or
trailing hoses followed by immediate in-
corporation. Large amounts of N are re-
quired by many plants and N represents a
major constituent of proteins, chlorophyll
and other compounds (Hawkesford et al.
2012). N limitation typically leads to re-
duced growth of plants, senescence of
older leaves and reduced formation of re-
productive organs (Hawkesford et al.
2012). At early growth stages of maize



however, Muchow (1988) showed only mi-
nor effects of N deficiency on biomass
production. Accordingly, on a wide range
of N fertilization levels, Vos et al. (2005)
observed only limited response of maize in
terms of leaf appearance, elongation, and
final area. However, leaf N concentrations
and, consequently, photosynthetic capac-
ity were significantly reduced.

According to Plénet and Lemaire (1999)
N concentrations in maize plants should
not fall below a critical value of 3.4% N if
aboveground biomass is below 1 Mg ha,
in order to prevent yield loss. For further
growth, they suggest a function for critical
N (%Nc = 3.4 * (W)-037 where W is the dry
matter biomass (DM) in Mg DM ha'l). A
similar approach developed by Herrmann
and Taube (2004) leads to slightly lower
target values for Nc.

To assure optimum N concentrations
on farms with animals or biogas, usually a
combination of manure and mineral ferti-
lizers is used. While farmers apply manure
and N fertilizers prior to planting, or top-
dress at 4 to 10 leaves stage, mineral N-P
fertilizers are commonly used as starter
fertilizer close to the maize row at plant-
ing to overcome early-growth nutrient de-
ficiency stress (Schroder et al. 2015;
Withers et al. 2000).

In recent fertilizer recommendations,
manure application rates were prevail-
ingly adapted to N demand (Baumgartel et
al. 2010), leading to P surpluses on farms
with pigs or poultry. Nevertheless, at early
growth stages when soil temperatures are
low, incorporated manure P and soil P are
not fully available to maize roots (Barber
1995; Mollier and Pellerin 1999). The low
bioavailability of P to maize plants at low
soil temperatures is a result of a restricted
P diffusion speed as well as limited root
growth, which limits spatial acquisition of
P (Imran et al. 2013; Mollier and Pellerin
1999). Thus, P deficiency symptoms such
as purpling of leaves are common in tem-
perate maize production. Furthermore,
suboptimal P concentrations impair crop
growth and biomass production due to re-
ductions in leaf appearance, leaf elong-
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ation and final leaf size (Assuero et al.
2004; Hawkesford et al. 2012). To acquire
sufficient amounts of P from the soil, defi-
cient plants increase their root growth and
try to dissolve P with root exudates (Neu-
mann and Romheld 2012). Starter fertiliz-
ers usually consist of ammonium N and P
because lateral root proliferation as well
as fine root proliferation are enhanced in
zones where high concentrations of am-
monium N and P occur (Drew 1975; Ma et
al. 2013; Ohlrogge 1962). When plants take
up the ammonium cation a H* is excreted
by the root and, as a consequence, the pH
in the rhizosphere is lowered, typically in-
creasing the solubility of P in European
growing conditions (Neumann and R6m-
held 2012). Thus, farmers commonly use
starters containing both ammonium N and
P (e.g. diammonium phosphate), which
might lead to nutrient surpluses if not re-
garded in N and P fertilizer recommenda-
tions.

Fertilization recommendations

N fertilization recommendations for maize
in northwestern Germany typically use
target values for N in relation to yield ex-
pectation. These target values depend on
soil mineral N (SMN) taking into account
soil type, recent organic fertilization and
previous crop (Baumgartel et al. 2010;
Fechner and Apel 2016; Landwirtschafts-
kammer Schleswig-Holstein 2013). As
SMN shows very high in-field variations,
large numbers of samples need to be ob-
tained to get reliable SMN values (Auf-
hammer et al. 1989; Olfs et al. 2005;
Westerschulte et al. 2015). SMN is used to
calculate pre-plant N recommendation, as
well as for pre-side dress N (Olfs et al.
2005). As the year-to-year variation of
pre-plant SMN is rather negligible on
sandy soils, the benefit of site-specific
sampling does not outweigh the costs of
sampling and analysis (Schroder et al.
1998). Thus, the extension services pro-
vide regionally average values for SMN
based on large numbers of samples (Fech-
ner and Apel 2016). The target value is a
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good indicator for N fertilization rates to
sustain optimum yields on a regional ba-
sis, but the practice is not always able to
reduce NOs- leaching potential (Bauer et
al. 2014; Schiermann 2004). Due to the
coarse soil texture of many maize fields in
the region, leaching might occur between
fertilization and plant N uptake (Wester-
schulte et al. 2016; Westerschulte et al.
2017). Furthermore, mineralization of N
during the vegetation period varies sub-
stantially as a result of seasonal weather
conditions, soil type, and soil organic mat-
ter (Aufhammer and Kubler 1997; Olfs et
al. 2005; Schiermann 2004).

There are estimations based on recent
observations available and already inte-
grated into fertilizer recommendations.
In-season samplings and analysis of SMN,
although available, have not found their
way into practical farming (Kitchen and
Goulding 2001). To get a better indication
of N mineralization, it might be wise to
take samples during the vegetation. This
practice, however, requires fertilization to
be split into a moderate starter fertilizer
application and a later side dressing,
which can be based on soil and plant anal-
ysis (Olfs et al. 2005). Pre-side dress SMN
sampling is a viable method to decide on
N fertilization at later growth stages,
when a relevant proportion of mineraliza-
tion has already taken place (Bauer et al.
2014; Laurenz 2013; Richards et al. 1999;
Stone 2000) and local recommendations
are available. Different methods of plant
analysis give insight into plant nutritional
status. Tissue sampling can be used for N
as well as for other nutrients, e.g. the
aforementioned critical value by Plénet
and Lemaire (2000). Plant-sap nitrate con-
centration in the stem-base of maize
plants can indicate nutritional status
(Bauer et al. 2014; Geyer and Marschner
1990), and chlorophyll meter readings also
respond to N status (Rambo et al. 2010). In
the last two decades, research to relate
spectral measurements to plant nutri-
tional status resulted in vegetation indices
like the naturalized differentiated vegeta-
tion index (NDVI), and the red edge inflec-
tion point (REIP, for details see chapter
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2.3; (Guyot and Baret 1988; Rouse et al.
1974). Farmers use these kind of measure-
ments to optimize fertilization of maize in
North America (Schmidt et al. 2011) and of
oilseed rape and wheat in Europe (Sam-
borski et al. 2016). Although plants seem
to be the best indicator for their nutri-
tional status, all in-season dressings for
maize need to take recent weather condi-
tions, as well as other possible growth fac-
tors, into account and are best combined
with SMN sampling (Bauer et al. 2014;
Rambo et al. 2010).

Liguid manure injection

To enhance nutrient use efficiency from
liguid manure, reliable application sys-
tems with adequate longitudinal and lat-
eral distribution became state of the art for
most farmers and contractors in north-
western Germany. Based on these tech-
nologies, different tools to directly inject
liguid manure into the soil evolved. Shal-
low injection with disc openers is typi-
cally used for top-dressing in crops like
cereals and grassland (Misselbrook et al.
2002). Deep injection with tines requires a
significant movement of soil and is thus
only applicable on bare soil, or between
the rows of wide standing crops (Ball Coe-
Iho et al. 2005; Meisinger and Jokela 2000).
Several authors quantify the ammonia
emission reduction potential of the afore-
mentioned injection techniques (e.g.
Maguire et al. 2011; Misselbrook et al.
2002; Sommer and Hutchings 2001; Webb
et al. 2012). Furthermore, when manure is
band injected, the interaction of soil and
manure and subsequently the transfor-
mation of NH4* from manure into other N
compounds is impeded (Segrensen and
Amato 2002), leading to more plant-avail-
able N, and to a reduced N loss potential
(Dosch and Gutser 1996). Although nitrifi-
cation of NH4* is slowed, still very high
concentrations of NOs™ are present in the
manure band, increasing the risk for deni-
trification losses (Webb et al. 2010). Addi-
tionally, taking into account the
substantial concentrations of other nutri-
ents, injected liquid manure can be used as



starter fertilizer for maize (Bittman et al.
2012; Petersen et al. 2010; Schmitt et al.
1995; Schroder et al. 2015). While several
studies in north America were conducted
on silt, loam, and clay soils, European
studies were predominantly conducted on
coarse-textured, sandy soils. Usually there
is no possibility to do any further tillage
operation after slurry injection. Thus, the
injectors need to ensure a proper seedbed
preparation. This is not possible on fine-
textured soils, which typically show high
soil moisture contents during maize seed-
bed preparation in Europe. For a quick
root penetration of the manure band,
slurry placement in close proximity to the
seed row is recommended (Bittman et al.
2012; Schroder et al. 2015). However, in a
study from Sawyer and Hoeft (1990) with
injected beef manure, unfavorable chemi-
cal properties like NHs toxicity, low redox
potential and high concentrations of ni-
trite (NO2) did not allow roots to grow
into the manure band. High concentra-
tions of NO2 associated with high doses of
NH4* were also reported by Shaviv (1988),
as NH4* oxidation to NO2" is unaffected by
NH4* concentrations, whereas the oxida-
tion of NO2" to NOs™ was significantly re-
duced. Consequently, more NO2- is avail-
able for the nitrifier denitrification path-
way, which can lead to increased N.O
emissions (see Figure 3).

Nitrification inhibitors

Further increase in nutrient use efficiency
might be achieved when adding nitrifica-
tion inhibitors to applied ammonium-
based fertilizers (Subbarao et al. 2006). Ni-
trification inhibitors applied with substan-
tial doses of liquid manure are able to
decrease NOs- concentrations in the soils
and, thus, the potential for leaching and
denitrification (Di and Cameron 2007;
Ruser and Schulz 2015). The process of ni-
trification is the oxidation of NHs via
NO2 to NO3™ by Nitrosomonas spp. and Ni-
trobacter spp. (Singh and Verma 2007). As

1. General introduction

the nitrification process requires oxygen,
significant amounts of N,O can be formed
under oxygen limitation (Wrage et al.
2001). In the first step of nitrification, the
enzyme ammonia monooxygenase (AMO)
oxidizes NH3 to NH20H, which poses no
N loss pathway (McCarty 1999). Conse-
quently, this is the relevant target enzyme
for nitrification inhibitors.

To impede NH3 oxidation by AMO, three
specific modes of action are known:

a) direct interaction with the enzyme, ei-
ther by competition for the target site,
or by binding somewhere else to the
enzyme changing its conformation
[e.g. methane, carbon monoxide, nitra-
pyrin; Keener and Arp (1993)].

b) deprivation of co-factors. For AMO Cu
is a relevant co-factor, thus Cu-chelat-
ing compounds like thiourea, dicyandi-
amide (DCD) and nitrapyrin can inhibit
nitrification (Subbarao et al. 2006).

¢) Mechanism-based inhibitors irreversi-
bly inactivate the target enzyme
through modification by the product of
catalysis (McCarty 1999). However,
compounds like trichloroethylene and
allylsulfide (Juliette et al. 1993; Mc-
Carty 1999) did not find their way into
practical farming.

The mode of action of heterocyclic com-
pounds such as 1,24-triazole and dime-
thyl-pyrazol-phosphate is not yet fully
understood (McCarty 1999). As any chem-
ical compound for plant protection, the
application of nitrification inhibitors to
farmlands should also be target-oriented,
with minimal environmental side effects
(Hauck 1980). Furthermore, when using
nitrification inhibitors special attention
should be paid to avoiding potential dis-
charge of active ingredients and their me-
tabolites to waterbodies. Particularly as
some nitrification inhibitor compounds
were recently detected in German surface
waters (Scheurer et al. 2016).
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Abstract

Maize (Zea mays L.), the dominating crop in northwestern Germany usually receives
mineral nitrogen (N) and phosphorous (P) fertilizer side dressed (MSD) at planting as a
starter to ensure proper early-growth development, on top on a usually nutrient de-
mand covering manure application. Recently developed injection techniques, along
with auto-guidance systems allow liquid manure injection below the maize seeds in a
separate operation. Thus, the need for starter fertilizer might be obviated.

Field trials were conducted on seven sites in northwestern Germany to compare lig-
uid manure broadcast application versus injection at recommended rate with and with-
out addition of a nitrification inhibitor in 2013. Several treatments were tested with and
without MSD (23-10 kg N-P ha'l). In 2014, the trials were adapted to a proper two-fac-
torial setup with additional reduced manure application rate treatments. Biomass accu-
mulation and nitrogen uptake were assessed at V8 growing stage and at harvest.

Compared to broadcast application with MSD, liquid manure injection without MSD
showed retarded early-growth, but equal yield and N uptake at harvest in both years.
Adding a nitrification inhibitor to injected liquid manure led to equal early-growth and
yield, but significantly increased N uptake by 7% in 2013 and 6% in 2014, respectively.
Regarding the proper performance of reduced rate injection treatments, the increase in
N use efficiency is even more noticeable. The reduction of P input did not influence
early growth and yield. P use efficiency from manure is higher when manure is injected
prior to planting.

These results indicate that liquid manure injection might reduce N and P surpluses
in maize growing and therefore benefit farmers and environment.
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Enhanced nutrient use efficiencies from liquid manure

Introduction

In northwestern Germany livestock hus-
bandry traditionally has a major share in
agricultural production. Long-term use of
manures (often at rates higher than the
phosphorous (P) demand of the crop) has
led to P accumulation in many agricultural
soils (Warnecke et al. 2010). Soil test val-
ues for P indicate no necessity for P ferti-
lization on a large proportion of farmland
in this area (Leinweber 1996). In the last
decade biogas plants, producing energy
from the digestion of manure and plant bi-
omass came up in the region leading to a
further increase in manure formation. As
nitrogen (N) and P in manures on many
farms outbalance crop nutrient demand by
far, large amounts of manure have to be
exported out of this region (Warnecke et
al. 2010).

Maize (Zea mays L.) is the dominating
crop in the area, used as fodder and sub-
strate for biogas plants (Keckl, 2015). Low
soil temperatures at maize planting typi-
cally limit bioavailability of certain nutri-
ents (Barber 1995), as low root zone
temperatures reduce the diffusion speed
for P as well as nutrient acquisition due to
reduced root growth (Imran et al. 2013).
Ohlrogge (1962) showed a positive inter-
action of phosphate and ammonium ap-
plied in a band near maize seeds, when
compared to the application of each
nutrient alone. This interaction typically
enhances crop early growth development
and thus, farmers commonly apply a min-
eral starter fertilizer containing ammo-
nium-N and water-soluble P. On farms
with livestock, starters are commonly ap-
plied on top of the usual application of
manure, which in most cases already co-
vers N and P demand of the crop. This
practice leads to N and P accumulations in
the soil, which are then prone to leaching
and runoff (Schroder et al. 2015; Touchton
1988; Withers et al. 2000). According to
several studies from Europe (Petersen et
al. 2010; Schroder et al. 2015) and North
America (Beauchamp 1983; Chen et al.
2010; Sawyer et al. 1991; Schmitt et al.
1995) manure injection appears promising
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to ensure proper early growth develop-
ment and high nutrient use efficiencies.
Bittman et al. (2012) and Chen et al. (2010)
showed the importance of planting maize
close to the injection bands, as higher dis-
tances impair early development and fi-
nally yields when compared to placed
injection or banded mineral starter ferti-
lizer. This gain in crop performance is due
to increased chemical and spatial nutrient
availability. Furthermore, injection of lig-
uid manure is an effective method to mit-
igate ammonia emissions (Sommer and
Hutchings 2001), but N2O emissions can
be higher (Dosch and Gutser 1996).

Using nitrification inhibitors in crop
production can contribute to minimize ni-
trogen losses to the environment, as they
are able to reduce nitrate leaching, as well
as N2O emissions and finally increase the
nitrogen use efficiency (Ruser and Schulz
2015). However, according to studies from
McCormick et al. (1984) and Schmitt et al.
(1995), yield response of maize to nitrifica-
tion inhibitors added to spring injected
manure is variable. Several soil and site
properties (e.g. temperature, pH and or-
ganic matter) as well as management
practices (placed injection versus soil in-
corporation) might impact the effective-
ness of nitrification inhibitors (Bundy and
Bremner 1973; Keeney 1980). Up to now
most research was done with the com-
pounds Nitrapyrin (McCormick et al.
1984; Schmitt et al. 1995), dicyandiamide
(Amberger 1986) and Dimethylpyrazol-
phosphate (Zerulla et al. 2001).

McCarty and Bremner (1989) proved
that both active ingredients (1,2,4 Triazol
and 3-Methylpyrazol) of the product
PIADIN® (SKW Piesteritz, Wittenberg,
Germany) are able to inhibit nitrification
separately. However, up to now only few
publications on the use of this product ex-
ist (e.g. Misselbrook et al., 2014; Hu et al.,
2013). A series of field trials was estab-
lished to monitor the growth response of
maize to liquid manure broadcast applica-
tion versus injection. The importance of
mineral starter fertilizer was in scope as
well as the addition of a nitrification in-
hibitor. The primary objective of the study
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was to evaluate placed liquid manure ap-
plication to obviate the use of mineral
starter fertilizers and therefore reduce N
and P inputs without impairing maize
yield and quality.

Material & Methods
Sites

In 2013 and 2014, maize trials were con-
ducted in cooperation with the extension
service (i.e. the Chambers of Agriculture)
in Lower Saxony (LS), North Rhine-West-
phalia (NRW) and Schleswig-Holstein
(SH, see Table 1 for details). Five sites (2;
4;5; 6; 7) are located in regions with inten-
sive animal farming on sandy soils. Due to
long-term manure application, these soils
are typically high to very high in soil P test
levels (see Table 1). The Luvisols at sites 1
and 3 in cash cropping areas were medium
to high in plant available soil P and did not
receive high amounts of organic manure
over the last decades.

Northwestern Germany is character-
ized by maritime climate. Mean annual air
temperature at the study sites ranges from
8.6°C to 10.4°C from north to south, and
mean air temperature from May to Sep-
tember ranges from 13.8°C to 15.4°C. Mean
annual precipitation ranges from 742 mm
to 880 mm (@ 826 mm) with rainfall from
May to September ranging from 323 mm
to 376 mm (@ 364 mm). In 2013, air tem-
perature was 0.85°C above long-term av-
erage and May to September rainfall was
73 mm below average for NRW and LS
sites, but 20 mm above for SH sites, with a
lack of precipitation in July and August.
Temperatures were rather low in April de-
laying planting of maize at LS and SH
sites. In 2014, air temperature was 1.3°C
above long-term mean with May to Sep-
tember precipitation rather close to aver-
age, but unusual rainfall distribution with
high rainfalls in May and July. Despite of
above-average air and soil temperatures in
spring 2014 manure application and plant-
ing was delayed by two weeks at sites 4

and 6 due to unfavorable weather condi-
tions. For further details, see Table 1.

Experimental design

The trials in 2013 were conducted using a
complete randomized block design with
four replicates and six treatments. The
preliminary results demanded a more
thorough investigation of the topic and
thus in 2014 setup and treatments were
adapted to a proper two-factorial setup. It
was obvious to change to a two-factorial
setup to distinguish the main effects of lig-
uid manure application (LMA) from min-
eral side dressing (MSD). Therefore, in
2014 it was a split- plot design with four
replications. The treatment factors were
liguid manure application (LMA, main
plot) and mineral side dress (MSD, sub-
plot). Each plot in 2013, as well as each
subplot in 2014 were 7 m in length, 3 min
width and consisted of four rows (75 cm
row spacing).

Treatments

In 2013 the following treatments were
conducted: (1) a control treatment without
any fertilization (C-), (2) manure surface
banding followed by immediate incorpo-
ration into the top 10 cm of soil with MSD
(B+), (3) LM injection treatment without
and with MSD (I- and I+, respectively) and
(4) injection with the nitrification inhibi-
tor 1,24 Triazol and 3-Methylpyrazol
(PIADIN®, SKW Piesteritz, Wittenberg,
Germany) at a rate of 3 | ha'l, also without
and with MSD (I(N)- and I(N)+, respec-
tively). For all injection treatments, the
top of the manure band was placed 12 cm
below the soil surface. The injectors used
(Kotte Premaister (Kotte Landtechnik,
Rieste, Germany) in NRW and Vogelsang
X-Till (Vogelsang Maschinenbau, Essen
(Oldb.), Germany) for LS and SH sites)
both had four injection shares placed
75 cm apart and were equipped each with
a 1000 I slurry tank, a rotary piston pump,
and a precision dispenser to provide
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proper lateral and longitudinal distribu-
tion.

Maize was later planted directly above the
manure band. Planting density was set to
nine plants per m2 on all sites. The plant-
ers had extra shares to place MSD next to
the maize row. The MSD treatments were
(1) no MSD (-) and (2) with MSD (+) using
a blend of calcium ammonium nitrate
(CAN, 50 kg ha1) and diammonium phos-
phate (50 kg hal) to apply 23 kg N ha'l
and 10 kg P ha'l. For “no MSD” -plots N-
compensation of 23 kg N ha'l of CAN was
broadcast post-planting to keep nitrogen
levels consistent. The nitrogen fertiliza-
tion rate was calculated according to local
standards (Baumgartel et al. 2010). The
recommended nitrogen fertilization rate is
180 kg N hal reduced by preplant soil
mineral nitrogen (SMN), N applied via
MSD and site-specific conditions like re-
cent organic fertilizer application and
catch cropping. Application rates, liquid
manure composition and applied nutri-
ents are displayed in Table 2.

In 2014, the treatments for the factor
LMA were: (1) control treatment without
LM; (2) LM broadcast treatment (B) with
surface banding followed by soil incorpo-
ration (0-10 cm), (3) LM injection treat-
ment (I) and (4) injection with the
nitrification inhibitor (1,2,4 Triazol and 3-
Methylpyrazol, PIADIN®, SKW Piesteritz,
Wittenberg, Germany) at a rate of 3 | ha'!
(I(N)). While for B, | and I(N) treatments
the manure application rate was identi-
cally (further referred to 100%), another
set of | and I(N) treatments was installed
with reduced manure rates (66%; Ir and
Ir(N), respectively). MSD treatments and
manure application rates were as de-
scribed for 2013 trials.

Crop management practices

At each site crop management was done
according to best management practice
guidelines for all treatments equally. Dif-
ferent maize varieties had to be chosen to
face diverse soil and climate conditions
(for more details see Table 3).
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Measurements and samplings

In 2014, when the collar of 8th leaf was
visible at 50% of the plants (V8-stage)
aboveground biomass was collected at six
sites (not site 3) to monitor early growth
development in the treatments C, B, | and
I(N). In the outer rows of each sub-plot,
ten plants per plot were cut at stem base,
chopped and dried to a constant weight at
80°C. Nitrogen content was determined
with the Kjeldahl method (DIN 2005). At
silage maturity, in both years, the two cen-
ter rows of each subplot were harvested
with a plot-size field chopper. Fresh
weight was measured and a representative
sample was taken to determine dry matter
content (drying to constant weight) and
protein content via near-infrared spec-
troscopy (DIN 2010).

Calculations

Based on dry matter yield and N concen-
trations N uptake and nitrogen recovery
efficiency (NRE) were calculated accord-
ing to (Ciampitti and Vyn 2011): nitrogen
uptake of the respective treatment minus
N uptake of control treatment, divided by
the difference in N fertilization for each
site:

NRE= N uptakeg,.-N LI[.)takeu,,fe,t’
A4 N applied

with N uptakefert. being the N uptake of
the respective treatment, N uptakeunfert.
being the N uptake of control treatment
without MSD of the respective site and
AN applied MSD being the difference in N
fertilization. Furthermore, the N balance
was calculated by the subtraction of ap-
plied N from N uptake for each site and
treatment. The calculations for NRE and N
balance are based on total N applied, as the
prediction of plant available N from liquid
manure is difficult (Gutser et al. 2005).
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Table 3: Tillage and cropping details

Site Previous Primary Slurry Variety Planting V8 Harvest
crop tillage? application date sampling  date
2013
1 Wheat spring RT Apr. 16 LG 3216  Apr. 25 - Oct. 07
2 Maize spring MP Apr. 15 LG 3216  Apr. 16 - Sep. 22
3 Sugar beet autumn MP  Apr. 24 LG 30222 Apr. 29 - Oct. 09
4 Maize spring RT May 07 LG 30222 May 08 - Oct. 07
5 Triticale spring MP May 07 LG 30222 May 10 - Oct. 09
7 Maize spring MP Apr. 27 Amadeo  May 09 - Oct. 08
2014
1 Sugar beet autumn MP  Apr. 10 LG 30224 Apr. 23 June 14 Oct. 06
2 Triticale spring MP Apr. 09 LG 30224 Apr. 16 June 13 Sep. 20
3 Wheat autumn MP  Apr. 24 LG 30222 Apr. 29 - Sep. 18
4 Maize spring RT May 05 LG 30222 May 17 June 19 Oct. 02
5 Triticale spring MP Apr. 28 LG 30222 Apr. 30 June 19 Oct. 02
6 Wheat spring MP Apr. 29 LG 30211 May 15 June 25 Oct. 10
7 Maize spring MP Apr. 22 LG 30211 May 06 June 24 Oct. 01

a Primary tillage with RT = reduced tillage with a chisel plough, MP = Mouldboard plough

Statistical analysis

All data was analyzed using PROC MIXED
in SAS 9.3 (SAS Institute Inc. 2011). For
2013 the model was LMA SITE LMA*SITE
with R(SITE) as random factor (LMA =
treatment; R = replication). The Model for
the split- plot design in 2014 was SITE
LMA LMA*SITE MSD MSD*SITE
LMA*MSD LMA*MSD*SITE, random fac-
tors were LMA*R(SITE) R(SITE). As the
site properties were very heterogeneous
and therefore could not represent a certain
cropping area, sites had to be considered
as fixed effect. Means of treatments were
compared using the Tukey procedure for
fixed effects when significant differences
at P<0.05 occurred. Due to a lack of vari-
ance homogeneity data of site 6 in 2013
had to be discarded.

Results

Early growth development 2014

In 2014 at V8 stage aboveground plant bi-
omass and N uptake were significantly in-

creased (+28% for biomass and +27% for N
uptake, respectively) when MSD was

applied (Figure 1). LMA also had signifi-
cant effects on both biomass and N uptake.
Compared to B treatment aboveground bi-
omass was significantly lower for C
(-14%), but 11% and 19% higher for | and
I(N) treatments, respectively. For N up-
take, the differences were even bigger
(-16% for C, +16% for | and +27% for I(N)
treatment, respectively). Compared to B+
treatment, biomass was slightly decreased
for I(N)- (-0.04 Mg ha1), but significantly
for 1- treatment (-0.1 Mg ha1). N uptake
did not vary among these treatments (Ta-
ble 6).

Dry matter yield at harvest

In both seasons LMA and site*LMA influ-
enced maize dry matter production. There
was an influence of MSD treatments as
well in 2014 (Table 4). While the site*LMA
interaction in 2014 is based on the site im-
pact on C treatment and therefore insig-
nificant when C treatment is excluded
from the model, in 2013 biomass produc-
tion was inconsistent for fertilized treat-
ments among sites, especially on the sites
with lower yields.
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Table 6: Comparison, based on the PROC MIXED model, of maize aboveground biomass pro-
duction (DM) and aboveground N uptake for different methods of liquid manure application (LMA;
no LM, LM broadcast, LM injection at two rates, LM injection with nitrification inhibitor at two rates)
with and without mineral starter fertilizer (23 kg N ha* and 10 kg P ha'), at harvest on six sites in

2013 and at V8 stage and harvest date at seven sites in 2014, respectively.

2013 2014

Harvest V8 Harvest

DM N uptake DM N uptake DM N uptake
Site <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
LMA <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Site*LMA <.0001 0.084 <.0001 <.0001 <.0001 <.0001
MSD <.0001 <.0001 <.0001 0.000
Site*MSD 0.000 0.000 0.065 0.044
LMA*MSD 0.424 0.493 0.282 0.809
Site*LMA*MSD 0.213 0.141 0.732 0.356

C Treatment excluded?
Site 0.003 0.0001 <.0001 <.0001 <.0001 <.0001
LMA <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Site*LMA 0.357 0.933 0.005 0.003 0.310 <.0001
MSD <.0001 <.0001 <.0001 0.001
Site*MSD 0.005 0.005 0.107 0.054
LMA*MSD 0.641 0.607 0.183 0.666
Site*LMA*MSD 0.212 0.110 0.840 0.306

a Separate test with C treatment excluded to check whether highly variable performance of C
treatment within sites for yield and N uptake is responsible for significant interactions of site*LMA.

;.\0:8- N 0 | /; %

éoe- . 7 Q = T . % \ e
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Figure 1: Aboveground dry matter and nitrogen uptake of maize at V8 stage, means and SE for
six sites with four replications each in 2014, fertilized with liquid manure (LMA: C = no manure,
B = manure broadcast, | = manure injection, I(N) = manure injection with nitrification inhibitor) and
mineral side dress (-MSD without and +MSD with mineral side dress of 23 kg N ha' and
10 kg P ha'?)

* Different letters for treatments within LMA and MSD factors indicate significant differences
(Tukey p<0.05)
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Figure 2: Aboveground dry matter (DM) and nitrogen uptake of maize at harvest, means and SE
for seven sites with four replications each in 2014. Fertilization with liquid manure (LMA: C = no
manure, B = manure broadcast, | = manure injection, I(N) = manure injection with nitrification
inhibitor, Ir = | treatment with reduced manure rate, Ir(N) = I(N) treatment with reduced manure
rate) and mineral side dress (-MSD without and +MSD with mineral side dress of 23 kg N ha!

and 10 kg P hal)

* Different letters for treatments within LMA and MSD factors indicate significant differences

(Tukey p<0.05)

Maize dry matter yield mean of all sites
and treatments was 17.8 Mg ha! in the
2013 season and 20.9 Mg ha'l in 2014, re-
spectively. Only on site 7 yield was lower
in 2014 compared to 2013, while all other
sites showed higher yields in 2014. The
sites 2 and 3 showed consistent yields over
both seasons, which were the highest
yields among sites in 2013. In 2014, at sites
1 and 5 maize biomass production was
highest, contrasting the 2013 results. The
seasonal difference in average vyield
among sites for biomass production of
C- treatment was +4.3 Mg ha! in 2014
compared to 2013. Mean yield increase of
all fertilized treatments, compared to
C- treatment, was 4.8 Mg halin 2013 and
3 Mg ha'l in 2014, respectively. Compared
to B+ treatment both I- and I(N)- treat-
ments yields averaged over sites were
equal in 2013 (+200 kg ha! for I- and
+700 kg hal for I(N)-), and in 2014
(+-0 kg hal for I- and +400 kg hal for
I(N)-), as none of these differences was
significant (Table 5, 6). Compared to | and
Ir treatments the yield difference between
-MSD and +MSD for I(N) and Ir(N) treat-
ments is smaller. The performance of
treatments with reduced slurry rate

injected (Ir and Ir(N)) was equal to B+
treatment for both seasons (Figure 2).
Mean biomass accumulation of injection
treatments was 20.1 Mg hal, while for in-
jection treatments with nitrification inhib-
itor it was 20.5 Mg hal, with a higher
difference in the 2013, and a lower in 2014
season.

N uptake

In contrast to biomass production N up-
take within fertilized treatments was very
consistent in 2013, without significant in-
teraction of LMA*site, while in 2014 there
was a variable impact of site*LMA on N
uptake, especially on the sites 1 and 5.
Mean N uptake was 194 kg ha'in 2013
and 228 kg ha'l in 2014, respectively. For
nitrogen uptake, the difference between C
treatment and fertilized treatments was
72 kg ha'l in 2013 and 45 kg hal in 2014,
respectively. Nevertheless, N uptake for
I(N)- treatment was significantly higher
than B+ (+14 kg hal in both seasons),
with |- treatment in between (+8 kg halin
2013 (Table 5) and +7 kg ha'l in 2014 (Ta-
ble 6)). As for biomass production, the re-
duced rate treatments showed no
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difference to B treatments, and the addi-
tion of a nitrification inhibitor increased
the nitrogen uptake by 4.5 kg hal com-
pared to the injection treatments without
nitrification inhibitor. The difference in
2013 also was higher than in the 2014 sea-
son.

Nitrogen recovery efficiency (NRE) and N
balance

While in 2013 mean NRE for all treatments
was 55% (data not shown), in 2014 it was
36%. Some of the sites (4, 7, 3) showed con-
sistent NREs of 40%-50%, while other sites
(1, 2) showed higher NREs in 2013 (>70%)
and lower in 2014 (<30%). | and I(N) treat-
ments NRE (38% and 42%, respectively)
were higher than NRE of B treatment
(31%, see Figure 3). Reducing manure ap-
plication rate led to a further increase of
NRE for Ir and Ir(N) treatments (45% and
48%, respectively).

Nitrogen balances were negative for all
treatments but not all sites. The sites 4 and
7 showed positive N balances in 2013, at
site 7 in 2014 the B treatments also showed
positive values. Considering the effect of
treatments, the C, Ir and Ir(N) treatments
resulted in more negative balances
(-157 kg N ha'l, -84 kg N ha'l
and -88 kg N ha'l, respectively), than the

45
40 1
35 -
30 -
25 -
20 -
15 -
10 -

Nitrogen recovery eff. (%)

770

B IN)  Ir Ir(N)

higher fertilization rate treatments B, |
and I(N) (-32kgNhal; -44kgN hat
and -50 kg N hal, respectively).

Discussion
Early-growth development

Due to visible symptoms of delayed early
growth in treatments without MSD, com-
pared to treatments with MSD, in 2013
plant samples were collected at V8 grow-
ing stage in 2014. Dry matter (DM) accu-
mulation at V8 stage was significantly
enhanced by manure injection, compared
to broadcast application of liquid manure,
confirming other studies (Schmitt et al.
1995; Schroder et al. 2015).

The addition of a nitrification inhibitor
led to even more DM accumulation at this
growth stage. This contrasts the findings
by Sawyer et al. (1991) as they mention an
inconsistent response of the plant to nitri-
fication inhibitors. This impact of the ni-
trification inhibitor is consistent among
sites for this set of trials. While, at least on
the loam sites, leaching did not occur and
N20 emissions usually do not reach levels
to limit plant available N (Ruser and
Schulz 2015), site and soil characteristics
could be excluded as reason.

0
-20 4
.40 -
-60 4
-80 -

-100 -
-120 -
-140 -
-160 -
-180
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Figure 3: Nitrogen recovery efficiency (left) and nitrogen balance (right) calculated from data of
7 trials in 2014. Fertilization with liqguid manure (C= no manure, B= manure broadcast, |I= manure
injection, I(N)= manure injection with nitrification inhibitor, Ir= manure injection at reduced rate,
Ir(N)= manure injection with nitrification inhibitor at reduced rate.

26



2. Increasing nutrient use efficiencies from liquid manure

Thus, the nutrient use efficiency from ma-
nure must be somehow enhanced by the
addition of a nitrification inhibitor, which
is probably due to the interaction of am-
monium and phosphate in the manure
band (Ohlrogge 1962).

Significant Site*LMA interactions are
based on variable soil properties. A high P
soil test level along with high SMN con-
tent at site 6 has led to comparably high
biomass accumulation for C treatment
without MSD and therefore to a low ferti-
lizer response of the other treatments.

Mean DM of fertilized treatments was
only 32% higher than of C treatment at
this site. However, at site 1, where SMN
and soil P test level, but also N applied via
liguid manure was lower, it was 110%
higher. As site 4 shows similar response as
site 6 and site 2 as site 1, fertilizer response
is probably also influenced by latitude and
planting date as both affect day length, so-
lar radiation, air and soil temperatures.
Mean day length and soil temperatures
(10 cm below surface) in the three weeks
after planting were 14 h32min and
14.1°C at site 1 and 16 h 08 min and
17.9 °C at site 6, respectively (see Table 1).

Photoperiod until tassel initiation in-
fluences total leaf number (Ellis et al.
1992), even though the effect is smaller for
maize varieties used in colder climates and
higher latitudes (Bonhomme et al. 1991).
Tsimba et al. (2013) observed higher crop
growth rates from emergence to tasseling,
when maize is exposed to higher solar ra-
diation, air and soil temperatures.

Additionally, the use of varieties with
different maturity ratings on these respec-
tive sites, could account for the low ferti-
lizer response, as varieties with higher
chilling tolerance, as used at site 6 tend to
produce a higher leaf area at the same
thermal time than ones with lower
chilling tolerance (Birch et al. 2003).

Furthermore, the higher soil tempera-
tures at site 6 probably improved P availa-
bility (Imran et al. 2013), as well as the
mineralization of organic nitrogen (Gunti-
fas et al. 2012).

At V8, the addition of MSD increased DM
accumulation for all treatments. Crop de-
velopment of plants fertilized with in-
jected manure, and nitrification inhibitor
did not lag behind broadcast application
with MSD and early growth development
is not retarded. Thus, the biggest concern
of farmers (an unhealthy looking crop that
might lead to yield loss (Withers et al.
2000)), is no longer valid, at least for the
range of soils tested in this series of exper-
iments. Compared to B treatment, N up-
take was significantly enhanced in
injection treatments, indicating a higher
proportion of plant available nitrogen
(Dosch and Gutser 1996). N uptake for |
and I(N) treatments without MSD were
equal to B treatment with MSD, while bi-
omass production was lower. Thus, either
poor P availability restricted plant growth,
and/or N uptake was lower in very early
growth stages (Sawyer and Hoeft 1990),
but increased up to V8 stage. However,
placing the manure band close to the seeds
and a better understanding of nutrient
transformation from manures in the soil
could solve the problems with retarded
early growth (Sawyer et al. 1991).

Harvest data

While we observed major differences at
V8 in 2014, at harvest much of the differ-
ences were gone. Yet, still plants in | and
I(N) treatments produced higher biomass
than plants in B treatments and reduced
rate treatments yields were equal to B.
Comparing B treatment with MSD, | and
I(N) treatments without MSD, yield differ-
ences were not significant.

As for early growth development
Site*LMA interactions depend on differ-
ences in soil properties. Looking at the
sites 4 and 5, these differences are most
notably, as the fertilizer response is very
different. While on site 5 fertilization
(mean of fertilized treatments) did only
improve yield by 8% in 2014, on site 4 it
was improved by 50%, when compared to
C treatment without MSD.
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The addition of MSD did only increase DM
yield by 2% in 2013 and 3% in 2014, respec-
tively, despite the considerable effect on
early growth. As the main influence of
MSD is only seen in early growth stages
and not on yield, farmers having nutrient
surpluses can easily go without MSD but
probably will not want to risk an un-
healthy looking crop, which might lead to
yield loss (Schroder et al. 2015; Withers et
al. 2000). In the 2014 season | and I(N)
treatments increased N uptake, compared
to B treatment (+6% and +8%, respec-
tively), while reduced rate treatments
were at level. These observations go along
with other studies (Schroder et al. 2015)
and show the higher nitrogen use effi-
ciency from injected manure.

Reasons for this increase in nitrogen avail-

ability may be:

a) reduction of ammonia losses, despite
immediate incorporation after surface
application of manure in B treatments
(Sommer and Hutchings 2001),

b) reduced nitrogen immobilization
when manure is injected in a band due
to a reduced soil manure interaction
(Serensen and Amato 2002),

c) the addition of a nitrification inhibitor
resulting in a mitigation of nitrate
leaching and N20 emissions (Ruser
and Schulz 2015).

High variations for N uptake of C treat-

ment between sites did not match the re-

spective V8 data, e.g. at site 6 C treatment

showed highest N uptake at V8 and site 1

showed the lowest, at harvest N uptake of

C treatment at site 1 was higher.

The low NRE on sites 1 and 2 in 2014
contrast the high fertilizer response at V8,
which could be the result of a higher ferti-
lization rate compared to 2013 on the re-
spective sites. Injection treatments how-
ever showed higher NRE as N uptake was
higher. As expected the highest NRE were
calculated for reduced rate treatments.

Nitrogen balances in this set of trials
were mainly negative for all fertilized
treatments. Sites 4 and 7, showing the
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lowest yields, however had positive N bal-
ances. Yet, still lower yields for reduced
rate treatments occurred and NRE’s are
comparable to other sites, indicate fertili-
zation rates being yield limiting. Lower ni-
trogen balances reduce the potential of
NOs- leaching and thus, are beneficial for
groundwater resources.

When N uptake by crops is higher than
the fertilization rate, nitrogen balances are
negative, indicating high mineralization
rates from soil organic N. So, soil organic
N is being depleted when maize is cropped
with a high NUE from manure. This deple-
tion, in long term can decrease N mineral-
ization and therefore lacks sustainability.
Thus, soil organic N has to be recovered
based on a proper crop rotation contain-
ing e.g. catch crops, or legumes.

Conclusion

When liquid manure is injected below
maize rows, on a wide range of sites across
northwestern Germany the present re-
sults indicate no need for additional min-
eral side dress fertilizer. At harvest, there
are no differences in crop yield, but ma-
nure injection enhances N uptake, espe-
cially when a nitrification inhibitor is
added to the injected manure.

However, manure injection without
mineral starter fertilizer might lead to re-
tarded early growth, which can be pre-
vented by accurate placement close to the
seeds and by the addition of a nitrification
inhibitor. Still, based on the present re-
sults complex interactions do not allow a
final evaluation for the benefit of a nitrifi-
cation inhibitor. Further research in this
area needs combined data on nitrogen
transformation in the soil, leaching, plant
performance, as well as nitrogen losses
due to volatilization and denitrification.

With the potential to reduce nitrogen
and phosphor fertilization without im-
pairing crop yield, manure injection can
be a strategy to mitigate nutrient sur-
pluses in maize growing and thus being
beneficial for the environment.
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Abstract

Using pig slurry as starter fertilizer for maize (Zea mays L.), injected below the row
prior to planting is a reasonable way to omit application of additional mineral fertilizer
in areas with intensive animal farming. However, delayed early growth and a lack of
knowledge on nutrient availability limit the interest of farmers. To extenuate farmers
concerns a field trial was conducted in 2014 and 2015 to get detailed information on
nitrogen (N) uptake, the subsequent influences on crop growth at different vegetative
growth stages and final yield of silage maize. Besides an unfertilized control, two liquid
manure injection treatments (without and with nitrification inhibitor [NI]) were com-
pared to slurry broadcast application + mineral N and phosphorus (P) starter fertilizer
at planting (MSF). In 2014, NI treatment yields increased (+16.5%) and N uptake in-
creased (+9.6%) compared to broadcast treatment. In 2015, cold and dry conditions dur-
ing early growth limited P plant availability and reduced crop growth in treatments
without MSF. However, when a NI was added to the slurry prior to application, plants
showed less P deficiency symptoms and better growth. At harvest, no differences be-
tween the fertilized treatments were observed. In both years apparent N recovery was
increased when manure was injected (48% without, and 56% with NI, respectively) com-
pared to broadcast application of manure (43%) indicating that N losses were lower.
However, further knowledge on soil N transformation and N loss pathways in systems
with slurry injection is needed.
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Introduction

Agriculture in northwestern Germany is
traditionally dominated by intensive ani-
mal farming. Excessive use of organic ma-
nures causes phosphorus (P) accu-
mulation in soils resulting in high soil test
values for P in the region indicating only
limited need for P fertilization on a large
proportion of arable land (Leinweber et al.
1994). Furthermore nitrogen (N) and P
from manures outbalance crop nutrient
demand on many fields in the region and
huge amounts of manure have to be ex-
ported (Warnecke et al. 2011). Maize (Zea
mays L.), used as fodder and substrate for
biogas plants is the dominating crop in the
region (Keckl 2015).

Despite high soil test levels for P, plant
availability of P typically is low in early
growth stages of maize as low root zone
temperatures reduce P diffusion speed
(Imran et al. 2013) and restricted root
growth restricts spatial nutrient acquisi-
tion (Mollier and Pellerin 1999). Limited P
supply usually also impairs crop growth,
as it reduces leaf appearance, leaf elonga-
tion and final leaf size (Plénet et al. 2000a)
and thus, also aboveground biomass
(Plénet et al. 2000b). In contrast, Muchow
(1988) showed only minor effects of N de-
ficiency on biomass accumulation at very
early growth stages of maize. Although N
concentrations in leaves can be reduced by
50%, leaf appearance, leaf elongation and
final leaf area show only limited reactions
to a wide range of N fertilization levels
(Vos et al. 2005). Plénet and Lemaire (1999)
also did not find major differences in early
growth under N limitation, but N concen-
trations in maize should not fall below a
critical value of 3.4% N, if aboveground bi-
omass is below 1 Mg hal to obtain maxi-
mum vyields.

To enhance early growth development
and ensure adequate yields by assuring
optimum levels of N and P in plants, farm-
ers commonly apply a mineral starter fer-
tilizer (MSF) at planting (Withers et al.
2000). The combination of ammonium N
and P proved most effective in several
studies (e.g. Ma et al. 2013, Ohlrogge 1962)
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as both, lateral root proliferation and fine
root proliferation are enhanced in zones
where high concentrations of ammonium
N and P occur (Ma et al. 2013). Addition-
ally, plant uptake of ammonium N induces
lower rhizosphere pH, which can increase
P availability (Neumann and Rombheld
2012). Thus, farmers commonly use start-
ers containing both ammonium N and P
(e.g. diammonium phosphate, or blends of
calcium ammonium nitrate with diammo-
nium phosphate). On intensive animal
farms, these starters are applied in addi-
tion to the broadcast application of ma-
nure, which usually already covers N and
P demand of the crop. This practice results
in accumulations of N and P in the soils
increasing the risk of nutrient leaching
and runoff (Touchton 1988). Especially ni-
trate leaching is a major problem on sandy
soils (Cameron et al. 2013), which are
common in northwestern Germany. Re-
ducing reactive N emissions, such as ni-
trate leaching and N2O emissions, is a vital
task for mankind (Sutton et al. 2011) and a
goal of the European Union’s water frame-
work directive (European Parliament
2000).

Obviating MSF by slurry injection in a
band close to the maize rows was tested in
several studies throughout North America
(Bittman et al. 2012; Sawyer et al. 1991;
Schmitt et al. 1995), Denmark (Petersen et
al. 2010), and the Netherlands (Schrdder et
al. 1997; Schroder et al. 2015). A series of
trials in northwestern Germany showed
the potential of manure injection to im-
prove nutrient use efficiencies, when com-
pared to broadcast application (Federolf et
al. 2016). This might be due to higher pro-
portions of plant available N when ma-
nure is injected. Compared to broadcast
application of liquid manure, Sommer and
Hutchings (2001) refer to reduced ammo-
nia emissions, while Sgrensen and Amato
(2002) indicate reduced N immaobilization
as the interaction of soil and manure is
lower. Higher soil mineral nitrogen (SMN)
concentrations however, might increase
denitrification losses (Cameron et al. 2013;
Dosch and Gutser 1996). When a nitrifica-
tion inhibitor (NI) is mixed into the
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manure prior to application, nitrification
of the applied ammonium N from manure
is retarded, and thus leads to lower leach-
ing and denitrification losses (Ruser and
Schulz 2015). While our previous study
(Federolf et al. 2016), showed enhanced
early growth when adding a NI, Sawyer et
al. (1991) observed inconsistent increases
in plant N content at V5 and V6 growth
stages, when NIs were added to liquid beef
manure. Along with these studies, Schmitt
et al. (1995) reported varying effects on
yields. Thus, further knowledge on N
transformation in the soil after application
of liquid manure (LM) with a high spatial
resolution and the consequences for crop
development is necessary (Westerschulte
et al. 2015). Consequently, a field trial was
established to monitor SMN dynamics fol-
lowing liquid manure injection, as well as
plant growth during maize vegetation in
2014 and 2015. Besides manure injection
treatments with and without NI, an unfer-
tilized control, and a local standard treat-
ment where liquid manure was surface
banded and incorporated was tested.
While plots in the local standard treat-
ment received MSF at planting, no further
fertilization was applied to injection treat-
ment plots.

The objective of our study was to com-
pare liquid pig manure injection versus
broadcast application in terms of the con-
sequences on plant nutrient acquisition,
focusing on obviating the addition of min-
eral starter fertilizer by slurry injection.
Our study is based on the hypotheses that
after injection of liquid manure, compared
to broadcast application plus MSF, plant
availability of nutrients is higher, leading
to comparable early growth and equal
yields with reduced nutrient input. High
manure N concentrations in the injection
zones delay turnover of the applied am-
monium due to reduced soil-manure inter-
action (Dosch and Gutser 1996) and thus,

reduce the risk of N translocation out of
the root zone. We assume that the addi-
tion of a nitrification inhibitor to the
slurry delays nitrification thereby enhanc-
ing ammonium-phosphate interactions,
comparable to mineral starter fertilizer. In
a corresponding article, Westerschulte et
al. (2017) focus on spatial and temporal
soil mineral N dynamics.

Material & Methods

Experimental sites, soil conditions and
weather conditions

In 2014 and 2015, field trials were con-
ducted in Hollage, Lower Saxony, Ger-
many (52°20° N, 07°58” E) at two adjacent
fields. On both fields soil type can be cate-
gorized as plaggic Podzol (IUSS Working
Group WRB (2014)) with sandy soil tex-
ture (>87% sand). Organic matter content
was 2.0% in 2014 and 2.9% in 2015, respec-
tively (for details see Table 1).

Maritime climate is dominating in
northwest Germany. Mean annual air
temperature at the study site is 10.0°C and
mean annual precipitation 799 mm. On
average, monthly precipitation increases
from 41 mm in April to 79 mm in August
(Table 2). However, in 2014 a mild winter
and above average temperatures in March
and April led to higher soil temperatures.
Higher air temperature throughout July,
along with 129 mm of precipitation ena-
bled very high growth rates for the plants.
Thus, thermal time from planting to the
end of June in 2014 were above long-term
average (Figure 1). By contrast, in 2015
May and June (i.e. during the early growth
period of maize) were cold and dry. High
temperatures in August 2015 however, led
to high crop growth rates. Finally, thermal
time duration from planting to harvest
was 1272 °Cd, being close to the 2014 ob-
servation (1450 °Cd).
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Table 1: Soil properties

2014 2015
Sand (%)2 (0.063 < 2.0 mm) 91 87
Silt (%) (0.002 < 0.063 mm) 8 9
Clay (%)2 (<0.002 mm) 1 4
pH (CaClz)2 5.3 5.5
Corg (%)? 1.14 1.66
C/INa 13 16.5
total N (%)32 0.09 0.1
Pca. (mg 100 g1)a 8 7.8
SMN (kg ha)b 35 45

a soil layer 0-30 cm

b soil layer 0-60 cm

SMN = Soil mineral nitrogen (NH4-N + NOz3-N)
PcaL = Phosphorus extracted with calcium-ac-
etate-lactate solution.

Experimental design and treatments

In both years, the trial was set up in a ran-
domized complete block design with four
treatments and four replicates. Each plot
was 3 m wide and 25 m long covering four
rows (75 cm row spacing) and. The follow-
ing treatments were compared:
(1) control (C) without any fertilization
to monitor N mineralization from the
SMN pool
(2) surface banding (B) of liquid manure
with immediate incorporation (disc
harrow 0-10 cm in less than 5 minutes
after manure application) plus MSF at
planting
(3) LM injection treatment (I)
(4) LM injection treatment with a nitri-
fication inhibitor (ENTEC® FL, active
ingredient: 3,4-dimethylpyrazol phos-
phate (DMPP), EuroChem Agro GmbH,
Mannheim, Germany) added to the
slurry at a rate of 101lhatl
(1.21 kg DMPP hal) prior to applica-
tion [I(N)].
For both injection treatments, the upper
rim of the liquid manure band was 12 cm
(2014) and 10 cm (2015) below soil surface.
In both years the slurry injector X-Till
(Hugo Vogelsang Maschinenbau GmbH,
Essen (Oldb.), Germany) adjusted for plot
trial operations was used for slurry appli-
cation. A rotary piston pump and a pre-
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Figure 1: Thermal time according to McMaster
and Wilhelm (1997) from April 01 to June 30 at
the study site. Comparing long-term average
(1994-2014) with 2014, and 2015 growing sea-
son.

cision dispenser provided proper longitu-
dinal and lateral distribution of the slurry.
The injector had four tines (75 cm apart)
followed by injection hoses, allowing the
liguid manure to flow into the opened slot.
A mineral NP fertilizer was used as MSF in
B treatment plots at a rate of 115 kg halto
apply 23kgN hal (9.4 kg NOs-N hat,
13.6 kg NHs-N hal) and 10 kgP hal
(5.6 kg water-soluble P ha'l). MSF was ap-
plied 5cm besides, and 5cm below the
seeds via separate special shares at plant-
ing. The N fertilization rate was calculated
according to regional advisory standards
(Baumgartel et al. 2010). The recom-
mended fertilization rate is 180 kg N ha'l
reduced by preplant SMN, N applied via
MSF and site-specific conditions like re-
cent organic fertilization and catch crop-
ping. Liquid manure application rate was
equal for the treatments B, | and I(N). As
there was no compensation for MSF in the
| and I(N) treatments, total N and P rates
were lower.

Crop management practices

For the 2014 trial, after harvest of the pre-
vious crop maize no tillage operation was
done until residue incorporation and seed-
bed preparation, using a disk harrow
twice on March 05 and March 27. Previous
crop for the 2015 trial was spring barley
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(Hordeum vulgare L.), followed by a frost-
sensitive catch crop blend consisting of
mustard (Sinapis alba L.) and oil radish
(Raphanus sativus L.). A disc harrow was
used to incorporate the catch crop on
March 04, and for seedbed preparation on
April 14, 2015. 23 m3 hal of manure from
a nearby pig fattening farm were applied
at April 11 in 2014, containing 166 kg ha!
of total N, and 42 kg ha! of P. In 2015, on
April 14, 24 m3 ha'l of manure from the
same farm were applied, containing
130 kg ha! of total N, and 34 kg ha'! of P
(Table 3). Maize (Zea mays L. cv. Ricar-
dinio, KWS SAAT AG, Einbeck, Germany)
was planted at April 25 in 2014 and April
22 in 2015 4.5 cm below soil surface at a
rate of 9.2 seeds m-2. Two herbicide appli-
cations according to local recommenda-
tions were done each year.

Measurements and samplings

Aboveground biomass was sampled at
several vegetative (Vn stage when collar
of nth leaf in B treatment was visible) and
generative growth stages to monitor plant
development (Table 4). Sixteen plants (20
plants at V3 and V4 to ensure that suffi-
cient material for the lab analysis) per plot
were cut at stem base in the middle rows
and dried at 80 °C to a constant weight. At
silage maturity (R5 stage) 7 m in the two
center rows of each plot were harvested
with a plot sized field chopper and fresh
weight was measured gravimetrically. A

Table 2: Climatic data at the study site

representative sample was taken to deter-
mine dry matter content (drying to con-
stant weight at 80 °C) and for lab analysis.
Nitrogen concentrations in all samples
were determined using the Kjeldahl
method (DIN 2005).

All samples were also analyzed for P
concentrations after microwave assisted
pressure digestion to dissolve P from or-
ganic compounds by ICP-AES (DIN 2012).

Calculations

Based on dry matter accumulation and N
concentrations, N uptake, and the N bal-
ance (N applied minus N uptake) was cal-
culated for each treatment.

Apparent nitrogen recovery efficiency
(NRE) was assessed according to Ciampitti
and Vyn (2011). These calculations are
based on total N applied.

Thermal time was calculated according
to McMaster and Wilhelm (1997):

(Tmax+T

TT = [ . “‘i“)] — Tpase Where if

Tmax+Trmi
[@] < Tpace, then

Tma\x"‘Tmin —
[ 5 - Tbase-

Tmin and Tmax Were the observed daily
minimum and maximum temperatures,
respectively. Thase Was set to 8 °C.

Mean annual? 2014 2015

Air Temp. Precipitation Air Temp. Precipitation Air Temp. Precipitation

°C mm °C Mm °C Mm
Year 9.4 860 11.3 752 10.2 942
Monthly
April 9.7 41 11.8 69 9.0 54
May 13.4 59 13.2 113 12.3 40
June 16.2 66 16.2 74 15.9 43
July 18.5 76 20.3 129 18.9 133
August 17.8 79 16.4 83 19.3 187
September 14.1 70 15.8 15 135 71
October 10.1 66 13.3 61 9.1 62

a Long-term climatic data (1994-2014)
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Statistical analysis

Dry matter above ground biomass, N con-
centration and N uptake were statistically
analyzed using the PROC MIXED proce-
dure (SAS Institute Inc. 2011). For both
seasons, treatments and replications were
tested as fixed effects, the latter to check
for heterogeneity of replications (model:
treatment replication treatment*replica-
tion). Means of treatments were compared
using the Tukey procedure for treatments
when significant differences at P<0.05 oc-
curred. For all sampling occasions that
were similar in both years (V6, V10, VT
(tasseling) and harvest), a mixed model
was performed including years, also as
fixed effect to check for year*treatment in-
teractions (model: treatment year treat-
ment*year with replication(year) as
random effect). The Pearson’s correlation
between biomass accumulation (means of
treatments) of all samplings and the re-
spective thermal time durations was cal-
culated with EXCEL.

Results
Biomass accumulation

Maize aboveground biomass accumula-
tion was affected by treatment, season and
the interaction of both (see Table 5). From
emergence to VT biomass in 2015 was
lower than in 2014. At V6 in 2015 mean bi-
omass of all treatments was only 20% of
the respective 2014 value, while at harvest

Table 3: Manure properties and fertilization
rates

2014 2015

Manure properties (g kgt)

Dry matter 93 65
Total N 7.2 5.4
Ammonium N 55 3.5
Phosphorus 1.8 14
Applied nutrients (kg hat)

Total N 166 130
Ammonium N 126 84
Phosphorus 42 34
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it was 24% higher (Table 6). In 2014 at V6,
significant differences in above ground bi-
omass production for the treatments were
observed. Biomass in I(N) treatments was
higher than in treatment B (569 kg ha'!
versus 466 kg hal, respectively), with |
treatment in between (523 kg ha1). For all
following growth stages, plants in B treat-
ment showed reduced growth, compared
to I and I(N) treatments growth, resulting
in 12% and 16% higher yields at harvest for
I and I(N), respectively. Treatment C
showed significantly lower values than
the other treatments for all sampling dates
in 2014 (Table 6).

At V3 stage in 2015, aboveground bio-
mass was not significantly influenced by
fertilization. Values for B and I(N) treat-
ments were slightly above C and | treat-
ment (Table 6). All following sampling
dates in 2015 showed significant differ-
ences in plant growth between treat-
ments. Until VT, B treatment showed the
highest dry matter accumulation followed
by I(N) treatment. Differences between
these treatments were significant at V6,
V10 and VT samplings, whereas at V3, V4,
V8, and harvest samplings they were not.
The | and C treatments showed signifi-
cantly reduced growth from V4 to VT.
Throughout the vegetation period bio-
mass for | treatment compared to C treat-
ment was inconsistently higher (no
significant differences at V3, V4, V6, and
VT samplings and significant differences
at V8, V10 and harvest samplings, respec-
tively).

Table 4. Phenological data

2014 2015

manure application Apr. 11 Apr. 14
planting date Apr. 25 Apr. 22
V32 sampling May 22
V4 sampling Jun. 01
V6 sampling Jun. 10 Jun. 08
V8 sampling Jun. 19
V10 sampling Jun. 30 Jun. 29
VT sampling Jul. 22 Jul. 24

harvest date Oct. 09 Sep. 29

aVvn, Vegetative leaf stage n; VT, tasseling
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The maximum difference between treat-
ments was found at V10 sampling (B treat-
ments aboveground biomass was 129%
larger than C treatment). At harvest, bio-
mass in the three fertilized treatments was
23% higher compared to control.

Nitrogen concentrations

N concentrations were affected by year
and treatment for all growth stages (Ta-
ble 5). The treatment*year interaction was
also significant except at harvest. Mean N
concentrations for both seasons were sig-
nificantly enhanced for fertilized plots,
when compared to non-fertilized plots at
all samplings. The differences between
fertilized treatments decreased with pro-
ceeding plant development.

As early as V6 stage in 2014, significant
differences in nitrogen concentrations
within treatments occurred (Table 6).
Highest concentrations were found in I(N)
treated plots, followed by | treatment
(-6.7%, compared to I(N) treatment). Val-
ues for B and C treatments were sig-

nificantly lower than I (-26.5%) and I(N)
treatments (-24.6%). In the following
weeks, N concentrations and differences
between treatments decreased.

At V10 stage I(N) still showed highest
N concentrations, followed by | treatment
(-10.7%, compared to I(N) treatment). C
treatment concentration was significantly
lower than | treatment, with B treatment
in between.

At tasseling there were no significant
differences between treatments. At har-
vest, the highest concentrations were
found in B treatment plots. | and I(N)
treatments showed significantly lower
values than B treatment (-8.1% and -5.9%,
respectively). C treatment showed the
lowest N concentrations (-13.6%, com-
pared to B treatment). In 2015, the meas-
ured N concentrations were more in-
consistent. At V3 sampling, B treatment
showed highest values and C treatment
lowest, with I(N) and | treatments in be-
tween. At V8 and V10 stage however, B
treatments N concentration was lower
than in C treatment.

Table 5: Statistical analysis for maize aboveground biomass production, aboveground nitrogen
concentrations and nitrogen uptake for different methods of manure application treatments in

2014 and 2015 (based on the mixed model)

V6P V10 VT Harvest
Aboveground biomass
Trta <.0001 <.0001 <.0001 <.0001
Year <.0001 <.0001 0.0015 0.0008
Year*Trt <.0001 <.0001 <.0001 <.0001
Nitrogen concentration
Trt <.0001 <.0001 <.0001 <.0001
Year <.0001 <.0001 <.0001 0.004
Year*Trt <.0001 0.0023 <.0001 0.0955
Phosphorus concentration
Trt <.0001 <.0001 0.025 0.71
Year <.0001 <.0001 0.157 0.251
Year*Trt <.0001 <.0001 0.003 <.0001
Nitrogen uptake
Trt <.0001 <.0001 <.0001 <.0001
Year <.0001 0.077 <.0001 0
Year*Trt <.0001 <.0001 <.0001 0.2349

aTrt =Treatments (see section ‘Experimental design and treatments’)

b Vn = vegetative leaf stage n, VT = tasseling
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While at V8 the highest values were found
in | and I(N) treatments (49.5 g kg! and
50.2 g kg1, respectively), at V10 N concen-
tration in I(N) treatment was significantly
lower than in | treatment. At harvest, N
concentrations of the fertilized treatments
were significantly higher than in C treat-
ment.

Nitrogen uptake

Mean N uptake of plants in C treatment,
was consistently lower than N uptake of
the fertilized treatments for all sampling
occasions (Table 6). These differences
were significant, except for | treatment at
early samplings in 2015 (V3 - V6).

In 2014, compared to I(N) treatment, N
uptake in C treatment was 77.7% (V6
stage) to 49.8% (harvest stage) lower. N
uptake in B treatment was also consist-
ently lower compared to I(N), but the larg-
est difference was found at V10 stage
(-50.9%). At harvest, the difference be-
tween B, and I(N) treatments was just -
8.7%. Closest to I(N) treatment was | treat-
ment, with significantly lower values at
V6 and V10 (-14.2% and -17.9%, respec-
tively) and only marginal differences at
later samplings (-7,6% at VT and -6% at
harvest, respectively).

In 2015, differences in N uptake oc-
curred as early as V3 stage. Significantly
higher values were found in B and I(N)
plots (0.57 kg hal, and 0.58 kg hal, re-
spectively) compared to | and C treated
plots (0.49 kg hal, and 0.47 kg ha'l, re-
spectively). The same order was observed
for the following samplings. At V8 treat-
ment B showed significantly reduced val-
ues (-16.6%) compared to I(N) treatment,
while | treatment showed 55% higher val-
ues than C treatment. These differences
between | and C treatments then slowly
decreased (+43% at V10, +39% at VT and
+35% at harvest, respectively). At V10 B
treatment showed the same values as I(N),
whereas at VT it was significantly higher
(+12.7%). At the final harvest, only C

showed lower N uptake (-29%, compared
to B) whereas N uptake in I and I(N) was
at the same level as B.

Nitrogen balance and apparent nitrogen re-
covery efficiency

Nitrogen balances were mainly negative,
except for B treatment in 2014, where a
positive balance (+15 kg N hal) occurred
(Figure 2). Most noticeable are the major
differences for the two seasons. In 2014,
the balances for C and B treatments
were -91 kg hal, and +15 kg ha1, while in
2015 they were -167 kg ha'l
and -83 kg ha’l, respectively. Differences
between the treatments were similar in
both seasons. Mean apparent nitrogen re-
covery efficiency (NRE) for fertilized
treatments was 49% in both seasons, with
only minor differences within the seasons
(Figure 2). Lowest values for NRE were
calculated for B treatment, and highest for
I(N) treatment.

Discussion

Major differences concerning temperature
and precipitation between the two seasons
led to differences in crop development
during early growth. For example, in 2014,
thermal time from emergence to V6 was
262 °Cd, while in 2015 it was only 172 °Cd.
While Birch et al. (2003) refer to a constant
thermal interval between initiation of suc-
cessive leaves, the present results show a
correlation (r2=0.92) between biomass ac-
cumulation and thermal time duration
from emergence. We determined sam-
pling occasions based on growth stages,
but growth stages proved rather variable
as biomass and thermal time duration to
V6 in 2014 were quite similar to the re-
spective V8 data of 2015 (Figure 3).

According to Muchow (1988) and Vos
et al. (2005), low N concentrations in
plants do not interfere leaf area expansion
until V6 stage, as maize allows a wide var-
iation of leaf N concentrations.
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Figure 2: Nitrogen balance (left) and nitrogen recovery efficiency (right) for 2014 and 2015. Treat-
ments fertilized with manure and mineral starter fertilizer (MSF) (C = no manure [=], no MSF, B
= manure broadcast with MSF [lll], | = manure injection without MSF [EZ4], I(N) = manure injec-

tion with nitrification inhibitor without MSF [&37)).

Although leaf area expansion is not im-
paired, photosynthetic capacity might be
reduced (Vos et al. 2005). Thus, low N con-
centrations in plants 2014 might have only
minor impact on biomass accumulation at
the first sampling, at least in fertilized
treatments. Applying the critical N ap-
proach of Plénet and Lemaire (1999) to our
dataset, B and C treatments in 2014 show
limiting N concentrations throughout all
sampling occasions (Figure 4).

These low to very low plant N concentra-
tions are following major nitrate leaching
events in May and June 2014, which lead
to very low plant available N in the root
zone (for more details on soil mineral N
dynamics see Westerschulte et al. 2017),
and consequently to low plant N concen-
trations.

At V10 sampling, SMN in the topsoil
layer (0-30 cm) of | and B treatments were
nearly at level with C treatment
(12.3 kg ha! for | and 12.8 kg ha'l for B
versus 11.4 kg ha'! for C treatment). Only
I(N) showed higher values (15.9 kg ha'l),
resulting in higher plant N concentration
at this growth stage.

At VT, highest SMN values were found
in B treatment (47.7 kg ha'l in 0-90 cm),
although mainly in the layer 60-90 cm be-
low surface. Wiesler and Horst (1993)
found a high proportion of pre-silking N
uptake from soil layers up to 45 cm depth,
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whereas post-silking N was mainly taken
up from below 60 cm. Thus, the higher
SMN concentrations found in B treatment
are most likely not plant available. A rea-
sonable amount of broadcast incorporated
slurry N is immobilized shortly after ap-
plication (Kirchmann and Lundvall 1993),
but can be remineralized later (Sgrensen
and Amato 2002). Thus, B treatment re-
covered to a certain extent from severe N
limitation between tasseling and harvest.
As the N concentrations in the | and I(N)
treatments also drop below critical values
for later sampling dates due to nitrate dis-
placement out of the rooting zone, final
yield reductions due to N limitation seem
plausible for the 2014 season.

In 2015, no nitrate displacement was
found during the vegetation period until
harvest sampling (Westerschulte et al.
2017). Thus, N concentrations were al-
ways above critical values, even in C treat-
ment (Figure 4). Nevertheless, significant
differences of N availability at early sam-
plings might somehow be correlated to
differences in biomass accumulation as
early as V4 stage. The abundance of am-
monium N in the injected slurry band is
higher when a NI is added (Westerschulte
et al. 2017), and plants under low root-
zone temperatures prefer ammonium up-
take for energetic reasons (Macduff and
Jackson 1991; Subbarao et al. 2006).
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Thus, probably more assimilates are avail-
able for biomass production, resulting in
significantly higher biomass in I(N) treat-
ment, when compared to | treatment. At
later samplings B treatments biomass was
always the largest, whereas at V8 and V10,
N concentration in B treatment was signif-
icantly lower than in all other treatments.
Only minor precipitation events prior to
V8 sampling (8.4 mm within 18 days),
might have reduced nitrate availability to
a certain extent, as SMN analysis did not
show nitrate displacement from the soil
zone where the slurry was applied
(0-10 cm) to deeper zones (21-30 cm) until
tasseling (Westerschulte et al. 2017). How-
ever, 30 mm rainfall between V8 and V10
samplings also did not result in higher
plant N concentrations in B treatment,
compared to the other treatments. At V8,
plant N uptake in B treatment
(~19 kg ha1) was more or less at level with
the applied N via MSF. Thus, the reduced
N concentrations might follow a depletion
of MSF N and a sharp decline in SMN be-
low the maize plants (from 58 mg kg1 at
V6 to 23 mg kgt at V10; Westerschulte et
al. 2017). Maybe plants needed to adapt to
this change in N supply from localized
MSF placement to the broadcast slurry N.
At tasseling, only C treatment showed N
concentrations close to critical values and
below critical at harvest. The higher N up-
take for C treatment in 2015, compared to
2014, might be due to different weather
conditions, or due to differences in soil or-
ganic matter content (1.66% in 2015, and
1.14% in 2014, respectively).

Along with the critical N approach ac-
cording to Plénet and Lemaire (1999) N
availability cannot be the sole reason for
differences of crop growth between ferti-
lized treatments in this trial. As plants in
C, land to a lesser extent also in I(N) treat-
ments showed visible P deficiency symp-
toms (purpling of leaves), biomass
samples were analyzed for P (Figure 5).
Significant differences in P concentrations
within treatments were found (B > I(N) >
| >= C), ranging from 5.77 gkg! to
2.78 g kgl at V4 and from 4.21 g kg to
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2.17 g kg1 at V6 stage, respectively. Jones
(1983) described a function for optimum
shoot P concentrations in relation to
growth stages, which results in optimum
shoot P concentration of 5.76 g kg1 at V4.
So, as only B treatment showed optimum
P concentrations, differences in biomass
can be related to P limitation. We found
the greatest differences in P concentra-
tions between treatments at V10 sampling.
In a field trial with maize under P defi-
ciency, Plénet et al. (2000b) reported the
greatest differences from 8 to 15 visible
leaves. Compared to the 2014 season, the
period mid-May to late June 2015 was ex-
traordinary cold and dry. Both, soil tem-
perature (Imran et al. 2013), and soil water
content (Bhadoria et al. 1991) affect P dif-
fusion speed. Thus, P limitation in C treat-
ment is not surprising.

But the application of 34 kg hal P via
liquid manure in B, I, and I(N) treatments
and another 10 kg hal P via MSF in B
treatment should lead to sufficient plant
available P close to the seedlings.
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Figure 5: Phosphorus concentrations related
to dry matter of the samplings in 2014 [filled]
and 2015 [no fill]. Means of treatments fertilized
with manure and mineral starter fertilizer (MSF)
(C =no manure [. /O], no MSF, B = manure
broadcast with MSF /D], | = manure injec-
tion without MSF [A / A], I(N) = manure in-
jection with nitrification inhibitor without MSF [
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As at V3 only B treatment showed P con-
centrations superior to C treatment, either
spatial or chemical nutrient availability of
the injected liquid manure must have been
lower compared to MSF. The differences
(Figure 5) between | and I(N) treatments
for P concentration at V3, V4 and V6 sam-
plings can only be due to the NI, as all
other factors (liquid manure, injector, in-
jection depth, application rate) were
equal. As shown by Westerschulte et al.
(2017), nitrification of NH4-N in the slurry
band was delayed in I(N) treatment, when
compared to | treatment. Subbarao et al.
(2006) and Withers et al. (2000) refer to
better growth, when ammonium and P are
applied together, versus each nutrient
alone. Application of an ammonium-based
fertilizer with NI lowered rhizosphere pH
and increased P uptake in a pot experi-
ment with common bean (Phaseolus vul-
garis L., Thomson et al. 1993). However,
the differences in ammonium N found in
our experiment are probably not compa-
rable to a pot experiment, where ammo-
nium and nitrate fertilizers were tested.
Thomson et al. (1993) furthermore re-
ferred to an inhibitory effect on root
growth of the used NI (Nitrapyrin). Possi-
bly the compound used in our experiment
(DMPP) also influences crop growth.

In two contrasting seasons, despite
some restrictions in crop development, the
treatments with liquid manure injection
showed consistent yields, compared to the
manure broadcast treatment. Major SMN
displacement in 2014 reduced yields in all
treatments, but to a lesser extent when
slurry was injected. In 2015, a cold and dry
period during early growth lowered P
availability resulting in major growth dif-
ferences. At harvest, however no signifi-
cant differences between fertilized treat-
ments were found. In both years, the addi-
tion of a NI to manure did not lead to sig-
nificantly increased yields and N uptake,
but it increased early growth by assuring
higher P concentrations in the plant. Com-
pared to B treatment, I(N) treatment
showed equal N uptake and significantly
higher yields, despite a noteworthy reduc-
tion in N (-23 kg ha'l) and P (-10 kg hat)
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fertilization. Thus, the lower N balances
and higher nutrient recovery efficiencies
for slurry injection treatments found in
this experiment are comprehensible, and
go along with the findings of other studies
(Federolf et al. 2016; Schroder et al. 1997).
Negative N balances indicate a reduced
potential for nitrogen losses to the envi-
ronment, thus, major sustainability tar-
gets (European Parliament 2000; Sutton et
al. 2011) are met to a greater extent. Alt-
hough Westerschulte et al. (2017) showed
a significant delay in nitrification of the
applied ammonium via liquid manure, the
inconsistent and insignificant effects on
yields and N uptake were also found by
others (Federolf et al. 2016; Sawyer et al.
1991; Schmitt et al. 1995).

Thus, for a final evaluation of the agro-
nomic effects of nitrification inhibitors
further studies, and a more detailed know-
ledge on the mode of action of DMPP, as
well as the interactions on soil microbiol-
ogy and plant nutrition are necessary.
Even if the agronomic value of nitrifica-
tion inhibitors is variable, the environ-
mental impact needs to be regarded as
well. As nitrification inhibitors are able to
reduce leaching and denitrification
(Barneze et al. 2015; Ruser and Schulz
2015; Subbarao et al. 2006), they might be
able to meet the target of reducing reac-
tive nitrogen emissions into the environ-
ment (Sutton et al. 2011). On the other
hand possible discharge of nitrification in-
hibitor compounds and their metabolites
into aquatic environments needs to be
taken into account (Scheurer et al. 2016).

Five sinks for fertilizer nitrogen are
known, (i) plant uptake, (ii) ammonia
emissions, (iii) trace gas emissions, (iv) ni-
trate leaching, and (v) the soil nitrogen
pool (organic and inorganic). When cumu-
lating the data for SMN of Westerschulte
et al. (2017) with our observations, among

all tested treatments the highest propor-
tions of applied N were found in I(N) treat-
ment throughout all sampling occasions.
Yet, still major pathways for N losses and
N contents of plant roots were not quanti-
fied. Thus, further research on this topic
measuring all possible N sinks ideally us-
ing labelled N is necessary.

Conclusion

Injection of liquid manure close to maize
seedling ensured optimal nutrients supply
for the crop. Under cold conditions, the
addition of a nitrification inhibitor seems
to promote phosphorus availability in
early growth stages. The impact of nitrifi-
cation inhibitors on soils under field con-
ditions however, needs further studies.

Manure injection showed a huge po-
tential to reduce nitrogen and phosphor
fertilization rates, without impairing
maize yields on sandy soils in northwest-
ern Germany. Thus, farmers can use this
technology to decrease nutrient surpluses
and benefit the environment.
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Abstract

New agronomic systems need scientific proof before being adapted by farmers. To in-
crease the informative value of field trials, expensive samplings throughout the crop-
ping season are required.

In a series of trials where different application techniques and rates of liquid manure
In maize were tested, a handheld sensor metering the red edge inflection point (REIP)
was compared to conventional biomass sampling at different growth stages and in dif-
ferent environments. In a repeatedly measured trial during the 2014, 2015, and 2016
growing seasons, the coefficients of determination between REIP and biomass / nitro-
gen uptake (Nupt) ascended from 4 leaves stage to 8 leaves stage, followed by a decent
towards tasseling. In a series of trials in 2014, and 2015, the mean coefficients of deter-
mination at 8 leaves stage were 0.65, and 0.67 for biomass and Nupt, respectively. The
predictability of biomass or Nypt by REIP however, is limited to similar conditions (e.g.
variety). In this study, REIP values of e.g. ~721, represent Nupt values from ~8 kg ha1
to ~38 kg hal. Consequently, the handheld sensor derived REIP used in this series of
experiments can show growth differences between treatments, but referential samples
are necessary to assess growth parameters.
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Assessing crop performance in maize field trials using a vegetation index

Introduction

Nitrogen (N) is a crucial nutrient for crop
growth and below optimal plant N concen-
tration can lead to significant yield losses
(Mollier and Pellerin 1999, Plénet and Le-
maire 2000). Excess N fertilization how-
ever, can have a negative impact on
ecosystems (Sutton et al. 2011). To acquire
reliable information on balanced N fertili-
zation, researchers usually use multi-loca-
tion and/or multi-annual field trials to
acquire fundamental information (Gomez
and Gomez 1984). Regarding maize (Zea
mays L.) fertilization trials in areas with
higher contents of soil organic matter, ma-
jor differences in early-growth might be-
come insignificant at harvest due to a high
N mineralization potential (Federolf et al.
2017). If the harvest is the only sampling,
it might be difficult to explain differences
in yield and quality due to early-growth
nutritional status (Clewer and Scarisbrick
2001). Retarded early-growth in maize
however, might influence farmers deci-
sions when it comes to adopting new strat-
egies or they may stick to a known “safety
first system” (Withers et al. 2000). Thus,
detailed knowledge about nutrient interac-
tions in the soil-plant system are crucial,
therefore sampling throughout the whole
vegetation period is necessary (Clewer and
Scarisbrick 2001).

Visual scoring is cheap and easy, but it
IS non-quantitative, difficult to standard-
ize, and biased by human error (Montes et
al. 2011, Olfs et al. 2005). Soil and plant
sampling is more accurate, but these prac-
tices are time consuming and costly. They
lead to great quantities of samples which
require a workforce to obtain, process and
analyze (Olfs et al. 2005, Rambo et al.
2010). Furthermore, destructive sampling
needs additional space in plots (Clewer
and Scarisbrick 2001), increasing the area
needed for each plot and thus, decreasing
the chances of finding adequate and ho-
mogeneous sites for a field trial. In a series
of trials, additional difficulties appear
when crops (especially rapidly developing
spring crops like maize; Birch et al. 2003)
reach a planned sampling stage
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simultaneously at different sites. To de-
crease the number of samples, researchers
increasingly try to use chlorophyll-meters
(Rashid et al. 2005), or measure vegetation
indices via spectral nondestructive plant
analysis to get information on biomass and
crop nutritional status (Winterhalter et al.
2011, Oshorne et al. 2002).

In the last decades several spectral indi-
ces have been evaluated for their ability to
describe aboveground biomass. For exam-
ple, leaf area index (LAI) and N uptake of
broadacre crops such as maize, wheat
(Triticum aestivum L.), or oilseed rape
(Brassica napus L., Erdle et al. 2011,
Thoren and Schmidhalter 2009) have been
considered. Although a huge number of
different indices exist, the normalized dif-
ferenced vegetation index (NDVI, Rouse et
al. 1974), and the red edge inflection point
(REIP, Guyot and Baret 1988) have been
used most frequently. The NDVI is very
sensitive at low LAI values, but tends to
saturate at moderate to high LAI (Baret
and Guyot 1991). Thus, for crops with LAI
values higher than 2, the REIP is a better
predictor due to inclusion of red-edge in-
formation (Sticksel et al. 2004). Mistele and
Schmidthalter (2008a) showed a consist-
ently useful correlation of the REIP and a
NIR/NIR ratio (R780/R740) and the above-
ground N uptake of maize crops, whereas
limitations for the use of the NDVI and
other single ratios, which combine the re-
flection in the red or green ranges with
NIR, were found. However, they also ex-
perienced the need for a minimum of bio-
mass for the REIP to return useful values.
Compared to other vegetation indices,
Sticksel et al. (2004), found a high con-
sistency of REIP values throughout differ-
ent light conditions during a day.

The vegetation indices are mainly ob-
tained by using multispectral cameras,
which require significant post-processing,
or ready to use sensors that measure, cal-
culate and directly display obtained val-
ues. They are available as handheld
devices (Tavakoli et al. 2014), mounted on
purpose adjusted sensor platforms (Mon-
tes et al. 2011, Winterhalter et al. 2011),
tractors (Mistele and Schmidhalter 2008b),
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unmanned aerial vehicles (UAV, Rasmus-
sen et al. 2016), or satellites (Thenkabail et
al. 2000, Malenovsky et al. 2012). Satellite
sensing, such as the ESAs Sentinel mis-
sion, provides several wavebands in the
red edge and near infrared spectra with a
spatial resolution of 10 m per pixel
(Malenovsky et al. 2012), which is not suf-
ficient for plot trials. UAVs, although of-
fering certain opportunities and being
available, require deep knowledge of im-
age processing and data interpretation
(Rasmussen et al. 2016). Thus, tractor or
platform mounted sensing devices seem
the most appropriate version for experi-
mental stations, whereas handheld sensors
can easily be transported from field to
field, which makes them convenient for di-
verse types of experimental series.

The purpose of our study was to evalu-
ate the use of the REIP obtained with a
handheld sensor to describe growth differ-
ences of maize stands in field trials, where
different combinations of liquid manure
(broadcast application, and subsurface in-
jection without and with a nitrification in-
hibitor) and mineral starter fertilizers were
tested in different environments (Federolf
et al. 2016, Federolf et al. 2017). The re-
search questions were how soil-plant-fer-
tilizer interactions influences on crop
growth change sensor values obtained us-
ing REIP, and whether it is possible to link
Sensor measurements to crop parameters
via regression analysis independent of
growth stage and crop management prac-
tices?

Material & Methods

Experimental sites, soil and weather condi-
tions

To obtain a reasonable amount of data for
the study, two different approaches were
used. One experiment was conducted at
Hollage, close to Osnabrick (Germany) in
the 2014 - 2016 seasons, to gain in-depth
insight into the possibilities of sensor use
especially during the early-growth de-

velopment of maize. To check the usability
of the sensor at different sites, a series of
experiments was established in coopera-
tion with the Chambers of Agriculture in
North Rhine-Westphalia, Lower Saxony
and Schleswig-Holstein at six sites in the
years 2014, and 2015.

The Hollage experiment

In 2014, 2015 and 2016, field trials were
conducted at Hollage, Lower Saxony, Ger-
many (52°20° N, 07°58’ E) on three adjacent
fields. The soil types can be categorized as
plaggic, or gleyic Podzols (IUSS Working
Group WRB 2014) with sandy soil texture
(>87% sand; for details see Table 1).

Maritime climate is dominating in
northwestern Germany. Mean annual air
temperature at the study site is 10.0°C and
mean annual precipitation is 800 mm. On
average, monthly precipitation increases
from 41 mm in April to 79 mm in August.
In 2014, a mild winter and above average
temperatures in March and April led to
higher soil temperatures compared to the
long-term average. Higher air temperature
throughout July, along with 129 mm of
precipitation enabled very high growth
rates of the maize plants. Thus, thermal
time from planting to harvest in 2014 were
above the long-term average (Figure 1). In
2015, May and June (i.e. the early growth
period of maize) were cold and dry, but el-
evated temperatures in July and August
2015 led to reasonable crop growth rates.
Finally, thermal time duration from plant-
ing to harvest was 1272°Cd, being close to
the 2014 observation (1450°Cd). In 2016,
April and May were extraordinarily dry.
Most of the total precipitation during the
season was due to a rainy June contrib-
uting 231 mm to a total of 424 mm of pre-
cipitation (Figure 2). A cold period after
planting until the second week of May led
to delayed emergence, but afterwards tem-
perature was above average, especially in
late August and September, leading to
thermal time duration of 1401°Cd from
planting to harvest.
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Figure 1: Thermal time according to McMaster
and Wilhelm (1997) from April to September at
the Hollage experiment. Comparing long aver-
age (1994-2014) with 2014, 2015 and 2016
growing seasons.

The experimental series

In 2014 and 2015, maize fertilization tri-
als were conducted in cooperation with
the extension service (i.e. the Chambers of
Agriculture) in Lower Saxony, North
Rhine-Westphalia and Schleswig-Holstein
(see Table 1 for details). The five sites were
in regions with intensive animal farming
on sandy soils. Due to long-term manure
application, these soils are typically high
to very high in soil P test levels (see Ta-
ble 1). One site in a cash crop dominated
area, with little livestock, showed a me-
dium to high level of plant available soil P
but this site did not receive considerable
amounts of organic manure over the last
decades. Mean annual air temperature at
the study sites varies from 8.6°C to 10.4°C
from north to south, and mean air temper-
ature from May to September ranges from
13.8°C to 15.4°C, respectively. Mean an-
nual precipitation ranges from 742 mm to
880 mm (@ 826 mm) with rainfall from
May to September being from 323 mm to
376 mm (@ 364 mm). In 2014, the air tem-
perature was 1.3°C above the long-term
average with May to September precipita-
tion being rather close to the average, but
with unusual rainfall distribution, having
high rainfall in May and July. In 2015, air
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Figure 2: Cumulative precipitation (mm) from
April to September at the Hollage experiment.
Comparing long average (1994-2014) with
2014, 2015 and 2016 growing seasons.

temperature and precipitation in the
months of April, May and June were lower
than in the 2014 season. There were major
rainfall events after the eight-leaf sam-
pling (V8) in July however, these led to
similar total precipitation across both sea-
sons.

Experimental designs and treatments

In the experimental series, a split-plot de-
sign with the two factors “liquid manure
application” and “mineral starter ferti-
lizer” was used with four replications.
Main plots were randomized in each rep-
lication and subplots were randomized
within main plots. Treatments in the fac-
tor “liquid manure application” were an
unfertilized control (C), liquid manure
broadcast (B), liquid manure injection (I)
and liguid manure injection with nitrifica-
tion inhibitor (I(N); see also Federolf et al.
2016). All plots were split into two 7 m
long subplots (4 rows with 75cm row
spacing). Half of the plot received mineral
starter fertilizer (“+”; 23 kg N hal and
10 kg P hal) at planting, whereas the
other half did not (“-“). The Hollage exper-
iment was reduced to the four treatments
of major interest, out of the experimental
series. These were set up as a randomized
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complete block design with four replica-
tions. Besides an unfertilized control treat-
ment (C-), a liquid manure broadcast
treatment (B+) with mineral starter ferti-
lizer (23 kg N hal and 10 kg P ha'l) was
compared to two liquid manure injection
treatments with (I(N)-) and without nitri-
fication inhibitor (I-), respectively. The
plots consisted of four maize rows with
75 cm row spacing and were 25 m long to
allow destructive analysis (see also
Westerschulte et al. 2017). Nitrogen ferti-
lization levels of all trials were adapted to
local recommendations (Table 1).

Crop management practices

Crop management and crop protection in
all experiments was done according to
best management guidelines adapted to
local needs for all treatments equally at
each site. Different varieties were used in
the experiments due to different soil and
climate conditions. Planting dates, rang-
ing from April 15 to May 17 were chosen
individually for each site (see Table 1).
Plant density was 9.2 plants m-2 at the Hol-
lage experiment and 9 plants m2 in the ex-
perimental series.

Measurements and samplings

Biomass samplings

Aboveground biomass was sampled at
several vegetative stages (Vn stage when
collar of nth leaf in B treatment was visi-
ble, details in Table 2) in the Hollage ex-
periment, while only one sampling was
done at V8 in the experimental series. At
each sampling occasion, sensor measure-
ments were conducted within two days
before, or after biomass sampling, depend-
ing on weather conditions. To obtain bio-
mass samples at Hollage, sixteen plants
(20 plants at V3 and V4 to ensure sufficient
material for lab analysis) per plot were cut
at the stem base in the center rows. In the
experimental series, ten plants were cut in
the outer rows of the plots, as plot size did
not allow destructive measurements in the
growing season. All samples were dried at
80°C to constant weight. Nitrogen
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concentrations from representative sub-
samples of the dried material were then
determined using the Kjeldahl method af-
ter fine grinding of the plant material (DIN
2005).

Sensor measurements

To determine the red edge inflection point
(REIP) vegetation index a modified
handheld device of the Fritzmeier ISARIA
sensor (Fritzmeier Umwelttechnik, Grof3-
helfendorf, Germany) was used along with
a smartphone to run the software (Haas
2013). The measuring device comprises
four of LED elements, which emit mono-
chrome light at predetermined wave-
lengths (670 nm, 700 nm, 740 nm, and
780 nm, respectively) in a measurement
cycle, a light receiving element, and a con-
trol device to determine the intensity of
light reflectance (Haas 2010). The software
calculates the REIP index with the follow-
ing equation:

Rg70 + R7g0 R
— 5 — R0
REIP =700 + 40 *

R74—0 - R700
(Haas 2010). The frequency of measure-

ment cycles per second depends on light
conditions and was always above 100 cy-
cles per second in our trials. For each sec-
ond, means of all measurement cycles are
stored into a single file per plot, which
then contains >10 obtained values. The
sensor head was walked along the two
center rows of each plot in a round-trip at
a height of 60 cm above the whorl of the
plants. While walking the sensor along the
plots, the sensor head was always kept at
nadir view to reduce the influence of the
general anisotropy of spectral reflectance
measurements (Casa et al. 2010). The field
of view in this respective distance is a cir-
cle with approximately 25 cm diameter.
The sensor measurements at the Hollage
experiment were done on a weekly basis,
depending on weather conditions, from
roughly two-leaf stage to tasseling (only
to 10 leaf stage in 2016, see Table 3). As the
REIP shows little sensitivity to diurnal
variations (Sticksel et al. 2004), the meas-
urements were done at different respec-
tive ambient light conditions.
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Table 2: Biomass samplings at the Hollage experiment.

2014 2015 2016
V41 sampling - June 01 May 24
V6 sampling June 10 June 08 June 03
V8 sampling - June 19 June 13
V10 sampling June 30 June 29 June 24
VT sampling July 22 July 24 -
harvest date Oct. 09 Sep. 29 Sep. 19

1Vn = vegetative leaf stage n, VT = tasseling
Calculations and data analysis

Based on dry matter accumulation and N
concentrations, the plant N uptake was
calculated for each plot. For further pro-
cessing the obtained REIP values were av-
eraged for each plot. For the Hollage
experiment analysis of variance was per-
formed with PROC MIXED in SAS, fol-
lowed by a LSD post hoc test, if P<0.05
(SAS Institute Inc. 2011).

The following exponential regression
was used (Thenkabail et al. 2000).

a = m % eP*REIP

(with “a” being either DM, or Nupt; Eq. 1).
The respective correlations between
aboveground biomass (DM), plant N up-
take (Nupt) and the red edge inflection

point (REIP) derived from the sensor
measurements were computed using the
“Im” function in the R software environ-
ment (R Core Team 2016) for each sam-
pling occasion separately. Eq. 1 was
linearized

In(Nypey) = In(m) + b = REIP
and the Cook’s distance (Di) was used to
identify outliers when D_i>4h (with n be-
ing the number of datapoints; Bollen und
Jackman 1990). The regression was com-
puted again after removal of outliers. For
the nitrogen concentrations (Nconc), a lin-
ear regression was fitted

Ncone = m+ b * REIP,

the Cook’s distance and removal of outli-
ers were performed as with the linearized
data.

Table 3: Dates of sensor measurements the Hollage experiment.

2014 2015 2016

date! DAPZ date DAP date DAP
May 22 27 May 20 28 May 24 35
May 27 32 May 26 34 May 31 42
June 03 39 June 01 40 June 03 45
- - June 08 47 June 08 50
June 10 46 June 11 50 - -
June 18 54 June 16 55 June 16 58
June 26 62 June 19 58 June 23 65
June 28 64 June 24 63 - -
July 04 70 June 29 68 - -
July 10 76 July 09 78 - -
July 15 81 July 16 85 - -
July 24 90 July 24 93 - -

1 date = date of sensor measurement in the respective year

2 DAP = days after planting
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Results
Devolution of sensor values

From the first (27, and 28 days after plant-
ing in 2014, and 2015, respectively) to the
second (32, and 34 days after planting in
2014, and 2015, respectively) measure-
ments, a sharp decline in REIP values was
observed (-6.6 points from 723.3t0 716.7 in
2014, and -5.2 points from 713.8 to 708.6 in
2015, respectively; Figure 3; Supplemen-
tary Table 6). In the following measure-
ments, the values increased until peaking
at 76, and 78 days after planting in 2014,
and 2015, respectively. In 2016, there was
also a slight decline from the first to the
second measurement (-1 point, Figure 3;
Supplementary Table 6). However, the
first and second measurements were later
(35 DAP, and 42 DAP, respectively) than
in the previous years and there were no
measurements after V10 (65 DAP). The
differences between treatments obtained
by plant analysis go along with the REIP
measurements.

Correlations between REIP and biomass, N
concentrations and nitrogen uptake

The Hollage experiment

The coefficients of determination for the
Hollage experiment are displayed in Ta-
ble 4, and the raw data in Supplementary
Table 6. In the 2014 season, for all meas-
urements (V6, V10, and VT), the coeffi-
cients of determination for biomass and
Nupt were above 0.7 and highly significant.
In 2015, the coefficients of determination
for biomass (rz2 = 0.27*), as well as for Nupt
(rz2 =0.23") were low at the V4 measure-
ment. With ongoing crop development,
the relationship between the values ob-
tained by plant analysis and the sensor
measurements increased, peaking at V8,
when r? for the relation REIP / biomass
was 0.82*** and for REIP / Nypt at 0.92***,
respectively. At V10, and VT, the coeffi-
cients of determination decreased again.
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In 2016, the coefficients of determination
were above 0.8*** for biomass and Nuypt at
all sampling occasions. The relationship
between REIP and Nconc was variable
throughout the study period. While in
2014, at V6, and V10, the coefficients of de-
termination were high (r2 = 0.81***), for
the VT measurement it was only 0.21"-, In
2015, only at the V4 measurement, a sig-
nificant relationship was observed, while
all other samplings did not show signifi-
cant relations. In 2016, again the relation-
ships were significant, but the coefficients
of determination were lower (ranging
from 0.37 to 0.7) than in 2014.

The experiment series

Although major differences in tempera-
ture and precipitation occurred between
the two seasons, there was no obvious
trend for a certain nutrient deficiency to
be more expressed in one of the years. The
Wehnen site, for example showed severe
P deficiency symptoms in 2015 with a
mean P concentration of only 2.32 g kg!
in shoot biomass, whereas the neighbor-
ing site Sandkrug showed high values
(mean 4.60 g kgl in 2015). This P defi-
ciency at the Wehnen site led to major dif-
ferences in crop growth as the unfertilized
control treatment (treatment C-) only pro-
duced 201 kg DM-1 biomass until V8,
whereas treatment I(N)+ produced
1475 kg DM hal at the same stage (Sup-
plementary Table 7). For N concentra-
tions, there was also no clear trend within
the seasons. The coefficients of determina-
tion between REIP and Nconc Were also low
in this series (means for all sites are 0.24
and 0.12 in 2014 and 2015, respectively;
Table 5). However, at some sites there
were significant relations (Haus Dusse,
Sandkrug and Wehnen in 2014, and Bo-
venau in 2015). The relations between
REIP and biomass ranged from 0.47 and
0.53 (Merfeld 2014 and 2015, respectively)
to 0.81 and 0.76 (Sandkrug 2014 and
Wehnen 2015, respectively) with a mean
of 0.65. Comparable results were observed
for the coefficients of determination be-
tween REIP and Nypt. Lowest values were
calculated for Schuby and Merfeld (0.49
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and 0.50 in 2014, 0.62 and 0.52 in 2015, re-
spectively) and highest for Sandkrug and
Wehnen (both 0.81 in 2014, 0.82 and 0.81
in 2015, respectively).

Discussion
The Hollage experiment

The REIP values at the very early meas-
urement dates in 2014 and 2015 were quite
variable and the sharp decline to the sec-
ond measurement five to six days later in-
dicates a shift from mainly soil borne
reflectance in the first, to a rather plant
borne reflectance in the second measure-
ment. Behrens et al. (2005) showed an in-
fluence of soil reflectance on the NDVI. As
both NDVI wavebands are also used for
the REIP, the influence of soil reflectance
at low biomass levels most likely also af-
fected the first measurements in our trials.
For maize aboveground biomass signifi-
cant differences between treatments at the
Hollage experiment in 2015 occurred as
early as V4 (Federolf et al. 2017). At this
stage, the obtained values were lower than
in the earlier measurement in both 2014
and 2015, but the differences between
treatments became detectable. Thus, for
sensing differences in agronomic maize
trials with the device used, the plants
should at least have four leaves to guaran-
tee sufficient leaf area and biomass, as
other studies also showed a need for min-
imum biomass for the REIP to give accu-
rate readings (Mistele and Schmidthalter
2008a). At V6 the coefficients of determi-
nation were higher and the estimations of
biomass, and N uptake were quite good
throughout the three seasons. In 2015
however, the coefficient of determination
was lower compared to 2014 and 2016
(0.60 versus 0.87, and 0.80 for REIP and N
uptake in 2015, 2014 and 2016, respec-
tively). Due to complex nutrient interac-
tions when fertilizing with liquid manure,
in the 2015 season the plants in some
treatments showed P deficiency symp-
toms, low P concentrations and reduced
biomass (Federolf et al. 2017). In contrast
to N deficiency, P deficiency has no major
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effect on leaf chlorophyll content (Al-Ab-
bas et al. 1974) and photosynthesis per
unit leaf area but leads to reduced leaf
growth and LAI (Plénet et al. 2000). Ac-
cording to Osborne et al. (2002) early sea-
son P deficiency influences near infrared
(NIR) reflectance, especially between V6
and V8 growth stages. In our trials, P defi-
ciency symptoms decreased with ongoing
development until V8 stage (Federolf et al.
2017). The coefficients of determination
peaked between V6 and V10 in the Hollage
experiment. Within these growth stages,
also the growth differences between treat-
ments were high, no matter whether N or
P was limiting. Although under P defi-
ciency, biomass and N uptake might be
overestimated to a certain degree by re-
flectance measurements due to changing
spectral properties.

At tasseling, the coefficients of deter-
mination were lower than at the previous
stages. This might be due to difficulties
concerning canopy architecture and to
saturation effects in VI's (Rambo et al.
2010), as the field of view (FOV) of the
tested sensor is only 25 cm in diameter and
thus does not properly represent the field
situation with 75 cm row distance. Drouet
und Bonhomme (1999) investigated the
leaf area density in row canopies of maize.
In a stand like ours, leaf area density and
leaf N per area was distributed very heter-
ogeneously between intra- and inter-row
spaces. They also found a positive correla-
tion of irradiance interception of a certain
leaf area and the respective laminal N con-
tent, indicating that N translocation pro-
cesses tend towards photosynthetically
active leaf area (Drouet und Bonhomme
1999). Winterhalter et al. (2012) found a
decrease in total N contents from the top
to the bottom of the plants. Thus, at
growth stages after stem elongation, as
the field of view of any sensor above the
canopy is not able to obtain data from
lower leaves, the informative value of hy-
perspectral data is probably reduced. Fur-
thermore, at tasseling, plant height

(>2.4 m) and tassels hamper the definition
of the crop canopy and the sensors usually
measure reflectance on leaves (Win-
terhalter et al. 2012).

Regarding the changes in REIP values
and their respective coefficients of deter-
mination to biomass and N uptake from
the Hollage experiment, the most appro-
priate timing of measurement seems from
V6 until stem elongation. However, the
sensor values might be influenced by
other stress factors than N deficiency.

The experiment series

Due to small plots, the plant sampling
had to be done in the outer rows of each
plot whereas the sensor measurement was
done in the center rows. Although root
proliferation of the inter row space, and
thus also in the “inter-plot” space, in maize
stands of 75 cm row width is unlikely prior
to V8 growth stage (Schréder et al. 1997),
edge effects between treatments cannot be
totally excluded. This might have influ-
enced the coefficients of determination,
which were mainly lower than in the Hol-
lage experiment. Furthermore, there was
only one sampling per site per year, which
hinders the evaluation of crop develop-
ment differences in this series of trials.

Especially in 2015, due to low tempera-
tures at all sites, limited growth was ob-
served. At the Bovenau site, frost damage
was still visible on the plants during V8
sampling, leading to heterogeneous condi-
tions throughout the trial. Additionally, as
was also seen in the 2015 data from the
Hollage experiment after a cold period,
nutrient deficiency symptoms other than
N may occur, hampering the precision of
the sensing data. The most severe P defi-
ciency symptoms occurred at Wehnen
2015, the least at Sandkrug 2015, though at
these trials the highest coefficients of de-
termination were found. Thus, as also
stated by Osborne et al. (2002), for later
growth stages, the influence of P on spec-
tral measurements seems to decrease.
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Repeatability of measurements

Regarding all combinations of measured
REIP and biomass or N uptake of our ex-
periments (n = 448), a simple regression
cannot easily be drawn (see Figure 4), alt-
hough there is a dependency between the
factors. The interference of soil reflec-
tance is a weakness of vegetation indices
in early growth stages (Hatfield et al. 2008;
Rambo et al. 2010). As our trials were per-
formed on a range of soils (from sandy
Podzols to silty Luvisols, see Table 1), in
different regions, which themselves influ-
ence crop growth and canopy architecture
due to different photoperiods (Liu et al.
2013; Bonhomme et al. 1991). Growth dif-
ferences were observed between the sites
(Federolf et al. 2016) and also found in the
sensor values. Furthermore, we also used
different varieties with different traits like
earliness, canopy architecture, or nutrient
uptake dynamics, which might also lead to
differences in the sensor values (Montes et
al. 2011). Sellers (1985) reported a strong
influence of leaf inclination on reflection
of solar radiation when maize LAI was
low, especially at higher solar angles. This
influence however, might be lower when
active sensors are used. Moreover, there is
a general consent that other stress factors,
such as herbicides, diseases or drought
also reduce chlorophyll contents in plant
leaves and hence reflection properties,
leading to a “blue shift” of the red edge
(Carter und Knapp 2001). In the present
study, when looking at REIP values of e.g.
~721 (£0.2), the respective N uptake varied
from ~8 kg ha! to ~38 kg ha'! and the bio-
mass from 180 kg hal to 1280 kg ha™.
Thus, for any conversion of REIP values
into biomass or N uptake (or for produc-
ing fertilizer application recommendation
maps), reference samples for field specific
calibration need to be taken (Hatfield et al.
2008, Olfs et al. 2005).
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Compared to visual scoring however, the
VI from a sensor is less prone to human
bias, it can be standardized and is able to
quantify and add value to visual impres-
sions. As spectral sensors are relatively
cheap and easy to use, such measurements
might increase the explanatory power of
field trials. Still, it must be kept in mind,
that N deficiency is not the only influenc-
ing factor on sensor derived VI, thus these
values always need to be regarded with re-
spect to current and previous conditions.
The field of view of the sensor used in this
study however is only 25 cm in diameter,
which is insufficient for typical maize
stands with 75 cm row spacing. When
used as a handheld sensor, this is not an
issue as one can easily center walk the
sensor head on the row. One upside of this
is the reduction of background noise due
to limited inter-row reflectance interfer-
ence at early growth stages. Increasing the
field of view of the sensor by increasing
the sensing diameter to at least covering
one row width would reduce the necessity
of accurate row detection. More robust
oblique view systems (Schmidthalter et al.
2008) however, need larger plot sizes.
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Conclusion

In a range of experiments, the used sensor
could gather useful data describing bio-
mass and nutritional status of maize. Alt-
hough the coefficients of determination
and a shift of the obtained red edge inflec-
tion point (REIP) due to different back-
ground noise or canopy architecture do
not allow a direct calculation of crop pa-
rameters from the REIP values, the used
handheld sensor is a viable tool to quan-
tify growth differences within one field
trial. Regarding the objectivity and easi-
ness of spectral handheld sensors, they
can be a powerful tool in field trials.
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2. Increasing nutrient use efficiencies from liquid manure

Supplementary Table 7: Raw data means of four replications for aboveground dry matter bio-
mass (DM), whole plant nitrogen concentrations (Nconc), plant nitrogen uptake (Nupt) and red edge

inflection point (REIP) for the treatments an V8 growth stage in the experimental series.

2014 2015
treatment® DM Necone Nupt REIP DM Nconc Nupt REIP
kg hat g kg? kg ha' nm kg ha' g kg* kg ha nm
Bovenau
C- 752 42.88 32.32 720.9 275 36.44 10.10 719.3
C+ 1015 41.83 42.22 721.6 331 37.20 12.40 720.6
B- 761 43.48 33.02 720.5 289 38.64 11.18 719.9
B+ 999 41.87 41.84 721.9 391 38.87 15.21 721.3
I- 758 45.05 34.17 720.9 270 39.86 10.84 720.3
I+ 964 43.17 41.67 721.7 320 38.81 12.66 720.2
1(N)- 943 45.47 42.87 721.6 255 38.65 9.95 720.2
I(N)+ 1177 44.58 52.49 722.6 302 39.97 12.10 721.4
Haus Disse
C- 278 38.36 10.67 717.7
C+ 442 39.43 17.44 720.1
B- 352 38.46 13.63 718.3
B+ 542 39.19 21.29 720.2 no data
I- 602 43.29 26.06 720.2
1+ 745 42.74 31.84 721.0
I(N)- 694 42.58 29.56 720.7
I(N)+ 695 42.98 29.85 722.0
Merfeld
C- 658 37.15 24.42 721.6 351 46.30 16.25 722.3
C+ 973 36.39 35.40 722.6 669 44.04 29.38 723.2
B- 946 37.05 35.06 722.2 371 44.64 16.57 721.3
B+ 1134 36.99 41.89 723.0 705 42.69 30.01 723.4
I- 1063 38.77 41.24 723.3 542 45.01 24.39 722.1
1+ 1197 38.25 45.76 723.4 652 44.77 29.16 723.8
I(N)- 1087 39.34 42.63 723.3 582 47.66 27.75 722.8
I(N)+ 1300 40.02 52.07 723.2 640 45.52 29.37 723.3
Sandkrug
C- 387 42.17 16.32 720.5 388 41.06 15.91 718.0
C+ 443 42.74 18.91 721.0 745 40.97 30.50 721.1
B- 486 45.18 21.93 721.3 461 43.47 20.09 718.4
B+ 581 45.04 26.18 721.9 841 41.89 35.22 721.0
I- 574 46.53 26.73 721.5 511 49.65 25.34 719.7
I+ 641 46.55 29.84 722.2 680 50.36 34.29 721.4
I(N)- 551 45.47 25.04 721.5 556 48.05 26.67 720.3
I(N)+ 632 45.88 29.01 722.2 736 49.38 36.40 721.4
Schuby
C- 567 37.15 21.15 721.2 186 41.36 7.72 720.0
C+ 776 37.70 29.31 722.0 413 41.66 17.22 721.1
B- 772 40.31 31.14 721.7 259 44.10 11.47 721.2
B+ 864 40.07 34.59 721.8 382 43.20 16.51 7215
I- 773 42.33 32.70 722.0 240 44.72 10.72 720.6
I+ 825 41.99 34.64 722.1 389 43.85 17.09 721.6
I(N)- 697 44.48 31.01 721.9 294 44.24 13.16 720.8
I(N)+ 959 43.69 41.82 722.6 436 43.67 19.01 721.3
Wehnen
C- 317 39.06 12.50 718.0 201 37.17 7.54 721.0
C+ 542 40.58 22.04 721.5 1121 32.89 36.88 723.3
B- 289 37.98 10.98 718.1 264 36.86 9.74 720.9
B+ 607 40.00 24.38 721.2 1240 32.35 40.26 723.1
I- 382 41.36 15.83 719.4 612 39.80 24.33 722.7
I+ 699 41.37 28.97 722.0 1114 38.28 42.64 724.4
I(N)- 502 41.05 20.78 720.9 1145 37.58 43.06 725.1
I(N)+ 682 41.50 28.22 722.5 1475 37.95 55.81 725.4

1 treatments fertilized with liquid manure (C = Control without manure; B = Manure broadcast; | =
Manure injection; I(N) = Manure injection with nitrification inhibitor) and without (-), or with (+)

mineral starter fertilizer, as described in section ‘Experimental design and treatments’
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Reflection of research questions

3.1 Reflection of research questions

Understanding the fate of nutrients from
manure applied to farmland, the complex
interactions between climate, soils, nutri-
ents and plants is crucial for an economi-
cally successful and environmentally
sound production of food, feed and fiber
for a growing global population. Several
experiments were conducted to gather
better insight to support advisors, decision
makers, producers of technologies and
supplies, agronomists and farmers to sus-
tainably intensify maize production in
northwestern Germany. The following
questions served as guideline to improve
nutrient use efficiencies from liquid ma-
nures in maize:

a) is it possible to obviate mineral starter
fertilizer when injecting liquid manure
below the maize row?

b) how long does the nitrification of
slurry-ammonium-nitrogen to nitrate
take under field conditions and what
are the consequences on nitrate dis-
placement?

c) are nitrification inhibitors able to de-
lay nitrification and what are the con-
sequences on crop nutrition?

d) can hyperspectral sensors be used to
improve understanding of crop nutri-
tional status throughout the cropping
period?

The aim of the project was to gather sci-
entific knowledge about nutrient interac-
tions following slurry injection to improve
decision support by exchanging infor-
mation with farmers, contractors, advi-
sors, companies and scientists.

3.2 Manure injection to obviate mineral starter fertilizers —po-

tentials and limitations

Regarding the results of Section 2.1 on
crop performance comparing liquid ma-
nure broadcast and injection treatments
on a range of sites throughout northwest-
ern Germany, the results indicate no need
for mineral starter fertilizers. In all trials
only minor differences between fertilized
treatments in maize yields and silage qual-
ity were observed. The experiments in
Section 2.2 allow a very detailed discus-
sion comparing common farm practice
system (manure broadcast plus mineral
starter fertilizer) with manure injection
systems without starter fertilizer. In the
2014 season of the experiment, sustained
precipitation in May and June promoted
nitrate leaching and thus, favored the per-
formance of injection treatments. Alterna-
tively, in 2015 no leaching of nitrate
occurred due to minor precipitation, but
cold temperatures led to P deficiency in
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treatments without mineral starter ferti-
lizers. The results indicate comparable
yields for injection treatments for both
seasons, although N and P rates were re-
duced. This leads to the conclusion that
manure injection is a slurry application
strategy capable to enhance nutrient use
efficiency from manure. Additional inves-
tigations showed a strong increase of N.O
emissions when manure is injected prior
to planting (Zurheide et al. 2016). Besides
N2O emissions during nitrification of
NHa*, high NOs- concentrations in the ma-
nure band following manure application
until V10 stage provide ample substrate
for denitrification. A peak of N.O emis-
sions was observed from beginning of
May until the end of June. This finding
should be considered when evaluating the
environmental impacts of manure injec-
tion.



The trials have also shown the importance
of nitrification inhibitors when manure is
applied prior to planting of maize, but ma-
jor N uptake starts 8 to 10 weeks after fer-
tilization. Mixing nitrification inhibitors
into the slurry prior to application signifi-
cantly delayed NOs- formation, which was

a key to the reduction of leaching. This de-

lay in NOs  formation furthermore re-

duced the N2O emissions by 50%,

compared to injection without NI (Zur-

heide et al. 2016). Additionally, under low
soil temperatures, the addition of a nitrifi-

cation inhibitor to the applied manure im-

proved early growth nutrition and thus,

crop growth. This might be due to:

a) higher preference for ammonium up-
take under low root zone temperatures,
as it requires less energy (Macduff and
Jackson 1991).

b) interaction of ammonium and P, which
is widely recognized and the reason for
using N and P containing starter ferti-
lizers (Ma et al. 2013; Ohlrogge 1962).

c) physiological effects of the nitrification
inhibitor on plant growth (Thomson et
al. 1993).

Plant growth inhibitory effects have been

shown by Thomson et al. (1993) for the

compound nitrapyrin. However, an inhib-
itory effect is unlikely for the azol-based
compounds of the products used in our
study (1,2,4-Triazol; 3-Methylpyrazol,
3,4-Dimethylpyrazol-Phosphate), as azol-
compounds are widely used as fungicides.
In contrast to the crop growth promoting
effects of Strobilurin-fungicides (Ruffo et
al. 2015), for azol-compounds no physio-
logical effects on plants have been shown
so far. Summing up, the use of nitrification
inhibitors in combination with manure in-
jection brings certain advantages, but for
a better understanding of the processes
further knowledge of the implications of
nitrification inhibitors on nitrification,
their interference in the soil-plant-system
and the environment are necessary.
Although manure injection signifi-
cantly reduced nitrate displacement at
Hollage in 2014 (Westerschulte et al.
2017), the considerable time lag between

3. General discussion

manure application (April) and major N
uptake of maize (end of June) still led to
leaching of NOs". Thus, on sites with in-
creased leaching risk, applying the total
amount of N prior to maize planting is
questionable.

A major benefit of splitting manure ap-
plications is the possibility to adjust the
second dose to current crop needs. Besides
common methods as pre-side dress SMN
sampling, plant-sap nitrate concentra-
tions, and tissue analysis, the experiments
in Section 2.3 have shown the possibility
to use spectral measurements for the as-
sessment of crop performance. These
measurements provide the possibility to
adapt fertilization rates on a site-specific
level in high spatial resolution. Therefore,
reflectance sensors mounted to either
tractor, drone, or satellite can be used.

As also shown in Section 2.3, vegeta-
tion indices are precise in detecting
growth differences but so far, they are not
able to provide stand-alone fertilizer ap-
plication maps without any referencing.
Thus, ideas evolved to fuse vegetation in-
dices with soil parameters, current crop-
ping details and historic vegetation data
allow a better prediction of crop nutrient
demand. The so called “digital farming”
approach also allows for the integration of
satellite imaging and other crop sensing
technologies with models for crop growth
and soil nutrient availability to increase
the precision of fertilizer requirement pre-
diction.

Another major invention of recent
years is the on-the-go determination of
manure nutrient composition via near in-
frared spectrometry (Zimmermann et al.
2008). With the possibility to measure the
composition of manure, it is possible to
switch manure fertilization from the ra-
ther “disposal” based rating in “m3 ha'l” to
the rather “fertilizer value” based rating in
“kg N ha'?”, or “kg P ha1”.

Together, these technological advances
ease appropriate fertilization and allow
higher nutrient use efficiency from ma-
nure applied at later growth stages. Fur-
ther positive side effects of split
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Manure injection to obviate mineral starter fertilizers - potentials and limitations

applications might result from a reduction
of high nitrate concentrations that are
prone to denitrification. Split applications
are common in other monocots like grass
and cereals, allowing a certain adjustment
to current crop needs. In these cropping
systems N losses can be reduced. Thus, on
sites with a very high leaching risk,
switching cropping and fertilizing sys-
tems, or converting these sites to perma-
nent grassland to reduce leaching is
reasonable. It is quite common to top dress
liguid manure in maize at 6 to 10 leaf
stages with trailing hoses mainly to re-
lieve manure storage capacities, or to
adapt N application to pre-side dress SMN
test. This practice, however, can lead to
substantial N losses via ammonia volati-
lization and, consequently, to low N use
efficiency (Ball Coelho et al. 2005), espe-
cially when dry weather follows manure
application.

Injection of manure in growing crops
might result in root damage but increases
nutrient availability. Compared to pre-
plant applications, lower soil moisture re-
duces the risk of soil compaction and N
losses (i.e. nitrate and nitrous oxide). Still,
substantial soil movement is required,
which disturbs herbicide layers and pro-
motes germination of thermophilic weeds.
On the other hand, late injection might be
combined with mechanical weed control,
establishment of an undersown crop or an
herbicide application.

Nevertheless, certain limitations for
slurry injection exist. First, manure injec-
tion requires significant tillage to provide
space for the slurry, which is applied at
significant volumes. As there are no pos-
sibilities for further seedbed preparation
after slurry injection, the injectors need to
finalize the seedbed on the go. With the
injectors currently available for farmers,
this restricts the use of slurry injection to
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coarse textured soils, where formation of
clods is unlikely during tillage operations.
When using auto-guidance systems to
trace the manure bands however, shallow
seedbed preparation with active or passive
harrows could be an option to overcome
this restriction. Additionally, for finer tex-
tured soils, when nitrification inhibitors
are used, injecting earlier in the season
(e.g. 4 to 6 weeks prior to maize planting)
would favor the weathering of clods into
smaller aggregates and increase soil tem-
peratures, compared to later tillage dates.

A major issue with manure injection
compared to broadcast application is the
need for heavy machinery with reduced
working width. While trailing hose appli-
cators can use existing tramlines (15 to
36 m), the drag requirements of injectors
currently limit the working width to 6 m.
Thus, one in four rows is rolled over by
the manure tanker-injector combination
typically leading to soil compaction and
reduced yields (Nevens and Reheul 2003).

When soil is deep-tilled prior to ma-
nure application, these tracks are to be
tilled again and adequate machine setting
needs special attention. To reduce costs
for tillage as well as roll-over compaction,
farmers combine manure injection with
strip tillage where the only tillage opera-
tion is done when injecting manure, after
rolling over untilled soil. Although strip
tillage requires highly trained machinery
operators, increased attention to crop pro-
tection and is only possible if there is no
soil compaction, farmers prefer strip till
injection instead of injection in tilled soils.

This is mainly based on the fear of in-
creased costs for manure management
and application. Unfortunately, during the
project there was no opportunity to get in-
sight into the economics of different ma-
nure injection strategies.



3. General discussion

3.3 Implications on regional nutrient flows

Comparatively high nutrient use effi-
ciency from manure can be achieved in
maize production. Consequently, in re-
gions where ample amounts of manure are
available, maize plays a key role in crop
rotations. However, this is to a certain ex-
tent due to high mineralization potential
from organicaly bound soil and manure N
and leads to a decomposition of organic
matter. Thus, negative N balances in
maize cropping are common and N cycles
on silage maize fields for biogas or fodder
can only be closed when organic matter is
somehow replenished through a proper
crop rotation.

The average N and P uptake of silage
maize in the trials was ~220 kg N ha-1, and
~40 kg P ha'l, respectively, reflecting the
mean nutrient uptake for silage maize in
the region. Fertilizer recommendations
based on a recommended value of
180 kg N ha1 typically allows organic N
application rates of ~170 kg N ha1, which
Is the current ceiling level for N fertiliza-
tion with animal manure according to the
German Fertilizer Ordinance (DuV 2007).
In the revised German Fertilizer Ordi-
nance, this ceiling level of 170 kg N ha'l
will most likely be expanded to all types of
organic N fertilizers (Bundesministerium
fur Erndhrung und Landwirtschaft 2017).

Crop P withdrawal should be the ceil-
ing for any P fertilization as soil P status is
typically high to very high in the region,
and reduced P fertilization is recom-
mended (Kerschberger et al. 1997; Taube
etal. 2015). Consequently, the obviation of
mineral starter fertilizers containing
10 kg P ha'l, would significantly relieve P
balances in maize cropping.

As maize is cropped on 50% of the
cropland in many regions in north-west-
ern Germany, obviation of mineral starter
fertilizers at a standard rate of
23 kg N hal and 10 kg P hal could de-
crease nutrient imports. Consequently, for
many farmers manure export require-
ments could be reduced.

Only forage ley shows higher require-
ments than silage maize. If cropped leys
are used to reduce feed imports, nutrient
balances might be unburdened. Thus, a
shift of crop rotations to other crops than
maize will not significantly relieve N and
P balances. Similar research approaches in
the Netherlands (Schroder et al. 2015),
Denmark (Petersen et al. 2010), Canada
(Bittman et al. 2012), and the US (Schmitt
et al. 1995) led to likewise conclusions.
Consequently, the present results might
also be of interest for researchers and
farmers in the aforementioned, as well as
other regions where intensive livestock
and/or biogas production is combined
with intensive maize cropping. Further-
more, these results might also be used to
enhance nutrient use efficiency from ma-
nure in other spring sown row crops like
sugar beet, potato, or sunflower.

Thus, in areas of intensive livestock
farming, obviating mineral starter fertiliz-
ers with manure injection is a step to-
wards consequent nutrient cycling and
increases the sustainability of agriculture.
However, additional measures to decrease
imports of N and P (i.e. increasing nutrient
use efficiency in animal husbandry or
shifting cropland from biogas substrate
production to cropping of feed) need to be
applied, as the potential for higher crop N
and P uptake is limited.
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Conclusions and outlook

Conclusions and outlook

To overcome early growth nutrient defi-
ciency, maize needs starter fertilizers to
achieve optimum growth rates. The pre-
sent results show the potentials of using
injected slurry as starter fertilizer for
maize to reduce imports of mineral ferti-
lizer in areas of intensive livestock farm-
ing.
In a series of field experiments (22 site-
years), slurry injection led to equal yields,
compared to slurry broadcast plus mineral
starter fertilizer. Mean nitrogen uptake of
maize was enhanced when manure was
injected. Together with reduced nitrogen
rates, it led to increased nitrogen use effi-
ciency.

When major precipitation events dur-
ing early growth stage favor the displace-
ment of nitrate out of the root zone, the
nitrification is retarded. A further slow-
down of nitrification and nitrate move-
ment can be achieved by adding a
nitrification inhibitor to the injected
slurry. Under severe leaching conditions
this leads to higher yields and nitrogen
uptake. When air and soil temperatures as
well as precipitation during early growth
are low, phosphorus availability is limited.
The ,starter fertilizer value® of manure
can be enhanced by adding a nitrification
inhibitor as the duration of high ammo-
nium-nitrogen and phosphorus concen-
trations in close proximity of maize
seedlings increases nutrient availability in
cold soils.

Nevertheless, our trials showed that
manure injection only delays nitrification
and nitrate displacement out of the root
zone but does not totally inhibit nitrate
leaching. Additionally, high concentra-
tions of nitrate in the soil for a prolonged
period promotes denitrification and ni-
trous oxide emissions. Although nitrifica-
tion inhibitors significally decreased N
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losses, on sites with high leaching or deni-
trification potential, splitting of nitrogen
fertilization to improve the synchrony
with crop nitrogen requirements is ad-
vised.

Compared to the current common farm
practice of broadcasting manure and using
mineral starter fertilizers at maize plant-
ing, slurry injection showed a higher resil-
ience to disadvantageous weather ex-
tremes. Furthermore, nutrient use effi-
ciency from liquid manure was always en-
hanced. Thus, imports for mineral starter
fertilizers might be reduced.

The adoption of manure injection to
obviate mineral starter fertilizers by farm-
ers would align with upcoming legislation
concerning manure management, in-
crease on-farm nutrient cycling and, thus,
meeting the goals of sustainable intensifi-
cation of agricultural production in Eu-
rope. Concerns like potentially higher
nitrous oxide emissions and the fate of ni-
trification inhibitors as well as their me-
tabolites need further attention in
upcoming research activities.

Field trials with high spatial and and
adequate temporal resolution during criti-
cal growth stages of a crop are necessary
to improve agronomic systems. To reduce
costs and increase objectivity, vegetation
indices based on spectral measurements of
plants can be used. Furthermore, these in-
dices might be used for in-season, site-
specific fertilizer recommendations and
variable rate application maps.

For a final comparison of the tested fer-
tilization strategies, a life cycle assessment
would help with adjusting legal frame-
works. Furthermore, an economic cost-
benefit analysis could affect farmer’s deci-
sions and show potentials for agri-envi-
ronmental compensation payments.



Summary

The expansion of livestock husbandry and
biogas production in large parts of north-
western Germany during the last two dec-
ades increased the amount of accruing
manure, as well as the demand for maize
as fodder crop and substrate for biogas
plants. To overcome phosphorus defi-
ciency symptoms during early growth of
maize, farmers commonly apply mineral
starter fertilizers containing ammonium-
nitrogen and phosphorus on top of the
usual manure applications required to
meet crop nutrient demand. This practice
typically leads to overfertilization of N
and P and the excess nutrients are then
prone to be lost into the environment.

Recent developments of agricultural
machinery allow for the injection of slurry
bands into the soil prior to maize planting.
Due to high concentrations of ammonium
and phosphorus in the manure band,
chemical transformation and transloca-
tion of these nutrients is reduced. When
the bands are placed near the seeds, even
the radicles can access the applied nutri-
ents. Hence, application of mineral starter
fertilizers might be obviated. Earlier inves-
tigations showed insufficient knowledge
of nutrient transformations in manure
bands and their consequences on crop
growth. To resolve these problems a re-
search project at the University of Applied
Sciences Osnabriick was conducted in
close cooperation with the local agricul-
tural extension services, machinery pro-
ducers and farmers.

In a series of field trials, broadcasting of
liguid manure was compared to injection
with and without a nitrification inhibitor
in three consecutive growing seasons
(2013 to 2015). The trials were conducted
in a split-plot design, where all liquid ma-
nure treatments were divided in subplots
with and without a mineral starter ferti-
lizer. Biomass samplings at eight leaves
stage and harvest gave insight into the
performance of the treatments. Compared
to broadcast application with starter fer-
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tilizer, manure injection showed slightly
retarded early growth in some trials.
However, yields and nitrogen uptake at
harvest were similar. When a nitrification
inhibitor was added to the injected ma-
nure, early growth was not retarded,
yields were alike broadcast and injection
treatments, but nitrogen uptake was
higher in all seasons (on average ~7%).

To further investigate nitrogen dynam-
ics and crop growth, another field trial
was conducted on a sandy soil close to Os-
nabrick in 2014 and 2015. Manure injec-
tion with and without a nitrification
inhibitor was compared to broadcast ap-
plication with mineral starter fertilizer
and an unfertilized control treatment.
Plant samplings were taken at regular in-
tervals. Major precipitation events in May
and June 2014 led to significant nitrate
leaching, especially in the broadcast treat-
ment. Manure injection delayed the nitri-
fication of slurry ammonium and con-
sequently the translocation out of the root
zone. Thus, plants in injection treatments
could accumulate more nitrogen in their
biomass and showed less nitrogen defi-
ciency symptoms. This led to increased
yield (+16.5%) and nitrogen uptake (+9.6%)
for injection treatment with nitrification
inhibitor compared to broadcast treat-
ment. In 2015, low temperatures impaired
seminal root growth and phosphorus
availability. The mineral starter fertilizer
in the broadcast treatment led to better
early growth than injected slurry. When a
nitrification inhibitor was added to the in-
jected manure, less P deficiency symptoms
were observed, and the crop growth was
only slightly retarded. Due to the high
compensation potential of silage maize,
these differences were equalized until har-
vest. Nevertheless, the mean apparent ni-
trogen recovery efficiency of both seasons
was higher in injection treatments with
and without nitrification inhibitor, com-
pared to broadcast with mineral starter
fertilizer (48%, 56% and 43%, respectively).
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Summary

To ease the handling of field trial series by
decreasing the number of tissue sam-
plings, the use of a handheld sensor was
tested during vegetative growth of maize.
In the series of field trials with the local
extension service, the derived vegetation
index showed significant correlations to
biomass and nitrogen uptake at eight
leaves stage. Measurements of the vegeta-
tive growth observed during the nitrogen
dynamics trial showed that the sensor
needs sufficient leaf area to deliver precise
data, but also tends to saturate when
maize tassels evolve. The best estimates
were found between six and ten leaves.
Thus, the sensor can be a valuable tool to
reduce numbers of tissue samples and,
thus, time and effort needed in fertiliza-
tion trials.
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Altogether, these results should encour-
age farmers to obviate mineral starter fer-
tilizers by using manure injection when
cropping maize on sandy soils. The ad-
vantages that come along with manure in-
jection based on the present research
indicate higher shares of manure nutrients
find their way into the plants due to de-
layed biochemical transformations. These
nutrients are consequently not lost into
the environment. Nitrification inhibitors
have shown a positive effect on crop per-
formance and led to a further reduction of
nitrogen losses. However, further know-
ledge of their decomposition with special
regard to the ecological impact of their
compounds and metabolites need to be
thoroughly evaluated.



Zusammenfassung

Die Intensivierung der Viehhaltung und
die Ausweitung der Biogasproduktion in
Nordwestdeutschland fiihrte in den ver-
gangenen Dekaden zu einem steigenden
Anfall an organischen Dingern und zur
Ausweitung des Maisanbaus. Um einge-
schrankten Nahrstoffverflgbarkeiten in
der friihen Jugendentwicklung des Maises
entgegenzuwirken setzen Landwirte mi-
neralische NP-Unterful3diinger ein, ob-
wohl ausreichende Wirtschaftsdiinger-
gaben den Néahrstoffbedarf Ublicherweise
decken. Die aus dieser Praxis resultieren-
den Nahrstoffuberschisse fihren zu
Nahrstoffakkumulationen in den Bdden
und kénnen in nicht agrarische OKkosys-
teme verlagert werden.

Neuere Entwicklungen der Agrartech-
nik ermaglichen es, Gulle in Bandern un-
ter der spater gelegten Maisreihe zu
platzieren. Durch die hohen Konzentrati-
onen von Ammonium-Stickstoff und
Phosphat im Gulleband werden sowohl
die Umwandlung als auch die Verlagerung
dieser Nahrstoffe verzdgert. Somit kann
die Néhrstoffversorgung Uber den Ent-
wicklungszyklus hinweg sichergestellt
werden. In vorausgegangenen Untersu-
chungen fiel haufig eine verzogerte Jugen-
dentwicklung bei Gulleunterful3diingung
auf, die Ertrage waren jedoch vergleich-
bar. Zur Klarung offener Fragen wurde an
der Hochschule Osnabriick in Zusammen-
arbeit mit den Landwirtschaftskammern
Niedersachsen, Nordrhein-Westfalen und
Schleswig-Holstein, Firmen der Agrarin-
dustrie, Lohnunternehmern und Landwir-
ten ein von der Deutschen Bundesstiftung
Umwelt finanziertes Forschungsprojekt
durchgefuhrt.

In den Jahren 2013-2015 wurde in einer
Versuchsserie auf acht Standorten die fla-
chige Gulleeinarbeitung mit der Gulleun-
terfuldingung mit und ohne Nitrifi-
kationshemmstoff verglichen. Die Versu-
che wurden im Split-Plot Design angelegt,
wobei alle Guallediingungsvarianten je-
weils mit und ohne mineralischer Unter-

Zusammenfassung

fuRdiingung angelegt wurden. Pflanzen-
proben zum 8-Blattstadium und zur Ernte
gaben Aufschluss Uber Unterschiede im
Wachstum der Pflanzen. Verglichen mit
dem ortsiiblichen Standardverfahren (fla-
chige Gulleeinarbeitung mit mineralischer
UnterfuRdiingung), zeigten die Varianten
mit GulleunterfuBdiingung auf manchen
Standorten  Nahrstoffmangelsymptome
und eine verzogerte Entwicklung. Zur
Ernte waren Ertrdge und Stickstoffauf-
nahmen jedoch vergleichbar. Wurde der
injizierten Gulle ein Nitrifikationshemm-
stoff zugesetzt, zeigten sich die Pflanzen in
der Jugendentwicklung haufig vitaler und
wiuchsiger, was zwar nicht zu Ertragsun-
terschieden, jedoch zu erhdhten Stick-
stoffaufnahmen fihrte.

Um die Stickstoffdynamik in Boden
und Pflanze detaillierter untersuchen zu
koénnen, wurde auf Schlagen mit sandigem
Boden bei Osnabriick in den Jahren 2014
und 2015 ein weiterer Versuch angelegt.
Dort wurden lediglich GulleunterfuRdin-
gung mit und ohne Nitrifikationshemm-
stoff mit der flachigen Gulleeinarbeitung
mit mineralischer Unterfuldingung so-
wie einer ungediingten Kontrolle vergli-
chen. RegelméRige Boden- und Pflanzen-
untersuchungen gaben Einblicke in die
Stickstoffdynamik in den gepruften Ver-
fahren. Starkniederschldge im Mai 2014
fuhrten zu erheblicher Nitratverlagerung
aus dem Wurzelraum, vor allem wenn die
Gulle flachig eingearbeitet wurde. In den
Gullebédndern wurde das ausgebrachte
Ammonium langsamer in Nitrat umge-
wandelt, die Stickstoffverlagerung war re-
duziert. So konnten die Pflanzen in den
Gulleunterfuldiingungsvarianten  mehr
Stickstoff aufnehmen und zeigten gerin-
gere Mangelsymptome.

Folglich wurde in den durch Gulleun-
terfuRdiingung mit Nitrifikationshemm-
stoff gedlingten Bestédnden bis zur Ernte
16,5% mehr Biomasse bilden und 9,6%
mehr Stickstoff aufnehmen als im Stan-
dardverfahren.
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Zusammenfassung

Im Jahr 2015 hingegen waren Spross- und
Wurzelwachstum sowie die Phosphorver-
flgbarkeit durch niedrige Temperaturen
bis Ende Juni eingeschrankt. Das Phos-
phat aus dem mineralischen UnterfuRdin-
ger in der Standardvariante war in der
Jugendentwicklung besser verflighar als
das aus der injizierten Gulle. Die Beimi-
schung eines Nitrifikationshemmstoffs
fihrte zu geringeren Auspréagungen von
P-Mangelsymptomen, folglich war das
Pflanzenwachstum besser. Bis zur Ernte
verwuchsen sich diese Unterschiede je-
doch weitestgehend. Zusammen mit einer
geringeren Diingung konnte im Mittel der
beiden Jahre hohere Anteile des gediing-
ten Stickstoffs im Aufwuchs wiedergefun-
den werden (48%, beziehungsweise 56%
des gedingten Stickstoffes in den Gul-
leunterfuBdiingungsvarianten ohne und
mit Nitrifikationshemmstoff, 43% des
Stickstoffs in der Standardvariante).

Um innovative Produktionssysteme in
die landwirtschaftliche Praxis zu bringen,
sind umfangreiche Untersuchungen tber
mehrere Jahre und Standorte nétig. Die
Anzahl anfallender Pflanzen- und Boden-
proben sind entsprechend hoch und kos-
tenintensiv. Als glnstigere Alternative
zur destruktiven Pflanzenprobennahme
wurde der Einsatz eines handgefuhrten
Reflexionssensors getestet. In der Ver-
suchsserie zeigten die Sensormesswerte
signifikante Zusammenhédnge mit Bio-
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masseaufwuchs und Stickstoffaufnahme
im Acht-Blattstadium.

Im Stickstoffdynamikversuch in Osn-
abriick wurde zu verschiedenen Entwick-
lungsstadien die Messwerte mit den Auf-
wuchsen verglichen. Die beste Abschét-
zung fir Pflanzenparameter lieferte der
REIP zwischen Sechs- und Zehn-Blattsta-
dium des Maises. Grundsatzlich ist der
Sensor zum Vergleich unterschiedlicher
Varianten hinsichtlich Biomasse und
Stickstoffaufnahme gleichermalen geeig-
net. dadurch kénnen destruktive Parzel-
lenbereiche entfallen. Es kann allerdings
nicht unabhéngig von Umwelteinflissen
vom erhobenen Messwert auf die Wachs-
tumsparameter riickgeschlossen werden.

Zusammengefasst sollen die Ergeb-
nisse Landwirte dazu ermutigen, die mi-
neralische UnterfuRdiingung durch eine
platzierte Glllediingung zu ersetzen. Die
vorliegenden Untersuchungen haben ge-
zeigt, dass die Nahrstoffausnutzung aus
organischen Wirtschaftsdiingern durch
Gulleinjektion im Maisanbau auf sandigen
Bdden erheblich gesteigert werden kann.
Insbesondere unter widrigen Bedingun-
gen helfen Nitrifikationshemmstoffe,
Stickstoffverluste zu vermindern und die
Néahrstoffverflugbarkeit zu steigern.

Detaillierte Untersuchungen zum Ver-
bleib und zu den 6kologischen Auswir-
kungen ihrer Wirkstoffe und Metaboliten
sind jedoch fir eine ganzheitliche Be-
trachtung mit einzubeziehen.



References

References

Al-Abbas AH, Barr R, Hall JD, Crane FL, Baumgardner MF (1974) Spectra of normal and nutrient-deficient
maize leaves. Agronomy Journal 66:16-20. doi: 10.2134/agronj1974.00021962006600010005x

Amberger A (1986) Potentials of nitrification inhibitors in modern N-fertilizer management. Zeitschrift
fir Pflanzenerndhrung und Bodenkunde 149:469-484. doi: 10.1002/jpIn.19861490410

Arp DJ, Stein LY (2003) Metabolism of inorganic N compounds by ammonia-oxidizing bacteria. Critical
Reviews in Biochemistry and Molecular Biology 38:471-495. doi: 10.1080/10409230390267446

Assuero SG, Mollier A, Pellerin S (2004) The decrease in growth of phosphorus-deficient maize leaves is
related to a lower cell production. Plant Cell & Environment 27:887-895. doi: 10.1111/j.1365-
3040.2004.01194.x

Aufhammer W, Federolf K-G, Kempf H, Kubler E, Stiitzel H (1989) Variabilitdtsursachen und Aus-sage-
moglichkeiten der Nmin-Methode. Landwirtschaftliche Forschung 42:281-292

Aufhammer W, Kubler E (1997) Einfluss von Reihenweite und Untersaat auf den Silomaisertrag und den
Nmin-Gehalt im Boden nach der Ernte. Die Bodenkultur 48:151-157

Bach M, Frede H-G (1998) Agricultural nitrogen, phosphorus and potassium balances in Germany - Meth-
odology and trends 1970 to 1995. Zeitschrift fir Pflanzenernahrung und Bodenkunde 161:385-393.
doi: 10.1002/jpIn.1998.3581610406

Baggs EM, Philippot L (2010) Microbial terrestrial pathways of N2O. In: Smith KA (ed) Nitrous oxide and
climate change. Earthscan, London, United Kingdom, pp. 4-36

Ball Coelho BR, Roy RC, Bruin AJ (2005) Optimization of liquid swine manure sidedress rate and method
for grain corn. Agronomy Journal 97:1322-1332. doi: 10.2134/agron;j2005.0008

Barber SA (1995) Soil nutrient bioavailability: A mechanistic approach. Wiley, New York, USA. 384 pp.

Baret F, Guyot G (1991) Potentials and limits of vegetation indices for LAl and APAR assessment. Remote
Sensing of Environment 35:161-173. doi: 10.1016/0034-4257(91)90009-U

Barneze AS, Minet EP, Cerri CC, Misselbrook T (2015) The effect of nitrification inhibitors on nitrous
oxide emissions from cattle urine depositions to grassland under summer conditions in the UK.
Chemosphere 119:122-129. doi: 10.1016/j.chemosphere.2014.06.002

Bauer A, Eiler T, Knigge-Sievers A (2014) Versuchsbericht 2014 - Versuchsergebnisse zur grundwasser-
schutzorientierten Landbewirtschaftung. http://www.lwk-niedersachsen.de. Accessed 19 February
2017

Bauerle H, Taméasy C (2012) Regionale Konzentrationen der Nutztierhaltung in Deutschland, ISPA-
Mitteilungen 79. 89 pp.

Baumgaértel G, Benke M, Eiler T (2010) Duingeempfehlungen Stickstoff: Getreide, Raps, Hackfriichte, Mais.
Landwirtschaftskammer Niedersachsen, Hannover, Germany

Beauchamp EG (1983) Response of corn to nitrogen in preplant and sidedress applications of liquid dairy
cattle manure. Canadian Journal of Soil Science 63:377-386. doi: 10.4141/cjss83-036

Behrendt H, Boekhold A (1993) Phosphorus saturation in soils and groundwaters. Land Degradation &
Development 4:233-243. doi: 10.1002/1dr.3400040406

Behrens T, Gregor K, Diepenbrock W (2005) Separation of soil and canopy reflectance signatures of Mid
German agricultural soils. Plant, Soil and Environment 51:296-303

Bhadoria PBS, Kaselowsky J, Claassen N, Jungk A (1991) Phosphate diffusion coefficients in soil as af-
fected by bulk density and water content. Zeitschrift fir Pflanzenern&dhrung und Bodenkunde 154:53—
57. doi: 10.1002/jpIn.19911540111

Birch CJ, Vos J, van der Putten PE (2003) Plant development and leaf area production in contrasting
cultivars of maize grown in a cool temperate environment in the field. European Journal of Agronomy
19:173-188. doi: 10.1016/51161-0301(02)00034-5

73



References

Bittman S, Liu A, Hunt DE, Forge TA, Kowalenko CG, Chantigny MH, Buckley K (2012) Precision place-
ment of separated dairy sludge improves early phosphorus nutrition and growth in corn. Journal of
Environmental Quality 41:582-591. doi; 10.2134/jeq2011.0284

Bollen KA, Jackman RW (1990) Regression diagnostics: An expository treatment of outliers and influen-
tial cases. In: Fox J, Long JS (eds) Modern methods of data analysis. Sage, Newbury Park, CA, USA,
pp. 257-291

Bonhomme R, Derieux M, Kinry, JR, Edmeades, GO, Ozier-Lafontaine H (1991) Maize leaf number sensi-
tivity in relation to photoperiod in multilocation field trials. Agronomy Journal 83:153-157

Bouwman AF, Beusen AHW, Billen G (2009) Human alteration of the global nitrogen and phosphorus
soil balances for the period 1970-2050. Global Biogeochemical Cycles 23:GB0A04. doi:
10.1029/2009GB003576

Bouwman AF, Beusen AHW, Lassaletta L, van Apeldoorn DF, van Grinsven HIM, Zhang J, Ittersum van
MK (2017) Lessons from temporal and spatial patterns in global use of N and P fertilizer on cropland.
Scientific Reports 7:40366:1-11. doi: 10.1038/srep40366

Bouwman AF, Boumans LIM, Batjes NH (2002) Modeling global annual N2O and NO emissions from
fertilized fields. Global Biogeochemical Cycles 16:1-9. doi: 10.1029/2001GB001812

Builtjes P, Hendricks E, Koenen M, Schaap M, Banzhaf S, Kerschbaumer A, Gauger T, Nagel H-D, Scheu-
schner T, Schlutow A (2011) Erfassung, Prognose und Bewertung von Stoffeintragen und deren Wir-
kung in Deutschland - Zusammenfassender Abschlussbericht. Umweltbundesamt, Dessau-RoRlau,
Germany: 97 pp

Bundesministerium fir Erndhrung und Landwirtschaft (2017) Verordnung zur Neuordnung der guten
fachlichen Praxis beim Dungen: Dungeverordnung, Berlin, Germany

Bundy LG, Bremner JM (1973) Inhibition of nitrification in soils. Soil Science Society of America Journal
37:396-398. doi: 10.2136/s552j1973.03615995003700030025x

Cameron KC, Di HJ, Moir JL (2013) Nitrogen losses from the soil/plant system: a review. Annals of Ap-
plied Biology 162:145-173. doi: 10.1111/aab.12014

Carpenter SR, Caraco NF, Correll DL, Howarth RW, Sharpley AN, Smith VH (1998) Nonpoint pollution
of surface waters with phosphorus and nitrogen. Ecological Applications 8:559-568. doi: 10.1890/1051-
0761(1998)008[0559:NPOSWW]2.0.CO;2

Carter GA, Knapp AK (2001) Leaf optical properties in higher plants: linking spectral characteristics to
stress and chlorophyll concentration. American Journal of Botany 88:677-684

Casa R, Baret F, Buis S, Lopez-Lozano R, Pascucci S, Palombo A, Jones HG (2010) Estimation of maize
canopy properties from remote sensing by inversion of 1-D and 4-D models. Precision Agriculture
11:319-334. doi: 10.1007/s11119-010-9162-9

Chen 'Y, Assefa B, Arkinremi W (2010) Soil nutrient levels and crop performance at various lateral posi-
tions following liquid manure injection. Agricultural Engineering International: The CIGR Ejournal
X1l (Manuscript 1410) 18 pp.

Ciampitti IA, Vyn TJ (2011) A comprehensive study of plant density consequences on nitrogen uptake
dynamics of maize plants from vegetative to reproductive stages. Field Crops Research 121:2-18. doi:
10.1016/j.fcr.2010.10.009

Clewer AG, Scarisbrick DH (2001) Practical statistics and experimental design for plant and crop science.
Wiley, Chichester, New York, USA

Di HJ, Cameron KC (2002) Nitrate leaching in temperate agroecosystems: Sources, factors and mitigating
strategies. Nutrient Cycling in Agroecosystems 64:237-256. doi: 10.1023/A:1021471531188

Di HJ, Cameron KC (2007) Nitrate leaching losses and pasture yields as affected by different rates of
animal urine nitrogen returns and application of a nitrification inhibitor - a lysimeter study. Nutrient
Cycling in Agroecosystems 79:281-290. doi: 10.1007/s10705-007-9115-5

DIN (2005) Futtermittel - Bestimmung des Stickstoffgehaltes und Berechnung des Rohproteingehaltes -
Teil 1: Kjeldahl-Verfahren (5983-1:2005). Beuth, Berlin, Germany

DIN (2010) Futtermittel, Getreide und gemahlene Getreideerzeugnisse - Anleitung fiir die Anwendung
von Nahinfrarot-Spektrometrie (12099:2010-11). Beuth, Berlin, Germany

74



References

DIN (2012) Futtermittel - Bestimmung von Calcium, Natrium, Phosphor, Magnesium, Kalium, Schwefel,
Eisen, Zink, Kupfer, Mangan und Kobalt nach Druckaufschluss mittels ICP-AES. DIN EN 15621:2012-
04, Beuth, Berlin, Germany

Dosch P, Gutser R (1996) Reducing N losses (NH3, N2O, N2) and immobilization from slurry through op-
timized application techniques. Fertilizer Research 43:165-171. doi: 10.1007/BF00747697

Drew MC (1975) Comparison of the effects of a localised supply of phosphate, nitrate, ammonium and
potassium on the growth of the seminal root system, and the shoot, in barley. New Phytologist 75:479-
490. doi: 10.1111/j.1469-8137.1975.tb01409.x

Drouet J-L, Bonhomme R (1999) Do variations in local leaf irradiance explain changes to leaf nitrogen
within row maize canopies? Annals of Botany 84:61-69. doi: 10.1006/anb0.1999.0890

DUV (2007) Verordnung Uber die Anwendung von Dungemitteln, Bodenhilfsstoffen, Kultursubstraten
und Pflanzenhilfsmitteln nach den Grundsétzen der guten fachlichen Praxis beim Diingen: Diingever-
ordnung - DV

Ellis RH, Summerfield RJ, Edmeades GO, Roberts EH (1992) Photoperiod, leaf number, and interval from
tassel initiation to emergence in diverse cultivars of maize. Crop Science 32:398-403. doi:
10.2135/cropsci1992.0011183X003200020024x

Erdle K, Mistele B, Schmidhalter U (2011) Comparison of active and passive spectral sensors in discrimi-
nating biomass parameters and nitrogen status in wheat cultivars. Field Crops Research 124:74-84.
doi: 10.1016/j.fcr.2011.06.007

European Parliament (2000) Directive 2000/60/EC of the European Parliament and of the Council of 23
October 2000 establishing a framework for Community action in the field of water policy: Directive
2000/60/EC

Fechner H, Apel B (2016) Mais - Stickstoffdiingung. In: Landwirtschaftskammer Nordrhein-Westfalen
(ed) Ratgeber Pflanzenbau und Pflanzenschutz. Kéllen Druck+Verlag GmbH, Bonn, Germany, pp.
329-333

Federolf C-P, Westerschulte M, Olfs H-W, Broll G, Trautz D (2016) Enhanced nutrient use efficiencies
from liquid manure by positioned injection in maize cropping in northwest Germany. European Jour-
nal of Agronomy 75:130-138. doi: 10.1016/j.eja.2016.01.016

Federolf C-P, Westerschulte M, Olfs H-W, Broll G, Trautz D (2017) Nitrogen dynamics following slurry
injection in maize: crop development. Nutrient Cycling in Agroecosystems 107:19-31. doi:
10.1007/s10705-016-9813-y

Foley JA, DeFries R, Asner GP, Barford C, Bonan G, Carpenter SR, Chapin FS, Coe MT, Daily GC, Gibbs
HK, Helkowski JH, Holloway T, Howard EA, Kucharik CJ, Monfreda C, Patz JA, Prentice IC, Ra-
mankutty N, Snyder PK (2005) Global consequences of land use. Science 309:570-574. doi: 10.1126/sci-
ence.1111772

Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, Johnston M, Mueller ND, O'Connell C, Ray
DK, West PC, Balzer C, Bennett EM, Carpenter SR, Hill J, Monfreda C, Polasky S, Rockstrom J, Sheehan
J, Siebert S, Tilman D, Zaks DPM (2011) Solutions for a cultivated planet. Nature 478:337-342. doi:
10.1038/nature10452

Fowler D, Coyle M, Skiba U, Sutton MA, Cape JN, Reis S, Sheppard LJ, Jenkins A, Grizzetti B, Galloway
JN, Vitousek P, Leach A, Bouwman AF, Butterbach-Bahl K, Dentener F, Stevenson D, Amann M, Voss
M (2013) The global nitrogen cycle in the twenty-first century. Philosophical Transactions of the
Royal Society B: Biological Sciences 368. doi: 10.1098/rstb.2013.0164

Francis GS, Haynes RJ, Williams PH (1995) Effects of the timing of ploughing-in temporary leguminous
pastures and two winter cover crops on nitrogen mineralization, nitrate leaching and spring wheat
growth. The Journal of Agricultural Science 124:1-9. doi: 10.1017/50021859600071185

Frost JP (1994) Effect of spreading method, application rate and dilution on ammonia volatilization from
cattle slurry. Grass and Forage Science 49:391-400. doi: 10.1111/j.1365-2494.1994.th02015.x

Gerber P, Chilonda P, Franceschini G, Menzi H (2005) Geographical determinants and environmental
implications of livestock production intensification in Asia. Bioresource Technology 96:263-276. doi:
10.1016/j.biortech.2004.05.016

75



References

Geyer B, Marschner H (1990) Charakterisierung des Stickstoffversorgungsgrades bei Mais mit Hilfe des
Nitrat-Schnelltests.  Zeitschrift fur Pflanzenerndhrung und Bodenkunde 153:341-348. doi:
10.1002/jpIn.19901530510

Gomez KA, Gomez AA (1984) Statistical procedures for agricultural research. Wiley, New York, USA

Guntifias ME, Leirds MC, Trasar-Cepeda C, Gil-Sotres F (2012) Effects of moisture and temperature on
net soil nitrogen mineralization: A laboratory study. European Journal of Soil Biology 48:73-80. doi:
10.1016/j.ejsobi.2011.07.015

Gutser R, Ebertseder T, Weber A, Schraml M, Schmidhalter U (2005) Short-term and residual availability
of nitrogen after long-term application of organic fertilizers on arable land. Journal of Plant Nutrition
and Soil Science 168:439-446. doi: 10.1002/jpIn.200520510

Guyot G, Baret F (1988) Utilisation de la haute resolution spectrale pour suivre I'etat de couvertes vege-
teaux. Proceedings of the 4th International Colloquium on Spectral Signatures in Remote Sensing,
Aussois, France 18-22 January 1988:279-286

Haas T (2010) Measuring device for determining a vegetation index value of plants. Patent: GO1N 21/31
(2006.01), GO1N 21/35 (2006.01)(W0/2011/015598)

Haas T (2013) ISARIA. Fritzmeier Umwelttechnik GmbH & Co. KG, GroRRhelfendorf, Germany

Hagemann PC (1978) Bodentechnologische und moorkundliche Faktoren zur nachhaltigen Entwicklung
von Sanddeck- und Sandmischkulturen. Géttinger Bodenkundliche Berichte 53, Géttingen

Hartmann DL, Klein Tank AMG, Rusticucci M, Alexander LV, Brénnimann S, Charabi Y, Dentener FJ,
Dlugokencky EJ, Easterling DR, Kaplan A, Soden BJ, Thorne PW, Wild M, Zhai PM (2013) Observati-
ons: Atmosphere and Surface. In: Climate Change 2013: The physical science basis. Contribution of
working group | to the fifth assessment report of the intergovernmental panel on climate change (ed).
Cambridge University Press, Cambridge, UK and New York, USA, pp. 159-254

Hatfield JL, Gitelson AA, Schepers JS, Walthall CL (2008) Application of spectral remote sensing for ag-
ronomic decisions. Agronomy Journal 100:117-131. doi: 10.2134/agronj2006.0370c

Hauck RD (1980) Mode of action of nitrification inhibitors. In: American Society of Agronomy, Soil Sci-
ence Society of America (eds) Nitrification inhibitors - Potentials and limitations: Papers presented at
the annual meeting of the American Society of Agronomy in Chicago, lllinois, Dec. 6, 1978. American
Society of Agronomy and Soil Science Society of America, Madison, WI, USA, pp. 19-32

Hawkesford M, Horst W, Kichey T, Lambers H, Schjoerring J, Skrumsager Moller |, White P (2012) Func-
tions of macronutrients. In: Marschner H, Marschner P (eds) Marschner's mineral nutrition of higher
plants, 3rd edn. Academic Press, London, Waltham, MA, USA, pp. 135-190

Herrera J, Rubio G, Haner L, Delgado J, Lucho-Constantino C, Islas-Valdez S, Pellet D (2016) Emerging
and established technologies to increase nitrogen use efficiency of cereals. Agronomy 6:25:1-19. doi:
10.3390/agronomy6020025

Herridge DF, Peoples MB, Boddey RM (2008) Global inputs of biological nitrogen fixation in agricultural
systems. Plant and Soil 311:1-18. doi: 10.1007/s11104-008-9668-3

Herrmann A, Taube F (2004) The range of the critical nitrogen dilution curve for maize can be extended
until silage maturity. Agronomy Journal 96:1131-1138. doi: 10.2134/agronj2004.1131

Howarth RW (1988) Nutrient limitation of net primary production in marine ecosystems. Annual Review
of Ecology and Systematics 19:89-110. doi: 10.1146/annurev.es.19.110188.000513

Huijsmans JF, Hol JM, Vermeulen GD (2003) Effect of application method, manure characteristics,
weather and field conditions on ammonia volatilization from manure applied to arable land. At-
mospheric Environment 37:3669-3680

Imran M, Mahmood A, R6mheld V, Neumann G (2013) Nutrient seed priming improves seedling devel-
opment of maize exposed to low root zone temperatures during early growth. European Journal of
Agronomy 49:141-148. doi: 10.1016/j.eja.2013.04.001

Jones CA (1983) A survey of the variability in tissue nitrogen and phosphorus concentrations in maize
and grain sorghum. Field Crops Research 6:133-147. doi: 10.1016/0378-4290(83)90053-9

Jongbloed A, Poulsen H, Dourmad J, van der Peet-Schwering C (1999) Environmental and legislative as-
pects of pig production in The Netherlands, France and Denmark. Livestock Production Science
58:243-249. doi: 10.1016/S0301-6226(99)00012-3

76



References

Juliette LY, Hyman MR, Arp DJ (1993) Mechanism-based inactivation of ammonia monooxygenase in
Nitrosomonas europaea by allylsulfide. Applied and Environmental Microbiology 59:3728-3735

Kayser M, Benke M, Isselstein J (2011) Little fertilizer response but high N loss risk of maize on a produc-
tive organic-sandy soil. Agronomy for Sustainable Development 31:709-718. doi: 10.1007/s13593-011-
0046-9

Keckl G (2015) Bodennutzung und Ernte 2014, Landesamt fir Statistik, Hannover, Germany

Keener WK, Arp DJ (1993) Kinetic studies of ammonia monooxygenase inhibition in Nitrosomonas euro-
paea by hydrocarbons and halogenated hydrocarbons in an optimized whole-cell assay. Applied and
Environmental Microbiology 59:2501-2510

Keeney DR (1980) Factors affecting the persistence and bioactivity of nitrification inhibitors. In: Nitrifi-
cation Inhibitors - Potentials and Limitations. American Society of Agronomy and Soil Science Society
of America, Madison, WI, pp. 33-46

Keppner L, Grimm F, Fischer D (2017) Nitratbericht 2016: Gemeinsamer Bericht der Bundesministerien
fur Umwelt, Naturschutz, Bau und Reaktorsicherheit sowie fur Erndhrung und Landwirtschaft. Bun-
desministerium fir Umwelt, Naturschutz, Bau und Reaktorsicherheit, Bonn, Germany

Kerschberger M, Hege U, Jungk A (1997) Standpunkt - Phosphordiingung nach Bodenuntersuchung und
Pflanzenbedarf. VDLUFA-Verlag, Darmstadt, Germany

King KW, Williams MR, Macrae ML, Fausey NR, Frankenberger J, Smith DR, Kleinman, Peter JA, Brown
LC (2015) Phosphorus transport in agricultural subsurface drainage: a review. Journal of Environmen-
tal Quality 44:467-485. doi: 10.2134/jeq2014.04.0163

Kirchmann H, Lundvall A (1993) Relationship between N immobilization and volatile fatty acids in soil
after application of pig and cattle slurry. Biology and Fertility of Soils 15:161-164. doi:
10.1007/BF00361605

Kitchen NR, Goulding K (2001) On-farm technologies and practices to improve nitrogen use efficiency.
In: Follett RF, Hatfield JL (eds) Nitrogen in the environment: Sources, problems, and management, 1st
edn. Elsevier, Amsterdam, The Netherlands, pp. 335-369

Kéhler K, Duynisveld, Wilhelmus HM, Béttcher J (2006) Nitrogen fertilization and nitrate leaching into
groundwater on arable sandy soils. Journal of Plant Nutrition and Soil Science 169:185-195. doi:
10.1002/jpIn.200521765

Landwirtschaftskammer Niedersachsen (2017) Néhrstoffbericht in Bezug auf Wirtschaftsdunger fur Nie-
dersachsen 2015/2016. Landwirtschaftskammer Niedersachsen, Oldenburg, Germany

Landwirtschaftskammer Schleswig-Holstein (2013) Richtwerte fir die Dingung. Landwirtschaftskammer
Schleswig-Holstein, Rendsburg, Germany

Lassaletta L, Billen G, Grizzetti B, Garnier J, Leach AM, Galloway JN (2014) Food and feed trade as a driver
in the global nitrogen cycle: 50-year trends. Biogeochemistry 118:225-241. doi: 10.1007/510533-013-
9923-4

Laurenz L (2013) Mit spater Nmin-Methode zu niedrigen Nitratwerten. Mais 40:118-120

Le Bissonnais Y, Montier C, Jamagne M, Daroussin J, King D (2002) Mapping erosion risk for cultivated
soil in France. Catena 46:207-220. doi: 10.1016/50341-8162(01)00167-9

Leinweber P (1996) Phosphorus fractions in soils from an area with high density of livestock population.
Zeitschrift fur Pflanzenerndhrung und Bodenkunde 159:251-256. doi: 10.1002/jpln.1996.3581590305

Leinweber P, Geyer-Wedell K, Jordan E (1994) Phosphorgehalte von Bdéden in einem Landkreis mit hoher
Konzentration des Viehbestandes. Zeitschrift fiir Pflanzenerndhrung und Bodenkunde 157:383-385.
doi: 10.1002/jpIn.19941570510

Leinweber P, Linsmann F, Eckhardt KU (1997) Phosphorus sorption capacities and saturation of soils in
two regions with different livestock densities in northwest Germany. Soil Use & Management 13:82-
89. doi: 10.1111/j.1475-2743.1997.th00562.x

Leip A, Billen G, Garnier J, Grizzetti B, Lassaletta L, Reis S, Simpson D, Sutton MA, de Vries W, Weiss F,
Westhoek H (2015) Impacts of European livestock production: Nitrogen, sulphur, phosphorus and
greenhouse gas emissions, land-use, water eutrophication and biodiversity. Environmental Research
Letters 10:115004:1-13. doi: 10.1088/1748-9326/10/11/115004

77



References

Liu W, Yang H, Liu J, Azevedo LB, Wang X, Xu Z, Abbaspour KC, Schulin R (2016) Global assessment of
nitrogen losses and trade-offs with yields from major crop cultivations. Science of the Total Environ-
ment 572:526-537. doi: 10.1016/j.scitotenv.2016.08.093

Liu Y, Xie R, Hou P, Li S, Zhang H, Ming B, Long H, Liang S (2013) Phenological responses of maize to
changes in environment when grown at different latitudes in China. Field Crops Research 144:192-
199. doi: 10.1016/j.fcr.2013.01.003

Ma BL, Wu TY, Tremblay N, Deen W, Morrison MJ, McLaughlin NB, Gregorich EG, Stewart G (2010)
Nitrous oxide fluxes from corn fields: On-farm assessment of the amount and timing of nitrogen fer-
tilizer. Global Change Biology 16:156-170. doi: 10.1111/j.1365-2486.2009.01932.x

Ma Q, Zhang F, Rengel Z, Shen J (2013) Localized application of NH4*-N plus P at the seedling and later
growth stages enhances nutrient uptake and maize yield by inducing lateral root proliferation. Plant
and Soil 372:65-80. doi: 10.1007/s11104-013-1735-8

MacDonald GK, Bennett EM, Potter PA, Ramankutty N (2011) Agronomic phosphorus imbalances across
the world's croplands. Proceedings of the National Academy of Sciences of the United States of Amer-
ica 108:3086-3091. doi: 10.1073/pnas.1010808108

Macduff JH, Jackson SB (1991) Growth and preferences for ammonium or nitrate uptake by barley in
relation to root temperature. Journal of Experimental Botany 42:521-530. doi: 10.1093/jxb/42.4.521

Maguire RO, Kleinman, Peter JA, Dell CJ, Beegle DB, Brandt RC, McGrath JM, Ketterings QM (2011)
Manure application technology in reduced tillage and forage systems: A Review. Journal of Environ-
ment Quality 40:292-301. doi: 10.2134/jeq2009.0228

Malenovsky Z, Rott H, Cihlar J, Schaepman ME, Garcia-Santos G, Fernandes R, Berger M (2012) Sentinels
for science: Potential of Sentinel-1, -2, and -3 missions for scientific observations of ocean, cryosphere,
and land. The Sentinel Missions - New Opportunities for Science 120:91-101. doi:
10.1016/j.rse.2011.09.026

McCarty GW (1999) Modes of action of nitrification inhibitors. Biology and Fertility of Soils 29:1-9. doi:
10.1007/s003740050518

McCarty GW, Bremner JM (1989) Inhibition of nitrification in soil by heterocyclic nitrogen compounds.
Biology and Fertility of Soils 8:204-211. doi: 10.1007/BF00266480

McCormick RA, Nelson DW, Sutton AL, Huber DM (1984) Increased N efficiency from nitrapyrin added
to liquid swine manure used as a fertilizer for corn. Agronomy Journal 76:1010-1014. doi:
10.2134/agronj1984.00021962007600060034x

McMaster GS, Wilhelm WW (1997) Growing degree-days: one equation, two interpretations. Agricultural
and Forest Meteorology 87:291-300. doi: 10.1016/50168-1923(97)00027-0

Melse RW, Timmerman M (2009) Sustainable intensive livestock production demands manure and ex-
haust air treatment technologies. OECD Workshop: Livestock Waste Treatment Systems of the Fu-
ture: A Challenge to Environmental Quality, Food Safety, and Sustainability. Bioresource technology
100:5506-5511. doi: 10.1016/j.biortech.2009.03.003

Misselbrook TH, Smith KA, Johnson RA, Pain BF (2002) Slurry application techniques to reduce ammonia
emissions: Results of some UK field-scale experiments. Biosystems Engineering 81:313-321. doi:
10.1006/bioe.2001.0017

Mistele B, Schmidhalter U (2008a) Spectral measurements of total aerial N and biomass dry weight in
maize using a quadrilateral-view optic. Field Crops Research 106:94-103. doi: 10.1016/j.fcr.2007.11.002

Mistele B, Schmidhalter U (2008b) Estimating the nitrogen nutrition index using spectral canopy reflec-
tance measurements. European Journal of Agronomy 29:184-190. doi: 10.1016/j.eja.2008.05.007

Mollier A, Pellerin S (1999) Maize root system growth and development as influenced by phosphorus
deficiency. Journal of Experimental Botany 50:487-497. doi: 10.1093/jxb/50.333.487

Montes JM, Technow F, Dhillon BS, Mauch F, Melchinger AE (2011) High-throughput non-destructive
biomass determination during early plant development in maize under field conditions. Field Crops
Research 121:268-273. doi: 10.1016/j.fcr.2010.12.017

Muchow RC (1988) Effect of nitrogen supply on the comperative productivity of maize and sorghum in a
semi-arid tropical environment I. Leaf growth and leaf nitrogen. Field Crops Research 18:1-16

78



References

Muller C, Clough TJ (2014) Advances in understanding nitrogen flows and transformations: Gaps and
research pathways. The Journal of Agricultural Science 152:34-44. doi: 10.1017/50021859613000610

Neumann G, Rémheld V (2012) Rhizosphere chemistry in relation to plant nutrition. In: Marschner H,
Marschner P (eds) Marschner's mineral nutrition of higher plants, 3rd edn. Academic Press, London,
United Kingdom, pp. 347-368

Nevens F, Reheul D. 2003. The consequences of wheel-induced soil compaction and subsoiling for silage
maize on a sandy loam soil in Belgium. Soil and Tillage Research 70:175-184. doi: 10.1016/S0167-
1987(02)00140-X

Oenema O, Bleeker A, Braathen NA, Budnakova M, Bull K, Cermak P, Hicks K, Hoft R, Kozlova N, Leip
A, Spranger T, Valli L, Velthof G, Winiwarter W (2011) Nitrogen in current European policies. In:
Sutton MA (ed) The European nitrogen assessment: Sources, effects, and policy per-spectives. Cam-
bridge University Press, Cambridge, United Kingdom pp. 62-81

Ohlrogge AJ (1962) Some soil-root-plant relationships. Soil Science 93:30-38

Olfs H-W, Blankenau K, Brentrup F, Jasper J, Link A, Lammel J (2005) Soil- and plant-based nitrogen-
fertilizer reccommendations in arable farming. Journal of Plant Nutrition and Soil Science 168:414-431.
doi: 10.1002/jpIn.200520526

Osborne SL, Schepers JS, Francis DD, Schlemmer MR (2002) Detection of phosphorus and nitrogen defi-
ciencies in corn using spectral radiance measurements. Agronomy Journal 94:1215-1221. doi:
10.2134/agronj2002.1215

Osterburg B, Techen A (2012) Evaluierung der Diingeverordnung - Ergebnisse und Optionen zur Weiter-
entwicklung. Bund-Lander-Arbeitsgruppe zur Evaluierung der Dlngeverordnung, Thiinen Institut,
Braunschweig, Germany

Petersen J, Jensen HH, Rubak GH (2010) Phosphorus fertilization of maize seedlings by side-band injec-
tion of animal slurry. RAMIRAN - The leading network on Recycling organic residues in agriculture,
12-15 September 2010, Lisboa, Portugal

Pihl U, Werner W (1995) Bodenchemische Parameter zur Prognose des vertikalen P-Austrags in Drain-
und Grundwasser. In: Verband Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsan-
stalten (ed) Kongressband 1995 Garmisch-Patenkirchen.: Vortrdge zum Generalthema: Grinland als
Produktionsstandort und Landschaftselement. VDLUFA-Verlag, Darmstadt, Germany, pp. 289-292

Plénet D, Lemaire G (2000) Relationships between dynamics of nitrogen uptake and dry matter accumu-
lation in maize crops. Determination of critical N concentration. Plant and Soil 216:65-82. doi:
10.1023/A:1004783431055

Plénet D, Etchebest S, Mollier A, Pellerin S (2000a) Growth analysis of maize field crops under phosphorus
deficiency. I. Leaf Growth. Plant and Soil 223:119-132. doi: 10.1023/A:1004877111238

Plénet D, Mollier A, Pellerin S (2000b) Growth analysis of maize field crops under phosphorus de-ficiency.
Il. Radiation-use efficiency, biomass accumulation and yield components. Plant and Soil 224:259-272.
doi: 10.1023/A:1004835621371

Quinton JN, Govers G, van Oost K, Bardgett RD (2010) The impact of agricultural soil erosion on bioge-
ochemical cycling. Nature Geoscience 3:311-314. doi: 10.1038/nge0838

R Core Team (2016) R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria

Rambo L, Ma B-L, Xiong Y, Regis Ferreira da Silvia P (2010) Leaf and canopy optical characteristics as
crop-N-status indicators for field nitrogen management in corn. Journal of Plant Nutrition and Soil
Science 173:434-443. doi: 10.1002/jpIn.200900022

Rashid MT, Voroney P, Parkin G (2005) Predicting nitrogen fertilizer requirements for corn by chloro-
phyll meter under different N availability conditions. Canadian Journal of Soil Science 85:149-159.
doi: 10.4141/S04-005

Rasmussen J, Ntakos G, Nielsen J, Svensgaard J, Poulsen RN, Christensen S (2016) Are vegetation indices
derived from consumer-grade cameras mounted on UAVs sufficiently reliable for assessing experi-
mental plots? European Journal of Agronomy 74:75-92. doi: 10.1016/j.eja.2015.11.026

79



References

Richards IR, Turner I, Wallace PA (1999) Manure and fertilizer contributions to soil mineral nitrogen and
the yield of forage maize. Nutrient Cycling in Agroecosystems 55:175-185. doi:
10.1023/A:1009814311097

Rouse JW, Haas RH, Schell JA, Deering DW (1974) Monitoring vegetation systems in the great plains
with ERTS. In: NASA (ed) Third earth resources technology satellite-1 symposium- Volume I: Tech-
nical presentations. NASA, Washington D.C., USA, pp. 309-317

Ruffo ML, Gentry LF, Henninger AS, Seebauer JR, Below FE (2015) Evaluating management factor con-
tributions to reduce corn yield gaps. Agronomy Journal 107:495-505. doi: 10.2134/agronj14.0355

Ruser R, Flessa H, Russow R, Schmidt G, Buegger F, Munch JC (2006) Emission of N2O, N2 and CO; from
soil fertilized with nitrate: Effect of compaction, soil moisture and rewetting. Soil Biology and Bio-
chemistry 38:263-274. doi: 10.1016/j.s0ilbio.2005.05.005

Ruser R, Schulz R (2015) The effect of nitrification inhibitors on the nitrous oxide (N20) release from
agricultural soils - a review. Journal of Plant Nutrition and Soil Science 178:171-188. doi:
10.1002/jpIn.201400251

Samborski SM, Gozdowski D, Stepien M, Walsh OS, Leszczynska E (2016) On-farm evaluation of an active
optical sensor performance for variable nitrogen application in winter wheat. European Journal of
Agronomy 74:56-67. doi: 10.1016/j.eja.2015.11.020

SAS Institute Inc. (2011) SAS/STAT® 9.3 User's guide. SAS Institute Inc., Cary, NC, USA

Sawyer JE, Hoeft RG (1990) Effect of injected liquid beef manure on soil chemical properties and corn
root distribution. Journal of Production Agriculture 3:50-55

Sawyer JE, Schmitt MA, Hoeft RG, Siemens JC, Vanderholm DH (1991) Corn production associated with
liquid beef manure application methods. Journal of Production Agriculture 4:335-344

Scheurer M, Brauch H-J, Schmidt CK, Sacher F (2016) Occurrence and fate of nitrification and urease
inhibitors in the aquatic environment. Environmental Science - Processes & Impacts 18:999-1010. doi:
10.1039/c6em00014b

Schiermann T (2004) Untersuchungen zur Variabilitdt und Kausalitat des potentiellen Nitrataustrages
beim Anbau von Zea mays in Deutschland. Dissertation, Georg-August-Universitat Gottingen

Schipanski ME, Bennett EM (2012) The influence of agricultural trade and livestock production on the
global phosphorus cycle. Ecosystems 15:256-268. doi: 10.1007/s10021-011-9507-x

Schmidt J, Beegle D, Zhu Q, Sripada R (2011) Improving in-season nitrogen recommendations for maize
using an active sensor. Field Crops Research 120:94-101. doi: 10.1016/j.fcr.2010.09.005

Schmidthalter U, Maidl F-X, Heuwinkel H, Demmel M, Auernhammer H, Noack PO, Rothmund M (2008)
Precision Farming - Adaption of land use management to small scale heterogeneity. In: Schroder P,
Pfadenhauer J, Munch J, (ed) Perspectives for Agroecosystem Management, 15t ed, Elsevier, Amster-
dam, The Netherlands

Schmitt MA, Evans SD, Randall GW (1995) Effect of liquid manure application methods on soil nitrogen
and corn grain yields. Journal of Production Agriculture 8:186-189. doi: 10.2134/jpal1995.0186

Schroder JJ (2002) Restoring farmer's confidence in manure benefits the environment. In: Vengovsky J
(ed) Recycling of agricultural, municipial and industrial residues in agriculture: Ramiran 2002. Uni-
versity of Veterinary Medicine, Research Institute of Veterinary Medicine, Kosice, pp. 401-415

Schroder JJ, Neeteson JJ, Withagen J, Noij | (1998) Effects of N application on agronomic and environ-
mental parameters in silage maize production on sandy soils. Field Crops Research 58:55-67. doi:
10.1016/S0378-4290(98)00086-0

Schroder JJ, ten Holte L, Brouwer G (1997) Response of silage maize to placement of cattle slurry. Neth-
erlands Journal of Agricultural Science 45:249-261

Schroder JJ, Vermeulen GD, van der Schoot, JR, van Dijk W, Huijsmans J, Meuffels G, van der Schans,
DA (2015) Maize yields benefit from injected manure positioned in bands. European Journal of Agron-
omy 64:29-36. doi: 10.1016/j.eja.2014.12.011

Sellers PJ (1985) Canopy reflectance, photosynthesis and transpiration. International Journal of Remote
Sensing 6:1335-1372. doi: 10.1080/01431168508948283

Shaviv A (1988) Control of nitrification rate by increasing ammonium concentration. Fertilizer Research
17:177-188. doi: 10.1007/BF01050278

80



References

Singh SN, Verma A (2007) The potential of nitrification inhibitors to manage the pollution effect of ni-
trogen fertilizers in agricultural and other soils: A review. Environmental Practice 9:266-279. doi:
10.1017/S1466046607070482

Smil V (2000) Phosphorus in the environment: Natural flows and human interferences. Annual Review
of Energy and the Environment 25:53-88. doi: 10.1146/annurev.energy.25.1.53

Sommer SG, Christensen BT, Nielsen NE, Schjorring JK (1993) Ammonia volatilization during storage of
cattle and pig slurry: Effect of surface cover. The Journal of Agricultural Science 121:63-71. doi:
10.1017/S0021859600076802

Sommer SG, Hutchings NJ (2001) Ammonia emission from field applied manure and its reduction - invited
paper. European Journal of Agronomy 15:1-15. doi: 10.1016/51161-0301(01)00112-5

Sgrensen P, Amato M (2002) Remineralisation and residual effects of N after application of pig slurry to
soil. European Journal of Agronomy 16:81-95. doi: 10.1016/51161-0301(01)00119-8

Steinfeld H (2006) Livestock's long shadow: Environmental issues and options. Food and Agriculture Or-
ganization of the United Nations, Rome, Italy. 416 pp.

Sticksel E, Schachtl J, Huber G, Liebler J, Maidl F-X (2004) Diurnal variation in hyperspectral vegetation
indices related to winter wheat biomass formation. Precision Agriculture 5:509-520. doi:
10.1007/s11119-004-5322-0

Stone DA (2000) Nitrogen requirement of wide-spaced row crops in the presence of starter fertilizer. Soil
Use and Management 16:285-292. doi: 10.1111/j.1475-2743.2000.th00212.x

Strebel O, Duynisveld W, Bottcher J (1989) Nitrate pollution of groundwater in western Europe. Agricul-
ture, Ecosystems & Environment 26:189-214. doi: 10.1016/0167-8809(89)90013-3

Subbarao GV, Ito O, Sahrawat KL, Berry WL, Nakahara K, Ishikawa T, Watanabe T, Suenaga K, Rondon
M, Rao IM (2006) Scope and strategies for regulation of nitrification in agricultural systems - chal-
lenges and opportunities. Critical Reviews in Plant Sciences 25:303-335

Sutton MA, Bleeker A, Howard CM, Erisman JW, Abrol YP, Bekunda M, Datta A, de Vries W, Oenema O,
Zhang FS, Reis S, Fowler D, Grizzetti B, van Grinsven HIM, Adhya TK, Billen G, Davidson EA, Diaz
R, Liu XJ, Palm C, Raghuram N, Scholz RW, Sims T, Westhoek H, Initiative IN (2013) Our nutrient
world: The challenge to produce more food and energy with less pollution. Centre for Ecology &
Hydrology on behalf of the Global Partnership on Nutrient Management (GPNM) and the Interna-
tional Nitrogen Initiative (INI), Edinburgh, Scotland. 128 pp.

Sutton MA, Oenema O, Erisman JW, Leip A, van Grinsven H, Winiwarter W (2011) Too much of a good
thing. Nature 472:159-161. doi: 10.1038/472159a

Taube F, Appel T, Ebertseder T, Maller T, Olfs H-W, Natscher L, Schweitzer K, Steffens D, Wiesler F,
Zorn W (2015) Positionspapier - Phosphordiingung nach Bodenuntersuchung - Anpassung der Richt-
werte fir die Gehaltsklassen ist geboten und notwendig. VDLUFA-Verlag, Speyer, Germany

Tavakoli H, Mohtasebi SS, Alimardani R, Gebbers R (2014) Evaluation of different sensing approaches
concerning to non-destructive estimation of leaf area index (LAI) for winter wheat. International Jour-
nal on Smart Sensing and Intelligent Systems 7:337-359

Thenkabail PS, Smith RB, de Pauw E (2000) Hyperspectral vegetation indices and their relationships with
agricultural crop characteristics. Remote Sensing of Environment 71:158-182. doi: 10.1016/S0034-
4257(99)00067-X

Thomson CJ, Marschner H, Rdmheld V (1993) Effect of nitrogen fertilizer form on pH of the bulk soil and
rhizosphere, and on the growth, phosphorus, and micronutrient uptake of bean. Journal of Plant Nu-
trition 16:493-506. doi: 10.1080/01904169309364548

Thoren D, Schmidhalter U (2009) Nitrogen status and biomass determination of oilseed rape by laser-
induced chlorophyll  fluorescence. European Journal of Agronomy 30:238-242. doi:
10.1016/j.eja.2008.12.001

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural sustainability and intensive
production practices. Nature 418:671-677. doi: 10.1038/nature01014

Touchton JT (1988) Starter fertilizer combinations for corn grown on soils high in residual P. Journal of
Fertilizer Issues 5:126-130

81



References

Tsimba R, Edmeades GO, Millner JP, Kemp PD (2013) The effect of planting date on maize: Phenology,
thermal time durations and growth rates in a cool temperate climate. Field Crops Research 150:145-
155. doi: 10.1016/j.fcr.2013.05.021

van der Hoek K (1998) Estimating ammonia emission factors in Europe: Summary of the work of the
UNECE ammonia expert panel. Atmospheric Environment 32:315-316. doi: 10.1016/S1352-
2310(97)00168-4

van Groenigen JW, Velthof GL, Oenema O, van Groenigen KJ, van Kessel C (2010) Towards an agronomic
assessment of N2O emissions: A case study for arable crops. European Journal of Soil Science 61:903-
913. doi: 10.1111/j.1365-2389.2009.01217.x

Velthof GL, van Bruggen C, Groenestein CM, de Haan BJ, Hoogeveen MW, Huijsmans J (2012) A model
for inventory of ammonia emissions from agriculture in the Netherlands. Atmospheric Environment
46:248-255. doi: 10.1016/j.atmosenv.2011.09.075

Vos J, van der Putten P, Birch CJ (2005) Effect of nitrogen supply on leaf appearance, leaf growth, leaf
nitrogen economy and photosynthetic capacity in maize (Zea mays L.). Field Crops Research 93:64-
73. doi: 10.1016/j.fcr.2004.09.013

Wachendorf M, Buchter M, Trott H, Taube F (2004) Performance and environmental effects of forage
production on sandy soils. Il. Impact of defoliation system and nitrogen input on nitrate leaching
losses. Grass and Forage Science 59:56-68. doi: 10.1111/j.1365-2494.2004.00401.x

Warnecke S, Biberacher M, Brauckmann HJ, Broll G (2010) Nutrient best management practices need
regional material flow management for soil protection. In: Proceedings 19th World Congress of Soil
Science, Brishane 1-6 August 2010. pp. 168-171

Warnecke S, Biberacher M, Brauckmann HJ, Broll G (2011) Nachhaltige Verwertung von Nebenprodukten
aus der Erzeugung tierischer Nahrungsmittel durch Initiierung eines regionalen Stoffstrommanage-
ments. In: Veauthier A, Windhorst H-W (eds) Nachhaltige Tierproduktion in agrarischen Intensivge-
bieten Niedersachsens. Vechtaer Druck und Verlag, Vechta, Germany, pp. 107-126

Webb J, Pain B, Bittman S, Morgan J (2010) The impacts of manure application methods on emissions of
ammonia, nitrous oxide and on crop response - A review. Agriculture, Ecosystems and Environment
137:39-46. doi: 10.1016/j.agee.2010.01.001

Webb J, Ryan M, Anthony SG, Brewer A, Laws J, Aller MF, Misselbrook TH (2006) Cost-effective means
of reducing ammonia emissions from UK agriculture using the NARSES model. Atmospheric Envi-
ronment 40:7222-7233. doi: 10.1016/j.atmosenv.2006.06.029

Webb J, Sommer SG, Kupper T, Groenestein K, Hutchings NJ, Eurich-Menden B, Rodhe L, Misselbrook
TH, Amon B (2012) Emissions of ammonia, nitrous oxide and methane during the management of
solid manures. In: Lichtfouse E (ed) Agroecology and Strategies for Climate Change. Springer Neth-
erlands, Dordrecht, The Netherlands, pp. 67-107

Weiske A, Benckiser G, Herbert T, Ottow J (2001) Influence of the nitrification inhibitor 3,4-dimethylpy-
razole phosphate (DMPP) in comparison to dicyandiamide (DCD) on nitrous oxide emissions, carbon
dioxide fluxes and methane oxidation during 3 years of repeated application in field experiments.
Biology and Fertility of Soils 34:109-117. doi: 10.1007/s003740100386

weltkarte.com (2017) Weltkarte (blank, vektorgrafik). https://www.weltkarte.com/landkarte/weltkarte-
weltatlas/Weltkarte-blank.svg. Accessed 20 February 2017

Westerschulte M, Federolf C-P, Pralle H, Trautz D, Broll G, Olfs H-W (2015) Soil nitrogen dynamics after
slurry injection in field trials: Evaluation of a soil sampling strategy. Journal of Plant Nutrition and
Soil Science 178:923-934. doi: 10.1002/jpIn.201500249

Westerschulte M, Federolf C-P, Tautz D, Olfs H-W (2016) Soil nitrogen dynamics in maize field trials after
slurry injection compared to broadcast application using a new sampling strategy. Berichte aus dem
Julius Kiihn-Institut; Nr. 184 (2016): 23rd International Symposium of the International Scientific Cen-
tre of Fertilizers Plant nutrition and fertilizer issues for the cold climates, Son (Norway), September
8-10, 2015

Westerschulte M, Federolf C-P, Trautz D, Broll G, Olfs H-W (2017) Nitrogen dynamics following slurry
injection in maize: soil mineral nitrogen. Nutrient Cycling in Agroecosystems 107:1-17. doi:
10.1007/s10705-016-9799-5

Wiesler F, Horst WJ (1993) Differences among maize cultivars in the utilization of soil nitrate and the
related losses of nitrate through leaching. Plant and Soil 151:193-203. doi: 10.1007/BF00016284

82



References

Winterhalter L, Mistele B, Jampatong S, Schmidhalter U (2011) High-throughput sensing of aerial biomass
and above-ground nitrogen uptake in the vegetative stage of well-watered and drought stressed trop-
ical maize hybrids. Crop Science 51:479-489. doi: 10.2135/cropsci2010.07.0397

Winterhalter L, Mistele B, Schmidhalter U (2012) Assessing the vertical footprint of reflectance measure-
ments to characterize nitrogen uptake and biomass distribution in maize canopies. Field Crops Re-
search 129:14-20. doi: 10.1016/j.fcr.2012.01.007

Withers PJ, Peel S, Chalmers AG, Lane SJ, Kane R (2000) The response of manured forage maize to starter
phosphorus fertilizer on chalkland soils in southern England. Grass and Forage Science 55:105-113.
doi: 10.1046/j.1365-2494.2000.00204.x

Wrage N, Velthof G, van Beusichem M, Oenema O (2001) Role of nitrifier denitrification in the production
of nitrous oxide. Soil Biology and Biochemistry 33:1723-1732. doi: 10.1016/S0038-0717(01)00096-7

Waustholz R, Auburger S, Bahrs E (2014) Konsequenzen aus der Anrechnung von Garresten pflanzlicher
Herkunft auf die N-Ausbringungsobergrenze organischer Diingemittel und auf die Derogation - Sta-
tus quo und Empfehlungen. Berichte Gber Landwirtschaft - Zeitschrift fir Agrarpolitik und Landwirt-
schaft 92. 23 pp. doi; 10.12767/buel.v92i3.50.9130

Zerulla W, Barth T, Dressel J, Erhardt K, Horchler von Locquenghien K, Pasda G, Rédle M, Wissemeier
A (2001) 3,4-Dimethylpyrazole phosphate (DMPP) - a new nitrification inhibitor for agriculture and
horticulture. Biology and Fertility of Soils 34:79-84. doi: 10.1007/s003740100380

Zimmermann A, Thiessen E, Andree H, Hartung E (2008) Einsatz von Nahinfrarotspektroskopie fir eine
néahrstoffgesteuerte Gilleausbringung. In: Miller RAE, Sundermeier H-H, Theuvsen L, Schitze S,
Morgenstern M (eds) Unternehmens-IT: Flhrungsinstrument oder Verwaltungsbirde?: Referate der
28. GIL Jahrestagung 10.-11. Mé&rz 2008, Kiel. Gesellschaft fir Informatik, Bonn, Germany pp. 169-172

Zurheide T, Pralle H, Westerschulte M, Federolf C-P, Vergara M-E, Trautz D, Olfs H-W (2016) Untersu-
chung von Lachgasemissionen bei Gulledepot-Applikation mit Zugabe von Nitrifikationshemmstof-
fen am Standort Osnabriick. VDLUFA-Schriftenreihe Bd. 72/2016: 52-62

83



Acknowledgements

Acknowledgements

First, | want to thank my supervisors Prof.
Dr. Gabriele Broll and Prof. Dr. Dieter
Trautz for the opportunity to conduct my
PhD studies with their working groups,
for the continuous guidance, advice, and
suggestions during my studies.

Special thanks to Dieter for keeping
faith in me and my ideas, for always en-
couraging me to think off the beaten path,
for all the possibilities you offered, the
things you made possible, and the honest
advice. Most of all I'd like to thank you for
the freedom | was given in the working
group in developing the project, the thesis,
and myself.

| am grateful to the examination com-
mittee members Prof. Dr. Martin Franz,
Prof. Dr. Miriam Kuckuck and Niels Hell-
wig.

I would like to thank Prof. Dr. Hans-
Werner Olfs for the giving me the oppor-
tunity to work on a great research project,
all the discussions and suggestions, and
for his thorough work on all my manu-
scripts.

Matthias, I'd like to thank you for the
straightforward team play, for sharing and
refining all ideas, and all the jokes during
our time in Osnabrick.

Many thanks to the team Pflanze- Her-
bert for all the technical help & advice,
Hubert for precice planting, Elke and the

84

Lab team for precautius advice and the
precise analysis, Maria, Yvonne, Tim and
Niko for all the help and the good mood
from -3 °C to 35 °C, and even before 10 am,
Anne, Maik and all the other colleagues
and all the students who were involved in
the project.

| am grateful to the German environ-
mental foundation (DBU) for financing
this research and the chambers of agricul-
ture for the setup of field trials and the dis-
cussions.

Furthermore, I'd like to thank our pro-
ject partners BASF, DowAgro Sciences,
EuroChem Agro, Kotte Landtechnik, SKW
Piesteritz and Hugo Vogelsang Maschi-
nenbau for discussions, invitations and
additional finance.

A special thanks to Insa for all the “out-
side the box” thinking, the discussions and
the journeys!

Thanks to the Haster Coffee team
Hanna, Maria, Nadja and Florian for all
the nice discussions.

I'd like to thank my friends and col-
leagues Alisa, Amelie, Christiane, Dini,
Freddy, Hans, Helmut, Jens, Jens, Jonas,
Joschi, Juliane, Miche, Vanessa and Vin-
zenz.

| want to thank my parents Claudia and
Karl-Georg and my siblings Helena and
Felix for everything they did for me.



Appendix
Abstracts of co-authored Papers
List of publications

a) peer reviewed publications
b) other publications

Conference contributions

a) talks
b) posters

Curriculum vitae

Appendix

85



Abstracts of co-authored papers

Abstracts of co-authored papers
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Slurry injection with nitrification inhibitor in maize:
Plant phosphorus, zinc and manganese status
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Abstract

Slurry injection below the maize (Zea mays L.) row may substitute a mineral N P starter
fertilizer (MSF) and thus reduces nutrient surpluses in regions with intensive livestock
husbandry. We investigated the plant phosphorus (P), zinc (Zn) and manganese (Mn)
status compared to the current farm practice. In 2014 and 2015 field trials were con-
ducted to evaluate plant nutrient status at different growth stages. Besides an unferti-
lized control, two slurry injection treatments (+/-nitrification inhibitor (NI)) were
compared to slurry broadcast application plus MSF. In both experiments NI addition
significantly increased nutrient concentrations during early growth (6-leaf 2015: +33%
P, +25% Zn, +39% Mn). Under P deficiency due to cold weather conditions broadcast
application showed higher P uptake until 6-leaf (36-58%), while it was lower at 8- (32%)
and 10-leaf (19%) stage compared to slurry injection (+NI). Zn availability was enhanced
for slurry injection (+NI) during early growth and Zn and Mn uptakes were higher at
harvest. Slurry injection decreased P balances by 10-14 kg P ha1, while Zn and Mn bal-
ances were excessive independent of treatments. Slurry injection (+NI) can substitute a
MSF without affecting early growth and enhances the Zn and Mn status. This new fer-
tilizing strategy enables farmers to reduce P surpluses.
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Abstract

Nitrous oxide (N20) emissions from agricultural land are often estimated by measuring
changes in N2O concentrations over a given period in the headspace of a gas-sampling
chamber covering a specific soil area. This technique is particularly challenging in tall
growing row crops such as maize (Zea mays L.), to which farmers regularly apply ferti-
lizer banded below the seeds to ensure good crop development. Placing chambers in the
inter-row space leads to bias in flux measurements, due to exclusion of fertilized and
rhizosphere soil. Chambers for N2O flux measurements should therefore be placed cen-
tered over the row. A new split chamber for gas sampling was developed in this study
from a closed, rectangular chamber (original chamber: 78 cm x 78 cm, 51 cm height).
The new chamber is applicable for use for the complete maize growing cycle until har-
vest. For each flux measurement, the two parts of the chambers are placed in a gas-tight
seal on a collar previously inserted into soil covering a representative area of land. In a
later growth stage, when plant height exceeds chamber height, stalks of developed
maize plants can be fixed between the two chamber parts through a rubber-tightening
opening on the top of the chamber. Air tightness of the split chamber was tested in the
laboratory and the split chamber was compared with the original chamber in a field
experiment with slurry injection under maize seeds. The laboratory test demonstrated
similar air tightness of both chamber types. The field test yielded almost identical N2O
fluxes for the original chamber (244 ug N2O-N m-1 h-1) and the split-chamber
(254 pug N20-N m-1 h-1). It can be concluded that the split chamber is an adequate gas-
sampling unit, with particular advantages when flux measurements are conducted in
tall growing row crops.
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Abstract

In northwestern Germany slurry injection below maize (Zea mays L.) seeds is gaining
increasing interest of farmers, because of the expected enhanced nitrogen (N) and phos-
phorus (P) use efficiencies compared to the usual fertilizing practice. The present study
aims to compare the spatial and temporal soil mineral nitrogen (SMN) dynamics for
these fertilizing strategies. Field trials with four treatments (unfertilized control, broad-
cast application N P mineral starter fertilizer (MSF), injection and injection + nitrifica-
tion inhibitor (NI)) were conducted using pig slurry on sandy soil in 2014 and 2015. Soil
samples were taken from three soil layers at 30 cm intervals down to 90 cm, and at three
positions (below the maize row, 15 and 30 cm distance to the row) at several dates over
the growing season. Soil monoliths (15 x 15 x 10 cm) were sampled around the injection
zone, and for all other soil zones an auger was used. In 2014 due to heavy rainfall all
fertilized N was displaced from the top soil layer of the broadcast treatment until 6-leaf
stage, while N displacement was significantly smaller after slurry injection (about
20 kg SMN ha1 more in top layer). The lateral movement of injected slurry N was neg-
ligible. In 2015 almost no displacement of fertilized N out of the top soil layer occurred
independently of treatments, because of lower rainfall. The release of slurry N was de-
layed following broadcast application and large SMN concentrations were detected in
the injection zones until 10-leaf stage. The addition of a NI resulted in significantly in-
creased ammonium N concentrations in the injection zone throughout the early growth
stages (+ 46% (2014) and + 12% (2015) at 6-leaf stage). Thus, N displacement was delayed
in 2014 and in 2015 at 6-leaf stage increased SMN concentrations (+ 1/3 with NI) were
found around the slurry band. Due to slurry injection, especially when combined with
a nitrification inhibitor, the applied nitrogen is located in a soil zone with better spatial
availability for plant roots compared to broadcast application and the risk of nitrate
leaching is significantly reduced.
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Abstract

Slurry injection below maize seeds is a rather new application technique developed to
improve the nitrogen use efficiency of liquid organic manure. To enable the character-
ization of the spatial and temporal soil mineral nitrogen (SMN) dynamics after slurry
injection the present study aims to develop an appropriate soil sampling strategy. Three
consecutive experiments were conducted. The first testing of the soil sampling approach
was conducted in an existing field trial where the slurry was injected down to a depth
of 12 cm (upper rim) below the soil surface. The soil profile (75 cm wide) centered below
the maize row was sampled grid-like to a depth of 90 cm. Around the injection zone,
soil monoliths (SM) were sampled using a purpose-built soil shovel. Below the SMs and
in the interrow space (15 and 30 cm distance to the row) a standardized auger procedure
was performed. The second experiment aimed at improving the sampling strategy with
a focus on sample homogenization quality and necessary sample sizes per pooled sam-
ple. Furthermore, the risk of a carryover of slurry components along the soil core due
to drilling an auger through a slurry band was analyzed. In the third experiment this
improved sampling strategy was validated. Results from the first testing of the sampling
procedure showed that the strategy is suitable, although some problems occurred (es-
pecially the high spread in values among the replications causing high coefficients of
variation (CV) of mostly 40-60%). The improvement trial revealed that due to the high
gradient of SMN concentration in the direct range of the injection zone an intensive
homogenization of these samples is required. Suitable sample sizes (twelve auger sam-
ples and six soil monolith samples per pooled sample) have to be collected to obtain
reliable SMN values. Drilling an auger through a slurry band to sample subjacent soil
layers has to be avoided. Following this enhanced sampling strategy in the final valida-
tion trial the spread in values was considerably reduced and resulted in CV values of
mostly < 20%.

The developed sampling strategy enables the characterization of the spatial and tem-
poral SMN dynamics when slurry has been band-injected below a maize row. The
method can be transferred to other row crops and different slurry injection spacings.
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