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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 nitri-

fication inhibitor [NI]) were compared 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

increased (?9.6%) compared to broadcast treatment.

In 2015, cold and dry conditions during 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 between the fertilized treat-

ments 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.

Keywords Starter fertilizer � Nitrogen uptake �
Nitrification inhibitor � Liquid manure injection �
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Introduction

Agriculture in northwestern Germany is traditionally

dominated by intensive animal farming. Excessive use

of organic manures causes phosphorus (P) accumula-

tion 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

exported (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).
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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 acquisition (Mollier and Pellerin

1999). Limited P supply usually also impairs crop

growth, as it reduces leaf appearance, leaf elongation

and final leaf size (Plénet et al. 2000a) and thus, also

aboveground biomass (Plénet et al. 2000b). In con-

trast, Muchow (1988) showed only minor effects of N

deficiency 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 concentrations in maize should not

fall below a critical value of 3.4% N, if aboveground

biomass is below 1 Mg ha-1 to obtain maximum

yields.

To enhance early growth development and ensure

adequate yields by assuring optimum levels of N and P

in plants, farmers commonly apply a mineral starter

fertilizer (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) 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). Additionally plant uptake of ammonium

N induces lower rhizosphere pH, which can increase P

availability (Neumann and Römheld 2012). Thus,

farmers commonly use starters 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 addition to the broadcast

application of manure, 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 nitrate leaching is a major problem on

sandy soils (Cameron et al. 2013), which are common

in northwestern Germany. Reducing reactive N emis-

sions, such as nitrate leaching and N2O emissions, is a

vital task for mankind (Sutton et al. 2011) and a goal of

the European Union’s water framework 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 (Schrö-

der et al. 1997, 2015). A series of trials in

northwestern Germany showed the potential of

manure injection to improve nutrient use efficien-

cies, when compared to broadcast application

(Federolf et al. 2016). This might be due to higher

proportions of plant available N when manure is

injected. Compared to broadcast application of

liquid manure, Sommer and Hutchings (2001) refer

to reduced ammonia emissions, while Sørensen and

Amato (2002) indicate reduced N immobilization as

the interaction of soil and manure is lower. Higher

soil mineral nitrogen (SMN) concentrations how-

ever, might increase denitrification losses (Cameron

et al. 2013; Dosch and Gutser 1996). When a

nitrification inhibitor (NI) is mixed into the manure

prior to application, nitrification of the applied

ammonium N from manure is retarded, and thus

leads to lower leaching 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 following liquid manure

injection, as well as plant growth during maize

vegetation in 2014 and 2015. Besides manure injection

treatments with and without NI, an unfertilized

control, and a local standard treatment where liquid

manure was surface banded and incorporated was

tested. While plots in the local standard treatment

received MSF at planting, no further fertilization was

applied to injection treatment plots.

The objective of our study was to compare liquid

pig manure injection versus broadcast application in

terms of the consequences on plant nutrient acquisi-

tion, focusing on obviating the addition of mineral
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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 compa-

rable early growth and equal yields with reduced

nutrient input. High manure N concentrations in the

injection zones delay turnover of the applied ammo-

nium due to reduced soil–manure interaction (Dosch

and Gutser 1996) and thus, reduce the risk of N

translocation out of the root zone. We assume that the

addition of a nitrification inhibitor to the slurry delays

nitrification thereby enhancing ammonium–phosphate

interactions, comparable to mineral starter fertilizer.

In a corresponding article, Westerschulte et al. (2016)

focus on spatial and temporal soil mineral N

dynamics.

Material and methods

Experimental sites, soil conditions and weather

conditions

In 2014 and 2015, field trials were conducted in

Hollage, Lower Saxony, Germany (52�200N, 07�580E)
at two adjacent fields. On both fields soil type can be

categorized as plaggic podzol (IUSS Working Group

WRB 2014) with sandy soil texture ([87% sand).

Organic matter content was 2.0% in 2014 and 2.9% in

2015, respectively (for details see Table 1).

Maritime climate is dominating in northwest Ger-

many. 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 enabled very high growth

rates for the plants. Thus, thermal time from planting

to the end of June in 2014 were above long-term

average (Fig. 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 observation

(1450 �Cd).

Experimental design and treatments

In both years, the trial was set up in a randomized

complete block design with four treatments and four

Table 1 Soil properties. SMN, Soil mineral nitrogen prior to

slurry application (NH4–N ? NO3–N); PCAL, Phosphorus

extracted with calcium-acetate-lactate solution

2014 2015

Sand (%)a (0.063\ 2.0 mm) 91 87

Silt (%)a (0.002\ 0.063 mm) 8 9

Clay (%)a (\0.002 mm) 1 4

pH (CaCl2)
a 5.3 5.5

Corg (%)a 1.14 1.66

C/Na 13.0 16.5

Total N (%)a 0.09 0.10

PCAL (mg 100 g-1)a 8.0 7.8

SMN (kg ha-1)b 35 45

a Soil layer 0–30 cm
b Soil layer 0–60 cm

Table 2 Climatic data at

the study site

a Long term climatic data

(1994–2014)

Mean annuala 2014 2015

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

�C mm �C mm �C mm

Year 10.0 799 11.3 752 10.2 942

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 13.5 71

October 10.1 66 13.3 61 9.1 62

Nutr Cycl Agroecosyst (2017) 107:19–31 21

123



replicates. Each plot was 3 m wide and 25 m long

covering four rows (75 cm row spacing) and. The

following 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\5 min after manure application) plus MSF at

planting

3. LM injection treatment (I)

4. LM injection treatment with a nitrification

inhibitor (ENTEC� FL, active ingredient: 3,4-

dimethylpyrazol phosphate (DMPP), EuroChem

Agro GmbH, Mannheim, Germany) added to the

slurry at a rate of 10 l ha-1 (1.21 kg DMPP ha-1)

prior to application [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 application. A

rotary piston pump and a precision dispenser provided

proper longitudinal and lateral distribution of the

slurry. The injector had four tines (75 cm apart)

followed by injection hoses, allowing the liquid

manure to flow into the opened slot. A mineral NP

fertilizer was used asMSF in B treatment plots at a rate

of 115 kg ha-1 to apply 23 kg N ha-1 (9.4 kg NO3–

N ha-1, 13.6 kg NH4–N ha-1) and 10 kg P ha-1

(5.6 kg ha-1 water-soluble P ha-1). MSF was applied

5 cm beside, and 5 cm below the seeds via separate

special shares at planting. The N fertilization rate was

calculated according to regional advisory standards

(Baumgärtel et al. 2010). The recommended fertiliza-

tion rate is 180 kg N ha-1 reduced by preplant SMN,

N applied via MSF and site-specific conditions like

recent organic fertilization and catch cropping. Liquid

manure application rate was equal for the treatments

B, I and I(N). As there was no compensation for MSF

in the I and I(N) treatments, total N and P rates were

lower.

Crop management practices

For the 2014 trial, after harvest of the previous crop

maize no tillage operation was done until residue

incorporation and seedbed preparation, using a disk

harrow twice on March 05 and March 27. Previous

crop for the 2015 trial was spring barley (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 ha-1 of

manure from a nearby pig fattening farm were applied

at April 11 in 2014, containing 166 kg ha-1 of total N,

and 42 kg ha-1 of P. In 2015, on April 14, 24 m3 ha-1

of manure from the same farm were applied, contain-

ing 130 kg ha-1 of total N, and 34 kg ha-1 of P

(Table 3). Maize (Zea mays L. cv. Ricardinio, 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

Fig. 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

season

Table 3 Manure properties and fertilization rates

2014 2015

Manure properties (g kg-1)

Dry matter 93 65

Total N 7.2 5.4

Ammonium N 5.5 3.5

Phosphorus 1.8 1.4

Applied nutrients (kg ha-1)

Total N 166 130

Ammonium N 127 84

Phosphorus 42 34
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applications according to local recommendations were

done each year.

Measurements and samplings

Aboveground biomass was sampled at several vege-

tative (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 sufficient 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 gravimetri-

cally. A representative sample was taken to determine

dry matter content (drying to constant 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 organic compounds by

ICP-AES (DIN 2012).

Calculations

Based on dry matter accumulation and N concentra-

tions, N uptake, and the N balance (N applied minus N

uptake) was calculated for each treatment. Apparent

nitrogen recovery efficiency (NRE) was assessed

according to Ciampitti and Vyn (2011). These calcu-

lations are based on total N applied. Thermal time was

calculated according to McMaster and Wilhelm

(1997): TT ¼ TmaxþTminð Þ
2

h i
� Tbase where if

TmaxþTmin
2

� �
\Tbase, then TmaxþTmin

2

� �
¼ Tbase. Tmin and

Tmax were the observed daily minimum and maximum

temperatures, respectively. Tbase was set to 8 �C.

Statistical analysis

Dry matter above ground biomass, N concentration

and N uptake were statistically analyzed using the

PROC MIXED procedure (SAS Institute Inc. 2011).

For both seasons, treatments and replications were

tested as fixed effects, the latter to check for hetero-

geneity of replications (model: treatment replication

treatment*replication). Means of treatments were

compared using the Tukey procedure for treatments

when significant differences at P\ 0.05 occurred. 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 interactions (model: treat-

ment year treatment*year with replication(year) as

random effect). The Pearson’s correlation between

biomass accumulation (means of treatments) of all

samplings and the respective thermal time durations

was calculated with EXCEL .

Results

Biomass accumulation

Maize aboveground biomass accumulation 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

biomass of all treatments was only 20% of the

respective 2014 value, while at harvest it was 24%

higher (Table 6).

In 2014 at V6, significant differences in above

ground biomass production for the treatments were

observed. Biomass in I(N) treatments was higher than

in treatment B (569 vs 466 kg ha-1, respectively),

with I treatment in between (523 kg ha-1). For all

following growth stages, plants in B treatment 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

Table 4 Phenological data

2014 2015

Manure application Apr. 11 Apr. 14

Planting date Apr. 25 Apr. 22

V3a 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

a Vn, Vegetative leaf stage n; VT, tasseling
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showed significantly lower values than the other

treatments for all sampling dates in 2014 (Table 6).

At V3 stage in 2015, aboveground biomass was not

significantly influenced by fertilization. Values for B

and I(N) treatments were slightly above C and I

treatment (Table 6). All following sampling dates in

2015 showed significant differences in plant growth

between treatments. Until VT, B treatment showed the

highest drymatter accumulation followedby I(N) treat-

ment. Differences between these treatments were

significant at V6, V10 and VT samplings, whereas at

V3, V4, V8, and harvest samplings theywere not. The I

and C treatments showed significantly reduced growth

from V4 to VT. Throughout the vegetation period

biomass for I treatment compared to C treatment was

inconsistently higher (no significant differences at V3,

V4, V6, and VT samplings and significant differences

at V8, V10 and harvest samplings, respectively). The

maximum difference between treatments was found at

V10 sampling (B treatments aboveground biomasswas

129% larger than C treatment). At harvest, biomass in

the three fertilized treatments was 23% higher com-

pared to control.

Nitrogen concentrations

N concentrations were affected by year and treatment

for all growth stages (Table 5). The treatment*year

interaction was also significant except at harvest.

Mean N concentrations for both seasons were signif-

icantly enhanced for fertilized plots, when compared

to non-fertilized plots at all samplings. The differences

between fertilized treatments decreased with proceed-

ing plant development.

As early as V6 stage in 2014, significant differ-

ences in nitrogen concentrations within treatments

occurred (Table 6). Highest concentrations were

found in I(N) treated plots, followed by I treatment

(-6.7%, compared to I(N) treatment). Values for B

and C treatments were significantly 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 I treatment (-10.7%, compared to I(N) treat-

ment). C treatment concentration was significantly

lower than I treatment, with B treatment in between.

At tasseling there were no significant differences

between treatments. At harvest, the highest concen-

trations were found in B treatment plots. I 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%, compared to B treatment).

In 2015 the measured N concentrations were more

inconsistent. At V3 sampling, B treatment showed

highest values and C treatment lowest, with I(N) and I

treatments in between. At V8 and V10 stage however,

B treatments N concentration was lower than in C

treatment. While at V8 the highest values were found

in I and I(N) treatments (49.5 and 50.2 g kg-1,

respectively), at V10 N concentration in I(N) treat-

ment was significantly lower than in I treatment. At

harvest, N concentrations of the fertilized treatments

were significantly higher than in C treatment.

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 I treatment at

early samplings in 2015 (V3–V6).

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)

V6b 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 0.0770 \.0001 0.00

Year*Trt \.0001 \.0001 \.0001 0.2349

a Trt, Treatments (see ‘‘Experimental design and treatments’’

section)
b Vn, Vegetative leaf stage n; VT, tasseling
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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

consistently lower compared to I(N), but the largest

difference was found at V10 stage (-50.9%). At

harvest, the difference between B, and I(N) treatments

was just -8.7%. Closest to I(N) treatment was I

treatment, with significantly lower values at V6 and

V10 (-14.2 and -17.9%, respectively) and only

marginal differences at later samplings (-7.6% at VT

and -6% at harvest, respectively).

In 2015, differences in N uptake occurred as early

as V3 stage. Significantly higher values were found in

B and I(N) plots (0.57 and 0.58 kg ha-1, respectively)

compared to I and C treated plots (0.49 and

0.47 kg ha-1, respectively). The same order was

observed for the following samplings. At V8 treatment

B showed significantly reduced values (-16.6%)

compared to I(N) treatment, while I treatment showed

55% higher values than C treatment. These differences

between I 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 recovery

efficiency

Nitrogen balances were mainly negative, except for B

treatment in 2014, where a positive balance

(?15 kg N ha-1) occurred (Fig. 2). Most noticeable

are the major differences for the two seasons. In 2014

the balances for C and B treatments were -91 and

?15 kg ha-1, while in 2015 they were -167 and

-83 kg ha-1, respectively. Differences between the

treatments were similar in both seasons. Mean appar-

ent nitrogen recovery efficiency (NRE) for fertilized

treatments was 49% in both seasons, with only minor

differences within the seasons (Fig. 2). Lowest values

for NRE were calculated for B treatment, and highest

for I(N) treatment.

Discussion

Major differences concerning temperature and pre-

cipitation 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 successive leafs, the present

results show a correlation (r2 = 0.92) between

biomass accumulation and thermal time duration from

emergence. We determined sampling 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 respective V8 data of

2015 (Fig. 3).

According toMuchow (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

variation of leaf N concentrations. Although leaf area

expansion is not impaired, photosynthetic capacity

might be reduced (Vos et al. 2005). Thus, low N

concentrations in plants 2014 might have only minor
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impact on biomass accumulation at the first sampling,

at least in fertilized treatments. Applying the critical N

approach of Plénet and Lemaire (1999) to our dataset,

B and C treatments in 2014 show limiting N concen-

trations throughout all sampling occasions (Fig. 4).

These low to very low plant N concentrations 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. 2016), and conse-

quently to low plant N concentrations. At V10

sampling, SMN in the topsoil layer (0–30 cm) of I

and B treatments were nearly at level with C treatment

(12.3 kg ha-1 for I and 12.8 kg ha-1 for B vs 11.4 kg

ha-1 for C treatment). Only I(N) showed higher values

(15.9 kg ha-1), resulting in higher plant N concentra-

tion at this growth stage. At VT, highest SMN values

were found in B treatment (47.7 kg ha-1 in 0–90 cm),

although mainly in the layer 60–90 cm below surface.

Wiesler and Horst (1993) found a high proportion of

pre-silking N uptake from soil layers up to 45 cm

depth, whereas post-silking N was mainly taken up

from below 60 cm. Thus, the higher SMN concentra-

tions found in B treatment are most likely not plant

available. A reasonable amount of broadcast incorpo-

rated slurry N is immobilized shortly after application

(Kirchmann and Lundvall 1993), but can be reminer-

alized later (Sørensen and Amato 2002). Thus, B

treatment recovered to a certain extent from severe N

limitation between tasseling and harvest. As the N

concentrations in the I and I(N) treatments also drop

below critical values for later sampling dates due to

nitrate displacement 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 (Wester-

schulte et al. 2016). Thus, N concentrations were

always above critical values, even in C treatment

(Fig. 4). Nevertheless, significant differences of N

availability at early samplings might somehow be

correlated to differences in biomass accumulation as

early as V4 stage. The abundance of ammonium N in

the injected slurry band is higher when a NI is added

(Westerschulte et al. 2016), and plants under low root-

zone temperatures prefer ammonium uptake for ener-

getic reasons (Macduff and Jackson 1991; Subbarao

et al. 2006). Thus, probably more assimilates are

available for biomass production, resulting in signif-

icantly higher biomass in I(N) treatment, when

compared to I treatment. At later samplings B

treatments biomass was always the largest, whereas

at V8 and V10, N concentration in B treatment was

significantly 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
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where the slurry was applied (0–10 cm) to deeper

zones (21–30 cm) until tasseling (Westerschulte et al.

2016). However, 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 ha-1) was more or less at level with the

applied N via MSF. Thus, the reduced N concentra-

tions might follow a depletion of MSF N and a sharp

decline in SMN below the maize plants (from

58 mg kg-1 at V6 to 23 mg kg-1 at V10; Wester-

schulte et al. 2016). Maybe plants needed to adapt to

this change in N supply from localized MSF place-

ment 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

uptake for C treatment in 2015, compared to 2014,

might be due to different weather conditions, or due to

differences in soil organic matter content (1.66% in

2015, and 1.14% in 2014, respectively).

Along with the critical N approach according to

Plénet and Lemaire (1999) N availability cannot be the

sole reason for differences of crop growth between

fertilized treatments in this trial. As plants in C, I and

to a lesser extent also in I(N) treatments showed

visible P deficiency symptoms (purpling of leaves),

biomass samples were analyzed for P (Fig. 5).

Significant differences in P concentrations within

treatments were found (B[ I(N)[ I C C), ranging

from 5.77 to 2.78 g kg-1 at V4 and from 4.21 to

2.17 g kg-1 at V6 stage, respectively. Jones (1983)

described a function for optimum shoot P concentra-

tions in relation to growth stages, which results in

optimum shoot P concentration of 5.76 g kg-1 at V4.

So, as only B treatment showed optimum P concen-

trations, differences in biomass can be related to P

limitation. We found the greatest differences in P

concentrations between treatments at V10 sampling.

In a field trial with maize under P deficiency, 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 extraordinary cold and dry.

Both, soil temperature (Imran et al. 2013), and soil

water content (Bhadoria et al. 1991) affect P diffusion

speed. Thus, P limitation in C treatment is not

surprising. But the application of 34 kg ha-1 P via

liquid manure in B, I, and I(N) treatments and another

10 kg ha-1 P via MSF in B treatment should lead to

sufficient plant available P close to the seedlings. As at

V3 only B treatment showed P concentrations superior

to C treatment, either spatial or chemical nutrient

availability of the injected liquid manure must have

been lower compared toMSF. The differences (Fig. 5)

between I and I(N) treatments for P concentration at

V3, V4 and V6 samplings can only be due to the NI, as

all other factors (liquid manure, injector, injection

depth, application rate) were equal. As shown by

Westerschulte et al. (2016), nitrification of NH4–N in

the slurry band was delayed in I(N) treatment, when

compared to I 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 experiment with common

bean (Phaseolus vulgaris L., Thomson et al. 1993).

However, the differences in ammoniumN found in our

experiment are probably not comparable to a pot

experiment, where ammonium and nitrate fertilizers

were tested. Thomson et al. (1993) furthermore

referred to an inhibitory effect on root growth of the

used NI (Nitrapyrin). Possibly the compound used in

our experiment (DMPP) also influences crop growth.

In two contrasting seasons, despite some restric-

tions in crop development, the treatments with liquid

manure injection showed consistent yields, compared

to the manure broadcast treatment. Major SMN
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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

differences. At harvest, however no significant differ-

ences between fertilized treatments were found. In

both years, the addition of a NI to manure did not lead

to significantly increased yields and N uptake, but it

increased early growth by assuring higher P concen-

trations in the plant. Compared to B treatment,

I(N) treatment showed equal N uptake and signifi-

cantly higher yields, despite a noteworthy reduction in

N (-23 kg ha-1) and P (-10 kg ha-1) 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; Schröder et al. 1997). Negative N balances

indicate a reduced potential for nitrogen losses to the

environment, thus, major sustainability targets (Euro-

pean Parliament 2000; Sutton et al. 2011) are met to a

greater extent. Although Westerschulte et al. (2016)

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 agronomic effects

of nitrification inhibitors further studies, and a more

detailed knowledge on the mode of action of DMPP, as

well as the interactions on soil microbiology and plant

nutrition are necessary. Even if the agronomic value of

nitrification inhibitors is variable, the environmental

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 reactive nitrogen emissions into the environ-

ment (Sutton et al. 2011). On the other hand possible

discharge of nitrification inhibitor compounds and their

metabolites into aquatic environments needs to be taken

into account (Scheurer et al. 2016).

Five sinks for fertilizer nitrogen are known, (1)

plant uptake, (2) ammonia emissions, (3) trace gas

emissions, (4) nitrate leaching, and (5) the soil

nitrogen pool (organic and inorganic). When cumu-

lating the data for SMN of Westerschulte et al. (2016)

with our observations, among all tested treatments the

highest proportions of applied N were found in

I(N) treatment throughout all sampling occasions.

Yet, still major pathways for N losses and N contents

of plant roots were not quantified. Thus, further

research on this topic measuring all possible N sinks

ideally using labelled N is necessary.

Conclusion

Injection of liquid manure close to maize seedling

ensuredoptimal 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 nitrification inhibitors on soils

under field conditions however, needs further studies.

Manure injection showed a huge potential to reduce

nitrogen and phosphor fertilization rates, without

impairing maize yields on sandy soils in northwestern

Germany. Thus, farmers can use this technology to

decrease nutrient surpluses and benefit the environment.
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Baumgärtel G, Benke M, Eiler T (2010) Düngeempfehlungen

Stickstoff: Getreide, Raps, Hackfrüchte, Mais. Land-
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