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ABSTRACT
Slurry injection below the maize (Zea mays L.) row may substitute a mineral
nitrogen (N) phosphorus (P) starter fertilizer (MSF) and thus reduce nutrient
surpluses in regions with intensive livestock husbandry. We investigated the
plant P, zinc (Zn), and manganese (Mn) status compared to the current farm
practice. In 2014 and 2015 field trials were conducted to evaluate plant
nutrient status at different growth stages. Besides an unfertilized 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: C33% P, C25% Zn, C39% 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 (CNI). Zn availability was enhanced for slurry injection (CNI) during
early growth and Zn and Mn uptakes were higher at harvest. Slurry injection
decreased P balances by 10–14 kg P ha¡1, while Zn and Mn balances were
excessive independent of treatments. Slurry injection (CNI) can substitute a
MSF without affecting early growth and enhances the Zn and Mn status. This
new fertilizing strategy enables farmers to reduce P surpluses.

KEYWORDS
fertilizer placement; starter
fertilizer; nutrient balances;
rhizosphere acidification;
micronutrients; recovery
efficiency

Introduction

In northwestern Germany, maize (Zea mays L.) is the dominating crop used as fodder for intensive
livestock husbandry or as substrate for biogas production (Keckl 2015; Warnecke et al. 2011). The
slurry serves as fertilizer for the next maize crop. In farm practice the slurries are broadcast applied
using a splash plate or trailing hose applicator followed by immediate incorporation (e.g. using a disc
harrow) prior to maize planting. In this region low temperature in April (mean air temperature 9.7�C)
and May (mean air temperature 13.4�C) is critical for maize production, as optimum growth tempera-
ture for maize is about 25–30�C (Imran et al. 2013). Root zone temperatures below 15�C reduce root
growth and impair chemical availability of sparingly soluble nutrients such as phosphorus (P) (Engels
and Marschner 1990; Imran et al. 2013). Phosphorus deficiencies during early stages can strongly
impact maize growth until harvest (Barry and Miller 1989). To overcome this critical period most
farmers apply a mineral nitrogen (N) plus P starter fertilizer (MSF) at planting (Ohlrogge et al. 1957;
Schr€oder et al. 2015). However, this current farm practice often causes P surpluses (Schr€oder et al.
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2011; Warnecke et al. 2011), resulting in soil P accumulation (Leinweber 1996) and as a consequence
increased eutrophication of non-agricultural ecosystems due to surface runoff (Smith et al. 2001).

To reduce this nutrient surpluses, slurry injection below the maize row before maize planting to
substitute the MSF is gaining interest by farmers in recent years. The addition of a nitrification inhibi-
tor (NI) to the injected slurry seems to be useful to decrease N losses via leaching (Westerschulte et al.
2017) or denitrification (Dittert et al. 2001). Enhanced N and P nutrient use efficiencies due to slurry
placement compared to broadcast application without MSF has been shown by Nkebiwe et al. (2016)
and Schr€oder et al. (1997). With this improved nutrient efficiency, some studies suggest omitting MSF
without a negative impact on final yields (Federolf et al. 2016; Schmitt et al. 1995; Schr€oder et al. 2015;
Sutton et al. 1982). However, a better understanding is necessary of nutrient uptake processes following
slurry injection with and without NI compared to broadcast application plus MSF during the early
growth development and possible effects on yield and nutrient balances.

In this respect, N supply during early growth of maize was investigated in detail by Federolf et al. (2017),
Sawyer et al. (1990), and Schmitt et al. (1995). Studies focusing on P supply in this context are scarcely avail-
able. Bittman et al. (2012) and Chen et al. (2010) reported that the distance between the maize row and a
slurry band needs to be as small as possible, to optimize P availability for the roots and thus to avoid negative
impacts on yields. However, they did not compare the injection treatments to a broadcast reference receiving
a MSF. That was done by Petersen et al. (2010) for pig and cattle slurry injection in a field trial on sandy soil
in Denmark. Both slurry injection treatments showed significantly lower P uptake (�23%) during early
growth compared to the reference with N P MSF, but biomass accumulation was not negatively affected.
They concluded, that at that trial site P deficiency was not growth restricting during this growth period.

Using a NI leads to increased NH4-N concentrations in the direct range of a slurry band during early
growth of maize (McCormick et al. 1983; Schmitt et al. 1995; Westerschulte et al. 2017). Furthermore, it
is known that an increased NH4

C uptake by roots enhances the P availability due to reduction of the rhi-
zosphere pH compared to uptake of NO3

¡ (Hinsinger 2001; Jing et al. 2012). Thus, it seems to be possible
to enhance P availability during early maize growing due to combining slurry injection with a NI.

Cold weather conditions during early growth of maize in northwestern Germany influence the avail-
ability of other nutrients. Engels and Marschner (1996) determined decreased net translocation rates of
manganese (Mn) and zinc (Zn) in maize at low root zone temperatures without an effect of different
shoot temperatures. This indicates a general restriction of the acquisition of these nutrients at low soil
temperatures (Imran et al. 2013). On the other hand, maize is very susceptible for deficiencies of both
nutrients (Fageria et al. 2002). Triggered by a fast Zn fixation after broadcast application, Zhang et al.
(2013) found increased Zn uptakes of maize due to placement of ZnSO4 in a pot trial. They suggest that
further investigations concerning Zn placement are necessary under field conditions. Caused by the
strong pH depending solubility of these micronutrients (concentrations decrease 100-fold per pH unit;
Fageria et al. 2002), NI addition may also improve their availability. Currently no studies are available,
which investigated the Zn or Mn status of maize shoots after slurry injection with or without NI addition.

The objective of the present study is to examine the P, Zn, and Mn status of maize plants after slurry
injection compared to broadcast application plus MSF, with a special focus on the early growth devel-
opment. We hypothesize that slurry injection can substitute the mineral P fertilizer, leading to similar
early growth and increased P recovery efficiencies (PRE). Furthermore, the availability of Zn and Mn
will be promoted due to better spatial availability. Additionally, the effects of NI (3,4-dimethylpyrazol
phosphate (DMPP)) addition to the injected slurry on availability of these nutrients were investigated.
We expect that the enhanced NH4

C uptake leads to increased availability of P, Zn, and Mn due to
reduction of the rhizosphere pH.

Material and methods

Experimental sites, soil characteristics, and weather conditions

In 2014 and 2015, field trials were conducted at two adjacent fields in Hollage, Lower Saxony, north-
west Germany (52�20�N, 07�58�E). The altitude is �65 m above sea level (a.s.l.) and the region is

2 M. WESTERSCHULTE ET AL.



characterized by a maritime climate. Long term (1994–2014) mean annual precipitation is 799 mm and
mean annual air temperature 10.0�C. The soil type is Plaggic Podzol (IUSS Working Group WRB
2014) with sandy soil texture at both sites (Table 1). The site in 2015 had somewhat higher organic
matter and micronutrient contents.

Weather conditions during the vegetation season (April–October) were different between years. In
2014 the monthly mean temperatures were higher during the whole season (exception: August; Table 2).
Thus, with respect to the early growth development of maize the thermal time from planting till the end
of June was lower in 2015 (417�C) compared to 2014 (555�C) (Federolf et al. 2017). Furthermore, in
2014 precipitation events occurred regularly from April until mid-July (Table 2). The amount of precipi-
tation decreased from the end of July and was very low in September. Per contrast, in April 2015 from
the second half of May until the end of June a dry period occurred and thus, between April and the end
of June 2015 the cumulative precipitation was lower by 119 mm compared to 2014. Later in the 2015
growing season the amounts of precipitation increased (Table 2). All in all warm and wet conditions
were given during early growth stages of maize in 2014 compared to dry and colder conditions in 2015.

Experimental design, treatments, and crop management

The field trial was set up in a randomized complete block design with four replicates and four treat-
ments in both years. Each plot was 3 m wide and 25 m long with four maize rows (75 cm row spacing).
The following treatments were compared:

� Control (C): without any fertilization,
� Broadcast (B): slurry application by trailing hose applicator followed by immediate incorporation

with a disc harrow (0—10 cm deep; in less than 5 min after application) and additional applica-
tion of a mineral, side-banded fertilizer (MSF) containing 10 kg P ha¡1 and 23 kg N ha¡1 (9.4 kg
nitrate N ha¡1, 13.6 kg ammonium N ha¡1) at planting,

� Injection (I): slurry injection without MSF,
� Injection C NI (I(N)): slurry injection without MSF, but with addition of the NI DMPP (3,4-dimethyl-

pyrazol phosphate; ENTEC� FL, EuroChem Agro GmbH, Mannheim, Germany) at a rate of 10 l ha¡1.
This experimental design enabled a system comparison between slurry injection (with and without

NI) and the current agricultural practice (broadcast). The slurry was injected by using a four row slurry
injector (Xtill, Hugo Vogelsang Maschinenbau GmbH, Essen/Oldenburg, Germany) at a row spacing
of 75 cm. The top of the slurry band was about 12 cm (2014) and 10 cm (2015) below the soil surface.

The fertilization rates were calculated according to the legal framework and local standards (i.e. the
Chambers of Agriculture; Baumg€artel et al. 2010). Hence, the slurry application rate is defined by the
recommended N rate of 180 kg N ha¡1 minus N applied as MSF and preplant soil mineral N (SMN; 0–
60 cm; Table 1). Furthermore, site-specific conditions like recent organic fertilizer application and
catch cropping are considered. This led to slurry application rates in treatments B, I, and I(N) of 23 m3

ha¡1 in 2014 and 24 m3 ha¡1 in 2015. Thus, the applied amount of P, Zn, and Mn depends on the
nitrogen content of the pig slurry and varied slightly between the 2 years (Table 3). The omission of
the MSF in the injection treatments resulted in a smaller nutrient input by 10 kg P ha¡1 and 23 kg N
ha¡1, without affecting the amount of Zn and Mn.

Table 1. Soil properties (soil layer 0–30 cm) for both experimental sites.

Texture
P Zn Mn

Sand Silt Clay pH Corg C/N Total N (CAL) (CAT) (CAT) SMN1

% % % CaCl2 % % mg 100 g¡1 mg kg¡1 mg kg¡1 kg ha¡1

2014 91 8 1 5.3 1.14 13.0 0.09 8.0 6.5 27.7 35
2015 87 9 4 5.5 1.66 16.5 0.10 7.8 11.4 53.8 45

SMND Soil mineral nitrogen (NH4-N C NO3-N); CAL D extracted with calcium-acetate-lactate solution; CAT D extracted with calcium
chloride/DTPA solution; 1 D soil layer 0–60 cm.
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The pig slurry from a regional pig fattening farm was applied on April 25 in 2014 and on April
22 in 2015 (Tables 3 and 4). About 1 week later maize (Zea mays L. cv. Ricardinio, KWS SAAT AG,
Einbeck, Germany) was planted at a rate of 9.2 grains m¡2 (4.5 cm deep). For the injection treat-
ments maize grains were positioned directly above the slurry bands. Further details concerning crop
management practices are described by Federolf et al. (2017) and Westerschulte et al. (2017).

Plant sampling and analysis

Plant samples were taken to determine the aboveground biomass and nutritional status at several develop-
mental stages during both growing seasons (definition: Vn stage was reached when collar of nth leaf was vis-
ible after broadcast application; Table 4). In 2014 samples were taken at V6 and V10, tasseling (VT) and
harvest. Based on the results in 2014, a higher sampling frequency was required to characterize the early
growth. Thus, in 2015 additionally samplings were done at V3, V4, and V8. To obtain sufficient sampling
material at V3 and V4 20 plants were cut at the stem base of both middle rows per plot, while for the sam-
plings between V6 and VT 16 plants were taken. At silage maturity both middle rows were harvested over
a distance of 7 m using a special plot forage harvester. For all samples fresh matter was measured and dry
matter content was determined by drying a representative sample to constant weight at 80�C.

After grinding the samples (<0.5 mm), the plant material was digested using a microwave system
(MARS Xpress, CEM GmbH, Kamp-Lintfort, Germany). In brief, an acid digestion with concentrated
nitric acid and hydrogen peroxide was performed in a closed vessel. The temperature was raised to
180�C over a period of 25 min and held for 10 min, followed by a cool down period of 15 min.
Subsequently the concentrations of P, Zn, and Mn were analyzed by using inductively coupled
plasma—atomic emission spectroscopy (ICP-AES, DIN EN 15621 2012).

Calculations and data analysis

All results presented in tables and figures are arithmetic means of the four replications. Nutrient balan-
ces and the apparent phosphorus recovery efficiency (PRE, according to Fageria 2009) were calculated

Table 2. Monthly mean temperature and precipitation at the experimental sites in 2014 and 2015 compared to the long-term mean
(1994–2014); mean or sum D mean or sum over growing season (April–October).

Apr. May June July Aug. Sept. Oct. Mean

Temperature (�C)

1994–2014 9.7 13.4 16.2 18.5 17.8 14.1 10.1 14.3
2014 12.0 13.2 16.2 20.3 16.4 15.8 13.3 15.3
2015 9.0 12.3 15.9 18.9 19.3 13.5 9.1 14.0

Precipitation (mm) Sum

1994–2014 41 59 66 76 79 79 70 457
2014 69 113 74 129 83 15 61 543
2015 54 40 43 133 187 71 62 589

Table 3. Pig slurry properties and application rates.

Properties 2014 2015 Application rate 2014 2015

Total N (g kg¡1) 7.2 5.4 Slurry (m3 ha¡1) 23 24
NH4-N (g kg¡1) 5.5 3.5 NH4-N (kg ha¡1) 127 84
P (g kg¡1) 1.8 1.4 P (kg ha¡1) 42 34
Zn (mg kg¡1) 81.5 58.1 Zn (kg ha¡1) 1.88 1.40
Mn (mg kg¡1) 70.9 52.9 Mn (kg ha¡1) 1.63 1.27
DM (%) 9.3 6.5
C/N 4.7 4.7
pH 7.7 7.6

DMD Dry matter content.
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as follows:

Nutrient balance D Fertilized nutrient amountð Þ¡ Nutrient uptakeð Þ

and

PRE D P uptake of fertilized plotð Þ¡ P uptake of unfertilized plotð Þ
Quantity of P applied

Statistical analysis were performed using R software version 3.2.2 (R Core Team, 2016). Normal
distributions and variance homogeneity were tested visually using qq-plots followed by a Levene-
Test (p < 0.01). If the normal distribution or variance homogeneity of the original data was not
given, a transformation (log, exp, or sin) was done, however, in all tables and figures the original
values are shown. To check the interaction between year and treatment for dry matter accumula-
tion, nutrient concentration and nutrient uptake, a linear mixed-model [lmer(parameter » treat-
ment £ year C (1jyear:replication); package: lme4, Bates et al. 2015] was performed. For the single
sampling dates the differences between the treatments (Table 5) were tested by a univariate analy-
sis of variance (ANOVA) [aov(parameter » treatment C replication); package: stats, R Core
Team, 2016]. When differences were considered significant (p < 0.05), the Tukey honest signifi-
cant differences (Tukey HSD, p < 0.05) post hoc test was computed for comparing all possible
pairs of means (package: agricolae, De Mendiburu 2016). The same procedure was used, to test
the differences between the treatments for the nutrient balances and the PRE (Figures 1 and 2).
The interaction between treatments and sampling dates for each trial year (repeated measurements
over the growing season) for the dry matter accumulation, nutrient concentration, and nutrient
uptake were tested by the model aov(parameter » treatment £ sampling date C replication C
error(ID)) (package: stats, R Core Team, 2016). In this respect, the sphericity was checked using
the Mauchly test (a D 5%) and if it was violated, the Greenhouse-Geisser correction was done
(package: EZ, Lawrence 2013).

Results

The interactions between treatments and years were significant (p < 0.05) in all cases (exception: P
uptake at harvest), thus in Table 5 and Figures 1 and 2 the main effects are not shown. In addition the
interactions between treatments and sampling dates (repeated measurements over each growing sea-
son) were significant (p < 0.05) for all parameters in both trial years (Table 5 and Figure 3).

Table 4. Plant sampling data.

2014 2015

Date DAP Date DAP

Slurry application Apr. 11 Apr. 14
Planting date Apr. 25 Apr. 22
V3 sampling — May 22 30
V4 sampling — Jun. 01 40
V6 sampling Jun. 10 46 Jun. 08 47
V8 sampling — Jun. 19 58
V10 sampling Jun. 30 66 Jun. 29 68
VT sampling Jul. 22 88 Jul. 24 93
Harvest date Oct. 09 167 Sep. 29 160

DAPD Days after planting; V3, 4, 6, 8, or 10 D vegetative leaf stage 3, 4, 6, or 10, VT D tasseling.
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Table 5. Dry matter, nutrient concentration, and nutrient uptake in the field trial 2014 and 2015.

2014 V3 V4 V6 V8 V10 VT Harvest

DM (kg ha¡1) C 169 a* 1044 a 5880 a 10291 a
B 466 b 1860 b 8706 b 16188 b
I 523 b 2803 c 12294 c 18134 c
I(N) 569 b 3055 c 12835 c 18851 c

Nutrient concentration P (g kg¡1) C 4.8 ab 3.9 b 2.7 b 2.3 b
B 4.9 b 3.7 ab 2.6 ab 2.1 a
I 4.5 a 3.3 a 2.2 a 2.0 a
I(N) 5.3 c 3.6 ab 2.3 a 2.0 a

Zn (mg kg¡1) C 27 a 32 ns 23 ns 21 b
B 29 a 30 ns 23 ns 17 a
I 34 b 34 ns 21 ns 17 a
I(N) 37 c 37 ns 22 ns 18 a

Mn (mg kg¡1) C 68 ns 42 ab 27 ns 17 ab
B 68 ns 41 a 24 ns 16 a
I 69 ns 45 b 28 ns 20 b
I(N) 65 ns 52 c 28 ns 21 b

Nutrient uptake P (kg ha¡1) C 0.8 a 4.0 a 16 a 24 a
B 2.3 b 6.9 b 22 b 33 b
I 2.4 b 9.2 bc 28 c 36 b
I(N) 3.0 c 11.0 c 29 c 37 b

Zn (g ha¡1) C 4.6 a 33 a 137 a 218 a
B 14 b 56 b 197 b 280 b
I 18 c 95 c 262 c 312 c
I(N) 21 c 114 c 283 c 341 c

Mn (g ha¡1) C 12 a 44 a 158 a 175 a
B 32 b 76 b 211 a 256 b
I 36 b 126 c 339 b 367 c
I(N) 37 b 157 d 364 b 393 c

2015 V3 V4 V6 V8 V10 VT Harvest

DM (kg ha¡1) C 8.7 ns 22 a 60 a 214 a 707 a 7509 a 16732 a
B 9.6 ns 33 c 117 b 457 c 1617 c 10513 c 20785 b
I 8.7 ns 23 ab 62 a 288 b 937 b 8293 ab 20077 b
I(N) 9.9 ns 29 bc 103 b 455 c 1465 c 9212 b 20876 b

Nutrient concentration P (g kg¡1) C 4.7 b 2.8 a 2.2 a 3.5 a 3.9 a 2.4 ns 2.1 a
B 6.8 c 5.8 c 4.2 d 3.2 a 3.7 a 2.5 ns 2.3 ab
I 4.2 a 3.0 a 2.7 b 4.5 b 5.0 b 2.6 ns 2.3 ab
I(N) 4.9 b 4.0 b 3.5 c 4.7 c 5.0 b 2.4 ns 2.4 b

Zn (mg kg¡1) C 45 a 35 a 34 a 45 a 48 a 30 a 20 a
B 87 c 78 bc 71 b 69 b 59 b 39 b 29 b
I 71 b 69 b 70 b 80 bc 75 c 42 b 30 b
I(N) 87 c 86 c 86 c 86 c 68 bc 36 ab 31 b

Mn (mg kg¡1) C 20 a 16 a 14 a 13 a 16 a 17 a 9 a
B 88 b 97 c 90 b 71 b 67 b 31 b 19 b
I 69 b 72 b 76 b 87 b 84 b 45 c 24 bc
I(N) 78 b 100 c 97 b 86 b 70 b 38 bc 25 c

Nutrient uptake P (kg ha¡1) C 0.04 ab 0.06 a 0.13 a 0.75 a 2.8 a 18 a 35 a
B 0.07 c 0.19 c 0.49 c 1.47 b 5.9 c 26 c 47 b
I 0.04 a 0.07 ab 0.16 a 1.28 b 4.7 b 22 ab 46 b
I(N) 0.05 b 0.12 b 0.36 b 2.15 c 7.3 d 22 b 50 b

Zn (g ha¡1) C 0.39 a 0.76 a 2.1 a 10 a 34 a 228 a 343 a
B 0.84 c 2.64 c 8.3 c 32 c 96 c 406 b 600 b
I 0.62 b 1.63 b 4.3 b 23 b 71 b 349 b 600 b
I(N) 0.86 c 2.51 c 8.8 c 39 c 100 c 337 b 653 b

Mn (g ha¡1) C 0.18 a 0.3 a 0.8 a 2.8 a 12 a 126 a 155 a
B 0.85 c 3.2 c 10.6 c 33 bc 110 b 326 b 402 b
I 0.60 b 1.7 b 4.7 b 25 b 79 b 378 b 483 bc
I(N) 0.76 bc 2.9 c 10.0 c 39 c 103 b 353 b 514 c

C D Control treatment, B D Broadcast treatment, I and I(N) D Injection treatments without and with NI; V3, 4, 6, 8, or 10 D vegetative
leaf stage 3, 4, 6, or 10, VT D tasseling;

�Values for each parameter followed by different letters show differences according to the Tukey test (p < 0.05) between treatments
per sampling date (four values in each case), ns D not significant.
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Dry matter accumulation

In 2014 the unfertilized control treatment showed a significantly lower dry matter (DM) accumulation
compared to the fertilized treatments during the whole growing season (Table 5). No significant differ-
ences were given between the injection treatments, albeit injection with NI had slightly higher values at
all sampling dates. In comparison the broadcast treatment showed significantly lower DM accumula-
tion from V10 onward. At harvest, the DM yield of the broadcast treatment (16.2 t DM ha¡1) was
lower by 11–14% compared to the injection treatments [18.1 (I) and 18.9 t DM ha¡1 (I(N))].

In 2015 no significant differences could be detected at the first sampling date (V3). From V4 onward
broadcast and injection with NI had a significantly higher DM accumulation compared to the control
treatment, while the DM level after slurry injection without NI was similar to the unfertilized control

Figure 1. Phosphorus (A), zinc (B), and manganese (C) balances in 2014 and 2015; D control, D broadcast, D injection
without NI, D injection with NI; �values for each trial year followed by different lowercase letters are different according to the
Tukey test (p < 0.05); whiskerD standard error.
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treatment until V8. Injection with NI had significantly larger DM values between V6 and V10 compared
to injection without NI, but at VT and harvest there were no longer significant differences. The biomass
accumulation of the broadcast treatment was similar to injection with NI during the whole growing sea-
son, with the exception that it was significantly higher by about 14% for broadcast application at VT. At
harvest, for the fertilized treatments 20—21 t DM ha¡1 were determined, without significant differences.

Phosphorus

The P concentrations decreased from 4.5–5.3 (V6) to 2.0–2.3 g P kg¡1 (harvest) for all treatments dur-
ing the growing season in 2014 (Table 5). The only significant differences between the fertilized treat-
ments occurred at V6: I(N) (5.3 g P kg¡1) > B > I (4.5 g P kg¡1). In the further course of the plant
development, the control treatment showed the highest P concentrations. In respect to P uptake, the
control treatment had the lowest and injection with NI the highest values during the whole growing
season. At V6 slurry injection showed a lower P uptake by �20% (0.6 kg P ha¡1) without using a NI,
there was no longer a significant difference compared to I(N) from V10 onward. For broadcast applica-
tion a significantly lower P uptake compared to I(N) occurred until VT (¡7 kg P ha¡1 at VT). At har-
vest there was no significant difference between all fertilized treatments.

During the 2015 season a significantly lower P concentration was detected for slurry injection until
V8, when no NI was added (Table 5). But like in the previous year no significant differences occurred
from V10 onward. The broadcast treatment with additional mineral N P starter, showed the signifi-
cantly highest P concentrations until V6 (C0.7–1.9 g P kg¡1 compared to I(N)). However, the values
were significantly lower (�1.3 g P kg¡1) compared to both injection treatments at V8 and V10. In the
end of the growing season (VT and harvest) significant differences occurred no longer between the fer-
tilized treatments (harvest: 33–37 kg P ha¡1). Regarding the P uptakes in 2015 no significant differen-
ces between the unfertilized control and the injection treatment without NI were detected until V6.
Further onward, the control treatment had the significantly smallest uptake. Comparing the injection
treatments, NI addition led to higher P uptake until V10. The broadcast treatment showed the signifi-
cantly highest values until V6 and at VT (C18–58% compared to I(N)), however, at V8 and V10 it was
significantly lower by 19–32% compared to I(N). As in 2014 no significant differences between the fer-
tilized treatments were detected at harvest (46–50 kg P ha¡1).

At the end of both growing seasons the P balances had the same significant differences
between the treatments (Figure 1): C < I D I(N) < B. By application of slurry injection the bal-
ances were reduced by 10–14 kg P ha¡1. Further on, in 2014 the PRE was significantly higher
for slurry injection [C11% (I) and C14% (I(N)); Figure 2] compared to broadcast treatment
(19%). In 2015 the PRE values were also higher for slurry injection [C6% (I) and C15% (I(N))],

Figure 2. Phosphor recovery efficiency in 2014 and 2015; D control, D broadcast, D injection without NI, D injection
with NI; �values for each trial year followed by different letters are different according to the Tukey test (p< 0.05); whiskerD standard
error.
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but due to the relative large standard error (SE) for the injection treatment, the treatment effect
was not significant.

Zinc

In 2014 plant Zn concentrations were on a similar level at V6 and V10 (27–37 mg Zn kg¡1), before they
decreased until harvest (17–21 mg Zn kg¡1) (Table 5). Significant differences between the fertilized
treatments were only present at V6: C D B (27 and 29 mg Zn kg¡1) < I (34 mg Zn kg¡1) < I(N)
(37 mg Zn kg¡1). In respect to Zn uptake the following significant differences occurred at all sampling

Figure 3. Phosphorus (A), zinc (B), and manganese (C) concentrations depending on biomass accumulation from V3 to V8 in 2015;
D control, D broadcast, D injection without NI, D injection with NI; whisker D standard error; significant

differences between treatments for all parameters at each sampling date are shown in Table 5; interactions between treatment and
sampling date were significant in all cases (see section “Results”).
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dates: C < B < I D I(N). At harvest for the injection treatments 312 g Zn ha¡1 (I) and 341 g Zn ha¡1 I
(N) were determined, while broadcast application had just a Zn uptake of 280 g Zn ha¡1.

During the whole growing season in 2015 the smallest Zn concentrations were detected for the
unfertilized control treatment (Table 5). Already at V3 just 45 mg Zn kg¡1 were found compared to
71 mg Zn kg¡1 for the injection treatment and 87 mg Zn kg¡1 for injection with NI and broadcast. In
the further course of this growing season, the injection treatment with NI remained on the same level
until V8, while the broadcast treatment decreased to 69 mg Zn kg¡1 during this period. The injection
treatment without NI remained at nearly 70 mg Zn kg¡1 until V6 and increased until V8 to 80 mg Zn
kg¡1. From V8 onward the Zn concentration declined for all fertilized treatments and were on the
same level at harvest date (29–31 mg Zn kg¡1). In respect to Zn uptake in 2015 treatments showed the
same significant differences between V3 and V10: C < I < B D I(N). At VT and harvest significant dif-
ferences between the fertilized treatments could no longer be detected (harvest: 600–653 g Zn ha¡1 for
fertilized treatments, 343 g Zn ha¡1 for control treatment).

In respect to the Zn balances (Figure 1) very large surpluses were determined for all fertilized treat-
ments in both trial years (2014: 1.5–1.6 kg Zn ha¡1; 2015: 0.74–0.80 kg Zn ha¡1). Injection treatments
had a significantly lower surplus compared to broadcast application in 2014.

Manganese

In 2014 the Mn concentrations decreased from 65–69 mg Mn kg¡1 at V6 to 16–21 mg Mn kg¡1 at har-
vest (Table 5). Significant differences between the treatments occurred at V10 and harvest date. At V10
injection with NI (52 mg Mn kg¡1) was significantly higher compared to injection without NI (45 mg
Mn kg¡1), while after broadcast application a significantly lower Mn concentration was determined
compared to both injection treatments (41 mg Mn kg¡1). At harvest, the injection treatments had the
same level, while the broadcast treatment showed still significantly lower Mn concentrations. With
respect to Mn uptake, the control treatment had the lowest values at all sampling dates (Table 5). The
fertilized treatments did not differ at the first sampling date (V6), but further onward for the broadcast
treatment significantly lower values for Mn uptake were detected compared to the injection treatments
(51% at V10 and 35% at harvest compared to I(N)). NI addition just led to significantly higher Mn
uptake at V10 (C25%).

During the whole growing season in 2015 the unfertilized control treatment showed the significantly
lowest Mn concentrations (9–20 mg Mn kg¡1; Table 5). Comparing the fertilized treatments no signifi-
cant differences occurred at V3, V6, V8, and V10 (range: 67 and 97 mg Mn kg¡1). At V4 a significantly
lower Mn concentration was detected for the injection treatment without NI (72 mg Mn kg¡1) com-
pared to injection with NI (100 mg Mn kg¡1) and broadcast application (97 mg Mn kg¡1). At VT and
harvest no significant differences were given for the injection treatments, while the broadcast treatment
had significantly lower uptake. Similar to the course of the Mn concentrations, the control treatment
showed the lowest uptake during the whole growing season in 2015 (Table 5). Broadcast application
and injection with NI did not significantly differ until VT, however, at harvest the injection treatment
with NI had significantly higher values. For slurry injection without NI significantly lower Mn uptake
was given until V8. In the further course of the vegetation period this treatment rallied and at harvest
it was in between the broadcast treatment and injection with NI: B (402 g Mn ha¡1) � I (483 g Mn
ha¡1) � I(N) (514 g Mn ha¡1).

Looking at the Mn balances very high surpluses for the three fertilized treatments occurred in both
trial years (2014: 1.2–1.4 kg Mn ha¡1; 2015: 0.76–0.87 kg Mn ha¡1), but the surpluses were statistically
significant lower for slurry injection (Figure 1).

Discussion

Plant availability of soil nutrients depends extensively on annual weather conditions. This is particu-
larly evident for the results determined in this field trial series with two very contrasting years. In 2014,
maize development was greatly affected by N leaching due to heavy rainfall during the early growth
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period (Westerschulte et al. 2017). A strong displacement of SMN occurred particularly after broadcast
application, resulting in significantly lower DM accumulation compared to the injection treatments
(Federolf et al. 2017). This different DM accumulation, induced by N deficiency, also affected the
uptake of other, less mobile nutrients. By contrast, no N leaching occurred in 2015 (Westerschulte
et al. 2017), because weather conditions were very dry and relatively cold from April to June (Table 2).
Under these conditions, the nutrient acquisition of the young maize plants is notably limited for spar-
ingly soluble nutrients, like P, Zn, and Mn (Imran et al. 2013; Grant et al. 2001; Engels and Marschner
1992; Engels and Marschner 1996). To compensate the lower P availability usually MSF is applied after
slurry broadcast application in the current farm practice (Schr€oder et al. 2015; Nkebiwe et al. 2016).

Early growth: Effect of slurry placement

The significantly higher Zn and Mn concentrations in the maize plants after slurry injection compared
to the unfertilized control treatment at V3 in 2015 (Table 5 and Figure 4) prove, that the maize roots
already took up nutrients from the slurry band, which has also been confirmed by Petersen et al.
(2010) and Bittman et al. (2012). This is crucial for further plant growth, because the nutrient reserves
of the maize seeds are more or less exhausted at V3–V4 (Cooper and MacDonald 1970). However,
Figure 3 shows a distinctly better early growth development (V3–V8) of the broadcast treatment com-
pared to injection without NI.

During this period significantly higher P and partially higher Zn (V3) and Mn (V4) concentrations
were detected (Table 5). Campbell and Plank (2000) define sufficient ranges for P concentration of
4.0–6.0 g P kg¡1, when the maize plants are < 10 cm (� V3 and V4) and 3.0–5.0 g P kg¡1 for the fol-
lowing growth period until VT. Thus, plant P concentration after slurry injection without NI was criti-
cal at V4 (3.0 g P kg¡1) and V6 (2.7 g P kg1). According to Barry and Miller (1989) a P deficiency
during these early developmental stages can imply a negative impact on later plant growth and yield.
Regarding Zn and Mn concentrations, all fertilized treatments were in an adequate or high range dur-
ing the whole period. However, the so-called “adequate ranges” as defined by several references (e.g.
Campbell and Plank 2000; Reuter and Robinson 1986; Fageria 2009) are fairly wide.

The improved availability of P, Zn, and Mn at early growth stages seems to induce the significantly
higher DM accumulation of the broadcast treatment compared to slurry injection without NI
(Figure 3). Even at V6 in 2014 the broadcast treatment had a higher P concentration compared to
injection without NI (Table 5). Both treatments received a fertilizer placement (MSF or slurry band)
containing N and P, which attracts maize roots (Drew 1975; Duncan and Ohlrogge 1958; Nkebiwe
et al. 2016). As the availability of immobile nutrients is strongly affected by root length density (Ma
et al. 2013; Neumann and R€omheld 2012), a rapid and intensive root proliferation within the zone of
high nutrient concentrations is necessary. Considering that the MSF is located in an area of

Figure 4. Root proliferation within a slurry band with nitrification inhibitor in 2015. A D 3-leaf stage; B and C D 10-leaf stage; the
slurry was colored using food coloring (brilliant blue, E 133).
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approximately 1 cm2, while the extent of the slurry band is at least 25 cm2 (�5 £ 5 cm), the different
spatial expansion of this placement zones in combination with the P amounts applied (10 kg (B) versus
34 kg P ha¡1 (I)) results in very different soil P concentrations. This might be another reason for the
different availability for plants.

Furthermore, different solubility of mineral P versus slurry P might also have an influence on plant
P uptake during the early growth development. However, Eghball et al. (2005) investigated the P avail-
ability from pig and cattle slurry in different soils and concluded similar plant availability of applied
slurry P compared to P applied via mineral fertilizer.

Additionally, lower availability of P, Zn, and Mn could have been induced by a higher soil pH
(Fageria 2009; Neumann and R€omheld 2012; Syers et al. 2008) around the injected slurry (pH 7.6),
while the surrounding soil had a site-typical pH of 5.5 (Table 1). Comfort et al. (1988) and Sawyer et
al. (1990) showed, that pH differences between an injected slurry band (cattle or beef slurry) and the
surrounding soil can be detected for several weeks.

Concentrations of P, Zn, and Mn in maize plants in the injection treatment without NI increased
until V8 and reached similar (Mn and Zn) or higher (P) concentrations compared to broadcast treat-
ment. This effect is most probably caused by an enhanced root proliferation into the slurry band and a
decreasing slurry pH. However, it has to be kept in mind that these plant nutrient concentrations were
strongly influenced by the distinctly lower DM accumulation (Figure 3).

Early growth: Effect of the nitrification inhibitor

Due to NI addition the nutrient availability from the slurry band was enhanced during early growth
stages in both trial years (Table 5). In 2015, significantly higher P, Zn, and Mn concentrations led to a
much larger biomass accumulation (Figure 3), resulting in increased nutrient uptake (Table 5). These
differences might be explained by several combined effects. Our previous study (Westerschulte et al.
2017) showed, that due to NI addition higher NH4-N concentrations occurred in the soil zone around
the slurry band until V10. This induces the development of a more extensive fine root system (Bloom
1997; Drew 1975; Jing et al. 2012), resulting in a better availability of less mobile nutrients (Neumann
and R€omheld 2003).

Furthermore, the enhanced uptake of NH4
C compared to NO3

¡, results in a lowering of the rhizo-
sphere pH (Hinsinger et al. 2003; Neumann and R€omheld 2003; Thomson et al. 1993). As already men-
tioned, the pH value in the direct range of the slurry band was most probably increased during early
growth compared to the surrounding soil, leading to poor availability of P, Zn, and Mn (Neumann and
R€omheld 2012). The enhanced uptake of N as NH4

C in the treatment with NI very likely reduced the
rhizosphere pH, leading to improved availability of these nutrients.

In addition, a more intensive root proliferation within the slurry band may promote nutrient avail-
ability due to enhanced root exudates (Figure 4; Hinsinger et al. 2009). For example, the secretion of car-
boxylates such as oxalate and citrate contributes to the acidification of the rhizosphere and furthermore
mobilizes sparingly soluble P compounds. In this context, a root-induced enzymatic or chemical (e.g.,
excreted phenolics) Mn reduction as well as Mn reducing microorganisms could explain the higher Mn
concentrations of the plants in the injection treatment with NI at V10 in 2014 (Table 5) and during early
growth in 2015 (Figure 3). According to Neumann and R€omheld (2003) the exudation of mucilage can
facilitate the transport of Zn to the root surface, especially under dry conditions, like in the 2015 season.

Early growth: Slurry injection with nitrification inhibitor versus broadcast application

Due to the above-mentioned improved nutrient availability, the injection treatment with NI showed an
equivalent biomass development compared to the broadcast treatment during early growth stages in
2015 (Table 5 and Figure 3). A noticeable trend was given for the Zn concentrations from V3 until V8
(Figure 3). Starting at about 87 mg Zn kg¡1, the concentration for the injection treatment with NI
remained on the same level until V8, while it dropped down to a significantly lower level (69 mg Zn
kg¡1) for the broadcast treatment. A similar trend was given for the Mn concentration, but without a

12 M. WESTERSCHULTE ET AL.



significant difference (Figure 3). The placement of these nutrients in the slurry band with NI, seems to
result in a better spatial availability (Figure 4) compared to broadcast application.

The plant P availability was also significantly lower for the injection treatment with NI until
V6 (Table 5). At V4 (4.0 g P kg¡1) and V6 (3.5 g P kg¡1) P concentrations were close to the
critical range according to Campbell and Plank (2000) (<4.0 g P kg¡1 (V4) or <3.0 g P kg¡1

(V6)). But from V6 onward, this treatment showed an increasing trend, leading to significantly
higher P concentrations and uptake at V8 and V10 (Figure 3 and Table 5). At V8 the P concen-
tration in the broadcast treatment (3.2 g P kg¡1) was close to the lower boundary of the suffi-
cient range (Campbell and Plank 2000). This reverse trend can be explained by the increased
root proliferation into the slurry band during the early growth period (Figure 4), resulting in an
enhanced P availability. On the other hand, Federolf et al. (2017) and Westerschulte et al. (2017)
could show, that the nitrogen, applied via MSF, was completely consumed by the plants until
V8. Thus, it can be assumed that the positive interaction of the combined placement of N and P
did no longer persist (Jing et al. 2010; Ma et al. 2013). However, there was still enough N (even
as NH4

C) and P around the slurry band in the injection treatment with NI (Westerschulte et al.
2017). Because roots are mainly located below the maize row (§15 cm) until V10 (Schr€oder et
al. 1997), most of the slurry nutrients applied in the interrow space of the broadcast treatment
seem to be less available until this date.

In 2015 maize plants reached V8 and V10 after a severe dry period (Table 2; Westerschulte et al.
2017). In this context it should be kept in mind, that the injected slurry was located somewhat deeper
(�5 cm) compared to the MSF, most probably associated with higher soil moisture. Additionally, the
slurry band has a higher water retention capacity due to a larger organic matter content related to the
surrounding soil (Comfort et al. 1988). Both aspects result in a higher P solubility and thus an
improved availability (Neumann and R€omheld 2003). During further plant development, rainfall was
sufficient (Table 2, July 2015) and the roots increasingly exploit into the interrow space (Lichtenegger
et al. 2009). Thus, P applied via broadcast slurry became increasingly available, explaining the higher P
uptake and DM accumulation at VT in 2015.

Nutrient status and balances at harvest

At later growth stages differences between the fertilized treatments decreased in both years (Table 5).
The effect of the NI on plant P, Zn, or Mn status during the early growth stages finally did not result in
any significant differences between the injection treatments at harvest (Table 5). Compared to broad-
cast application slurry injection resulted in equal (2015) or even significantly higher (2014) DM yields.
The lower input of P (¡10 kg P ha¡1) combined with similar P uptake until harvest (Table 5) resulted
in higher apparent PRE (C6–15%; Figure 2). These results are consistent with findings by Schr€oder
et al. (2015). In addition, slurry injection led to significantly lower P balances by 10–14 kg P ha¡1

(Figure 1). Thus, this fertilizing strategy seems to be a suitable option for the farmers in northwest Ger-
many to lower the partly high P surpluses (Warnecke et al. 2011). In 2014, higher Zn uptake following
slurry injection remained significant until harvest, however, the differences were not significant at har-
vest date in 2015. The Mn uptake was higher for slurry injection at harvest in both field trials (Table 5).
These results suggest, that slurry placement compared to broadcast application leads to a better avail-
ability of the applied micronutrients, due to the above mentioned increased spatial availability.

Independently of the fertilizing scheme extraordinary high surpluses for Mn (756–1374 g Mn ha¡1)
and Zn (741–1595 g Mn ha¡1) appeared (Figure 1). Thus, repeated application of pig slurry, containing
high Zn and Mn contents, lead to an excessive accumulation of these elements over years (Mattias et al.
2010; Nicholson et al. 2003). Zn mainly accumulates in form of hydroxides in the topsoil layer
(L’Herroux et al. 1997), with possible long-term negative impact on plants and microorganisms (Mat-
tias et al. 2010). High Mn surpluses increase the carbonate Mn fraction and may result in increasing
leachate Mn concentrations (L’Herroux et al. 1997).

In conclusion, slurry injection instead of a MSF can result in critical plant P, Zn, and Mn status dur-
ing early growth of maize under conditions, which limit the root growth and nutrient solubility. The
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addition of a NI does distinctly enhance the nutrient availability resulting in similar early growth like
for broadcast application. Thus, farmers who need to decrease their P surpluses can substitute the MSF
by slurry injection combined with a NI. However, both fertilization strategies showed advantages and
disadvantages depending on weather conditions and growth stages. An improved nutrient supply dur-
ing early maize growth may possibly be assured by slurry injection plus a reduced rate of N and P via
MSF, which might even be applied directly into the seed furrow. It has to be kept in mind that on sites
with high soil nutrient contents the impact of adverse growing conditions during the early maize devel-
opment on final yield is rather small.

Acknowledgments

We are grateful to the German Federal Environmental Foundation (Deutsche Bundesstiftung Umwelt), Osnabrueck, for
financing the project “Optimizing the nitrogen and phosphate use efficiencies from liquid manure by slurry injection to
reduce environmental pollution” (grant number: 30364–34). EuroChem Agro GmbH, Mannheim, thankfully granted
additional support. We thank our scientific assistants and students for supporting plant sampling and preparation. Fur-
ther on, we acknowledge the laboratory team, as well as Herbert Pralle for his assistance with the statistical analysis.

Funding

This work was supported by the Deutsche Bundesstiftung Umwelt, (30364-34).

References

Barry, D. A. J., and M. H. Miller. 1989. Phosphorus nutritional requirement of maize seedlings for maximum yield.
Agronomy Journal 81:95–99. doi:10.2134/agronj1989.00021962008100010017x.

Bates, D., M. M€achler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-effects models using lme4. Journal of Statistical
Software 82:1–26. doi:10.18637/jss.v067.i01.

Baumg€artel, G., M. Benke, and T. Eiler. 2010. Recommendations for nitrogen fertilization: Cereals, rape, root crops, and
maize. Hannover, Germany: Chamber of Agriculture of Lower Saxony.

Bittman, S., A. Liu, D. E. Hunt, T. A. Forge, C. G. Kowalenko, M. H. Chantigny, and K. Buckley. 2012. Precision place-
ment of separated dairy sludge improves early phosphorus nutrition and growth in corn (Zea mays L.). Journal of
Environmental Quality 41:582–591. doi:10.2134/jeq2011.0284.

Bloom, A. J. 1997. Interactions between inorganic nitrogen nutrition and root development. Journal of Plant Nutrition
and Soil Science 160:253–259.

Campbell, C. R., and C. O. Plank. 2000. Corn. In Reference sufficiency ranges for plant analysis in the southern region of
the United States, eds. C. R. Campbell, 11–14. Raleigh, North Carolina: Southern Cooperative Series Bulletin 394.

Chen, Y., B. Assefa, and W. Arkinremi. 2010. Soil nutrient levels and crop performance at various lateral positions follow-
ing liquid manure injection. Agricultural Engineering International: the Commission Internationale du Genie Rural
electronic Journal XII (Manuscript 1410).

Comfort, S. D., K. A. Kelling, D. R. Keeney, and J. C. Converse. 1988. The fate of nitrogen from injected liquid manure in
a silt loam soil. Journal of Environmental Quality 4:317–322. doi:10.2134/jeq1988.00472425001700020027x.

Cooper, C. S., and P. W. MacDonald. 1970. Energetics of early seedling growth in corn (Zea mays L.). Crop Science
10:136–139. doi:10.2135/cropsci1970.0011183X001000020003x.

De Mendiburu, F. 2016. Agricolae: Statistical procedures for agricultural research. R package version 1.2–4. Accessed
August 20, 2016, https://CRAN.R-project.org/packageDagricolae.

DIN EN 15621:2012–04. 2012. Fodder—Determination of calcium, sodium, phosphorus, magnesium, potassium, sulphur,
iron, zinc, copper, manganese, and cobalt after pressure digestion using ICP-AES. Berlin, Germany: Beuth Verlag GmbH.

Dittert, K., R. Bol, R. King, D. Chadwick, and D. Hatch. 2001. Use of a novel nitrification inhibitor to reduce nitrous oxide
emission from (15)N-labelled dairy slurry injected into soil. Rapid Communications in Mass Spectrometry 15:
1291–1296. doi:10.1002/rcm.335.

Drew, M. C. 1975. Comparison of the effects of a localized 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.

Duncan, W. G., and A. J. Ohlrogge. 1958. Principles of nutrient uptake from fertilizer bands. II Root development in the
band. Agronomy Journal 50:605–608. doi:10.2134/agronj1958.00021962005000100012x.

Eghball, B., B. J. Wienhold, B. L. Woodbury, and R. A. Eigenberg. 2005. Plant availability of phosphorus in swine slurry
and cattle feedlot manure. Agronomy Journal 97:542–548. doi:10.2134/agronj2005.0542.

14 M. WESTERSCHULTE ET AL.

https://doi.org/10.2134/agronj1989.00021962008100010017x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2134/jeq2011.0284
https://doi.org/10.2134/jeq1988.00472425001700020027x
https://doi.org/10.2135/cropsci1970.0011183X001000020003x
https://CRAN.R-project.org/package=agricolae
https://CRAN.R-project.org/package=agricolae
https://doi.org/10.1002/rcm.335
https://doi.org/10.1111/j.1469-8137.1975.tb01409.x
https://doi.org/10.1111/j.1469-8137.1975.tb01409.x
https://doi.org/10.2134/agronj1958.00021962005000100012x
https://doi.org/10.2134/agronj2005.0542


Engels, C., and H. Marschner. 1990. Effect of sub-optimal root zone temperatures at varied nutrient supply and shoot
meristem temperature on growth and nutrient concentrations in maize seedlings (Zea mays L.). Plant and Soil
126:215–225. doi:10.1007/BF00012825.

Engels, C., and H. Marschner. 1992. Root to shoot translocation of macronutrients in relation to shoot demand in maize
(Zea mays L.) grown at different root zone temperatures. Zeitschrift f€ur Pflanzenern€ahrung und Bodenkunde 155:
121–128. doi:10.1002/jpln.19921550209.

Engels, C., and H. Marschner. 1996. Effects of suboptimal root zone temperatures and shoot demand on net translocation
of micronutrients from the roots to the shoot of maize. Plant and Soil 186:311–320. doi:10.1007/BF02415526.

Fageria, N. K., V. C. Baligar, and R. B. Clark. 2002. Micronutrients in crop production. Advances in Agronomy 77:
185–268. doi:10.1016/S0065-2113(02)77015-6.

Fageria, N. K. 2009. The use of nutrients in crop plants. Boca Raton, Florida: CRC Press.
Federolf, C-P., M. Westerschulte, H.-W. Olfs, G. Broll, and D. Trautz. 2016. Enhanced nutrient use efficiencies from liq-

uid manure by positioned injection in maize cropping in northwest Germany. European Journal of Agronomy
75:130–138. doi:10.1016/j.eja.2016.01.016.

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

Grant, C. A., D. N. Flaten, D. J. Tomasiewicz, S. C. Sheppard, and A. M. Johnston. 2001. The importance of early season
phosphorus nutrition. Canadian Journal of Plant Science 81:211–224. doi:10.4141/P00-093.

Hinsinger, P. 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by root-induced chemical changes: A
review. Plant and Soil 237:173–195. doi:10.1023/A:1013351617532.

Hinsinger, P., C. Plassard, C. Tang, and B. Jaillard. 2003. Origins of root-mediated pH changes in the rhizosphere and their
responses to environmental constraints. A review. Plant and Soil 248:43–59. doi:10.1023/A:1022371130939.

Hinsinger, P., A. G. Bengough, D. Vetterlein, and I. M. Young. 2009. Rhizosphere. Biophysics, biogeochemistry and eco-
logical relevance. Plant and Soil 321:117–152. doi:10.1007/s11104-008-9885-9.

Imran, M., A. Mahmood, V. R€omheld, and G. Neumann. 2013. Nutrient seed priming improves seedling development 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.

IUSS Working Group WRB. 2014. World reference base for soil resources 2014. International soil classification system for
naming soils and creating legends for soil maps. World Soil Reports No. 106. Rome, Italy: Food and Agriculture Orga-
nization of the United Nations.

Jing, J., Y. Rui, F. Zhang, Z. Rengel, and J. Shen. 2010. Localized application of phosphorus and ammonium improves
growth of maize seedlings by stimulating root proliferation and rhizosphere acidification. Field Crops Research
119:355–364. doi:10.1016/j.fcr.2010.08.005.

Jing, J., F. Zhang, Z. Rengel, and J. Shen. 2012. Localized fertilization with P plus N elicits an ammonium-dependent
enhancement of maize root growth and nutrient uptake. Field Crops Research 133:176–185. doi:10.1016/j.
fcr.2012.04.009.

Keckl, G. 2015. Land use and harvest data 2014. Hannover, Germany: Landesamt f€ur Statistik Niedersachsen.
Lawrence, M. A. 2013. Ez: Easy analysis and visualization of factorial experiments. R package version 4.2-2. Accessed

August 15, 2016, http://CRAN.R-project.org/packageDez.
Leinweber, P. 1996. Phosphorus fractions in soils from an area with high density of livestock population. Zeitschrift f€ur

Pflanzenern€ahrung und Bodenkunde 159:251–256. doi:10.1002/jpln.1996.3581590305.
L’Herroux, L., S. Le Roux, P. Appriou, and J. Martinez. 1997. Behaviour of metals following intensive pig slurry applica-

tions to a natural field treatment process in Brittany (France). Environmental Pollution 97:119–130. doi:10.1016/
S0269-7491(97)00072-9.

Lichtenegger, E., L. Kutschera, M. Sobotik. 2009. Root atlas of cultivated plants in temperate zones. Including species of
field vegetables. Frankfurt/Main, Germany: DLG-Verlag.

Ma, Q., F. Zhang, Z. Rengel, and J. Shen. 2013. Localized application of NH4
C-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.

Mattias, J. L., C. A. Ceretta, C. N. Nesi, E. Girotto, E. E. Trentin, C. R. Lourenzi, and R. C. B. Vieira. 2010. Copper, zinc
and manganese in soils of two watersheds in Santa Catarina with intensive use of pig slurry. Revista Brasileira de Cîen-
cia do Solo 34:1445–1454. doi:10.1590/S0100-06832010000400040.

McCormick, R. A., D. W. Nelson, A. L. Sutton, and D. M. Huber. 1983. Effect of nitrapyrin on nitrogen transformations
in soil treated with liquid swine manure. Agronomy Journal 75:947–950. doi:10.2134/agronj1983.00021
962007500060021x.

Neumann, G., and V. R€omheld. 2003. Root-induced changes in the availability of nutrients in the rhizosphere. ChemIn-
form 34:617–649. doi:10.1002/chin.200304265.

Neumann, G., and V. R€omheld. 2012. Rhizosphere chemistry in relation to plant nutrition. InMarschner’s mineral nutri-
tion of higher plants, eds. P. Marschner, 3rd ed., 347–68. San Diego, California: Elsevier Academic Press.

Nicholson, F. A., S. R. Smith, B. J. Alloway, C. Carlton-Smith, and B. J. Chambers. 2003. An inventory of heavy metals
inputs to agricultural soils in England and Wales. Science of the Total Environment 311:205–219. doi:10.1016/S0048-
9697(03)00139-6.

JOURNAL OF PLANT NUTRITION 15

https://doi.org/10.1007/BF00012825
https://doi.org/10.1002/jpln.19921550209
https://doi.org/10.1007/BF02415526
https://doi.org/10.1016/S0065-2113(02)77015-6
https://doi.org/10.1016/j.eja.2016.01.016
https://doi.org/10.1007/s10705-016-9813-y
https://doi.org/10.4141/P00-093
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1023/A:1022371130939
https://doi.org/10.1007/s11104-008-9885-9
https://doi.org/10.1016/j.eja.2013.04.001
https://doi.org/10.1016/j.fcr.2010.08.005
https://doi.org/10.1016/j.fcr.2012.04.009
https://doi.org/10.1016/j.fcr.2012.04.009
http://CRAN.R-project.org/package=ez
http://CRAN.R-project.org/package=ez
https://doi.org/10.1002/jpln.1996.3581590305
https://doi.org/10.1016/S0269-7491(97)00072-9
https://doi.org/10.1016/S0269-7491(97)00072-9
https://doi.org/10.1007/s11104-013-1735-8
https://doi.org/10.1590/S0100-06832010000400040
https://doi.org/10.2134/agronj1983.00021962007500060021x
https://doi.org/10.2134/agronj1983.00021962007500060021x
https://doi.org/10.1002/chin.200304265
https://doi.org/10.1016/S0048-9697(03)00139-6
https://doi.org/10.1016/S0048-9697(03)00139-6


Nkebiwe, P. M., M. Weinmann, A. Bar-Tal, and T. M€uller. 2016. Fertilizer placement to improve crop nutrient acquisi-
tion and yield. A review and meta-analysis. Field Crops Research 196:389–401. doi:10.1016/j.fcr.2016.07.018.

Ohlrogge, A. J., M. H. Miller, and W. G. Duncan. 1957. Certain principles for getting effective nutrient use from fertilizer
bands. Better Crops with Plant Food 41:26–30.

Petersen, J., H. H. Jensen, and G. H. Rubæk. 2010. Phosphorus fertilization of maize seedlings by side-band injection of
animal slurry. In Treatment and use of organic residues in agriculture: Challenges and opportunities towards sustain-
able management, eds. C. Cordovil and L. Ferreira, 763–66. Lisboa, Portugal: RAMIRAN—The leading network on
recycling organic residues in agriculture.

R Core Team. 2016. R: A language and environment for statistical computing. Vienna, Austria: The R Foundation for sta-
tistical computing.

Reuter, D. J., and J. B. Robinson. 1986. Plant analysis: An interpretation manual. Melbourne, Australia: Inkata Press.
Sawyer, J. E., M. A. Schmitt, and R. G. Hoeft. 1990. Inorganic nitrogen distribution and soil chemical transformations

associated with injected liquid beef manure. Agronomy Journal 82:963–969. doi:10.2134/agronj1990.0002
1962008200050025x.

Schmitt, M. A., S. D. Evans, and G. W. Randall. 1995. Effect of liquid manure application methods on soil nitrogen and
corn grain yields. Journal of Production Agriculture 8:186–189. doi:10.2134/jpa1995.0186.

Schr€oder, J. J., L. Ten Holte, and G. Brouwer. 1997. Response of silage maize to placement of cattle slurry. Netherlands
Journal of Agricultural Science 45:249–261.

Schr€oder, J. J., A. L. Smit, D. Cordell, and A. Rosemarin. 2011. Improved phosphorus use efficiency in agriculture: A key
requirement for its sustainable use. Chemosphere 84:822–831. doi:10.1016/j.chemosphere.2011.01.065.

Schr€oder, J. J., G. D. Vermeulen, J. R. van der Schoot, W. van Dijk, J. Huijsmans, G. J. H. M. Meuffels, and D. A. van der
Schans. 2015. Maize yields benefit from injected manure positioned in bands. European Journal of Agronomy 64:29–
36. doi:10.1016/j.eja.2014.12.011.

Smith, K. A., D. R. Jackson, and P. J. Withers. 2001. Nutrient losses by surface run-off following the application of organic
manures to arable land. 2. Phosphorus. Environmental Pollution 112:53–60. doi:10.1016/S0269-7491(00)00098-1.

Sutton, A. L., D. W. Nelson, J. D. Hoff, and V. B. Mayrose. 1982. Effects of injection and surface applications of liquid
swine manure on corn yield and soil composition. Journal of Environmental Quality 11:468–472. doi:10.2134/
jeq1982.00472425001100030030x.

Syers, J. K., A. E. Johnston, and D. Curtin. 2008. Efficiency of soil and fertilizer phosphorus use. Reconciling changing con-
cepts of soil phosphorus behavior with agronomic information. Fertilizer and plant nutrition Bulletin No. 18. Rome,
Italy: Food and Agriculture Organization of the United Nations.

Thomson, C. J., H. Marschner, and V. R€omheld. 1993. Effect of nitrogen fertilizer form on pH of the bulk soil and rhizo-
sphere, and on the growth, phosphorus, and micronutrient uptake of bean. Journal of Plant Nutrition 16:493–506.
doi:10.1080/01904169309364548.

Warnecke, S., M. Biberacher, H-J. Brauckmann, and G. Broll. 2011. Sustainable use of by-products of food of animal ori-
gin by initiation of a material-flow management. In Sustainable animal production in areas of intensive agriculture in
Lower Saxony. Weiße Reihe 35, eds. H.-W. Windhorst and A. Veauthier, 107–112. Vechta, Germany: Vechtaer
Druckerei und Verlag.

Westerschulte, M., C.-P. Federolf, D. Trautz, G. Broll, and H.-W. Olfs. 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.

Zhang, Y-Q., L-L. Pang, P. Yan, D-Y. Liu, W. Zhang, R. Yost, F-.S. Zhang, and C.-Q. Zou. 2013. Zinc fertilizer placement
affects zinc content in maize plant. Plant and Soil 372:81–92. doi:10.1007/s11104-013-1904-9.

16 M. WESTERSCHULTE ET AL.

View publication statsView publication stats

https://doi.org/10.1016/j.fcr.2016.07.018
https://doi.org/10.2134/agronj1990.00021962008200050025x
https://doi.org/10.2134/agronj1990.00021962008200050025x
https://doi.org/10.2134/jpa1995.0186
https://doi.org/10.1016/j.chemosphere.2011.01.065
https://doi.org/10.1016/j.eja.2014.12.011
https://doi.org/10.1016/S0269-7491(00)00098-1
https://doi.org/10.2134/jeq1982.00472425001100030030x
https://doi.org/10.2134/jeq1982.00472425001100030030x
https://doi.org/10.1080/01904169309364548
https://doi.org/10.1007/s10705-016-9799-5
https://doi.org/10.1007/s11104-013-1904-9
https://www.researchgate.net/publication/324841188

	Abstract
	Introduction
	Material and methods
	Experimental sites, soil characteristics, and weather conditions
	Experimental design, treatments, and crop management
	Plant sampling and analysis
	Calculations and data analysis

	Results
	Dry matter accumulation
	Phosphorus
	Zinc
	Manganese

	Discussion
	Early growth: Effect of slurry placement
	Early growth: Effect of the nitrification inhibitor
	Early growth: Slurry injection with nitrification inhibitor versus broadcast application
	Nutrient status and balances at harvest

	Acknowledgments
	Funding
	References

