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a  b  s  t  r  a  c  t

In  agricultural  soils,  plant-available  nitrogen  (N)  and  phosphorous  (P)  may  be inadequate  for  crop  pro-
duction  although  total  N and  P concentrations  are  high.  Therefore,  N and/or  P fertilizer  is  commonly
applied  to field  soil  by  broadcast,  even  though  broadcast  does  not  ensure  that  a  considerable  proportion
of  applied  fertilizer  is available  at the  right  time  and  place  for  optimal  root  uptake.  Fertilizer  placement
in  soil,  which  refers  to precise  application  of  specific  fertilizer  formulations  close  to seeds  or  plant  roots
to  ensure  high  nutrient  availability,  may  be a more  effective  alternative  to  broadcast  application.  The
objectives  of this  paper are:  (1) to  summarize  current  techniques  for  fertilizer  placement  in  soil  and
to  identify  fertilizers  that  are  suitable  for  subsurface  placement;  and  (2)  to quantify  the  relative  effects
of  fertilizer  placement  to fertilizer  broadcast  on crop  nutrient  acquisition  and  yield.  To  achieve  these
aims,  we  reviewed  scientific  literature  on  the dynamics  of nutrient  movement  from  soil into  roots  and
studies on  fertilizer  placement  under  field  conditions.  Additionally,  we  performed  three  meta-analyses
according  to  the  method  of baseline  contrasts  on  the relative  effects  of fertilizer  placement  (Treatment)  to
fertilizer  broadcast  (Control)  on  yield,  nutrient  concentration  and  content  in above-ground  plant  parts.  In
all,  we  used  1022  datasets  from  40 field  studies  published  from  1982  to 2015  (85%  of  studies  from  2000).
Results  showed  that  overall,  fertilizer  placement  led  to 3.7%  higher  yield,  3.7%  higher  nutrient  concen-
tration  and  11.9%  higher  nutrient  content  in  above-ground  parts  than  fertilizer  broadcast.  For  CO(NH2)2

and  soluble  phosphate  (PO4
3−),  NH4

+ and  PO4
3−, CO(NH2)2, NH4

+, and  PO4
3−,  fertilizer  placement  led  to

27.3%,  14.7%,  11.6%,  3.8%  and 0.0%  increase  in  yield  in  comparison  to  broadcast  respectively.  Increase  in
relative  yield  and  relative  nutrient  uptake  from  subsurface  placed  CO(NH2)2, CO(NH2)2 and  PO4

3−,  NH4
+,

+ 3− +
NH4 and  PO4 or  K tend  to  increase  with  increasing  placement  depth  to  more  than  10  cm.  Results
show that  deep  subsurface  placed  NH4

+ (±PO4
3−) or CO(NH2)2 (±PO4

3−),  K+, solid  or  liquid  manure  is
more effective  to improve  deep  rooting,  nutrient  uptake  and  yield  than  broadcast.  Thus,  deep  subsurface
fertilizer  placement  could  be one  more  tool  to mitigate  negative  consequences  of increasingly  frequent
high  temperatures  and  drought  that  threaten  food  production  globally.

© 2016  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Intensive agriculture, which requires substantial amounts of
oluble fertilizers and other inputs, has considerably increased
lobal food production (Matson et al., 1997; Tilman et al., 2002).
owever, it has also increased the risk of negative consequences
n ecosystems, climate and public health (Delgado and Scalenghe,
008; Matson et al., 1997; Tilman et al., 2002; Tscharntke et al.,
012). High energy costs for ammonia synthesis (Michalsky and
fromm, 2012) and increasing scarcity in quality and quantity of
ock phosphate reserves (Cordell et al., 2009) suggest that synthetic
ineral N and P fertilizers, and agricultural goods produced using

hem will become more expensive.
Overuse of soluble fertilizers in intensive production systems is

ften associated with low crop nutrient use efficiency (Fan et al.,
012). In the tropics and sub-tropics, apparent nutrient recovery
fficiency (ANR) of applied mineral N, P and K within the first year
f application is estimated to be less than 50%, 10% and 40% respec-
ively (Baligar and Bennett, 1986; Baligar et al., 2001; Raun and
ohnson, 1999). Excess fertilizer nutrients that cannot be contained
n the soil matrix or in soil microbial biomass may  be released to
he atmosphere (e.g. NH3, N2O, NOx and N2) and to surface and/or
elow-ground water bodies (e.g. NO3

−, HPO4
2−/H2PO4

−) (Fan et al.,
012; Tunney et al., 1997; Weaver et al., 1988).

Compared to other macronutrients, plant-available P is fre-
uently the prime limiting nutrient for plant growth in most
gricultural soils (Hinsinger, 2001). Like any other essential nutri-
nt, severe P deficiency, especially during early growth stages in
nnual plants, may  lead to irreversible restrictions in plant growth
nd development, which may  not be corrected even after optimal P
upply during later growth stages, thus, limiting crop yield (Colomb
t al., 2000; Grant et al., 2001).

After long-term P fertilization, plant-available P levels may
ecome suboptimal for crop production although total P is high
Hinsinger, 2001). A fraction of applied P is taken up by plants and
y soil microorganisms, the latter acting as an important sink and
ource for soil P (Bünemann et al., 2011; Gichangi et al., 2009).
he other fraction may  be rendered partially or fully unavailable
o plants through fixation or occlusion respectively. P fixation may
ccur by adsorption of PO4

3− and or stabilized organic phosphates
e.g. phosphate monoesters) to sorbent surfaces on soil colloids
uch as iron and other metal hydroxides (Turner et al., 2005). It
ay also occur through precipitation of PO4

3− as sparingly solu-
le Ca-phosphates in calcareous soils with neutral or alkaline pH

up to about 8) (Lu et al., 1987; Moody et al., 1995) or as Fe- or Al-
hosphates in acidic soils (pH below 5.5) (Prochnow et al., 2004;
edel et al., 2007).
 .  . .  . . . .  . . .  . . . . .  .  . . . . .  . .  .  .  . . .  . . .  . . . . . . .  .  . . .  .  . . . .  .  .  . . . . .  . . . . . . .  .  .  .  . . .  .  . .  . . . .  .  399

To optimize N and P availability to crop plants especially in early
growth stages, N and P fertilizer can be applied by localized place-
ment at moderate amounts in the seeding zone or in high amounts
given sufficient spacing to plants as opposed to conventional fer-
tilizer application by homogenous broadcast over the entire soil
surface, with or without subsequent incorporation (Grant et al.,
2001; Lu and Miller, 1993; Valluru et al., 2010). In this paper, “fertil-
izer placement” refers to localized application of fertilizers to small
areas on surface or subsurface soil. Early studies on fertilizer place-
ment mainly focused on the effects on crop yields. They reported
enhanced plant growth and yield for placement of N and NPK fer-
tilizers and conflicting results for placement of P or K fertilizers
(Cooke, 1954; Reith, 1954). Within the last two decades, the sig-
nificance of fertilizer placement in comparison to broadcast can be
appreciated through the wide range of published peer-reviewed
articles on the topic. There has been much interest in the effects
of fertilizer placement in comparison to fertilizer broadcast on
crop performance attributes like root growth and nutrient uptake
(Hodge, 2004; Rose et al., 2009; Weligama et al., 2008;); crop yield
(Jing et al., 2012; Kelley and Sweeney, 2007; Schlegel et al., 2003)
and yield quality (Boelcke, 2003; Weber et al., 2008); and on envi-
ronmental aspects like NO3

− leaching (Baker, 2001; Ruidisch et al.,
2013; Zhou et al., 2008); emission of N2O (Engel et al., 2010; Halvor-
son and Del Grosso, 2012; Pfab et al., 2012; Nash et al., 2012);
release of CH4 (Linquist et al., 2012; van Kessel et al., 2012); and
volatilization of NH3 (Hayashi et al., 2009; Ma  et al., 2010; Rochette
et al., 2009). Fertilizer placement has also gained much interest in
weed management where effective fertilizer placement dispropor-
tionately favors nutrition of target crop plants and enables them to
be more competitive against weeds (Blackshaw et al., 2002; Légère
et al., 2013; Melander et al., 2005; Petersen, 2005). Interest in fertil-
izer placement can also be appreciated by continuous development
of improved placement machinery (Bautista et al., 2001; Nyord
et al., 2008).

In more recent decades, many studies on fertilizer placement
have also reported conflicting results on its effect on crop perfor-
mance in comparison to fertilizer broadcast and requirements for
effective fertilizer placement remain unclear. Open questions still
exist, such as: Which fertilizers and placement techniques have
been shown to be consistently effective? Can placement improve
the efficiency of alternative recycled N and/or P fertilizers that are
usually sparingly soluble (e.g. sewage sludge ash, biogas digestates
or P-rich industrial by-products, if levels of heavy metals and other
impurities are acceptable)?
The objectives of this paper are: (1) to summarize current tech-
niques for fertilizer placement in the field and to outline properties
of fertilizers suitable for placement as a subsurface depot; and (2)
to compare the relative effect of fertilizer placement (Treatment)
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o fertilizer broadcast (Control) on yield and nutrient concen-
ration and content in above-ground biomass, for various field
rops, fertilizers and placement techniques through comprehen-
ive meta-analyses on data published from field studies within the
ast three decades. Fertilizer placement effect on biomass nutri-
nt concentration is addressed in terms of post-harvest nutritional
alue of crops (e.g. relation of N concentration to protein content
nd baking quality of bread wheat) (Boelcke, 2003; Grant et al.,
016) and not regarded as an indicator for crop nutrition or yield
otential, given the general inverse allometric relation of nutrient
oncentration to dry biomass yield per unit area, as clearly illus-
rated for N concentration in different crop species (Greenwood
t al., 1991).

. Literature review

.1. Methodology

In order to compile and summarize relevant information on
ertilizer placement techniques and fertilizers suitable for place-

ent, and data on yield, nutrient concentration and content in
bove-ground biomass from fertilizer placement in comparison
o fertilizer broadcast, we used published peer-reviewed arti-
les and reviews obtained through recognized literature databases
ike Scopus and EBSCO EDS-global index as well as free scien-
ific publication servers like Google Scholar. In our comprehensive
iterature search, we initially employed the following keywords
nd their combinations: fertilizer application methods, fertilizer
pplication techniques, fertilizer placement, nutrient placement,
ocalized fertilizer, localized nutrient supply, soil fertilizer depot,
itrogen placement, phosphorous placement, potassium place-
ent, manure placement, slurry placement, field soil, field crops.

hese searches yielded more specific keywords and technical terms
hat were subsequently used particularly in literature search for
ata used in the meta-analyses described in Section 3. Further
eywords and technical terms included: starter fertilizer; 2 × 2
ertilizer; 5 × 5 fertilizer; pop-up fertilizer; fertilizer band; fur-
ow fertilizer; below-seed fertilizer; deep placement; fertilizer
ide-dress; fertilizer injection; CULTAN; fertilizer depot placement;
-fertilizer depot; fertilizer nests; knife fertilizer; coulter-knife

ertilizer; fertilizer broadcast; broadcast-incorporated; fertilizer
opdress; yield; nutrient uptake; yield quality; yield composition;

aize; wheat; field experiment; field study. Using defined time
anges; priority was given to scientific papers published from
ecent years till 2000 before older publications were considered.

Books were obtained through the library services of the Univer-
ity of Hohenheim, Stuttgart, Germany.

.2. Techniques for fertilizer placement

Common techniques for fertilizer placement in soil include:
ndirect placement by pre-treatment of seeds with fertilizers before
owing (Peltonen-Sainio et al., 2006; Sekiya and Yano, 2010); in
he seed hole or furrow during seeding (Hocking et al., 2003), on
he soil surface as a band with or without incorporation (Kelley
nd Sweeney, 2007); subsurface as: shallow or deep band (Pfab
t al., 2012), in a shallow or deep trench cut in the soil (“knife” or
coulter-knife” application, Kelley and Sweeney, 2007), as shallow
r deep point placement (“nest” placement, Engel et al., 2010) or
oint injection (Sommer, 2005; Weber et al., 2008) (Fig. 1). Fer-
ilizer bands could also be placed on or below the soil surface, on

r to the side(s) of the crop row. These techniques can be applied
o both inorganic and organic fertilizers (Bittman et al., 2012; Dell
t al., 2011) as well as to solid, liquid and gaseous fertilizer formu-
ations, the latter requiring special equipment to minimize gaseous

d

search 196 (2016) 389–401 391

losses. Effective fertilizer placement requires good timing to crop
demand and environmental conditions with low risk of nutrient
loss. Split fertilizer placement at key growth stages with high nutri-
ent demand enhances nutrient uptake and crop yield (Saleem et al.,
2009), however, it may entail higher labor and energy costs.

Seed placement ensures that as seed nutrient reserves become
depleted, nutrients (especially macronutrients N and P) are suf-
ficiently available during susceptible early growth stages when
rooting is small. Nevertheless, high seed NH4

+ and PO4
3− rates are

not advisable to avoid injury on seeds and young plants.
Surface placement without incorporation is not advisable for

N fertilizers such as liquid manure, NH4
+-fertilizer and CO(NH2)2

because it may  lead to high gaseous NH3 losses especially on
alkaline or dry soils and under high air temperatures (Adamsen
and Sabey, 1987; Dell et al., 2011; Köhler et al., 2003). Surface-
placed fertilizers are more prone to wind and water erosion and
more likely to emit undesirable odors (especially for manures) than
incorporated or subsurface placed fertilizers. Although soil incor-
poration may  reduce NH3 volatilization from NH4

+-fertilizer or
CO(NH2)2, it increases the surface area of contact with soil microor-
ganisms, thereby promoting biological oxidation with high risk for
NO3

− leaching and gaseous N2O, NOx and N2 losses (Malhi et al.,
2001; Nash et al., 2012).

Subsurface fertilizer placement may  be shallow (often 5–10 cm)
or deep (>10 cm). Similarly to seed placement, fertilizer applica-
tion rates should be kept low if they are placed below ground and
close to the seed row (Zhang and Rengel, 2002). If placed close to
seeds, granulated fertilizers may  be less harmful to seeds than fine
and/or highly soluble ones due to slower nutrient release (Olson
and Dreier, 1956). “Starter fertilizer” usually refers to macronutri-
ent(s) especially NH4

+ and PO4
3− (e.g. (NH4)2HPO4) banded only

about 5 cm sideways and 5 cm below seeds, in the seeding hole
or on/in the sowing row to ensure high nutrient availability dur-
ing early crop development stages (Grant et al., 2001; Kristoffersen
et al., 2005; Qin et al., 2005; Niehues et al., 2004). Unlike even broad-
cast with or without incorporation, banding reduces the surface
area of contact with soil and soil microorganisms, thereby reduc-
ing PO4

3− immobilization by fixation to various cations (Grant et al.,
2001) and NH4

+ nitrification by soil microorganisms (Malhi et al.,
2001). NH4

+-fertilizers containing nitrification inhibitors may  be
suitable for placement (For chemical structures and inhibited reac-
tions of nitrification and urease inhibitors tested in the field studies
used in the meta-analyses described in Section 3, see Table A.1,
Appendix).

Whereas fertilizers placed deep in soil with high moisture con-
tent may  be more plant-available than those placed at shallow
depths with less moisture (Ma  et al., 2009; Singh et al., 2005), nutri-
ents placed too deep may  be less plant-available during early stages
of plant growth when root density is still low at high depths.

2.3. Fertilizers suitable for placement as depots

To effectively place fertilizer to form a subsurface nutrient
depot, we propose the following prerequisites. Fertilizer ions
should:

a.) Be taken up by plants in relevant quantities (macronutrients).
.) Considerably stimulate root-growth and attract roots at the site of

contact.
c.) Have limited mobility from the depot. This is feasible for nutrients
that have low effective diffusion coefficients in soil due to their
adsorption properties (Table 1) although being water-soluble.

.) Be relatively stable in chemical form and plant- availability espe-
cially at depot borders accessible to roots.
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Fig. 1. Fertilizer placement techniques.

Table 1
Effective Diffusion Coefficients of macronutrients in soil.

Nutrient Effective diffusion
coefficient in soil
(×10−6 cm2 s−1)

Soil texture Volumetric
moisture
content (%)

Bulk density
(g cm−3)

Subgroup (USDA
soil taxonomy)

Source

H2PO4
− 0.00001–0.01 Marschner and Rengel (2012),

Neumann and Römheld (2012)
H2PO4

− 0.0023 Silt loam Barber (1984)
H2PO4

− 0.007–0.025 Sandy loam Bhat and Nye (1973)
H2PO4

− 0.0042 Loamy sand 20 1.5 Typic Udipsamment Schenk and Barber (1979)
H2PO4

− 0.0062 Loam 24 1.2 Typic Argiaquoll Schenk and Barber (1979)
H2PO4

− 0.0097 Silt loam 24 1.2 Ultic Hapludalf Schenk and Barber (1979)
H2PO4

− 0.0131 Silt loam 24 1.2 Typic Halplaquoll Schenk and Barber (1979)
H2PO4

− 0.0152 Silt loam 24 1.2 Aeric Ochraqualf Schenk and Barber (1979)
H2PO4

− 0.0893 Silt loam 20 1.2 Aquic Argiudoll Schenk and Barber (1979)
K+ 0.01–0.1 Marschner and Rengel (2012),

Neumann and Römheld (2012)
K+ 0.019 Silt loam Barber (1984)
K+ 0.066 Silt loam Typic Halplaquoll Barber (1984)
K+ 0.075 Silt loam Ultic Hapludalf Barber (1984)
NH4

+ 0.157a Loam 20 1.14–1.23 Clarke and Barley (1968)
NH4

+ 0.319a Sand 20 1.48–1.55 Clarke and Barley (1968)
NH4

+ 0.73 Clay loam 32 Pang et al. (1973)
NH4

+ 0.82 Silty clay loam 42 Pang et al. (1973)
NH4

+ 1.24 Fine sandy
loam

17 Pang et al. (1973)

CO(NH2)2 0.62 Sandy clay 52 1.22 Typic Hapludults Sadeghi et al. (1989)
CO(NH2)2 0.805 Silt loam 58.6 1.37 Cumulic Hapludolls Sadeghi et al. (1989)
NO3

− 0.1–1.0 Marschner and Rengel (2012),
Neumann and Römheld (2012)

NO3
− 1.99a Loam 20 1.14–1.23 Clarke and Barley (1968)

NO3
− 2.5 Silt loam Barber (1984)

NO3
− 4.76a Sand 20 1.48–1.55 Clarke and Barley (1968)

U
functi

e

g

D

D
t
d
b

c
v
s
s

SDA, United States Department of Agriculture.
a Effective diffusion coefficient derived from equations of effective diffusion as a 

.) Be placed at an appropriate distance from the seeding zone to avoid
injury to plants.

The effective diffusion coefficient of a nutrient in soil (De) is
iven by:

e = (D1�f1dC1)
dCs

l, diffusion coefficient of the nutrient in water; �, volumetric mois-
ure content of soil; −

∫
l, tortuosity, the capacity of the soil to impede

iffusion of non-adsorbed ions; dCl/dCs ,; the reciprocal of the soil
uffer capacity for the nutrient (Barber, 1984).

An effective approach is to place fertilizers at a high dose and

oncentration in a limited soil volume to form a nutrient depot pro-
iding high and persistent nutrient-availability during the growing
eason. For placement of NH4

+ (with or without PO4
3−) as a rich

ubsurface depot, Sommer (2005) proposed the term Controlled
on of volumetric water content (Clarke and Barley, 1968).

Long-Term Ammonium Nutrition (CULTAN), which describes a sin-
gle application of a high phytotoxic concentration of fertilizer
solution or granules at a safe distance from plant roots or seeds
(Deppe et al., 2016). Toxic NH4

+ concentrations inhibit NH4
+ oxi-

dation by soil microorganisms (Müller et al., 2006; Shaviv, 1988).
Nutrient concentration in such a rich depot could be in the order of
1000 mg  N or P kg −1 dry soil and even higher (Lu and Miller, 1993;
Pfab et al., 2012).

Based on the suggested criteria, fertilizers containing the
macronutrient N in the form of NH4

+ and/or P normally in the
oxidized form of PO4

3− (e.g. (NH4)2SO4, Ca(H2PO4)2, NH4H2PO4,
(NH4)2HPO4 and ammonium polyphosphate −[NH4 PO3]n) are the
best candidates to be recommended for placement as a subsurface
depot. NH4

+ and PO4
3− ions are both macronutrients that strongly
stimulate initiation and elongation of lateral roots on the part of
the root system that is within or close to their respective nutrient
depots (Anghinoni and Barber, 1990; Chassot et al., 2001; Drew,
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975; Jing et al., 2012), also with a potential to contribute to root
rowth in soil zones distant from the nutrient patch (Zhang et al.,
000). NH4

+ and PO4
3− generally have low effective diffusion coef-

cients in soils (Barber, 1984; Neumann and Römheld, 2012). NH4
+

eadily binds to negative charges on the surface of clay minerals and
ecomes fixed, especially in 2:1 type clay-rich soils, when it pene-
rates the clay mineral interlayers and becomes trapped between its
ilicate sheets (Nieder et al., 2011). As previously indicated, PO4

3−

s readily fixed by adsorption to iron and other metal hydroxides
r is precipitated depending on pH as Fe-, Al- and Ca-phosphates.
O4

3− sorption capacity of soil can be measured from the concen-
ration of Fe, Al and Ca cations upon extraction with Mehlich-3
olution (Zhang et al., 2005). According to Sommer (2005), high
oncentrations of NH4

+ inhibit nitrification in subsurface NH4
+-

epots, thereby lowering the potential for NO3
−-related N losses.

s a further step, the stability of NH4
+ in a subsurface depot may

e increased by using NH4
+ treated with nitrification inhibitors

.g. 3, 4-Dimethylpyrazole phosphate (DMPP) (Zerulla et al., 2001).
hrough localized placement of NH4

+ and/or PO4
3− in small soil vol-

mes, the surface area for contact to soil microorganisms (biological
ransformation or immobilization) or to soil minerals (for chem-
cal transformation, adsorption, fixation or occlusion) is greatly
educed, thus, promoting nutrient stability in soil.

NO3
−, CO(NH2)2 and K+ do not substantially stimulate initiation

nd growth of lateral roots upon contact and are highly mobile in
oil due to rapid diffusion and movement by mass flow. Therefore,
hey are less suitable candidates for placement to form a localized
ubsurface depot. Nevertheless, CO(NH2)2 may  be placed as a depot
f conditions are optimal for rapid ammonification and reduced NH3
olatilization.

. Meta-analyses of relative effects of fertilizer placement
o fertilizer broadcast on crop yield and nutrient uptake

.1. Prerequisites for data inclusion

Studies included in the meta-analysis fulfilled the following con-
itions:

Published in an international peer-reviewed journal. Two  excep-
tions were made specific to the fertilizer placement technique
termed CULTAN (Sommer, 2005): a Ph.D. Thesis and a publication
in a national agricultural research center journal.
Performed under field conditions.
Contained at least one fertilizer placement treatment (Treatment)
and one fertilizer broadcast (or broadcast/incorporation) treat-
ment (Control).
Applied the same or comparable fertilizer types and application
rates for Treatments and Control.

To compile published peer-reviewed studies that were included
n these meta-analyses, we used specific keywords to search in
ecognized scientific literature databases as already described in
ection 2.1. For yield, nutrient concentration in plant parts and
utrient uptake combined, there were 1022 datasets collected from
0 studies: six from 1982 to 1999 and 34 from 2000 to 2015. The
erm “dataset” refers to a pair of means (X̄), standard deviations
S) and sample sizes (N), one for Treatment and the other for Con-
rol derived from the same experiment. Many datasets could be
etrieved because several studies were extensive e.g. Borges and
allarino (2000) which covered 20 field tests in long-term trials
nd 11 field tests in short-term trials. Additionally, many studies
nvestigated different fertilizer types, application rates, timing and
echniques under different systems for cropping, rotation, irriga-
ion and tillage.
search 196 (2016) 389–401 393

Information about crops, soil types, fertilizer types, broadcast
and placement techniques, result of fertilizer broadcast and fertil-
izer placement on yield, nutrient uptake and nutrient concentration
in plant parts, relative effects of fertilizer placement to broadcast
and source of studies are summarized in Table A.1 (Appendix).

3.2. Methodology

In order to combine treatment effects across several primary
independent randomized studies, a suitable method used in most
meta-analyses is baseline contrasts, which puts the results of these
studies in a common framework to enable comparison. This method
expresses the effect of an experimental treatment in a study as
a contrast or response ratio to the effect of a baseline or control
treatment within the same study (Akiyama et al., 2010; Piepho et al.,
2012). A random effects model with grouping variable was used to
analyze the data (data structured in groups e.g. crop species). This
model accounted for sampling error between studies and random
variation in effect sizes between studies.

The whole data used in each meta-analysis could be arranged
according to one of several grouping variables into different
subgroups. For relative yield, five grouping variables and their
subgroups included: Crop type (15: maize, winter wheat, spring
wheat, winter rye, sorghum, rice, soybean, rapeseed, turnip rape,
potato, sugar beet, lettuce, cauliflower, Chinese cabbage and mixed
grassland grass species); Yield component (6: grain − for cere-
als, oilseeds and pulses; cob – for maize only; straw – for cereals,
oilseeds and pulses; above-ground biomass; tuber – for potato and
sugar beet; sucrose – for sugar beet); Fertilizer type (9: ammo-
nium, ammonium and phosphorus, N (no description), urea, urea
and phosphorus, phosphorus, potassium, liquid manure and solid
manure); Placement technique (11: surface band, seed, below
seed, shallow band, shallow knife, shallow point placement, shal-
low point injection, deep band, deep knife, deep point placement
and deep point injection); Placement depth (3: 0 cm,  5–10 cm
and >10 cm). For relative nutrient concentration in plant parts,
six grouping variables and subgroups were: Crop type (4: maize,
winter wheat, soybean and turnip rape); Plant part (3: grain –
for cereals, oilseeds and pulses; leaf – youngest or ear-leaf; and
above-ground biomass); Nutrient (4: N, P, K and Grain-protein);
Fertilizer type (6: ammonium, ammonium and phosphorus, urea,
phosphorus, potassium and liquid manure); Placement technique
(6: surface band, seed, shallow band, shallow point injection, deep
band and deep point injection); Placement depth (3: same as for
yield). Finally, for relative nutrient uptake, five grouping vari-
ables and subgroups comprised: Crop type (10: maize, winter
wheat, winter rye, sorghum, soybean, rapeseed, turnip rape, let-
tuce, cauliflower and mixed grassland grass species); Nutrient (4:
N, P, K and S), Fertilizer type (8: ammonium, ammonium and phos-
phorus, urea, urea and phosphorus, phosphorus, potassium, liquid
manure and solid manure); Placement technique (8: surface band,
shallow band, shallow knife, shallow point injection, deep band,
deep knife, deep point placement and deep point injection); Place-
ment depth (3: same as for yield).

To perform the meta-analyses, we used the software MetaWin
2.0 (Rosenberg et al., 2000) to calculate effect sizes (response ratios,
ln R) of fertilizer placement – experimental Treatment (E) – in rela-
tion to fertilizer broadcast – baseline or Control treatment (C).

ln R = ln

(
X̄E

X̄C

)
= ln

(
X̄E
)

− ln
(

X̄C
)

(1)
The variance of effect sizes (VlnR), was  calculated as follows:

Vln R=
(SE)

2

NE(X̄E)
2

+ (SC )
2

NC (X̄C )
2

(2)
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Where mean, standard deviation and sample size are: X̄E, SE

nd NE for fertilizer placement respectively and X̄C, SC and NC for
ertilizer broadcast respectively, (Rosenberg et al., 2000).

Standard deviations (STDs) were not reported in some studies
see details in results). Where applicable, they were calculated from
eported variances, standard errors, p-values or t-values. Where
ot applicable, we imputed missing STDs with the average of STDs
eported in other studies used in the meta-analysis. Imputation of
issing STDs for the purpose of including as many data as pos-

ible in a meta-analysis has been shown to be safe and accurate
Furukawa et al., 2006; Philbrook et al., 2007). The procedure for
TD imputation involved calculating the mean of reported STDs
xpressed as a fraction of the mean of reported means for a specific
ariable (e.g. 0.1969 or 19.69% mean for maize grain yield). This
umber was then multiplied to the reported mean with missing
TD to obtain an appropriate STD for it.

The procedure for the weighted random effects model analysis
onsisted of: (1.) Running a fixed effects model to produce sum-
ary statistics (mean effect size and total heterogeneity). (2.) Using

he resulting summary statistics to estimate a pooled variance. (3.)
sing the pooled variance to calculate random effects-weights for
ach individual study, which were then used in further calculations
Rosenberg et al., 2000).

For the fixed effects model,  weighted mean effect sizes were cal-
ulated because individual studies had different sample sizes. The
xed-effects weight of the ith study or dataset (wi), was  calculated
y inverting the variance of its effect size:

i = 1
V lnR

(3)

The overall mean effect size ( ¯̄E) for all studies was  given as:

¯̄
 =
∑n

i=1wiEi∑n
i=1wi

(4)

n = number of studies or datasets; Ei = effect size of the ith study
r dataset)

The variance of the overall mean effect size (S2
¯̄E
) was given a

unction of the individual weights.

2
¯̄E

= 1∑n
i=1wi

(5)

Using S2
¯̄E
, the confidence interval (CI) around ¯̄E was calculated as

ollows:

I = ¯̄E ±  t˛/2[n−1] ∗ S ¯̄E
(6)

(t = two-tailed critical value from the Student’s t-distribution at
he critical level �)

Total heterogeneity (QT ) was given as:

T =
n∑

i=1

wiE
2
i −
(∑n

i=1wiEi

)2∑n
i=1wi

=
n∑

i=1

wi

(
Ei − ¯̄E

)2
(7)

T was used for Q statistical test for variability in effect sizes across
tudies. For this, QT was tested against a X 2-distribution (Chi-
quare) at appropriate degrees of freedom. Presence of significant
ample heterogeneity showed that variance among effect sizes was
reater than expected by sampling error and therefore, the appro-
riate weight for each study or dataset should incorporate a pooled
tudy variance.

Total heterogeneity (QT ) is the sum of model-derived effect
ize heterogeneity between studies (or effect size heterogeneity

etween groups for data with grouping structure) (QM) and residual
rror variance (QE).

T = QM + QE (8)
search 196 (2016) 389–401

For the jth group of studies or datasets, the mean effect size (Ēj),
its variance (S2

Ēj
), confidence intervals (CIĒj

) and heterogeneity (Qwj)

were also calculated as shown by Eqs. (4)–(7) respectively.
The sum of individual group heterogeneity (QM) was  given by:

QM =
m∑

j=1

kj∑
i=1

wij

(
Ēj − ¯̄E

)2
(9)

(m = number of groups; kj = number of studies in the jth group;
wij = weight for the ith study in the jth group; Ēj = mean effect size

for the jth group; and ¯̄E is the overall mean effect size given in Eq.
(4).

Residual error heterogeneity (QE), the sum of within-group het-
erogeneity, was  given by:

QE =
m∑

j=1

Qwj =
m∑

j=1

kj∑
i=1

wij

(
Eij − Ēj

)2
(10)

(QWj = individual within-group heterogeneity; m = number of
groups; kj = number of studies in the jth group; wij = weight and
Eij = effect size for the ith study in the jth group; Ēj = the effect size
for the jth group).

With QE known, the pooled study variance (between-study vari-
ance) for data with grouping structure (�2

pooled), was calculated as
follows:

�2
pooled = QE − (n − m)∑m

J=1

(∑kj

i=1wij −
∑kj

i=1
w2

ij∑kj
i=1

wij

) (11)

(QE = residual error heterogeneity from the fixed-effects model;
n = total number of studies, m = the number of groups; kj = the num-
ber of studies in the jth group; wij = the fixed-effects weight for the
ith study in the jth group)

Using �2
pooled, the random-effects weight of the ith study or

dataset (wi(rand)) was then calculated:

wi(rand) = 1

Vi + �2
pooled

(12)

These random-effects weights, which account for pooled vari-
ance, were then used for calculation of mean effect sizes according
to Eqs. (4)–(6). As a pre-requisite for meta-analysis, normality was
checked for bell-shaped distribution in Weighted Histograms (sum
of study weights per effect size class plotted against effect size
classes) and for location of data points within confidence bands in
Normal Quantile Plots (Rosenberg et al., 2000). Finally, the unlogged
overall and group mean effect sizes, which show the relative effect
of fertilizer placement to fertilizer broadcast, together with their
bias-corrected percentile bootstrap confidence intervals with 999 iter-
ations at the power � = 0.05, were reported. Any groups with less
than two datasets were excluded by default settings from the meta-
analysis. We used the software SigmaPlot 12.0 (Systat Software Inc.)
to create scatter plots of relative mean effects and their confidence
intervals.

3.3. Sensitivity analyses

We  conducted sensitivity analyses to investigate whether non-
targeted input factors associated with individual studies affected

the outcome of the meta-analysis. In addition to the grouping
variables described earlier (Section 3.2), the whole data used for
each meta-analysis could be further arranged according to one of
the following groupings: Outlier study ± 3 STDs (yes, no), Source
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Relative yield 
1,0 1,1 1,2 1,3 1,4 1,5 1,6

Sucrose (Suga r bee t) (10)

Tuber (Potato and Sugar beet) (16)

Above-ground biomass (All crops) (166)

Straw (Cereals, oilseeds and pulses) (10)

Cob (Maize) (4)

Grain (Cereals, oil seed s and  pu lses) (566)

All yield components (772)

Fig. 2. Relative yield of fertilizer placement by yield component.
Y-axis,  categories and number of datasets per category in brackets; X-axis, relative
value of fertilizer Placement to fertilizer Broadcast; Error bars, 95% confidence
intervals; Placement /= Broadcast,  if error bars do not included 1.0; Relative values
of  a pair of categories are different from each other if their 95% confidence intervals
do  not overlap.

Relat ive yield
0,8 0,9 1,0 1,1 1, 2 1,3 1,4 1,5

Wheat,  winter variet y (112)
Wheat,  spring variety (3)

Turnip rape (40)
Sugar beet  (20)
Soybean (134)

Sorghu m (4) 
Rye,  winter  variety (16)

Rice ( 6)
Rapeseed (12)

Potato ( 6)
Maize (408)
Lett uce  (2)

Grass es,  mixed  species (3)
Chinese   cabbage  (4)

Cauliflower (2)
All crop s (772)

Fig. 3. Relative yield of fertilizer placement by crop type.
Y-axis,  categories and number of datasets per category in brackets; X-axis, relative
value of fertilizer Placement to fertilizer Broadcast; Error bars, 95% confidence
intervals; Placement /= Broadcast,  if error bars do not included 1.0; Relative values
P.M. Nkebiwe et al. / Field Cr

f STD (reported, imputed), Broadcast method (surface, incor-
oration) and Phenological crop development stage (vegetative,
eproductive, maturity). For the first and second sensitivity anal-
ses respectively, mean effect sizes estimated using the whole
ataset were compared to values estimated using datasets exclud-

ng outliers (limits, ± 3 STDs) or data for which STDs were missing.
or the third and fourth, we checked whether (1.) fertilizer broad-
ast method (surface broadcast and broadcast/incorporation) and
2.) phenological crop development stage (vegetative, reproductive
nd maturity) affected the outcome of meta-analysis. Additionally,
e checked the outcome of the third and fourth sensitivity analyses

y running a linear mixed model on weighted study effect sizes (using
andom–effects weights) as the dependent variable with broadcast
ethod and crop development stage as independent fixed effects

ariables, and study as the random effects variable, using SAS 9.4
SAS Institute Inc., Cary, NC, USA).

To check whether there was a propensity that studies showing
tatistical significant results were selectively published over those
hat did not, a condition termed Publication bias, we checked for
ymmetry in Funnel Plots of effect size against sample size (widely
cattered effect sizes at lowest sample size, bottom; closely placed
ffect sizes at highest sample size, top) (Rosenberg and Goodnight,
005). We  also looked for linearity and absence of gaps in Normal
uantile Plots of standardized effect sizes against normal quantiles

Rosenberg et al., 2000). For a numerical test that is simple to cal-
ulate and easy to interpret, we additionally used fail-safe numbers
NR) according to Rosenthal’s method (� = 0.05) (Rosenberg et al.,
000; Rosenberg and Goodnight, 2005). NR represents the num-
er of additional non-significant unpublished studies (or datasets),
ith a mean effect size of zero, that need to be added in order to

educe combined significance of a meta-analysis to non-significant
.e. P ≥ �. 5n + 10 (n, total number of studies) is given as a reasonable
onservative critical lower limit for NR. Nevertheless, it is recom-
ended to check NR results with other tests such as symmetry

n Funnel Plots, because use of NR only cannot adequately detect
resence of publication bias (Rosenberg and Goodnight, 2005).

.4. Results

.4.1. Explanation
For the sake of brevity in this subsection, “placement” refers to

ertilizer placement in soil using any of the techniques described in
ig. 1 (Section 2.2) and “broadcast” refers to fertilizer application
n the soil surface with or without incorporation. All relative mean
ffects of placement to broadcast are given as percentage (%) dif-
erences from broadcast. Directly after each relative mean effect,
ts 95% confidence interval (CI95%) is given. If CI95% was  below
ero, there was a negative relative placement effect (RPE) on the
easured variable (i.e. Placement < Broadcast); if CI95% included

ero, there was no RPE (i.e. Placement = Broadcast); and if CI95%
as above zero, there a positive RPE (i.e. Placement > Broadcast).
PE was considered different between groups if their CI95% did not
verlap. After the CI95%, the number of datasets in each group (n)
s given. In figures, “n” is shown in brackets after the name of each
roup.

.4.2. Yield
Overall, 772 datasets from 39 studies were used for this meta-

nalysis (six from 1982 to1999 and 33 from 2000 to 2015). Mean
ffects from all datasets showed that placement resulted in signifi-
antly higher yield than broadcast. The RPE on yield was  3.7%, CI95%
.1–4.3, n = 772 (P < 0.00001). Symmetrical funnel plot and high

R (120085) observed suggest absence of significant publication
ias. Exclusion of 17 outlier datasets did not change the outcome
f the meta-analysis (3.6%, CI95% 3.0–4.3, n = 755). Furthermore,
here was no difference in RPE on yield between all 772 datasets
of  a pair of categories are different from each other if their 95% confidence intervals
do  not overlap.

and datasets with reported STDs (3.1%, CI95% 2.3–3.8, n = 444)
or datasets with imputed STDs (4.6%, CI95% 3.5–6.0, n = 328). For
broadcast methods, there was also no difference in RPE on yield
between Surface broadcast (3.6%, CI95% 2.8–4.2, n = 719) and Broad-
cast/incorporation (5.2%, CI95% 2.2–9.2, n = 53). For different crop
phenological growth stages, the same RPE was observed: Veg-
etative (5.7%, CI95% 3.3–8.0, n = 133); Reproductive (3.7%, CI95%
1.3–6.7, n = 13); Maturity (3.4%, CI95% 2.7–4.1, n = 626). The RPE on
yield for each broadcast method or phenological growth stage did
not differ from the overall RPE on yield. Linear model analysis con-
firmed that broadcast method (P = 0.2932) and crop development
stage (P = 0.9793) had no effect on weighted study effect sizes.

According to yield components, RPE on yield for Tubers (potato
and sugar beet) (9.4%, CI95% 4.8–16.0, n = 16) was higher than that
for Grains (3.0%, CI95% 2.4–3.6, n = 566) (Fig. 2). Among 15 crop
species analyzed, yield from placement was  higher than yield from

broadcast in nine species. The RPE on yield was higher in Winter
wheat (9.5%, CI95% 6.8–12.4, n = 112) than in Maize (4.5%, CI95%
3.6–5.5, n = 408) (Fig. 3). Other crop species for which placement
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Surface ba nd (101 )
All placement met hod s (77 2)

Fig. 4. Relative yield of fertilizer placement by fertilizer placement method.
Y-axis,  categories and number of datasets per category in brackets; X-axis, relative
value of fertilizer Placement to fertilizer Broadcast; Error bars, 95% confidence
intervals; Placement /= Broadcast,  if error bars do not included 1.0; Relative values
of  a pair of categories are different from each other if their 95% confidence intervals
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Fig. 5. Relative yield of fertilizer placement by fertilizer type and placement depth.
Y-axis,  categories and number of datasets per category in brackets; X-axis, relative
value of fertilizer Placement to fertilizer Broadcast; Error bars, 95% confidence

was no difference between the RPE on nutrient concentration in
plant parts between each plant part (Leaf (ear or youngest devel-
o  not overlap.

ad a positive effect on yield, are shown in Fig. 3. Placement did not
ave an effect on yield in the following six crop species: Cauliflower,
ixed grassland grass species, Lettuce, Winter rye, Soybean and

urnip rape (Fig. 3).
Sorted by 11 placement techniques involved, yield from place-

ent was higher than yield from broadcast in eight placement
echniques. For placement techniques with more than 100 datasets,
ubsurface deep point injection showed the highest RPE on yield
6.4%, CI95% 4.3–8.5, n = 114) (Fig. 4). There was no RPE on yield for
he following placement methods: Seed, Below-seed and Subsur-
ace shallow point injection (Fig. 4).

Yield from placement for each placement depth was  higher than
hat from broadcast. The RPE on yield was the same across place-

ent depths. Nevertheless, there was a slight tendency for RPE on
ield to increase with increasing placement depth: Surface place-
ent (0 cm)  (3.9%, CI95% 1.9–5.6, n = 101); 0–5 cm (3.4%, CI95%

.4–4.6, n = 317); >10 cm (4.1%, CI95% 3.1–5.0, n = 354) (Fig. 5).
According to fertilizer type irrespective of placement depth,

here was no RPE on yield for Solid manure (7.9%, CI95% −0.1 to 14.6,
 = 6); Soluble P fertilizers (P) (0.0%, CI95% −0.6 to 0.7, n = 136) and
ndescribed soluble N fertilizers (1.4%, CI95% −1.5 to 4.4, n = 48).
ffective fertilizer types were in the following order of strongest to
eakest relative RPE: Urea combined with soluble P (27.3%, CI95%

1.7–34.7, n = 12); Ammonium combined with soluble P (14.7%,
I95% 12.9–17.0, n = 163); Liquid manure (11.6%, CI95% 5.9–18.3,

 = 24); Urea (11.0%, CI95% 5.7–17.5, n = 64); Ammonium (3.8%,
I95% 2.2–5.4, n = 134); and soluble Potassium (1.6%, CI95% 0.8–2.4,

 = 185). These results showed that placement of combinations of
mmonium and soluble P or Urea and soluble P was  more effective

o improve yield than placement of ammonium, urea or soluble
 uncombined. This occurrence can also be seen in Fig. 5, which
lso shows that yield from placement of urea or ammonium (each
ith or without soluble P) or K tends to increase with increasing
lacement depth from 5 cm to more than 10 cm.

Meaningful RPE regarding the use of nitrification inhibitors; ure-
se inhibitors (or both); toxic concentrations of ammonium depot
olutions; urea coating; or palletization of solid manure, methods
sed to stabilize mineral and/or organic N fertilizers with the aim

o optimize N uptake and yield, could not be obtained from this

eta-analysis. The reason was that the number of datasets for each
intervals; Placement /= Broadcast,  if error bars do not included 1.0; Relative values
of a pair of categories are different from each other if their 95% confidence intervals
do  not overlap.

of these modified or stabilized N fertilizer groups was too small in
comparison to the number of datasets for unmodified N fertilizers.

3.4.3. Nutrient concentration in above-ground biomass
357 datasets from 11 studies (two studies published in 1982

and nine from 2000 to 2013) were used for this meta-analysis. In
all, placement resulted in higher concentrations of N, P, K or grain
protein in different above-ground plant parts than broadcast. For
all plant parts combined, overall RPE on nutrient concentration in
plant parts was  3.7%, CI95% 2.7–4.9, n = 357 (P < 0.00001). Exclusion
of six outliers or imputation of missing STDs for 190 datasets did not
change the outcome of the meta-analysis. Analysis according broad-
cast methods (Surface broadcast 3.8%, Broadcast/Incorporation
2.1%) or crop development stages (Reproductive 2.3%, Vegetative
3.2%, Maturity 5.03%) did not change the result. Linear model anal-
ysis confirmed that broadcast method had no effect on weighted
study effect sizes (P = 0.1093). However, crop development stage had
an effect (P = 0.0222)  with the same increasing trend from Repro-
ductive, Vegetative to Maturity shown by the meta-analysis. There
oped leaf), Total above-ground biomass and Grain) and all parts
combined. RPE on nutrient concentration tend to decrease slightly
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Fig. 6. Relative nutrient concentration of plant parts by nutrient, fertilizer type and
placement depth (0, 5–10, and >10 cm).
Y-axis, categories and number of datasets per category in brackets; X-axis, relative
value of fertilizer Placement to fertilizer Broadcast; Error bars, 95% confidence
intervals; Placement /= Broadcast,  if error bars do not included 1.0; Relative values
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rom Leaf (5.7%, CI95% 3.8–7.7, n = 123) to Total above-ground
iomass (2.9%, CI95% 1.4–4.8, n = 154) to Grain (2.0%, CI95% 0.1–3.9,

 = 80). According to crop species, RPE on nutrient concentration
n different plant parts decreased in the order: Maize (7.0%, CI95%
.4–8.7, n = 197) > Soybean (1.8%, CI95% 0.6–3.0, n = 126) > Turnip
ape (−4.9%, CI95% −8.6 to −2.2, n = 24) = Winter wheat (−8.0%,
I95% −10.7 to −4.4, n = 10). By fertilizer placement technique,
he decreasing trend was: Subsurface deep point injection (7.6%,
I95% 5.7–9.7, n = 149); Subsurface deep band (4.4%, CI95% 1.7–7.7,

 = 66); Subsurface shallow band (1.8%, CI95% 0.0–3.8, n = 78); Sur-
ace band (1.2%, CI95% 0.2–2.3, n = 40); Seed (−3.3%, CI95% −7.6 to
.3, n = 12); and Subsurface shallow point injection (−6.4%, CI95%
9.7 to −3.2, n = 12).

There was no difference between the overall RPE on nutrient
oncentration in plant parts for all nutrients combined (3.7%, CI95%
.7–4.9, n = 357, also shown above) and the RPE for the following

ndividual nutrients: Grain protein (6.3%, CI95% 1.3–10.7, n = 26),
 (3.4%, CI95% 2.2–5.0, n = 132), N (3.8%, CI95% 2.0–5.9, n = 141)
nd P (3.0%, CI95% 0.7–5.8, n = 58). According to fertilizer type and
utrient taken up (except P), there was a tendency of RPE on nutri-
nt concentration in plant parts to increase with increase in the
ertilizer placement depth (Fig. 6).

.4.4. Nutrient content in above-ground biomass
In this study, the term “nutrient content” refers to the quantity of

, P, K and S in kilograms recovered in total or partial above-ground
rop biomass per hectare of agricultural land.

The meta-analysis in this section involved 245 datasets from
2 studies (three studies published from 1993 to 1999 and 19
rom 2000 to 2015). Overall, nutrient content from placement
as higher than nutrient content from broadcast. The over-

ll RPE on nutrient content was 11.9%, CI95% 9.7–14.5, n = 245
P < 0.00001). Removal of two outlier studies did not change the
utcome of the meta-analysis. For 148 datasets with reported
TDs, RPE was 19.2%, CI95% 15.5–23.0, n = 148. Therefore, impu-
ation of STDs for 97 datasets resulted in an underestimation of
he RPE on nutrient content. RPE on nutrient content was  the
ame irrespective of broadcast method. According to phenolog-
cal growth stage, RPE on nutrient content was higher in the
egetative growth stage than in later growth stages: Vegetative
20.3%, CI95% 15.8–26.1, n = 91) > Maturity (9.2%, CI95% 6.5–12.0,

 = 138) = Reproductive (6.5%, CI95% 1.2–11.7, n = 16). Linear model
nalysis also confirmed that broadcast method had no effect on
eighted study effect sizes (P = 0.1022) and that crop development

tage had an effect (P = 0.0372), with the same decreasing trend
rom Vegetative, Maturity to Reproductive. RPE on nutrient con-
ent was higher in the Vegetative than in Generative growth
tage (i.e. Reproductive and Maturity stages combined). By crop
ype only, RPE on nutrient content for different crop species
ere in the following order: Rapeseed (36.4%, CI95% 30.2–43.3,

 = 36); Turnip rape (30.3%, CI95% 28.1–32.9, n = 2); Sorghum
17.7%, CI95% 10.8–26.4, n = 12); Maize (12.2%, CI95% 8.7–16.1,

 = 112); Cauliflower (12.2%, CI95% 9.1–15.4, n = 2); Winter wheat
7.2%, CI95% 3.5–11.1, n = 57); Soybean (2.2%, CI95% 0.6–4.1, n = 2);

ixed grass species (0.0%, CI95% 0.0–0.0, n = 3); Lettuce (−2.0%,
I95% −17.4 to 13.2, n = 2); Winter rye (−3.1%, CI95% −9.0 to 0.8,

 = 16). According to crop type and development stage the following
rend of RPE on nutrient content was observed: Maize-Vegetative
19.6%, CI95% 13.9–26.9, n = 60) > Maize-Generative (7.5%, CI95%
.4–12.0, n = 52); Rapeseed-Vegetative (52.6%, CI95% 40.9–66.7,

 = 18) > Rapeseed-Generative (29.1%, CI95% 23.5–36.7, n = 18);
orghum-Vegetative (32.7%, CI95% 10.7–56.2, n = 6) > Sorghum-

enerative (13.7%, CI95% 6.4–20, n = 6).

In two out of eight fertilizer placement methods (Subsurface
hallow point injection and Subsurface deep point injection), nutri-
nt content from placement was the same as that from broadcast.
of  a pair of categories are different from each other if their 95% confidence intervals
do  not overlap.

In six placement methods, it was  higher than that from broadcast.
For groups with more than 50 datasets, the trend of RPE on nutri-
ent content was: Subsurface shallow band (15.2%, CI95% 11.8–19.5,
n = 98) = Subsurface deep band (14.4%, CI95% 9.8–19.9, n = 60).

During vegetative growth, RPE on nutrient content showed the
following decreasing trend according to placement depth: >10 cm
(24.9%, CI95% 16.8–33.8, n = 36) = 5–10 cm (23.4%, CI95% 16.2–32.5,
n = 51) > Surface (−5.7%, CI95% −15.4 to 6.3, n = 4). For the genera-
tive growth stage (Reproductive and Maturity combined), nutrient
content for all placement depths combined (8.7%, CI95% 6.3–11.2,
n = 154) was  higher than that for broadcast. There were no differ-

ences in relative nutrient content between placement depths.

According to fertilizer type and placement depth, there was also
a tendency for the RPE on uptake of N, P and K to increase with

Hannah
Highlight
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Fig. 7. Relative contents of N, P and K in above-ground biomass by fertilizer type
and placement depth (0, 5–10, and >10 cm).
Y-axis,  categories and number of datasets per category in brackets; X-axis, relative
value of fertilizer Placement to fertilizer Broadcast; Error bars, 95% confidence
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ncreasing placement depth (Fig. 7). Placement of a combination of
mmonium or urea with soluble P showed a tendency to lead to
tronger RPE on N or P uptake than placement of ammonium, urea
r soluble P uncombined (Fig. 7).

. Discussion

Subsurface placement of fertilizers close to seeds or plant roots
as been shown to lead to higher nutrient uptake, higher concen-
ration of nutrients in above-ground biomass and higher yield than
omogenous broadcast of fertilizers. Likely modes of occurrence

nclude: (1) persistence of high levels of nutrients in plant-available
orm close to roots; (2) stimulation of root growth close to and away
rom fertilizer depots based on NH4

+, CO(NH2)2, PO4
3− or their

ombinations for improved depot exploitation (Arkoun et al., 2012;
orde and Lorenzo, 2001; Zhang et al., 2000); (3) induction of favor-
ble changes in chemical (Jing et al., 2012; Marschner et al., 1986;
eumann and Römheld, 2007) and biological properties of the rhi-
osphere (Ghorbani et al., 2008; Huber et al., 2012; Marschner,

012; Murakami et al., 2002); and (4) reduction of nutrient loss to
he environment (Dell et al., 2011; Shaviv, 1988; Sommer, 2003).

In accordance with prerequisite a formulated in Section 2.3 – fer-
ilizers suitable for placement in soil as a depot should be taken up
search 196 (2016) 389–401

by plants in relevant quantities – most published studies on fertilizer
placement under field conditions that we  found and utilized in our
meta-analysis (shown in Table A.1, Appendix) mainly investigated
the effect of placing macronutrients N, P or K or their combina-
tions (also organic fertilizers) on crop performance. We  found little
literature on placement of micronutrients in field soil (Malhi and
Karamanos, 2006), given that it is not a common farming practice.
Micronutrient application in soil is associated with lower nutrient
recovery efficiencies than seed treatment and foliar sprays, which
are more effective alternatives (Farooq et al., 2012).

Prerequisite b formulated in Section 2.3, – fertilizers considered
for placement as a depot should considerably stimulate root growth
and attract roots – could also be supported. The meta-analyses
showed that subsurface placement of NH4

+ or CO(NH2)2 or both
(with or without soluble phosphates, PO4

3−) resulted in statistically
higher (or a tendency of higher) relative yield, nutrient concen-
tration and content in above-ground plant parts than subsurface
placement of PO4

3−. Under favorable conditions, subsurface placed
CO(NH2)2 may  be rapidly hydrolyzed to root growth-stimulating
NH4

+. Subsurface placement of liquid or solid manure, which also
contains NH4

+ and PO4
3− led to higher yield and nutrient content

in above-ground biomass than broadcast.
In disagreement to the requirement suggested at c, Section 2.3 –

suitable fertilizers for depot placement should have limited mobil-
ity in soil – subsurface placed CO(NH2)2 or CO(NH2)2 and PO4

3−

performed better than NH4
+ or NH4

+ and PO4
3− at improving yield

and biomass N or P contents. Su et al. (2015) observed that deep
subsurface placement of CO(NH2)2 and superphosphate in winter
rapeseed was  associated with increased growth of lateral roots at
deep soil layers as well as increased taproot diameter and length,
which functioned as an important nutrient storage organ. High
moisture availability in deep soil layers may  promote rapid hydrol-
ysis of CO(NH2)2 to NH4

+ with lower mobility and stronger root
growth-promotion effects. Furthermore, deep-placed CO(NH2)2 is
more protected from NH3 volatilization than one that is surface-
placed or applied by broadcast and incorporated (Ma  et al., 2010). In
line with c, Section 2.3, among all field studies reviewed, NO3

− was
placed in subsurface soil only in combination with NH4

+, CO(NH2)2
or PO4

3− or their combinations.
In divergence from the suggested prerequisites: localized root-

growth stimulation (b, Section 2.3) and limited mobility in soil (c,
Section 2.3), subsurface placement of soluble K+ produced statisti-
cally higher yields (>10 cm depth), K concentrations (>10 cm depth)
and K content (0, 5–10 and >10 cm depth) in above-ground plant
parts than broadcast. This can be explained by high moisture con-
tent in deep soil layers than on the surface because K movement to
roots is mainly determined mass flow and not by root interception
(Barber, 1984). Under drought stress, it is not advisable to place any
fertilizer on the soil surface or at shallow depths (Su et al., 2015).
Under such conditions, deep subsurface fertilizer placement has
been shown to enhance resilience of crop plants to drought stress,
thereby increasing yields (Garwood and Williams, 1967; Ma  et al.,
2009; Randall and Hoeft, 1988; Singh et al., 2005; Su et al., 2015).
Nevertheless, to adopt deep subsurface fertilizer placement, cost
of additional mechanical power required should be considered (Su
et al., 2015).

The effect of placement depth on the effectiveness of fertilizer
placement could be confirmed by the meta-analysis. With increas-
ing placement depth from 0 cm to more than 10 cm,  fertilizers
based on NH4

+, NH4
+ and PO4

3−, CO(NH2)2, CO(NH2)2 and PO4
3−,

or K+ tend to result in an increase in yield, nutrient concentration
and content in above-ground plant parts. Contrarily, placement of

PO4 without combination with NH4 or CO(NH2)2, at 5–10 cm
depth or >10 cm resulted in the same yield and nutrient content
in above-ground biomass as broadcast. This suggests that PO4

3−

depots can be more efficiently exploited by plant roots if NH4
+ or
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O(NH2)2 is added to the depot to induce stronger root signaling
nd root-growth.

Seed treatment with fertilizer or subsurface placement of fer-
ilizer in the seeding hole was shown to produce the same yield as
roadcast. Niehues et al. (2004) showed that NH4

+ placed on maize
eeds at high rates (>22 kg N ha−1) led to seed or seedling damage,
educed plant density and grain yield.

Nutrient acquisition by plants from moderately or sparingly
vailable nutrient pools in soil or from placed fertilizers may also
e improved by bio-effectors (Weinmann and Römheld, 2012),
hich refer to plant growth-promoting microorganisms (PGPMs)

Altomare et al., 1999; Grant et al., 2001; Jiang et al., 2012; Lugten-
erg and Kamilova, 2009; Richardson et al., 2009; Vassilev et al.,
006) or active natural bio-stimulants like humic acids (Giovannini
t al., 2013; Muhammad et al., 2007; Uygur and Karabatak, 2009)
nd seaweed extracts (Sharma et al., 2012). Such bio-effectors can
e applied to seeds, aerial plant parts or soil. First field stud-

es combining fertilizer placement and inoculation of fluorescent
seudomonads as bio-effectors show promising growth-promotion
ffects on chickpea (Cicer arietinum)  (Dutta and Bandyopadhyay,
009) and maize (Zea mays L.) (Nkebiwe et al., 2016).

. Conclusion

Collectively, several field studies showed that fertilizer place-
ent resulted in 3.7% higher yield than broadcast and up to 27.3%

or placement of urea and soluble P, and 14.7% for ammonium and
oluble P. Fertilizer placement also led to higher nutrient concen-
rations in different plant parts by 3.7% and nutrient content in
bove-ground biomass by 11.9% than fertilizer broadcast. Deep sub-
urface placement of ammonium (±P) or urea (±P), potassium, solid
r liquid manure (10–30 cm)  is more effective to improve nutrient
ptake and yield of field crops than broadcast with or without incor-
oration. This suggests that deep subsurface fertilizer placement
ay  be an additional tool for the mitigation of negative conse-

uences of increasingly frequent extreme weather events like high
emperatures, droughts or heavy rainfall (Parry et al., 2004), which
ffect food production for an expanding global population.
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