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Summary
Nitrogen (N) fertilization in maize is a topic on which a lot of modelling has been performed
thus far due to its impact on both crop productivity as well as on the environment. Two
important parameters for this are N recovery and physiological efficiency, which are defined,
respectively, as the percentage of supplied N taken up by the crop and the increase in grain
yield per increase in N uptake. Many of such models assume that N recovery and physiological
efficiency are independent of the fertilization management practices, sometimes colloquially
referred to as ‘4R’, for ‘the right rate, the right placement, the right source, and the right time’.
As these management factors have been shown to have an impact on N flows, it is expected
that they might also have an effect on recovery and physiological efficiency. This study
therefore examines whether—and if so, how—the 4R management factors affect recovery and
physiological efficiency, as well as the relationship between these two response variables in
maize.
The possible effect of the 4R management factors was investigated performing a metaanalysis. Publications were selected that reported a field experiment testing at least one of the
four management factors. This resulted in 14 publications from which data was collected.
Moreover, a small set of data was obtained from fertilizer company Yara, which was also
included in the data set. Overall the data set contained 549 data points. The data was analysed
using mixed effects models, as these can account for any relatedness of data originating from
the same publication, experimental site, or year. First, the whole data set was used to establish
the relation between recovery, physiological efficiency, and agronomic efficiency—the latter
of which is defined as the increase in grain yield per unit N applied and is by definition the
product of the other two. Subsequently, the effect of N rate, placement, source, and timing were
analysed separately using only the publications that tested the effect of that specific factor.
Most of the recovery values found in the meta-analysis ranged between 25 to 70%, while
most of the physiological efficiencies ranged between 20 to 50 kg grain increase/kg N uptake
increase, which overlapped with ranges found in other literature sources. The analysis of the
data lead to a number of conclusions. Firstly, it was found that physiological efficiency appears
to decrease with recovery, given a certain N rate. Regarding the effect of N rate, both the
recovery and the physiological efficiency decreased with N rate. Moreover, there appears to be
an interaction between the effects of N rate and the environmental conditions on recovery. At
low N rates the environmental conditions cause a large variation in recovery, while at high N
rates variation is much smaller. On the effect of placement it was concluded that effects on
recovery and physiological efficiency are likely caused mostly by incorporation of N into the
soil, rather than by the choice of placement method (i.e. banded or broadcast). Regarding the N
source, urea seems to have a relatively low recovery compared to other sources. Additionally,
controlled released N (both a hydrolysis- and the nitrification-inhibitor) seemed to increase
recovery, while either maintaining or increasing the physiological efficiency. As to timing, the
effect of delayed application on recovery is not clear, since the results showed no effect while
in most of the literature delayed application increased recovery. A split application seems to
lead to an increase in recovery, while there is no clear effect on physiological efficiency.
Finally, given a split application, the moment (developmental stage) of the applications does
not seem to have an effect either on recovery or on physiological efficiency. Overall, some
specific conclusions could therefore be made on the effect of the management factors on
recovery and physiological efficiency, stated in the paragraph above, but more research with a
larger data set is necessary to make any more definite and general conclusions.
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Introduction

Agriculture around the world is facing the challenge of increasing food demand while
simultaneously having to decrease its environmental impact (Mueller et al., 2012). Management
of nitrogen (N) supply is generally considered to have a major role in facing up to that challenge
(Mueller et al., 2012), and is therefore a topic of great interest for investigation and modelling.
Application of nitrogen fertilizers can result in increased yields (Blair et al., 2006), while it can
also enhance N2O emissions (Reay et al., 2012) and leaching into the groundwater (Powlson et
al., 2011). As a consequence, nitrogen application generally involves a trade-off between
multiple aspects (Bos et al., 2016), making it a complex issue to manage.
Due to the complexity of the effects of N application, a wide range of models have arisen
with which yield and nitrogen flows can be estimated. Some models are dynamic, such as DYNBAL1 (Tittonell et al., 2006) and APSIM2 (Keating et al., 2003), while other are static, such as
QUEFTS3 (Janssen et al., 1990) and NutMatch (Bos et al., 2016). Static models have the
practical advantage of requiring few parameters (van Ittersum et al., 2003). However, due to
their relative simplicity, static models make some rough assumptions on the efficiency of N
recovery (EREC) and the physiological efficiency (EP) of a crop. Efficiency of N recovery (EREC)
is defined (in this study) as the percentage of supplied N that is taken up by the crop, and will
be referred to henceforth simply as ‘recovery’. The physiological efficiency (EP) is the average
change in harvestable yield per unit fertilizer N uptake. In static models such as the ones
mentioned above, both of these parameters are assumed either to be fixed or to depend only on
the rate of N application (Janssen et al., 1990; Bos et al., 2016).
In reality, there are many on-farm N fertilization management factors that could affect the
EREC and the EP (Zingore et al., 2014). For example, N losses to leaching are highly dependent
on time of application (Van Es et al., 2006), and the form of mineral fertilizers has been shown
to play a role in yield (Smiciklas and Below, 1992). From literature, it is therefore clear that
managerial decisions on N supply have an effect on N flows in the soil and crop, and therefore
could also have an effect on the recovery and physiological efficiency of N. Consequently, it is
of interest to research the effect of on-farm fertilization management practices on recovery and
physiological efficiency.
Although there are numerous factors affecting N flows, four fertilization management
practices have been outlined in the 4R framework as the most important: (a) the right rate, (b)
the right placement, (c) the right source, and (d) the right time (Zingore et al., 2014):
(a) The rate refers to the amount of N fertilizer that is applied to the crop. Ideally, the crop
should receive exactly the amount of nutrients needed to reach a certain target yield, and not
more (Mikkelsen, 2011). Excess of nutrients can result in nutrient accumulation in the crop,
and larger nutrient losses to the atmosphere and ground water (Benincasa et al., 2011). The rate
of nutrient supply required depends on the inherent requirement by the crop, on the nutrients
already available in the soil, and on soil conditions (Zingore et al., 2014).
(b) The placement refers to the location on the field where the fertilizer is applied (Zingore
et al., 2014), which depends on the application method. Some common methods of application
are broadcasting, where fertilizer is applied evenly on the whole field, banding, where fertilizer
is placed in rows near the crop, spot application, where it is applied at each plant, and deep
placement, where the granules are placed a few cm into the soil next to each plant (Zingore et
al., 2014). Placement influences yield because nutrients must be in the soil zone where they are
accessible to plant roots in order to be taken up (Murrell et al., 2009).
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(c) The source refers to the type and form of fertilizer used. The three main sources of
nitrogen are mineral fertilizer, organic fertilizer, and legumes; however, due to the time
limitation of this research project, only mineral fertilizers were investigated. Mineral fertilizers
are available in different compositions. Straight fertilizers contain only one nutrient (N, P, or
K), compound fertilizers contain multiple nutrients with a fixed ratio of N:P:K, while bulk blend
fertilizers have an adjustable N:P:K ratio (Zingore et al., 2014). Additionally, nitrogen is
available as ammonium (NH4+), nitrate (NO3-), and urea (Smiciklas and Below, 1992). The
source of nutrients is important to consider because the availability of nutrients in relation to
each other influences crop yield (Mulder, 2000). Additionally, the source can impact N loss
pathways, as ammonium and urea are more vulnerable to volatilization, while nitrate is more
prone to leaching due to its solubility in water (Ladha et al., 2005).
(d) The time of application refers to the moment(s) during the growing season when the
nitrogen is applied. Fertilizer can be supplied all at once or in split batches (Hammad et al.,
2011). Multiple batches can influence the yield due to the differences in nutrient requirements
of the crop at different developmental stages (Sanchez, 1977). Moreover, the moment of
application can have an impact on the amount of N that is lost to the environment (Cassman et
al., 2002).
The 4R management factors outlined above have been shown to have an effect on N flows
in the crop and soil and on yield. However, it is still unclear in what way or whether the factors
have an impact on recovery and physiological efficiency of a crop. Moreover, the relation, if
there is any, between recovery and physiological efficiency is also unknown. Such a
dependency is also likely to differ per crop. The aim of this research is to better understand the
relation between the above stated 4R management factors and the recovery and physiological
efficiency of nitrogen — i.e. to establish quantitative relationships using linear mixed effect
modelling. This relation is studied specifically for maize (Zea mays), as this is an important
staple crop worldwide (Nuss and Tanumihardjo, 2010), and ample research has been performed
on it. The study looks for an answer to the following research questions.
Main Research Question
What is the effect of mineral nitrogen (N) fertilization management practices on the recovery
efficiency and on the physiological efficiency of maize?
Sub-Research Questions
a.
b.
c.
d.
e.

How are recovery and physiological efficiency related to each other?
What is the effect of N rate on recovery and physiological efficiency?
What is the effect of the source (form) of N on recovery and physiological efficiency?
What is the effect of the placement method on recovery and physiological efficiency?
What is the effect of the timing of fertilizer application on recovery and physiological
efficiency? How is this affected by the number of split applications and the partitioning of
fertilizer over the different splits?
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Background Literature: the Quadrant Analysis

The concepts of efficiency of recovery and physiological efficiency are widely used across
scientific literature with different definitions. It is therefore important to define exactly what is
meant by these terms. Efficiency of recovery (EREC, from now on referred to as simply
‘recovery’) is defined as the percentage of fertilizer N that is taken up by the crop. In this report
we will define recovery by the ‘difference’ method, which is based on the difference in N uptake
between a fertilized and a non-fertilized field. The alternative method which uses 15N labelled
fertilizer was considered less accurate due to the exchange of 15N with the organic N pool in
the soil (Cassman et al., 2002). The fertilizer N supplied to the crop will be referred to as the
input rate, or N rate (R). The physiological efficiency (EP) is defined as is the average change
in harvestable yield per unit fertilizer N uptake. All the symbols together with their definitions,
equations, and units are provided in Table 1.
In order to study the effect of fertilization management practices on recovery and
physiological efficiency, it is first necessary to understand the relation between N rate and yield.
This will be analysed in the context of the quadrant analysis, shown in Figure 1, which allows
us to decouple the process of nutrient uptake from the process of biomass production. In the
quadrant analysis, yield is regarded as the response in two separate steps, called “partial
responses”. Crop N uptake U is a response to N rate (R) in Quadrant A, while grain yield Y is a
response to crop N uptake in Quadrant B (ten Berge et al., 2000). The shape of the yield curve
is delimited by the maximum and minimum physiological efficiencies (EPmax and EPmin), which
are the maximum and minimum amounts of biomass that the crop can produce per kg of
nitrogen taken up. EPmax and EPmin are assumed to be inherent qualities of a crop or genotype
(Cho et al., 2007), and are therefore independent of field management practices. As a
consequence, it will be assumed that fertilization management does not affect the curve
delimiting parameters EPmax and EPmin.
At an input rate of R = 0, the uptake response curve starts at U > 0 (see Quadrant A), as it
is assumed that there are already nutrients present in the soil (Janssen et al., 1990). The slope
of the uptake curve is said to be the recovery (EREC). At inputs R < Rcrit, the recovery is at its
maximum, as the slope is the steepest in this section of the curve. The reason for this is that at
low input levels of the nitrogen, its availability is limiting compared to other nutrients (such as
phosphorus and potassium), so the crop will take up as much as it can reach. Therefore, the
recovery at low input is the maximum recovery. The concentration of the nitrogen in the crop,
however, is at its minimum (since its availability is limiting). Nitrogen is therefore said to be
maximally diluted (Janssen et al., 1990). At input levels R > Rcrit, the nitrogen concentration in
the crop increases and so the recovery decreases. The curve in Quadrant B is the yield response
curve to N uptake. The slope of the curve is the physiological efficiency (EP), and decreases
with N uptake since N becomes less limiting. Any change in recovery or physiological
efficiency caused by fertilization management would be reflected as a steepening or flattening
of the uptake and the yield curve respectively.
Finally, a term which is important to define is the agronomic efficiency (EAGR). Although
this concept will not be analysed in depth, it is a complementary term to the recovery and
physiological efficiency. The agronomic efficiency is defined in this context as the change in
grain yield per extra unit N input rate. Therefore, it is the result of the multiplication of EREC
and EP (see Equations [1] and [2] on the next page).
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Figure 1. Quadrant analysis of nitrogen input rate (R), nitrogen uptake (U), and grain yield (Y). The
slope of the uptake curve is defined as the recovery (EREC) and the slope of the yield curve is the
physiological efficiency (EP). Taken and adapted from (ten Berge et al., 2000). All definitions of the
symbols in the figure can be found in Table 1.
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Table 1: Concept definitions

Symbol

Name

Definition

Equation

Unit

R
U

Input rate
Uptake

Rate of N applied
Amount of N taken up
by the crop

-

kg N ha-1
kg N ha-1

Y

Yield

Amount of maize grain
produced

-

kg grain ha-1

∆U

Difference in
uptake

∆𝑈 = 𝑈𝑓 − 𝑈𝑛𝑓

kg N ha-1

∆Y

Difference in
yield

∆𝑌 = 𝑌𝑓 − 𝑌𝑛𝑓

kg grain ha-1

EREC

Efficiency of
recovery

Difference in N uptake
between a fertilized
and a non-fertilized
plot
Difference in yield in a
fertilized and a nonfertilized plot
Percent of applied N
which is taken up by
the crop

EP

Physiological Average change in
efficiency
harvestable yield per
unit fertilizer N
uptake.
Agronomic
Increase in yield per
efficiency
unit increased N input
rate
Maximum
Max and min average
and
change in harvestable
minimum
yield per unit fertilizer
physiological N uptake.
efficiency
Critical
N uptake at which the
Uptake
uptake response
transitions from a
linear to parabolic
Critical
Physiological
physiological efficiency at Ucrit
efficiency

EAGR

EPmax
EPmin

Ucrit

EPcrit

𝐸𝑅𝐸𝐶 =

∆𝑈
∙ 100
𝑅

𝐸𝑃 =

∆𝑌
∆𝑈

%

kg grain per kg N
uptake

𝐸𝐴𝐺𝑅 = 𝐸𝑃 ∙ 𝐸𝑅𝐸𝐶

kg grain per kg N
rate

-

kg grain per kg N
rate

-

kg N ha-1

-

kg grain per kg N
uptake
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Methodology

In order to answer the sub-research question (a)—how are recovery and physiological
efficiency related to each other?—a literature study was performed to gain a better
understanding of the theoretical relationship between N fertilization, yield, recovery, and
physiological efficiency. The results of the search are explained in the context of the quadrant
analysis in Section 2. In order to find an answer to the other research questions, a meta-analysis
was performed. The first step of the meta-analysis was a literature search, explained in Section
3.1, followed by a selection process in Section 3.2 to filter out publications that could not be
used. An extra data set was obtained from fertilizer company Yara which is introduced in
Section 3.3. Then the data was collected and transformed into the same units and variables
(Section 3.4), and finally the statistical analysis which was performed on the data is explained
in Section 3.5.
3.1

Literature Search

The literature search was started with some unsystematic searches in order to get hold on the
literature available and on what kind of search queries resulted in relevant articles. Articles were
considered relevant if they reported on an experimental study where the effect of either rate,
timing, source, or placement of nitrogen was tested. A search query was defined as stated in
Table 2.
Table 2. Boolean search terms that were used in the systematic literature search. Notice that
specifications 3 and 5 overlap, with the difference that specification 5 only searches for “uptake” and
“recovery”, while specification 3 also searches for “yield” or “response”. The reason for this is that
specification 3 was only applied to the title field, with the goal of finding the papers whose main
objective is studying yield (therefore mentioned in the title), but which also report on nutrient uptake
somewhere in the paper. Specification 6 was added because the focus of the analysis was on mineral
fertilizers, and papers on organic fertilizers had to be excluded in order to reduce the size of the search
results.

Category

Boolean search terms

Specification 1

Source OR form OR
rate OR amount OR
time OR timing OR
placement OR method
N OR nitrogen
Uptake OR recovery OR yield OR
response
Maize OR corn
Uptake OR recovery
NOT (organic OR slurry OR
manure OR “crop residue” OR
fodder OR intercrop)

Specification 2
Specification 3
Specification 4
Specification 5
Specification 6

Field to which
search term was
applied
Title
All fields
Title
All fields
All fields
Title
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After the search query was defined, the online databases AGRICOLA, AGRIS, ARTIK,
CAB Abstracts, Groen Kennisnet, Scopus, and Google Scholar were used to perform the
systematic search on. The search query in Table 2 was applied to each database, and all articles
resulting from the searches were evaluated on relevance based on their title and abstract. An
excel file was kept with the title, publication year, main author, and availability of the relevant
papers that were found. After the databases were searched systematically, the reference lists of
some of the publications found thus far were searched for other relevant publications. The
whole search resulted in a list of 253 relevant publications, of which 160 were available either
online or in the WUR library.
3.2

Selection of Publications

The publications in the list of 160 available papers were examined based on the selection criteria
in Table 3. The criteria were established (a) to ensure that the publication reports results in such
a way that it is possible to retrieve data from the publication, and (b) to make the collected data
comparable between publications—to avoid confounding effects of different experimental
setups such as a pot and a field experiment. Papers that did not meet all the criteria below were
discarded. Criterion b was established because it is necessary to have a non-fertilized reference
treatment in order to calculate the recovery efficiency of N in the fertilized treatments. Criterion
f was established because many publications studying the effects of more than one management
factor reported results as aggregated data, averaged across treatments (exemplified in Figure 2).
In case the data was reported in aggregated form it was impossible to include in the data set
because the original results of each treatment could only be guessed and were therefore deemed
inaccurate. Note that no selection criterion was established on the availability of data on
standard deviation or variance per treatment, as this information was almost never available.
Moreover, no requirement on homogeneity of hybrids nor planting density across the
publications was set on the search, as this would render too little publications for the analysis.
For the same reason, no requirement on geographical location, agro-ecological zone, nor P and
K fertilization was established. The seeding density was limited by the minimum of 30,000
plants per ha as this is the minimum population density required to attain maximum economic
grain yield (Olson and Sanders, 1988). The selection process resulted in a total of 15
publications.
Table 3. Selection criteria for publications in the synthesis-analysis.

Selection criteria
a. The study is a field experiment
b. The study has at least one treatment without N fertilization
c. The study has at least one treatment with only mineral fertilization, in which
no organic fertilizers such as slurry or crop residues are applied
d. There is data available on nutrient uptake or recovery in the grain or in the
total above ground biomass either in the form of a table or a figure
e. There is data available on grain yield or total above ground biomass either in
the form of a table of a figure
f. Results are reported for all treatments (so not averaged across treatments), as
exemplified in Reporting Form (A) in Figure 2.
g. The crop grown in the experiment is regular maize or corn for human
consumption (so not baby corn, sweet corn, nor silage maize)
h. The crop is grown as a sole maize stand (so no intercropping stands)
i. The crop was planted at a density of at least 30000 plants per hectare
11

Experimental Setup:

Non-aggregated results:

Included
in the meta-analysis

Aggregated results:

Not Included
in the meta-analysis

Figure 2. Example of a hypothetical experimental setup in a publication. The experiment tests the effect
of more than one management factor (in this case placement method and N rate) on a response variable
x. Data was only collected from a publication for use in this meta-analysis if results were not aggregated
(left panel, results are reported for all individual treatments). Publications which reported data in
aggregated form (right panel, averages of multiple treatments), were left out of the meta-analysis.

3.3

Data from Yara

Aside from the data from the articles, a dataset was also obtained from the company Yara, on a
maize fertilization experiment in Tanzania. Only data from locations that included a 0 N rate
plot were used for the meta-analysis (locations Morogoro and Welela). Contrary to the data
from the articles, the data from Yara contained results of every replicate of a treatment, rather
than an average of the replicates. Although using values per replicate allows for a better
statistical analysis, the replicates were averaged per treatment so that the approach would match
the way data from the publications were processed.
3.4

Data Collection and Transformation

Data was collected from each publication on experimental conditions, treatments, and
observations (see Table A 1 in the Appendix). Any data that was reported in figures was
retrieved using the online application WebPlotDigitizer, with which data points could be
determined from a graph. In total, the database consisted of 549 data points, where a data point
is defined as an N treatment with its associated recovery and physiological efficiency. All
12

variables were transformed to the same units of kg/ha. Grain yields reported at a certain
moisture percentage were adjusted to dry matter weights. Most papers only reported on grain
yield and N uptake as observations, so recovery, physiological, and agronomic efficiency were
calculated using the equations in Table 1. Recovery values higher than 100% were double
checked to ensure that no mistakes were made while transferring the data from the articles to
the excel sheet. Data from Walsh et al. (2012), at the location Lake Carl Blackwell in the year
2007 was removed due to discrepancies between the reported and the calculated recoveries.
In order to allow for differences in growing conditions between the publications, the
explanatory variable ‘maximum yield’ (Ymax) was defined. This could be used as an explanatory
variable in models for prediction of recovery and physiological efficiency. Maximum yield was
used as a proxy to indicate general growing conditions under sufficient N availability for the
crop, which includes factors such as water supply, pest damage, or deficiencies in other
nutrients. Maximum yield was defined as the highest yield that was found in publication i, in
year j, at region k, which was usually found at the highest N rate of the experiment. In order to
ensure that the assumption of sufficient N availability holds, a maximum yield value was only
defined for data from publications in which there was at least one treatment with an N rate of
at least 200 kgN/ha, as this was considered an ample supply (Shapiro et al., 2003).
3.5

Statistical Analysis

The relationships between efficiency of recovery, physiological efficiency, and explanatory
variables were estimated using linear mixed effects models (MEMs). It was decided to apply
linear modelling—as opposed to non-linear approximations such as quadratic or exponential
models—due to its relative simplicity and the time constraint of the study. The MEMs were
selected because they allow for the possibility of correlation between data from the same
publication and/or experimental setup (Militino, 2010). By including a random effect of, for
example, the publication, a MEM assumes that the variation around the intercept (or slope) for
each publication is normally distributed with a certain variance (Militino, 2010). For a more indepth explanation of MEMs, Militino (2010) can be consulted.
Random effects were used to account for effects of publication, location, year, and hybrid,
which are not accounted for in the fixed effects (explanatory variables). MEMs were fitted using
the function lme() in RStudio (version 0.99.903), using the maximum likelihood (ML) method,
which allows to compare AIC values of functions with different fixed effects. Data points were
weighted with the inverse of the number of repetitions carried out in the experiment. The
assumptions of normality and homogeneous variance were checked visually using quantile
plots and by plotting the standardized residuals against fitted values. Of the resulting models,
only the fixed effects were extracted (using the package broom), reported, and analysed. The
random effects were not reported because, in this context, they are considered as a tool to
improve the accuracy of the fixed effect parameters, and are hence not the focus of the report.
All graphs were made using the package ggplot2. Significance of the parameters of the fixed
effects at the level 0.1, 0.05, 0.01, and 0.001 were indicated with . , *, **, and *** respectively.
3.5.1 Recovery in the Grain and Crop
Ideally, all analyses should be performed on the recovery in the total crop (EREC-CROP) as this
gives insight into how much N was recovered in total, rather than only the recovery in the grain
(EREC-GRAIN). However, there was more data available on recovery in the grain than on recovery
in the crop. Therefore, the relationship between the grain and total crop recovery was examined
to determine whether there is a constant ratio between the two, in which case it would be
possible to use EREC-CROP and EREC-GRAIN interchangeably. The data was plotted and a MEM was
fitted, the result of which can be seen in Figure 4. From the resulting model, the recovery in the
total crop was calculated as EREC-CROP = 1.17 EREC-GRAIN for the data points where only
13

EREC-GRAIN was reported. This transformed data was used only for the analysis of the
relationships between recovery, physiological efficiency, and agronomic efficiency (results in
Section 4.3), in which all the data was pooled.
3.5.2 Relationships Between Recovery, Physiological and Agronomic Efficiency
The coefficient of variation (CV) of the recovery, physiological efficiency and agronomic
efficiency was determined in order to obtain a general measure of the variables’ spread relative
to each other. Subsequently, the agronomic efficiency, physiological efficiency and recovery in
the crop were plotted against each other in Figure 5. The original data on the physiological
efficiency is shown in Figure A 2 in the Appendix. Physiological efficiencies lower than -100
and higher than 170 kg grain increase/kg N uptake increase (circled data points) were
considered as outliers and removed. Note that a negative physiological efficiency is a data point
in which the grain yield was lower than that of its corresponding non-fertilized (control) plot.
The data on EREC, EAGR and EP was afterwards fitted with a MEM. The physiological efficiency
showed a large amount of unexpected scatter at low recovery (below 50%, circled in red in
Figure 5B). To better understand what caused this unexpected scatter, the physiological
efficiency was modelled as a function of recovery and N rate (Figure 6).
3.5.3 Effect of Management Factors
Selection of the Appropriate Models
The effect of the 4R management factors on recovery was investigated using data on the
recovery in the grain, not the recovery in the whole crop. This was done because it was deemed
more accurate to use the original data collected from the publications rather than the
transformed data, and there was more original data available on grain recovery. Moreover, the
linear relationship between the recovery in the grain and the recovery in the crop (Figure 4)
showed that recovery in the grain can be used as a proxy for recovery in the crop. To find the
models that best explained the relationships between the 4R management factors and the
response variables EREC and EP, a function best.fit(R,X,Y) was developed in RStudio. Given the
data of the explanatory variable R (N rate), a second explanatory variable X, and a response
variable Y, the function finds the best fitting mixed effect or linear model for the data. The
function evaluates all combinations of alternative fixed effects and random effects as stated in
Table 4. Only random intercepts were evaluated (so not random slopes). The combination of
fixed and random effects for that specific data-set was selected based on the Akaike Information
Criterion (AIC) value. The AIC value is an indication of the goodness of fit and complexity of
a model, by which a lower value generally indicates a better fitting model (Militino, 2010).
Table 4: Fixed and random effects evaluated by the function best.fit(R,X,Y), given an explanatory
variable R (N rate), a second explanatory variable X, and a response variable Y.

Fixed Effects
Y~X
Y~R+X
Y ~ R + X + R∙X

Random Effects
Data from Multiple Publications
Data from one publication
~ Publication
~ Year
~ Publication + Year
~ Region
~ Publication + Region
~ Hybrid
~ Publication + Hybrid
~ Year + Region
~ Publication + Year + Region
~ Year + Hybrid
~ Publication + Year + Hybrid
~ Region + Hybrid
~ Publication + Region + Hybrid
~ Year + Region + Hybrid
~ Publication + Year + Region + Hybrid
~ No random effects
~ No random effects
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Since the data was collected from different articles, and every article had a different
experimental setup, the data set can be considered as being very “incomplete”, as not all
combinations of all variables are present. As a result, it is not possible to analyse the
management factors in one combined model, and the four management factors were therefore
analysed separately. The factors rate (R) and placement method were both analysed as an
explanatory variable. However, the factors source and timing are more complex and were
therefore split up into sub-factors, each of which is one explanatory variable. Each explanatory
variable was analysed separately using data from the publications that tested for that specific
variable.
Effect of Rate
The effect of N rate was analysed using the data from Hamissa et al. (1974); Eid et al. (1975),
Jokela and Randall (1989); Tsai et al. (1992); Stecker et al. (1993); Ma et al. (1999); Rozas et
al. (2004); Siam et al. (2008); Walsh et al. (2012); Liu et al. (2014), and Yara, as these were the
articles comparing more than one N rate. The data was modelled separately per article in Figure
7 and together in Figure 8. To explore the wide variation (scatter) in Figure 8 A, B, and C, the
response variables EREC, EP, and EAGR were modelled as functions of N rate and maximum yield
(Ymax) in a, b, and c respectively. Since the fixed effect of N rate is not significant for the models
of EREC and EAGR it could be argued that it would be better to remove the interaction term of
Ymax with N rate, as that renders the fixed effect of N rate significant. However, for both models
it applies that the AIC value is lower when the interaction is included, and it was therefore
decided to keep the interaction term in the model. The models of EREC and EAGR without the
interaction term between N rate and Ymax were included in Figure A 1 the appendix.
It was also examined whether the relationship between recovery efficiency and N rate is in
agreement with the theoretical uptake curve of the quadrant analysis (see Figure 1), where the
recovery is constant up to a critical input rate Rcrit and then decreases. It was thus examined
whether the data in Figure 8 had a breaking point Rcrit, and if so, where it was. Since the data
was modelled with MEMs the breaking point could not be found by running a segmented
regression. A function segmented.lme() for MEMs was found in (Muggeo, 2016), but running
this on the data led to sigularity-errors, which likely means that such as model is too complex
for this data (StackExchange, 2013). An alternative method to the already available functions
was devised to find the breaking point manually. A model with a breaking point was defined as
two separate linear MEM regressions: one of the data at input rates lower than the breaking
point, and one for data at the higher rates, such as given in the example in Figure 3. A loop was
written which runs such a model at breaking points between 70 to 405 kgN/ha at every 5 kg
N/ha. For each model, the raw residuals (observed – fitted) of both linear regressions were
squared, summed, and then the square root was calculated. The summed residuals at each
breaking point were plotted in Figure 9. The point with the lowest residuals sum is assumed to
be the best fitting model. Note that this method can only determine where the breaking point
Rcrit is, not whether it is actually there, as it does not test the significance of the breaking point.

15

Figure 3. Example of a breaking point Rcrit at 150 kg N/ha in the mathematical relation between the N
rate (R) and the efficiency of recovery (EREC).

Effect of Placement Method
To analyse the effect of the placement method, first the effect of injection and placement pattern
(banded vs broadcast) was analysed with data from Delgado et al. (2001) and Barbieri et al.
(2003). Subsequently, the placement method in relation to timing was examined with data from
Stecker et al. (1993)
Effect of Source
The effect of source was explored in two sub-factors:
a. The form of the fertilizer: data was analysed from Barbieri et al. (2003); Siam et al. (2008),
and Walsh et al. (2012)
b. The addition of modifiers for controlled release of N: data was analysed from Tsai et al.
(1992) and Hu et al. (2013).
Effect of Timing
Only data on application in either one or two batches was analysed, as there was not enough
data available on application in three or more batches. Application time was expressed as the
maize developmental stage as described by Ritchie and Hanway (1982)—vegetative stages are
indicated as V1 to V12, where the number indicates the number of leaves and VT indicates
tasselling. Time was indicated as developmental stages rather than as days or weeks so that a
comparison could be made of publications across different agro-climatic zones. The effect of
timing was explored using multiple sub-factors:
a. Moment of single application: Data was analysed from Hamissa et al. (1974); Jokela and
Randall (1989); Stecker et al. (1993); Walsh et al. (2012), and Nunes da Silva et al. (2016).
b. Moment of second application: Data was analysed from Hamissa et al. (1974) and Walsh et
al. (2012).
c. Split versus non-split application: Data was analysed from Jokela and Randall (1989) and
Walsh et al. (2012).
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4

Results

In order to answer the sub-research questions, both the conclusions and the reported data of the individual publications were examined and compared.
First, the main conclusions of the papers are summarized in Section 4.1. Subsequently, Section 4.2 shows the analysis on the relationship between the
recovery in the grain and in the total crop. This was used to estimate the recovery in the crop for some of the data analysed in the following section.
Section 4.3 aims to examine the relationships between recovery, physiological and agronomic efficiency with all the data pooled together. This analysis
is meant to answer part of sub-research question (a), which asks how the recovery and the physiological efficiency are related to each other. Finally,
Section 4.4 is an analysis of the effect of the 4R management factors (rate, placement, source and timing) on recovery and physiological efficiency, in
order to answer sub-research questions (b) to (e) respectively.
4.1

Main Findings of the Publications

The main findings reported by the publications in the meta-analysis, organized in one table per management factor, are presented in Table 5 to Table 8.
The tables report only significant effects (or the lack of them) that were ascertained in the publications, and are meant to provide an overview showing
which publications had overlapping results. For an overview of each individual publication, Table A 2 can be consulted in the Appendix, which shows
each publication’s country, experimental setup, and main results.
Table 5. Main findings of the publications in the meta-analysis regarding the effect of input rate on the main response variables.
Response Variable
Grain Yield

Findings
 The grain yield increased with N rate.

Total Biomass Yield

 The total biomass increased with N rate.

N Uptake

 N uptake increased with N rate.

N Recovery

 N recovery decreased with N rate for highly N-responsive hybrids, but was
static for low N-responsive hybrids.

Authors
(Liu et al., 2014), (Barbieri et al., 2003),
(Siam et al., 2008), (Tsai et al., 1992),
(Hamissa et al., 1974), (Jokela and Randall, 1989),
(Stecker et al., 1993)
(Liu et al., 2014), (Siam et al., 2008),
(Jokela and Randall, 1989)
(Liu et al., 2014), (Siam et al., 2008),
(Jokela and Randall, 1989), (Stecker et al., 1993)
(Tsai et al., 1992)
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Table 6. Main findings of the publications in the meta-analysis regarding the effect of placement method on the main response variables.
Response Variable
Grain Yield

Findings
 No difference in yield between broadcast and banded placement.
 No difference in yield between broadcasted and incorporated placement
 Yield was higher for N placement as banded-injected than banded-dribbled and broadcasted
 No interaction was found between application time and placement method, as banded-injected N
performed best at both application times (planting and V7*).
 No interaction was found (in most site-years) between placement method and N rate
Total Biomass Yield
 No difference in total biomass between broadcast and banded placement.
N Uptake
 N uptake was higher for N placement as banded-injected than banded-dribbled and broadcasted
N Recovery
 No difference in N recovery in the grain between broadcast and banded placement.
 Higher N recovery in total biomass in broadcast than in banded application
 N recovery in total biomass was lower for broadcast than for incorporated placement
 N recovery was low (18 to 24%) when determined by the isotopic method, while it was very high
(40 to 92%) when calculated through the difference method.
N Agronomic Efficiency
 There was no difference in N agronomic efficiency between broadcast and incorporated
placement
*Vegetative stages are indicated as V1 to V12, where the number indicates the number of leaves.

Authors
(Delgado et al., 2001),
(Barbieri et al., 2003)
(Stecker et al., 1993)
(Stecker et al., 1993)
(Stecker et al., 1993)
(Delgado et al., 2001)
(Stecker et al., 1993)
(Delgado et al., 2001)
(Delgado et al., 2001)
(Barbieri et al., 2003)
(Delgado et al., 2001)
(Barbieri et al., 2003)

Table 7. Main findings of the publications in the meta-analysis regarding the effect of N source on the main response variables.
Response Variable
Grain Yield

Total Biomass Yield
N Uptake
N Recovery
N Agronomic Efficiency

Findings
 No difference in yield between Urea and CAN.
 Yield was highest for ammonium gas, followed by Ammonium Sulphate, and lowest for Urea
 The highly N-responsive hybrids increased yield when grown with Nitrapyrin (a nitrification
inhibitor) at all N levels.
 Biomass yield was highest for ammonium gas, followed by Ammonium Sulphate, and lowest
for Urea
 Increased N-uptake for treatments that applied controlled-release urea
 N recovery was lower for Urea than for CAN
 There was no difference in N agronomic efficiency between Urea and CAN

Authors
(Barbieri et al., 2003)
(Siam et al., 2008)
(Tsai et al., 1992)
(Siam et al., 2008)
(Hu et al., 2013)
(Barbieri et al., 2003)
(Barbieri et al., 2003)
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Table 8. Main findings of the publications in the meta-analysis regarding the effect of timing of application on the main response variables. Vegetative stages are
indicated as V1 to V12, where the number indicates the number of leaves and VT indicates tasselling.
Response Variable
Yield - Grain

Yield - Total Biomass
N Uptake
N Recovery

%N in the crop derived
from fertilizer

Findings
 Grain yield was higher for application at V6
 Grain yields were maximized with 90 kg N/ha preplant followed by 90 kg N ha-1 sidedress at
V6 or V10
 Delaying N application until V10 growth stage when preplant N was applied did not result in
lower yields.
 Delaying N application until V7 did not affect grain yield in six out of eight site years, and
decreased it in the other two.
 Total biomass slightly decreased for application at V8
 Grain N uptake was greater for applications at V4 and V6 than at planting.
 Grain N uptake was not greater for application at V7 than at planting
 N recovery (calculated with 15N method) were greater for applications at V4 and V6.
 N recovery was higher for applications at V6
 Lowest N recoveries were observed with higher N rates and when all N was applied preplant.
 Highest recoveries were achieved with 45 kg N ha-1 preplant followed by 45 kg N ha-1
sidedress applied at V6 growth stage and at V10
 The percentage of N in the crop derived from fertilizer (%NDff) was larger from the second
application than from the first
 The %NDff was higher for treatments with two than for three split applications.

Authors
(Rozas et al., 2004)
(Walsh et al., 2012)
(Walsh et al., 2012)

(Jokela and Randall, 1989)
(Nunes da Silva et al., 2016)
(Stecker et al., 1993)
(Nunes da Silva et al., 2016)
(Rozas et al., 2004)
(Walsh et al., 2012)
(Walsh et al., 2012)
(Eid et al., 1975)
(Eid et al., 1975)

19

4.2

Recovery in the Grain and Crop

In order to answer sub-question (a)—how the recovery and the physiological efficiency are
related—it was first necessary to decide which response variable to perform the analysis on:
recovery in the grain or recovery in the total biomass (i.e. in the crop). On one hand, there was
more data available on recovery in the grain (thereby allowing a stronger statistical analysis),
while the recovery in the total crop was the more relevant variable (as it shows how much of
the nutrient was used by the plant). To determine whether one could be used as a proxy for the
other, it was examined whether there was a constant ratio between the two variables (Figure 4).
A linear trend between the recovery in the crop and the recovery in the grain was found. Both
the slope (1.17) and the intercept (10.7%) of the regression were significant with P < 0.05 and
P < 0.001 respectively. As a consequence, the data on recovery in the crop in Figure 5 and
Figure 6 were calculated using Equation [3] for the publications which only reported on the
recovery in the grain.
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐶𝑟𝑜𝑝 = 1.17 ∙ 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐺𝑟𝑎𝑖𝑛

[3] .

Figure 4. Linear MEM of the recovery in the grain and in the total crop. Data from 12 different
publications. Overlap of data points is indicated by a darkening of colour. Fixed and random effects of
the model are stated in Table A 3 in the Appendix. Significance of the fixed effects at the level 0.05,
0.01, and 0.001 are indicated with *, **, and *** respectively.

4.3

Relationships Between Recovery and Physiological, and Agronomic Efficiency

The theoretical relationships between the recovery, physiological efficiency and agronomic
efficiency were explained according to the quadrant analysis in Section 2. However, the
relationship between these variables was also explored with the data from the meta-analysis.
Firstly, the coefficient of variation (CV) of the variables was computed in order to obtain a
general impression of their scatter relative to each other (Table 9). The CV of the physiological
efficiency was 0.88, while that of the recovery and the agronomic efficiency was 0.68, thus
indicating that there was more scatter in the physiological efficiency than in the latter two.
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The next step to analyse the relationship between the variables was plotting them against
each other (Figure 5) and establishing the presence or lack of a significant linear trend between
them. There was a positive linear relationship (P < 0.001) between the recovery and the
agronomic efficiency (Figure 5A), and between the physiological and agronomic efficiency
(Figure 5C). The physiological efficiency was independent of the recovery (Figure 5B, slope is
not significant) and its predicted value is 39.2 kg grain increase/kgN (P < 0.001). A visual
assessment Figure 5A, B, and C shows that most of the data points are within a recovery range
of 25 to 70%, a physiological efficiency range of 20 to 50 kg grain increase/kg N uptake
increase, and an agronomic efficiency range of 10 to 40 kg grain increase/kg N rate increase.
Most of the scatter of the physiological efficiency occurred at recovery values below 50%, as
is indicated by the red circle in Figure 5B. This scatter is explored more in depth in Figure 6.
In order to better understand what causes the variation in physiological efficiency at low
recovery (circled in red in Figure 5B), physiological efficiency was modelled as a function of
recovery and N rate (Figure 6). Since the model in Figure 6 involves two continuous variables,
the visualization and interpretation of the model can be problematic and hence requires some
further explanation. The graph should be interpreted thus that, each line that is graphed is the
trend line going through the data points if N rate is fixed at the value corresponding to the line’s
colour. Since N rate is a continuous variable, the graphed lines are only an illustrative sample,
as the lines at all other rates also pass through the data. The physiological efficiency tended to
decrease with recovery, although this trend was not statistically significant (P < 0.1). The
physiological efficiency was negatively related to the N rate (P < 0.001) (Figure 6). No
interaction was found between recovery and N rate. The highest physiological efficiencies (in
the left-upper corner of Figure 6, i.e. the points in the red circle) are therefore found at low N
rates and at low recovery.
Table 9. Coefficient of variation of recovery, physiological efficiency, and agronomic efficiency.

Recovery
Physiological Efficiency
Agronomic Efficiency

Coefficient of
Variation
0.68
0.88
0.68

21

(A)

(B)

(C)

Figure 5. Linear MEM of (A) the recovery in total crop and agronomic efficiency (kg grain increase per kg N rate increase), (B) the recovery in the total crop
and physiological efficiency (kg grain increase per kg N uptake increase), and (C) the agronomic and physiological efficiency. Data from all publications and
Yara. Overlap of data points is indicated by darkening colour. Random effects were accounted for publication, year, and region. Significance of the fixed effects
at the level 0.05, 0.01, and 0.001 are indicated with *, **, and *** respectively. The data points circled in red are highly scattered and were therefore examined
in the next figure.
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Figure 6. Linear MEM of the recovery in total crop and physiological efficiency (kg grain increase per
kg N uptake increase) modelled together with N rate. The model is stated at the bottom of the figure,
with EP the physiological efficiency, EREC the recovery, R the N rate, and a, b, and c, the model
parameters. Data from all publications and Yara. Overlap of data points is indicated by a darkening of
colour. Random effects were accounted for publication, year, and region. Significance of the fixed
effects at the level 0.1, 0.05, 0.01, and 0.001 are indicated with . , *, **, and *** respectively.

4.4

Effects of Management Factors

This section analyses the effect of the management factors rate, placement, source, and timing
of nitrogen on the recovery and physiological efficiency, so as to answer sub-research questions
(b) to (e) respectively. Each management factor was analysed in a separate section. Note, all
analyses on recovery in this section were performed on the recovery in the grain, rather than
the recovery in the crop, so there was no transformation of the data—i.e. all the models are
based on the original data from the publications. Note also that in the sections on placement
method, source, and timing the values that are shown in the graphs are predicted by the
corresponding models at a certain N rate.
4.4.1 Rate
There were eleven publications that applied multiple N rates in their experimental setup. All
publications showed a negative linear relation between the N input rate and the N recovery,
except for Hamissa et al. (1974)and Siam et al. (2008), which were slightly positive (Figure
7A). The unit of the slopes is the change in percentage recovered per extra unit N input, and
they range between -0.23 to 0.09. The predicted intercepts of the regressions of all eleven
publications ranged between 14.6 to 118.3 %. The publications also showed a decreasing
physiological efficiency with N rate (Figure 7B), except for the data obtained from Yara. The
change in physiological efficiency (kg grain increase/kg N uptake increase) per unit N rate (kg
N/ha) ranged between -0.75 to 0.04. The predicted intercepts ranged between 41.3 to 155.9 kg
grain increase/kg N uptake increase.

23

The data of the publications in Figure 7 was pooled and modelled together (Figure 8A,B,C).
Note that no distinction was made between treatments regarding other management factors such
as source or placement method in the analysis of the pooled data. There was a decrease in
recovery, physiological efficiency, and agronomic efficiency with N rate (P < 0.001). The
predicted intercept for the regression for recovery was 54.9%, for physiological efficiency it
was 55.1 kg grain increase/ kg N uptake increase, and for the agronomic efficiency it was 32.3
kg grain increase/ kg N rate increase (P < 0.001). Although the regressions in A,B, and C were
significant, the data showed a lot of scatter around the trend lines, and was thus further explored
to determine if there was another factor which could account for this variability.
All three response variables were modelled with N rate together with maximum yield.
Recall that maximum yield was meant as an indication of the general growing conditions of the
crop at non-limiting N availability, and was defined as the highest yield that was recorded in
publication i, in year j, at region k. For both the recovery and the agronomic efficiency (Figure
8 a and c), a positive correlation (P < 0.001) was found with the maximum yield, as well as an
interaction between the maximum yield and the N rate. Moreover, a visual assessment of the
models indicates that they seem to explain the scatter of the data well. No relation was found
between the maximum yield and physiological efficiency (Figure 8b). Through visual
assessment, the model does not seem to explain the scatter of the data well.

24

(A)

(B)

Figure 7. Linear MEMs of recovery (A) and physiological efficiency (kg grain increase per kg N uptake increase) (B) as explained by N rate per publication. Only publications
are shown which have an experimental setup with multiple N rates. Overlap of data points is indicated by a darkening of colour. Fixed and random effects of the models are
stated in Table A 3 in the Appendix. Significance of the fixed effects at the level 0.05, 0.01, and 0.001 are indicated with *, **, and *** respectively.
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(A)

(B)

(C)

(a)

(b)

(c)

Figure 8. Linear MEMs of N rate (R) as an explanatory variable for recovery (EREC, A,a), physiological efficiency (EP, B,b), and agronomic efficiency (EAGR, C,c). A second
explanatory variable (maximum yield, Ymax) is modelled in (a), (b), and (c), indicated by colour. Data from publications of Figure 7 in (A,B,C) and from Jokela and Randall
(1989); Tsai et al. (1992); Stecker et al. (1993); Rozas et al. (2004) and Liu et al. (2014) in (a,b,c). Overlap of data points is indicated by darkening colour. Fixed and random
effects of the models are stated in Table A 3 in the Appendix. Significance of the fixed effects at the level 0.1, 0.05, 0.01, and 0.001 are indicated with . ,*, **, and *** respectively.
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The data on recovery was also examined to determine at which N rate the theoretical
breaking point in the recovery curve that would be expected from the quadrant analysis (Figure
1) would be found. The sums of residuals of recovery curves with different breaking points (N
rates) are plotted in Figure 9. The model with the lowest residual (assumed to be the best fitting)
was found at the breaking point of 405 kgN/ha. Since this is the maximum N rate in the whole
data set, the corresponding model is the linear regression in Figure 8A, which does not have a
breaking point.

Figure 9. Sum of residuals at each breaking point tested in the relation between N rate and recovery.

4.4.2 Placement Method
The placement methods of Barbieri et al. (2003) and Delgado et al. (2001) were analysed in
Figure 10. Barbieri et al. (2003) compares incorporated versus non-incorporated (broadcast) N
application, while Delgado et al. (2001) compares broadcast with banded application. Recovery
in Delgado et al. (2001) was very low due to a low NHI in the broadcast treatment (recall that
the recovery indicated in the graphs is the recovery in the grain, not in the whole crop), and
possibly due to a high mineralization rate. Recovery (Figure 10A) was higher (P < 0.05) for
incorporated than for broadcast application, while there was no difference between broadcast
and banded application. The physiological efficiency (Figure 10B) appeared to be lower for
incorporated than for non-incorporated application, although this difference was not significant.
Banded application had a higher physiological efficiency than broadcast application, but also
here the difference was not significant.
The analysis of the data from Stecker et al. (1993) is shown in Figure 11. The publication
compares the effect of N applied banded-injected, banded-dribbled, and broadcast, either
applied at planting or at V7, at three different N rates (67, 135, and 202 kgN/ha). Dribbled
placement is done by allowing a stream of liquid fertilizer (in this case UAN) to dribble onto
the soil. For both the recovery and the physiological efficiency of N applied at planting, an
interaction was found (P < 0.05) between the N rate and the application method. This interaction
was not found for application at V7. For this reason, predicted values were displayed separately
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for each N rate for application at planting, and were predicted at only one N rate (135 kgN/ha)
for application at V7.
Recovery of banded-injected and broadcast application at planting both decreased with N
rate at -0.08 and -0.04 percent points per kg N/ha respectively (Figure 11A), thus showing a
steeper decrease for banded-injected application. Oppositely, the recovery of banded-dribbled
application at planting increased with N rate at 0.04 percentage points per kg N/ha. Recovery
of banded-injected application was higher than recovery for banded-dribbled as well as
broadcast application at planting at N rates of 67 and 135 kgN/ha (P < 0.05) and at V7 (P < 0.05
and P < 0.01). Recovery of broadcast N was higher than banded-dribbled (P < 0.1) for
application at planting at 67 kgN/ha, while the inverse was true for application at V7.
The physiological efficiency (EP) of all three application methods at planting decreased with
N rate at -0.02, -0.14, and -0.11 kg grain/kg N per unit change in N rate (i.e. per kgN/ha) for
banded-injected, banded-dribbled, and broadcast, respectively (Figure 11B). Both bandeddribbled and broadcast therefore show a relatively steep decrease of EP with N rate while for
banded-injected EP remains almost constant. For application at planting, the EP of broadcast
and banded-dribbled was higher than the EP of banded-injected at N rates of 67 and 135 kgN/ha
(P < 0.05), while there was no difference between banded-dribbled and broadcast. For
application at V7, EP of broadcast was higher (P < 0.1) than banded-injected and bandeddribbled, and there was no difference between these two.

(A)

(B)

Figure 10. Predicted recovery (A) and physiological efficiency (B) of broadcast, incorporated, and
banded N application. Data was analysed separately for each publication and values were predicted
using the models as stated in Table A 3 in the Appendix. Development stage at application of N was V6
in Barbieri et al. (2003) and was not reported in Delgado et al. (2001). Least significant differences are
shown to the right of the columns. Significance of the differences at the level 0.1, 0.05, 0.01, and 0.001
are indicated with ., *, **, and *** respectively.
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(A)

(B)

Figure 11. Predicted recovery (A) and physiological efficiency (B) with all N supplied banded-injected,
banded-dribbled and broadcast at planting or at V7. N rate (in kgN/ha) at planting is indicated by the
numbers 67, 135, and 202 and is 135 kgN/ha at V7. Data from Stecker et al. (1993). Values were
predicted using the models as stated in Table A 3 in the Appendix. Least significant differences are
shown to the right of the columns. Significance of the differences at the level 0.1, 0.05, 0.01, and 0.001
are indicated with ., *, **, and *** respectively.

4.4.3 Source
The publications that were analysed in this section were grouped into two sub-sections: one
about different sources of N, and the following about the effect of modifications (inhibitors and
coating) meant to control release N.
Comparison Between Sources
The publications Barbieri et al. (2003), Siam et al. (2008), and Walsh et al. (2012) all compared
the application of urea with another source of N (Figure 12). In all publications the recovery
was lowest for urea, although this difference was only significant between urea and ammonium
sulphate (AS) (P < 0.05, Figure 12A). There was no significant difference in recovery between
urea, calcium ammonium nitrate (CAN), ammonium nitrate (AN), nor urea ammonium nitrate
(UAN). Regarding physiological efficiency (Figure 12B), no significant differences were found
between urea and CAN, ammonium sulphate, nor ammonium nitrate. However, the
physiological efficiency of urea was higher than that of UAN (P < 0.1). Although the
physiological efficiency and recovery of CAN are higher than that of urea, the values are based
on only three data points (one for CAN, two for urea) and the difference is therefore not reliable,
as can be seen by the very large least significant difference (LSD). Similarly, the differences in
recovery between urea, ammonium nitrate and UAN could not be determined to be significant
because each source was tested in a different year, therefore leading to a large random effect
and as a consequence a large LSD.
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(A)

(B)

Figure 12. Predicted recovery (A) and physiological efficiency (B) with N supplied as Urea, Calcium
Ammonium Nitrate (CAN), Ammonium Sulphate (AS), Ammonium Nitrate (AN), or Urea Ammonium
Nitrate (UAN). Data was analysed separately for each publication and values were predicted using the
models as stated in Table A 3 in the Appendix, at an N rate of 140 kgN/ha. Data from Barbieri et al.
(2003); Siam et al. (2008); Walsh et al. (2012). LSDs are shown to the right of the columns. Significance
of the differences at the level 0.1, 0.05, 0.01, and 0.001 are indicated with . , *, **, and *** respectively.

Effect of Modifiers (Coating and Inhibitor)
The publications Hu et al. (2013) and Tsai et al. (1992) both examine the effect of a modified
N for controlled-released application. Hu et al. (2013) compares urea with slow-release urea,
the latter of which is a resin-encapsulated (or ‘coated’) urea designed by the Shandong
Agricultural University. The recovery of the slow-release urea was 6% higher (P < 0.001,
Figure 13A) than the recovery of the normal urea, while there was no difference in physiological
efficiency (Figure 13B). On the other hand, in Tsai et al. (1992) anhydrous ammonia (AA) was
compared to AA with the addition of the inhibitor nitrapyrin4 at 0.55 kg/ha. Nitrapyrin inhibits
some of the enzymes involved in ammonia oxidation by bacteria in the soil such as the
Nitrosomonas, Nitrosospira, and Nitrosolobus species (Powell and Prosser, 1986). The addition
or not of the inhibitor was modelled as a Yes or No (1 or 0) binary variable (Ninh) (Figure 14).
Regarding the recovery, there was an interaction between the N rate and the application of the
inhibitor (P < 0.05, Figure 14A). The N recovery in treatments without and with inhibitor
decreased with N rate at -0.17 and -0.295 percent-points per kgN/ha respectively, hence
showing a much steeper decrease for the treatment with inhibitor. There was also a difference
of 41% in recovery at the intercept between the two treatments (P < 0.001), with recoveries at
97.7 and 138.8% for treatments without and with inhibitor respectively. As a consequence of
the interaction between N rate and inhibitor treatment, the difference in recovery between the
two treatments decreases with N rate from 41% at the intercept to -7% at 400 kgN/ha. At low
N rates, the inhibitor had a priming effect, as some of the recoveries are higher than 100%.
Regarding the physiological efficiency, there was no significant difference between the two
treatments (Figure 14B), although it was higher for the treatment with the inhibitor.
4
5

The official name for nitrapyrin is 2-chloro-[6-trichloro-methyl] pyridine
-0.17 – 0.12 = -0.29
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(A)

(B)

Figure 13. Predicted recovery (A) and physiological efficiency (B) with N supplied as urea and as
coated urea for slow release. Data was obtained from Hu et al. (2013); values were predicted using the
models as stated in Table A 3 in the Appendix, at an N rate of 140 kg N/ha. Least significant differences
are shown to the right of the columns. Significance of the differences at the level 0.1, 0.05, 0.01, and
0.001 are indicated with ., *, **, and *** respectively.

(A)

(B)

Figure 14. Predicted recovery (EREC, A) and physiological efficiency (B) as explained by N rate (R) and
the addition or not of the inhibitor nitrapyrin (Ninh, dotted and solid line respectively). N was supplied
as Anhydrous Ammonia (AA). Data was obtained from Tsai et al. (1992); values were predicted using
the models as stated in Table A 3 in the Appendix, at an N rate of 140 kg N/ha. The least significant
difference (LSD) is shown to the right of the columns. Significance of the fixed effects parameters at
the level 0.1, 0.05, 0.01, and 0.001 are indicated with ., *, **, and *** respectively.
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4.4.4 Timing
When analysing the effect of timing, the following variables concerning N application were
investigated in the publications:
a.
b.
c.
d.

The total amount applied (N rate)
The number of applications
The moment (development stage) of each application
The amount or percentage applied at each application

Due to the large number of variables which this renders, some simplifications were made.
First, the number of applications was kept to either one or two. Second, given two applications,
the division of the total N supplied (the N rate) amongst the two batches was always 50-50.
There were only a small number of data-points available with a larger number of applications
or a different division of the N amongst the splits, which was not enough for an in-depth
analysis; the larger number of applications were thus not analysed. The rest of the data was
analysed by looking first at single and split applications separately, followed by a comparison
of the two. Application time was expressed as the maize developmental stage as described by
Ritchie and Hanway (1982)—vegetative stages are indicated as V1 to V12, where the number
indicates the number of leaves and VT indicates tasselling.
Single Application
Figure 15 is a comparison of the recovery and physiological efficiency of N supplied in a single
application at different developmental stages of the maize, with data from Hamissa et al. (1974);
Jokela and Randall (1989); Stecker et al. (1993); Rozas et al. (2004); Walsh et al. (2012) and
Nunes da Silva et al. (2016). Note that in the data from Stecker et al. (1993) there were also
three placement methods at each developmental stage of application. There was only a
difference in recovery between application at planting and at V6 (P < 0.05), found in Rozas et
al. (2004) (Figure 15A). No other developmental stages showed any significant effect on
recovery. The negative recovery for application at V8 in Nunes da Silva et al. (2016) means
that the amount of N taken up was larger in the control (0 N) plot than in the V8 treatment. As
a consequence, the physiological efficiency was also extremely low (-284 kg grain increase/kg
N). The publication reports relatively dry growing conditions—which explains the generally
low recovery and physiological efficiency—but this does explain such a large deviation from
the expected range, and the values were thus regarded here as outliers. The generally low
physiological efficiency of the results in Jokela and Randall (1989) could also be explained by
dry conditions, as well as by a high residual NO3 in the soil. There was no effect of the
developmental stage of application on the physiological efficiency in any of the publications,
except for the results from Stecker et al. (1993), in which the EP was higher for application at
planting than for application at pre-planting (P < 0.05) and at V7 (P < 0.1).
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(A)

(B)

Figure 15. Predicted recovery (A) and physiological efficiency (B) with all N supplied as one application
at different developmental stage (indicated by bar colour). Vegetative stages are indicated as V1 to V12,
where the number indicates the number of leaves and VT indicates tasselling. Data from Hamissa et al.
(1974); Jokela and Randall (1989); Stecker et al. (1993); Rozas et al. (2004); Walsh et al. (2012) and
Nunes da Silva et al. (2016). Values were predicted using the models as stated in Table A 3 in the
Appendix, at an N rate of 140 kgN/ha. LSDs are shown to the right of the columns. Significance of the
differences at the level 0.1, 0.05, 0.01, and 0.001 are indicated with ., *, **, and *** respectively.
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Split Application
Data from Hamissa et al. (1974) and Walsh et al. (2012) was analysed given an N supplied in
two equal applications, in Figure 16. The x-axis of the figure indicates the development stage
of the maize at which the first application is given, and the colour of the bars indicates the stage
of the second application. There was no significant effect of the stage of the second application
on recovery nor on physiological efficiency with the first application either at planting or at V4.
Although it seems that given the first application at V4 the recovery and the physiological
efficiency are both higher for a second application at V12 than at V8, this is not a significant
finding.
(A)
(B)

Figure 16. Predicted recovery (A) and physiological efficiency (B) with N applied in two equal splits,
the first at the stage indicated on the x-axis and the second at the stage indicated by the filling colour.
Vegetative stages are indicated as V1 to V12, where the number indicates the number of leaves and VT
indicates tasselling. Data on first application at planting was taken from Walsh et al. (2012), and at V4
from (Hamissa et al., 1974). Values were analysed separately for each publication and predicted using
the models as stated in Table A 3 in the Appendix, at an N rate of 140 kgN/ha. Least significant
differences are shown to the right of the columns.

Single versus Split Application
Finally, a comparison was made between a split and a single application, using data from Jokela
and Randall (1989) and Walsh et al. (2012) in Figure 17. The figure shows the predicted
recovery and physiological efficiency for a single application at planting (Planting), a single
delayed application at the development stage indicated by the x-axis (Delayed), or a split
application amongst the two (Split). The recovery was higher for Split than for Planting for all
developmental stages (Figure 17A). However, the difference was only significant at V6 and
V10 (P < 0.1), where recovery was respectively 6.9 and 5.9% higher for Split. The recovery of
Split was also higher than the recovery of Delayed for all development stages, although this
difference was not significant in any of the stages. No difference in recovery was found between
Planting or Delayed. The physiological efficiency did not differ significantly between Split and
Planting nor between Split and Delayed at any of the developmental stages (Figure 17B). At
V10, the physiological efficiency was 11.9 (kg grain increase/kgN uptake) lower for Delayed
than for Planting (P < 0.1).
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(A)

(B)

Figure 17. Predicted recovery (A) and physiological efficiency (B) with N applied either in a single
application at planting, in two equal splits at planting and at the stage on the x-axis, or as a single delayed
application at the stage on the x-axis. Vegetative stages are indicated as V1 to V12, where the number
indicates the number of leaves and VT indicates tasselling. Data on V6, V10, and VT was obtained from
Walsh et al. (2012), and V8 from Jokela and Randall (1989). Values were analysed separately for each
publication and predicted using the models as stated in Table A 3 in the Appendix, at an N rate of 140
kgN/ha. Least significant differences are shown to the right of the columns. Significance of the
differences at the level 0.1, 0.05, 0.01, and 0.001 are indicated with . , *, **, and *** respectively.
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5

Discussion and Further Research

This section discusses the results that were found in the previous chapter, and is meant to put
the results into perspective—to assess their quality, compare them to theory and other literature
sources, and to interpret their meaning. This is done with the general aim of answering the
research questions in Section 1, and therefore the main conclusions regarding each question are
summarized at the end of each corresponding sub-section. The first sub-section (5.1) evaluates
the Nitrogen Harvest Index (NHI) that was determined, as well as the appropriateness to use
this value to transform some of the data for further analysis. Sub-section 5.2 is an evaluation of
the magnitudes of the data that was collected and pooled in comparison to the magnitudes found
in other literature sources. The first two sub-sections therefore do not directly answer any of
the research questions, but are rather meant as preliminary analyses which are necessary to
build upon in the rest of the chapter. Sub-section 5.3 aims to answer research question (a),
which asks how recovery and physiological efficiency are related. Section 5.4 discusses the
answer to research questions (b) to (e), which respectively inquire on the effect of rate,
placement method, source and timing of N on recovery and physiological efficiency. The
methodology that was used to collect the data and to analyse the results is evaluated in Section
5.5. Finally, Section 5.6 zooms out and takes a broader perspective on the results and on what
has been achieved.
5.1

Recovery in the Grain and Crop

The ratio of recovery in the crop (total biomass) and in the grain found in the results (Section
4.2) was used to estimate the recovery in the total crop for the analyses on the pooled data
(Section 4.3). This section discusses the appropriateness of this data transformation.
By using the coefficient 1.17 (the ratio of recovery in the crop to recovery in the grain) the
ratio of nitrogen in the grain to nitrogen in the crop was assumed to be independent of N rate
and management factors. It is not clear from literature whether this is a reasonable assumption,
as the findings are contradictory. On one hand, there are sources which suggest that Nitrogen
Harvest Index (NHI) is variable across hybrids and growing conditions. Chakwizira et al.
(2016) found a dependency of NHI on water availability, Ciampitti and Vyn (2012) found a
strong correlation between NHI and Harvest Index (HI), and Fageria (2014) states that NHI
depends on N source, timing, and rate. On the other hand, Chakwizira et al. (2016) found that
NHI is independent of N rate, which is contradictory to Fageria (2014). From the findings in
the mentioned literature, one would expect a large scatter in the relation between crop and grain
recovery (Figure 4), as the data originates from a wide range of growing conditions and hybrids,
which, according to the previously mentioned sources, all have an impact on NHI. However,
there is very little scatter around the linear model. Visually, the data seems to point towards the
same conclusion as the statistical analysis: that the ratio of recovery in the crop and in the grain
has a constant value across the studies. An alternative method to determine the ratio could have
been to calculate it separately for each publication and to look at their distribution.
5.2

Evaluation of Magnitudes

In order to obtain a general impression of the quality of the collected data, some comparisons
were made of the pooled data on the magnitudes of the recovery, physiological efficiency, and
agronomic efficiency compared to the magnitudes found in literature. The average recovery
found in Cassman et al. (2002) amongst 55 farms in the USA was 37%, and Ciampitti and Vyn
(2012) found an average recovery of 53 and 44%, respectively, in old era (1940 to 1990) and
new era (1991 to 2011). All three averages fall within the range of recovery of most of the data,
which was between 25 to 70%. Regarding the agronomic efficiency, Frink et al. (1999) found
values between 42 to 57 kg grain increase/kg N rate increase, while Ciampitti and Vyn (2012)
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found an average of 58 and 66 kg grain increase/ kg N rate increase for the old and new era
respectively. Neither of the two meta-analyses therefore corroborate the agronomic efficiency
range of 10 to 40 kg grain increase/kg N rate increase in the results of the current study. A
possible reason for this could be that most of the data from Ciampitti and Vyn (2012) (73 out
of 100 studies) and all the data from Frink et al. (1999) originate from the USA or Canada,
while that is only the case for 4 out of 16 sources (358 out of 549 observations) in the present
meta-analysis. Ciampitti and Vyn (2014) found that studies in the USA have a higher grain
yield to N uptake ratio, and might therefore clarify the lower agronomic efficiency of the present
study. Finally, the predicted physiological efficiency of the present results was 39 kg grain
increase/kg N (Figure 5B), which was higher than the 22 kg grain increase/kg N found in
Ciampitti and Vyn (2012) and the 36 kg grain increase/kg N estimated from Cassman et al.
(2002). This is especially striking because, given the lower agronomic efficiency of the results
compared to literature and the similar recovery range, it would have been expected that the
physiological efficiency would also be lower than in literature. Overall, despite the difference
in magnitudes in agronomic efficiency with the literature, the data on recovery and
physiological efficiency was deemed to be relatively well in line with literature.
5.3

Relationships Between Recovery, Physiological, and Agronomic Efficiency

In this sub-section, the results are analysed on the general trends between recovery,
physiological, and agronomic efficiency. First, in Section 5.3.1, a comparison is made between
the relationships that would be expected from literature and the findings by linear modelling of
the pooled data. The relationship between recovery, physiological efficiency and N rate is
subsequently discusses in Section 5.3.2. In the following section the findings of the model are
compared to the patterns of recovery and physiological efficiency that are found in the results
across the analyses of the management methods. Finally, the last section (5.3.4) discusses some
criticism by which the results of the analyses of the pooled data can be put into question.
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5.3.1 Theory Compared to Data
In order to answer research question (a)—what is the relationship between recovery and
physiological efficiency?—the relationship between the two variables and with the agronomic
efficiency was explored. According to Cassman et al. (2002), biomass and grain production are
closely related to N uptake, and therefore an increase in agronomic efficiency must be caused
by an increase in recovery. In other words, since the amount of biomass and grain that the crop
can produce per amount of N taken up is constant, a higher yield per unit input rate must be
because the percent of N taken up is higher, and not because the crop can make better use of
the N taken up. According the argument by Cassman et al. (2002), one would therefore expect
a constant physiological efficiency, and an increasing agronomic efficiency with recovery. In
the results of this meta-analysis, the agronomic efficiency was positively linearly related to both
the recovery and the physiological efficiency (Figure 5A and C respectively), thereby indicating
that physiological efficiency is not constant. Moreover, there was no significant relationship
between recovery and physiological efficiency (Figure 5B), which confirms the conclusion that
physiological efficiency is indeed not a constant but variable across recoveries. This therefore
undermines the argument by Cassman et al. (2002) that a change in agronomic efficiency is
caused only by a change in recovery. However, although the results suggest that recovery and
physiological efficiency are not related as was theorized by Cassman et al. (2002), the nonsignificant relationship between the two variables (Figure 5B) does not give any indication as
to how they are related. The main conclusion that can be made from the analysis is that there
is no clear relationship between recovery and physiological efficiency.
5.3.2 Relationship Between Recovery, Physiological Efficiency and N Rate
The reason why in the previous section it was concluded that there is no clear relationship
between recovery and physiological efficiency is the high degree of scatter that was found in
the physiological efficiency. To better understand what causes the scatter, the relationship
between recovery and physiological efficiency was explored in relation to N rate. There was a
negative linear relation between N rate and physiological efficiency (Figure 6). Moreover, once
modelled together with N rate, physiological efficiency tended to decrease with recovery
(although not significantly, P < 0.1). This means that there is a weakly significant decrease in
physiological efficiency with increasing recovery, but the actual value of the physiological
efficiency at a certain recovery depends on the N rate. Therefore, this leads to the conclusion
that the relationship between recovery and physiological efficiency is slightly negative, but that
this is only evident if computed at a certain N rate. This negative relationship could be explained
by the fact that, at a constant N rate, an increasing recovery would lead to an increasing N
uptake. At a higher N uptake the N concentration in the crop is likely to become higher—
accumulation starts to take place as it becomes less necessary for the crop to make efficient use
of the N taken up—which would lead to a lower physiological efficiency.
There was an especially high amount of scatter in physiological efficiency at a low recovery,
as there were many data points with a relatively high physiological efficiency (circled data
points) compared to the rest of the data. The high physiological efficiency can partly be
explained by the relatively low N rate in combination with low recovery, which suggests a low
N uptake. A low N uptake would lead to a high dilution and therefore a high physiological
efficiency. However, although the N rate of the data points in question is low, it is not lower
than the N rate of other data points in the same recovery range. This therefore does not explain
the notably higher physiological efficiency. Another explanation could be that the growing
conditions were better for those specific data points, as a favourable environment could allow
the crop to make a more efficient use of the N taken up. However, there was no significant
relation between physiological efficiency and maximum yield (Figure 8b)—the variable that
was used as a proxy to indicate general growing conditions. This means that there was no pattern
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in physiological efficiency in regard to the growing conditions, and that the growing conditions
of the data points with a high physiological efficiency were, if not bad, not exceptionally
favourable either. It is therefore still unclear what has caused the high degree of scatter in the
physiological efficiency at low recovery.
5.3.3 An Alternative Approach: Recognizing Patterns
An alternative approach to determining the relationship between recovery and physiological
efficiency is to search for any pattern that they might display across the analyses of the different
management methods. One recurring pattern that seemed to occur was that recovery and
physiological efficiency were mirrored. In many cases across the management methods, the
treatment with the highest recovery was also the treatment with the lowest physiological
efficiency. This occurred in three out of three publications analysed on placement method, three
out of five publications analysed on source, and five out of six papers analysed on timing. Such
a mirrored pattern could indicate a certain degree of “compensation” between recovery and
physiological efficiency—treatments which increase recovery would inherently decrease
physiological efficiency. Note that for such a compensation to be true, a non-limiting P and K
situation should be assumed. An explanation for this compensation could be a higher N uptake
at higher recovery, leading to N accumulation and therefore to a lower physiological efficiency.
The mirrored recovery and physiological efficiency are in agreement with the weakly
significant negative linear relationship found in the previous section when modelled together
with N rate. Moreover, the coefficient of variation (CV) of the agronomic efficiency was lower
than that of the physiological efficiency and equal to that of the recovery. Since agronomic
efficiency was defined as the product of recovery and physiological efficiency, the lower CV
of the agronomic efficiency than of the physiological efficiency is also an indication that some
of the variation in physiological efficiency is being compensated by the recovery.
The inverse relationship that was found between recovery and physiological efficiency is of
high interest from a practical point of view. In the case that recovery and physiological
efficiency really would compensate for each other, then that would imply that it is only
necessary to consider the agronomic efficiency in order to make agronomic predictions and
recommendations on fertilizer N application, rather than having to consider both the recovery
and the physiological efficiency. Moreover, an inversely (i.e. negatively) related recovery and
physiological efficiency also implies that it could theoretically be possible to calculate an
economically optimum level of N rate, at which the higher productivity of the crop compensates
for the cost of N application. This could be a potentially interesting topic for further research in
the future. Nevertheless, it is important to note that the mirrored pattern found across the
analyses was not found in all publications, and that in many of the cases the difference between
the treatments was not significant. Before any research on N rate optimization could be done,
it would first be necessary to further examine whether the inverse relationship between recovery
and physiological efficiency at each N rate is really present.
5.3.4 Points of Criticism to the Analysis
Although the conclusions in the previous sections seem relatively clear, there are some
underlying issues which should be discussed. Firstly, the positive relationship that was found
between the agronomic efficiency and both recovery and physiological efficiency (Figure 5A
and C) can be put into question due to the fact that in both cases the response variable is not
independent of the explanatory variable. Recall that agronomic efficiency was defined in
Equation [1] as the multiplication of the recovery and the physiological efficiency; to recall:
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Notice that the agronomic efficiency and the recovery both depend on the N rate (R), while
the agronomic efficiency and the physiological efficiency both depend on the yield increase
(∆Y). Therefore, the agronomic efficiency is not independent of either the recovery nor of the
physiological efficiency. It follows that a plot of agronomic efficiency with either of the two
will always result in a trend, and could therefore be considered relatively meaningless.
The conclusions regarding the relationship between recovery and physiological efficiency
can be further put into question when compared to the conclusions of the extensive metaanalysis by Ciampitti and Vyn (2012). They found an increase in agronomic efficiency over
historical time which was caused by an increase in both recovery and physiological efficiency.
However, the increase in recovery was caused by an increase in planting density: at the same N
rate per hectare and increasing planting density, the N uptake per plant remained constant,
thereby increasing the recovery per ha. The increase in physiological efficiency over time was
caused by a decrease in N concentration in the tissue, which led to the conclusion that modern
cultivars can produce more biomass per unit N taken up.
The findings by Ciampitti and Vyn (2012) show that planting density plays an important
role in recovery. Although a certain degree of selection was made in this report regarding
planting density during data collection (planting densities below 30000 plants per ha were not
accepted, see Section 3.2), planting densities in the data set still range between 32000 and 85000
plants per ha. The increasing agronomic efficiency with recovery might therefore indirectly be
an effect of planting density. Second, the difference in physiological efficiency that Ciampitti
and Vyn (2012) found between old and new genotypes show that physiological efficiency is
not constant between cultivars. Since there were 26 different hybrids in the data set this might
also have an effect on the results. Overall, the results of Ciampitti and Vyn (2012) therefore
show that recovery, agronomic efficiency, and physiological efficiency are intertwined in a
complex manner with planting density and genotype, which were both not taken into account
in this analysis. An interesting question remains whether, at a single planting density and
cultivar, a meaningful relation would be found between recovery and physiological efficiency.
Overall, the answer to the sub-research question (a)—how are recovery and physiological
efficiency related?—can be summarized in the following points:
a. Given a certain N rate, there appears to be a negative relationship between recovery and
physiological efficiency.
b. Recovery is affected by planting density, and physiological efficiency is affected by
genotype, so these two factors should be taken into account to determine the relationship
between recovery and physiological efficiency.
5.4

Effects of Management Factors

This section is intended to determine what the effect of N rate, placement method, source, and
timing on recovery and physiological efficiency, as asked in sub-research questions (b) to (e).
Each management factor is discusses in a separate sub-section below.
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5.4.1 Effects of Rate
Explaining the Trends
Recovery decreased with N rate in almost all the publications of the meta-analysis (Figure 7A)
as well as in the model with combined data (Figure 8A). The same result was found by Reddy
and Reddy (1993), Ciampitti and Vyn (2012), and Cassman et al. (2002). However, according
to the theory of the quadrant analysis (Figure 1), recovery should stay constant up to a certain
critical N rate (below which it is the most limiting nutrient), and would afterwards decrease (ten
Berge et al., 2000). Such a theory would imply that the function of recovery with N rate would
have a “breaking point”, but no such shape was found (Figure 9). The best model (with lowest
sum or residuals) was a linear regression without a breaking point. Cassman et al. (2002)
explains the decreasing recovery with N rate by stating that the larger the crop-available-N pool,
the larger the potential for losses through pathways such as leaching and volatilization. Another
possibility explaining the difference between the expected and actual trend between N rate and
recovery is the fact that the quadrant analysis assumes a constant availability of P and K (and
of micronutrients), while in the data set the P and K rates differed across publications.
The physiological efficiency also decreased with N rate, both in the individual publications
(Figure 7B) and in the combined model (Figure 8B), which was also concluded in Cassman et
al. (2002). This result is in agreement with the theory behind the quadrant analysis (Figure 1),
according to which, as N rate increases, its availability becomes less limiting than that of other
nutrients, leading to N accumulation (higher concentration) in the crop and as a consequence
decreasing physiological efficiency (ten Berge et al., 2000). The decrease of both recovery and
physiological efficiency with N rate are likely to be the cause of the decrease in agronomic
efficiency with N rate (Figure 8C). Increased yields require a greater N uptake, which in turn
requires a higher N rate, but which is also more vulnerable to N losses (Cassman et al., 2002).
In other words, to achieve higher yields, on one hand more N is necessary per unit of grain
(because N concentration is high), and on the other hand more N is lost per unit supplied (due
to low recovery at high N rate), therefore leading to very high fertilization requirements and
losses to the environment and low agronomic efficiency.
Explaining the Scatter in Recovery and Physiological Efficiency
Although the effect of N rate on recovery and physiological efficiency was highly significant
(P < 0.001), there was a great amount of scatter around the trend lines. To determine whether
the scatter is caused by the growing conditions of the crop, the same response variables were
modeled with N rate together with maximum yield—recall that maximum yield was used as an
indicator for environmental conditions. The scatter of the physiological efficiency could not be
explained by the maximum yield (Figure 8b), as there was no significant effect and the model
did not cover the scatter. This suggests that maximum yield might not be a very good indicator
for growing conditions, as physiological efficiency is not likely to be independent of the crop’s
environmental conditions. On the other hand, visual assessment of the models for recovery and
agronomic efficiency (Figure 8a and c) suggested that the models were accurate predictions,
since they cover the scatter well. Moreover, in both cases the effect of maximum yield and the
interaction with N rate were significant, thus leading to the conclusion that the growing
conditions play a role in determining recovery and agronomic efficiency at a certain N rate.
This result is also confirmed by Cassman et al. (2002), who states that other factors such as
crop health, weed and insect management, and hybrid selection contribute to a higher recovery.
From the model it can be concluded that growing conditions play a much larger role in
determining recovery at low than at high N rates.
The high significance and accurate cover of the scatter of the model for recovery as a
function of N rate and maximum yield (Figure 8A) raises the notion of the possibility of a tool
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which could be used to predict recovery for a specific location based on N rate and a measured
or estimated maximum yield. An estimation of maximum yield could be made using records of
the area or by setting up an experimental plot with ample N supply6. However, the drawback of
such a tool is that, if maximum yield is estimated from records of the area it might not be precise
enough to calculate recovery on farm level, and if maximum yield is estimated from an on-farm
experimental plot it will only be valid for the specific P and K rate applied to the plot (any
change in N:P:K ratio is likely to affect recovery (Janssen et al., 1990)). Nevertheless, the
accuracy of the model suggests that this is a topic with potential for further exploring.
Overall, some answers to sub-research question (b)—what is the effect of N rate on recovery
and physiological efficiency?—the following points can be concluded:
a. Both recovery and physiological efficiency decrease with N rate.
b. Environmental growing conditions appear to have an impact on recovery, but not on
physiological efficiency.
c. It is still unclear what causes the large amount of variation (scatter) in physiological
efficiency.
d. At low N rates, growing conditions appear to have a larger effect on recovery than at high
N rates.
5.4.2 Effects of Placement Method
Disentangling the Effects of Placement and Incorporation
There were many significant differences both in recovery and in physiological efficiency
between placement methods, thus suggesting that placement method plays an important role.
Previously, Mengel et al. (1982), Touchton and Hargrove (1982), and Howard and Tyler
(1989b) found that banded-injected N led to higher yields than broadcast N, at the same N rates.
However, it is not clear whether the higher yields are caused by the fact that N is applied banded
rather than broadcast, or by the fact that it is incorporated (injected) rather than surface applied,
as both these effects are intertwined in a banded-injected treatment. Nor is it clear what is the
pathway causing the yield increase, whether it is caused by higher recovery or higher
physiological efficiency. On one hand, Howard and Tyler (1989a) found greater yields for
banded-injected compared to surface-banded, which suggests that the benefit in yield is caused
by the incorporation of N. On the other hand, Eckert (1987) found higher yield for surface
banded and banded-injected than for broadcast, which suggests that it is the banding which is
beneficial. Overall, it is therefore unclear from literature whether beneficial effects of placement
method are caused by banding or by incorporating N. For that reason, this section attempts to
disentangle the effects of placement and incorporation on recovery and placement.
Results from Delgado et al. (2001) and Barbieri et al. (2003) (Figure 10) seem to indicate
that incorporating N has a positive effect on recovery compared to surface application
(broadcast), while banding has no effect. This is corroborated by the results from Stecker et al.
(1993) (Figure 11). The recovery and physiological efficiency of banded-injected N were
significantly different to that of banded-dribbled (surface applied) and broadcast, while between
banded-dribbled and broadcast there was little to no difference. This suggests that recovery and
physiological efficiency are affected mostly by the incorporation of N, rather than by banding
it. A possible reason for this could be because surface (non-incorporated) application of urea
can lead to significant volatilization losses (Keller and Mengel, 1986), which can be reduced
by incorporating N (Bandel et al., 1980; Fox et al., 1986; Howard and Tyler, 1989a). This is
especially true in the case of data from Barbieri et al. (2003), which reported that it did not rain
6

Sufficient phosphorus (P) and potassium (K) would also have to be supplied because all the experimental setups
of the data were treatments where N was varied, given sufficient P and K for the local growing conditions.
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in the two weeks after N application, thereby creating favorable conditions for ammonia
volatilization (Bouwmeester et al., 1985; Hargrove, 1988). This could have magnified the
difference in recovery between incorporated and non-incorporated application. However, in
Barbieri et al. (2003) volatilization losses were only around 6% of applied N, and they did not
differ significantly between incorporated and non-incorporated application. Consequently, it is
likely that there are also other mechanisms causing the difference, such as an effect on the
volume that is explored by the roots or the density and morphology of the rooting system
(Delgado et al., 2001).
Placement Relative to N Rate and Timing
From the results on the placement method at different application times and rates (Figure 11),
there is no straightforward answer on what the most beneficial placement method. When
application was delayed to V7, banded-injected application resulted in the highest recovery,
while broadcast resulted in the highest physiological efficiency. Either of these two would
therefore be the most advisable for delayed application. On the other hand, for application at
planting, there was an interaction between N rate and placement method, therefore causing
more ambiguous results. Recovery was always highest and physiological efficiency always
lowest for banded-injected application, although the difference was much more pronounced at
low N rates. Regarding the banded-dribbled and broadcast application, they did not differ
between each other in recovery nor in physiological efficiency with N rate, except for the
recovery at the lowest N rate, which was higher for broadcast. The most advisable placement
method at planting therefore depends on the N rate that is applied. In case of a low N rate a
banded-injected or broadcast method seems the most advantageous, while at higher N rates the
application method seems to be more inconsequential. The most appropriate also depends on
the objective at hand. To obtain a higher recovery, for example, to minimize the losses to the
environment, a banded-injected application is better. On the other hand, to maximize
physiological efficiency, which might be desirable to maximize economic return on the
fertilizer investment, it is more beneficial to apply broadcast.
Some general conclusions which can hence be made regarding the effect of placement
method on recovery and physiological efficiency are:
a. Effects on recovery and physiological efficiency are likely caused mostly by incorporation
of N rather than by the placement method.
b. At low N rates applied at planting, banded-injected application maximizes recovery while
broadcast application maximizes physiological efficiency.
c. At high N rates applied at planting, the application method does not cause any difference in
recovery nor in physiological efficiency
d. For application at V7, banded-injected application maximizes recovery while broadcast
application maximizes physiological efficiency.
5.4.3 Effects of Source
Comparison Between Sources
The three predominant carriers of N are nitrate (NO3-), ammonium (NH4+), and urea
(CO(NH2)2) (Fageria and Baligar, 2005), of which urea is the most common due to its low cost
(Abbasi et al., 2013). The popularity of urea was reflected in the fact that all publications in the
analysis of source (Figure 12) use urea as a baseline for comparison with other sources.
However, despite its popularity, urea had the lowest recovery in all publications. Although the
difference was not significant in two of the three publications, the pattern across publications
gives reason to believe that urea does have a relatively low recovery compared to other sources,
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and should thus be investigated more in depth. A possible reason for the low recovery could be
the volatilization losses of urea during the hydrolysis into ammonia (Watson et al., 1994). This
is confirmed by Bandel et al. (1980) and Fox et al. (1986), who found a higher volatilization of
urea than for CAN and AN. The higher recovery of ammonium sulfate compared to urea was
also found by Turner et al. (2010) and Schwenke (2014). This difference could be explained by
the alkaline soil conditions reported in Siam et al. (2008), which could have caused higher
volatilization losses in urea than in ammonium sulfate, as was reported by Singh et al. (1992)
and Hassan and Gaballah (2000)7. As regards the physiological efficiency, difference between
urea and UAN could be explained by the nitrate content in UAN, since assimilation of nitrate
requires the energy equivalent of 20 ATP/mol NO3-, whereas ammonium assimilation requires
only 5 ATP/mol NH4+. This energy saving could lead to greater dry matter production for crops
fertilized with urea rather than UAN. However, by that reasoning, the physiological efficiency
of ammonium nitrate would be expected to be lower than that of UAN, as it contains relatively
more nitrate. As that is not the case in the results, it is possible that there is a different pathway
influencing the physiological efficiency of the sources, such as for example, the distribution of
assimilates between the stover and the grain.
Effect of Modifiers (Coating and Inhibitor)
The higher recovery of the coated (slow-released) urea compared to standard urea (Figure 13)
was likely caused by decrease in volatilization due to the inhibition of the hydrolysis of urea
into ammonia, as was also found by Rozas et al. (1999) and Watson et al. (1994). On the other
hand, the difference in recovery caused by the addition of nitrapyrin (Figure 14) is likely due
to the inhibition of the conversion of ammonium into nitrate (Prasad, 1995)—nitrapyrin inhibits
some of the enzymes involved in ammonia oxidation by bacteria in the soil (Powell and Prosser,
1986). Ammonium’s lower vulnerability to leaching compared to nitrate (Ladha et al., 2005)
could therefore be the reason for the higher recovery in the presence of the inhibitor. The
priming effect of the inhibitor—some of the recoveries were above 100%—could be explained
by the fact that nitrapyrin was found to also decrease nitrification of nitrogen released from soil
organic matter(Fisk et al., 2015), thereby allowing a higher uptake from the N already present
in the soil than in the control (non-fertilized and no inhibitor) plot. Although it has been
generally established in literature that inhibitors have the potential to improve recovery (Shaviv,
2001), the results above show that it is important to take into account which are the main Nloss pathways for a particular area or farming practice when choosing an inhibitor. For example,
in dry areas, a nitrification inhibitor might not have a large impact on recovery because losses
through leaching are nihil, or if the fertilizer is incorporated into the soil, a slow-released urea
might not have an impact due to the low volatilization losses. An extra benefit of controlledreleased N is that in both cases the recovery was increased without a significant decrease in
physiological efficiency. A possible explanation for this is the better synchrony between supply
and demand of N between the soil and the crop (Shoji et al., 2001), as N becomes available
later in the growing season, when the need for N is higher (Aldrich, 1984). Another reason for
the high physiological efficiency could be that, under the presence of a nitrification inhibitor
relatively more of the N assimilated is in the form of ammonium instead of nitrate, which costs
less energy for the crop (as explained in previous section) and could therefore lead to a higher
biomass production.
Some general conclusions that can be made regarding the effect of N source on recovery
and physiological efficiency are:
a. Urea seems to have a relatively low recovery compared to other sources.
b. The physiological efficiency of UAN appears lower than that of urea.
7
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c. Controlled released N increases recovery, likely through a reduction in losses through
volatilization or leaching for hydrolysis and nitrification inhibitors respectively.
d. Controlled released N does not decrease the physiological efficiency of the crop, probably
because the synchrony between supply and demand of N is improved.
5.4.4 Effects of Timing
Delayed Application
Throughout literature, many authors agree that delaying N application leads to an increase in
recovery (Welch et al., 1971; Miller et al., 1975; Bigeriego et al., 1979; Russelle et al., 1981;
Fox et al., 1986; Olson et al., 1986; Rozas et al., 1997). This is explained as the consequence
of providing N at the period of maximum uptake of the crop, which is at or just prior to silking
(Jordan et al., 1950; Hanway, 1962; Russelle et al., 1983). Moreover, delayed application is
said to reduce N losses by leaching and denitrification because the fertilizer is in the soil for a
shorter period of time, and because there is already an active growing root system at the moment
of application (Olson and Kurtz, 1982). However, this is the opposite of the findings in the
results, in which only one out of six publications showed an increase in recovery as a
consequence of delayed application (Figure 15). There are multiple reasons which could explain
this discrepancy between the findings in the literature and in the results:
a. There is a filtering effect of the data collection process: When there was a significant effect
of a management factor, publications tended not to publish results on all treatments but
rather reported aggregated data (see right panel in Figure 2). For example, a publication
might compare recovery for application at planting and at V7, at three N rates. If there was
a significant difference between application at planting and at V7, results would be reported
for each planting time as averages of the three N rates. In such a case, the publication could
not be included in the meta-analysis because the original (un-averaged) results were not
available. Usually, data was only reported in non-aggregated form(left panel in Figure 2) in
case there was an interaction between factors. It is therefore possible that, without intending
to, the selection process has filtered out publications with significant effects of a
management factor (due to averaged reporting) and included mostly publications where
interactions were found. This is a problem throughout the whole meta-analysis, and is a
valid point of criticism on the intrinsic value of such an analysis. The fact that almost none
of the publications in the meta-analysis showed a difference in recovery with delayed N
application could thus be a result of the “filtering out” of publications that did have
significant differences because they reported the data in aggregated form.
b. There was a large available N pool in the soil: Soil-available-N has a very high fertilizer-N
substitution value (Cassman et al., 2002). Therefore, a soil with high N availability
generally already has a low fertilizer-N response, so any additional response to time of
application is unlikely (Walsh et al., 2012). High soil-N availability was reported by Walsh
et al. (2012) in one of three experimental sites.
c. Drought stress: Limited water availability late in the season after delayed N application
could have decreased recovery. Drought stress after delayed application was reported by
Jokela and Randall (1989) and by Walsh et al. (2012) in two out of three experimental sites.
d. Higher temperatures during delayed application (later in the summer) can lead to larger
volatilization losses of urea (Harper et al., 1983), and therefore to lower recovery.
Publications which fertilized with either urea or UAN are Stecker et al. (1993), Rozas et al.
(2004), Walsh et al. (2012) and Nunes da Silva et al. (2016)
Since there are many pathways that could explain why a delayed application did not result
in an, expected, increase in recovery in most of the publications, there is no clear conclusion on
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the effect of delayed application on recovery. Regarding physiological efficiency, the literature
suggests that a delayed application should have a positive impact, as it can result in a higher
proportion of dry matter and N allocated to the grain (Olson et al., 1964; Bigeriego et al., 1979;
Russelle et al., 1981). However, the results do not show any significant positive effect of
delayed application on physiological efficiency, and even show a decrease in the case of Stecker
et al. (1993). Unfortunately there is no clear explanation for the inconsistency in response of
physiological efficiency to delayed application.
Split Application
Across literature, split applications are recommended as a way to improve recovery (Abbasi et
al., 2013; Cassman et al., 2002), which was also found in the results (Figure 12). On one hand,
delaying part of the fertilizer application leads to benefits in recovery due to decreased leaching
and volatilization, and an already established rooting system at application (see previous
section) (Welch et al., 1971; Olson and Kurtz, 1982). On the other hand, application at planting
fulfils the nutrient requirements during crop establishment and rapid development (Walsh et
al., 2012). Split application therefore encompasses the benefits of application at planting and of
delayed application. Moreover, given a split application, the results showed no significant
difference in recovery between different moments of application (Figure 16 and Figure 17).
Regarding the physiological efficiency, there seems to be no pattern caused by the split
application. This could have to do with the remobilization of N from the stover to the grain
which happens around silking (Ciampitti and Vyn, 2013) and complicates any physiological
analysis.
Overall, some conclusions which can be made regarding the effect of timing on recovery
and physiological efficiency are the following:
a. The effect of delayed application on recovery and physiological efficiency was not clear.
b. Split application seems to lead to an increase in recovery, although there was no clear

effect on physiological efficiency.
c. Given a split application, the moment of the applications does not seem to have an effect
on recovery nor on physiological efficiency.
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5.5

On the Methodology

This section discusses some issues regarding the methodology that are worth discussing, as they
have an impact on the value of the results.
5.5.1 Method to Determine Recovery
The recovery was calculated by the ‘N-difference’ method, which is based on the difference in
N uptake between a fertilized and a non-fertilized field (see Table 1). This was done because
this was the data that was available. However, an alternative method uses 15N labelled fertilizer
to estimate recovery (Cassman et al., 2002), which was used in Delgado et al. (2001) and
rendered much lower recoveries. Therefore, it can be questioned, which is the best method to
determine recovery? And is the recovery calculated by the ‘N-difference’ method an overestimation of reality? Both methods are prone to be confounded by ‘added-N-effects’, by which
the applied N changes the rooting system’s ability to take up N as well as the rate of N
mineralization. Moreover, the 15N method can also be confounded by ‘pool substitution’, by
which the 15N fertilizer replaces N in the organic pool in the process of immobilization
(Cassman et al., 2002; Broadbent, 1981). The ‘N-difference’ method therefore has the least
confounding effects and the highest data availability, and as a consequence was chosen to work
with in this meta-analysis, although this decision can be put into question.
5.5.2 Experimental versus On-Farm Conditions
The data from the publications was all from experimental plots, while it could be argued that
this does not accurately represent on-farm settings (Cassman et al., 2002). The difference in
scale between experimental plots and farming operations influences fertilizer application
management, as well as other management operations such as seeding, tillage, and harvest,
which can have an impact on recovery. Although the difference between an experimental and
a farm setting does not invalidate the results, it does put in question whether the same effects
of management factors found in this meta-analysis would also be found if applied in practice
on a farm.
5.5.3 Size of the Data Set
The number of publications which were used for the meta-analysis was only 15, plus one dataset from Yara. This rendered a data set with 549 data points, which is not enough to ascertain
any definite conclusions on multiple management factors. Although there were many
publications examining the effect of fertilizer management factors, there were only very few
which did not report their results in aggregated form, and the time to continue searching was
limited. This resulted in a data set that was too small. A possible improvement would have been
to diminish the research questions during the publication search process and to focus on one or
two of the management factors. This would have allowed for more search time per management
factor, leading to more data on one factor, rather than a little amount of data on all four factors.
This could possibly have allowed a more in depth analysis and more definite conclusions on
that one factor.
5.5.4 Publication Bias
Publication bias occurs when the outcome of a research study influences the decision whether
to publish it, such as publishing only results that show significant effects (Rothstein et al.,
2006). This is an important issue for a meta-analysis, because the results can be biased if the
original literature is ‘contaminated’ by publication bias (Rothstein et al., 2006). There are
methods to avoid publication bias, such as for example, examining the data set with a funnel
plot. This is a scatterplot of the effect sizes against some measure of their precision (e.g.
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standard error or sample size). A symmetrical funnel shape would indicate the absence of
publication bias (Peters et al., 2008). However, this was not done for this meta-analysis, and it
is therefore possible that results are influenced by publication bias.
5.5.5 MEM: Random Intercept vs Random Slope
The data was modelled using mixed effects models (MEMs), which was done in order to take
into account any possible relatedness of data coming from the same publication, experimental
site, or year. However, MEMs can be performed with only random intercepts, or with random
intercepts and random slopes. The models in this report include only random intercepts, even
though by not including random slopes some systematic variation could end up in the residuals,
therefore potentially leading to biased inferences (Militino, 2010). The decision to use only
random intercepts was made because some for some of the models there was not enough data
to also look for random slopes.
5.5.6 Effect of Planting Density
Planting density can have a confounding effect on recovery when calculated per hectare
(Ciampitti and Vyn, 2012), as was done in this meta-analysis. An increase in recovery could
seem the result of a fertilization strategy, but could also be the result of an increase in planting
density while the uptake per plant has remained the same. To minimize this confounding effect,
analyses were performed separately per publication wherever possible. Within one experiment
the planting densities were generally kept the same across experimental sites and years, or at
least varied within a relatively small range. An alternative solution to avoid the problem of
planting density could have been calculating recovery per plant, rather than per hectare.
However, differences in planting densities can also lead to differences in competition between
the plants, which again could have an effect on recovery.
5.6

Zooming Out: Where are We Now?

The main research question of this thesis aims to understand what the effect is of mineral N
fertilization management practices on recovery and physiological efficiency, and how these two
variables are related to each other. This sub-section discusses to what extent this question has
been answered and takes a broader look at the results—how much of the variation in recovery
and physiological efficiency could be explained by the management factors and what is the
state of affairs now?
Overall, it was possible to make some specific conclusions about the effect of the
management factors on recovery and physiological efficiency. For example, it was found that
split application leads to a higher recovery than a single application, and that controlled released
fertilizers increase recovery relative to non-controlled released fertilizers. However, these are
very limited conclusions due to their high degree of specificity. It was not possible to reach any
more general conclusions regarding the effect of the management factors. The main reasons for
this were (a) the small size of the data set for the meta-analysis, (b) the incompatibility of the
experimental setups across the publications included in the meta-analysis, but mostly (c) there
was a very high degree of variation in recovery as well as in physiological efficiency. The large
variation is reflected in the high amount of scatter that was found when all the data was pooled
together, as well as in the very large least significant differences (LSDs) encountered between
treatments of the management factors. The high degree in variation encountered here is found
also in other literature sources (Cassman et al., 2002; Ciampitti and Vyn, 2012) and is likely
caused by the fact that both recovery and physiological efficiencies are very complex
parameters which could be influenced by a myriad of factors—aspects such as soil type,
availability of other nutrients, pests and diseases, and water availability all play a role. Due to
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the fact that the analyses were performed using mixed effects models, it is not possible to
quantify the degree of variation explained by a model—i.e. assess how well the model estimates
reality— as would be done by the R2 of a regular regression. However, the small number of
significant differences found across the report indicates that many of the models on the effectof
the management factors do not explain the variation in recovery and physiological efficiency.
Overall, it can thus be stated that there were not many general conclusions that could be made,
and that the advancements regarding the understanding of the effect of mineral N management
factors on recovery and physiological efficiency were small.
It is not all bad news though. Despite the fact that the effect of the management factors was
difficult to assess, there were also some results that appeared promising and, with further
research, could expand the general understanding of recovery and physiological efficiency.
Firstly, there is the “compensation”—i.e. negative relationship—that was found between
recovery and physiological efficiency, given a certain N rate. This finding sheds some light on
the complex intertwinement of recovery, physiological efficiency, and N rate, and gives a more
general understanding of how the two components of agronomic efficiency are connected.
Another interesting result is the possibility to predict recovery at a certain N rate using
maximum yield as an indicator for environmental growing conditions. This broadens the
understanding on how overall growing conditions are related to recovery and to N rate, and
could prove useful as a tool to more accurately predict recovery in the future. Overall, therefore,
the main research question has been answered only with fragments, but there were also some
useful findings that are worth delving into further.
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6

Conclusion

The main objective of this study was to understand what is the effect of mineral nitrogen (N)
fertilization management practices—rate, placement, source, and timing—on the recovery and
on the physiological efficiency of maize. This was done through a series of sub-research
questions, the answers to which are stated below.
(a) How are recovery and physiological efficiency related to each other?
By definition, recovery and physiological efficiency are two components of agronomic
efficiency, which is defined as the increase in grain yield per unit N rate. From the analysis of
the pooled data, physiological efficiency was found to be negatively linearly related to recovery
(P < 0.1), given a certain N rate. This was confirmed by a mirror pattern that was found between
recovery and physiological efficiency throughout the analyses, as a high recovery generally
went paired with a low physiological efficiency.
(b) What is the effect of the N rate on recovery and physiological efficiency?
Both the recovery and the physiological efficiency seem to decrease with N rate. Moreover,
there appears to be an interaction between the effects of N rate and the environmental conditions
on recovery. At low N rates the environmental conditions cause a large variation in recovery,
while at high N rates the variation (scatter) is lower. Additionally, there might be potential for
a recovery-estimation model as a function of N rate and maximum yield (yield under non-N
limited conditions), where maximum yield is used as a proxy for the environmental conditions.
(c) What is the effect of placement method on recovery and physiological efficiency?
It was found that effects of placement method on recovery and physiological efficiency are
likely caused mostly by incorporation of N into the soil, rather than by the choice of placement
method (i.e. banded or broadcast). Moreover, from one publication it appears that at low N rates
applied at planting, banded-injected application maximizes recovery while broadcast
application maximizes physiological efficiency. This was also the case for delayed application
(at V7), regardless of N rate. On the other hand, at high N rates applied at planting, the
application method did not appear to cause any difference in recovery nor in physiological
efficiency.
(d) What is the effect of N source on recovery and physiological efficiency?
Urea seems to have a relatively low recovery compared to other sources. Furthermore, the
physiological efficiency of UAN appears to be lower than that of urea. No other significant
differences were found either in recovery or in physiological efficiency between CAN, AN,
AS, UAN, and urea. Controlled released N (both a hydrolysis- and the nitrification-inhibitor)
seemed to increase recovery, while maintaining or increasing the physiological efficiency.
(e) What is the effect of the timing of N application on recovery and physiological efficiency?
The effect of delayed application on recovery is not clear: most of the literature suggests it
should cause an increase, while most of the results show either no effect or a decrease. The
effect of delayed application on physiological efficiency is also unclear, as there were mixed
results. On the other hand, split application seems to lead to an increase in recovery, while there
is no clear effect on physiological efficiency. Moreover, given a split application, the moment
(developmental stage) of the applications does not seem to have an effect neither on recovery
nor on physiological efficiency.
Overall, some specific conclusions could be made on the effect of the management factors
on recovery and physiological efficiency, but no general conclusions could be made due to the
high degree of variation in the data and the small size of the data set used.
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Appendix

Table A 1. Data collected from publications in systematic literature search.
Publication Specifications
Main author
Publication year
Title of the publication
Experimental Conditions
Country, region, and town
Location (coordinates)
Year
Hybrid
Planting density (plants/ha)
Tillage (yes/no)
Weed control (yes/no)
Rainfall during growing season (mm)
Irrigation during growing season (mm, or if mentioned non-limiting)
Average temperature during growing season (°C)
Soil classification
Soil texture
Percentage silt, clay, and loam (%)
Soil pH
Available N in topsoil (mg/kg)
Other measurements of N in top soil (total N, N as NO3, or N as NH4)
P in topsoil (mg/kg) (P-Olsen or Bray-P)
Exchangeable K in topsoil (mg/kg)
Micro-nutrients available (Ca, Mg, Al, Fe, Mn, Zn, Mo, B, Na, Cu)
Organic matter in soil (%)
Bulk density of the soil (g/cm3)
Depth of top-soil measurement (cm)
Experimental Setup (treatments)
Experimental design (block, split plot, etc)
Number of replications
Experimental variable (timing, source, placement or rate)
Application method
Total amount N applied (kg/ha)
Form of N applied
Number of N applications
Developmental stage at application 1
Amount of N applied at application 1 (kg/ha)
Developmental stage at application 2
Amount of N applied at application 2 (kg/ha)
Observations
Uptake of N in grain (kg/ha)
Uptake of N in stover (kg/ha)
Uptake of N in total plant biomass (kg/ha)
Yield of grain biomass (kg/ha)
Yield of stover biomass (kg/ha)
Yield of total plant biomass (kg/ha)
Concentration of N in grain (%)
Concentration of N in stover (%)
Concentration of N in total plant biomass (%)
Recovery of N in grain (%)
Recovery of N in stover (%)
Recovery of N in total plant biomass (%)
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Table A 2. Title, author, publication year, country, experimental setup and main findings of the publications used in the meta-analysis.
Title and Main Author

Experimental Setup

Main Findings

Input Rate
Soil nitrogen Amendment Effects on
nitrogen Uptake and Grain Yield of
Maize
(Ma et al., 1999), Canada

The hybrids Pioneer 3902 and Pride 5
were fertilized with ammonium nitrate at
100 and 200 kg/ha.

 Pioneer 3902 took up on average 48% of the fertilizer while Pride 5 took up 42%.

N is applied at 0, 100, 200, 250, 300, and
400 kg/ha as urea.

 High grain yields were obtained at fertilization rates between 200 to 400 kg/ha
 At N rates below 250 kg/ha, the grain yield, dry matter and N accumulation increased
with N rate.

N was applied at 120 kgN/ha broadcasted
and incorporated with banded application.
The study N recovery is determined
through the isotopic method (N15) and
through the difference method

 No difference was found in yield, dry matter production, nor N recovery between the
different placement methods.
 N recovery was low (18 to 24%) when determined by the isotopic method, while it
was very high (40 to 92%) when calculated through the difference method.

Response of Corn Under No-tillage to
nitrogen Source and Placement Method.
(Barbieri et al., 2003), Argentina

Treatments were (a) urea applied
broadcasted (b) urea incorporated, and (c)
CAN applied broadcasted.

 Grain yield increased by N fertilization
 No difference in yield between N sources nor placement methods
 N recovery was lower for broadcast urea, while there was no difference in recovery
between the incorporated urea and the CAN
 There was no difference in N agronomic efficiency (kg grain increase/kg N applied)
between N sources nor between urea placement methods.

Application Placement and Timing of
nitrogen Solution for No-Till Corn
(Stecker et al., 1993), USA

N application at planting and at V7,
application banded-injected, bandeddribbled and broadcast, at N rates of 67,
135, and 202 kg/ha.

 Banded-injected N led generally to a higher yield as well as a higher N uptake, while
banded-dribbled and broadcast performed similarly.
 Application time did not appear to have an effect on grain yield.
 No interaction was found between application time and placement method, as injected
N performed best at both application times.

Application of conventional urea and
controlled release urea at 225 kgN/ha on
two different varieties of maize (Zhendang
958 and Denghai 3)

 Increased N-uptake for treatments that applied controlled-release urea

Understanding Dry Matter and nitrogen
Accumulation
for High-Yielding Film-Mulched Maize
(Liu et al., 2014), China
Placement Method
nitrogen Placement and Recovery by
Maize
(Delgado et al., 2001), Venezuela

Source
Coupling Effects of Urea Types and
Subsoiling on nitrogen–Water use and
Yield of Different Varieties of Maize in
Northern China
(Hu et al., 2013), China
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Yield and Yield Components of Maize as
Affected by Different
(Siam et al., 2008), Egypt

The fertilizers was applied at increasing
rates of 0, 238, 286, and 333 kg/ha.

 Vegetative growth and yield components were higher for application of ammonium
gas, followed by ammonium sulphate, and lowest for urea.
 The increase of N rate also increased the vegetative growth, yield, and N uptake.

Interrelationship of nitrogen Nutrition
with Maize (Zea mays) Grain Yield,
nitrogen Use Efficiency and Grain
Quality
(Tsai et al., 1992), USA

Eight different maize hybrids were grown
at five N levels (0, 67, 134, 201, 268, and
402 kg/ha) with and without the addition
of nitrapyrin, a nitrification inhibitor

 The grain yield of all hybrids increased with N
 The hybrids could be categorized into low, intermediate, and highly N-responsive
based on grain yield, which reach their maximum yield at 134, 134 to 201, and above
201 kgN/ha respectively.
 The highly N-responsive hybrids increased yield when grown with nitrapyrin at all N
levels.
 N recovery decreased with N rate for highly N-responsive hybrids, but was static for
low N-responsive hybrids.

N was applied in the form of urea as side
dress. Each treatment received 30 kgN/ha
at planting, and 140 kg at V4, V6, V8,
V10, or V12.
Seven different fertilizing schedules, in
which N is applied either in a single dose
or in two or three doses at different
developmental stages. Each timing
schedule is subjected to an N rate of 71,
107, and 143 kgN/ha

 Grain N uptake and recovery efficiency (calculated with 15N method) were greater for
applications at V4 and V6.

Corn Yield and Residual Soil Nitrate as
Affected by Time and Rate of nitrogen
Application
(Jokela and Randall, 1989), USA

N is applied at planting, at V8, and split
between the two at 75 and 150 kgN/ha on
a Mt Carroll soil, 100 and 200 kgN/ha on a
Webster soil .

 Grain yield, total dry matter, and N uptake increased with N rate
 Delayed N application caused a slight decrease in total dry matter, and had variable
effects on the N uptake.

Nitrogen Balance as Affected by
Application Time and nitrogen Fertilizer
Rate in Irrigated No-Tillage Maize
(Rozas et al., 2004), Argentina

N rates of 0, 70, 140, and 210 kgN/ha were
applied at planting and at V6

 High N recovery can be achieved in combination with high grain yield when N is applied
at V6, due to low gaseous N losses and a reduction in leaching.

Studies on the Effect of Method and
Time of Fertilizer Application on N
Utilization by Corn Using N15 & P32
Labelled Nutrients

N is applied in 2 and 3 equal splits. For all
treatments, the first application is at
planting and the second at V7 and in case
of a third at tasseling.

 The percentage of N in the crop derived from fertilizer (%NDff) was larger from the
second application than from the first.
 The %NDff was higher for treatments with two than for three split applications.

Timing
Maize Response to nitrogen: Timing,
Leaf Variables and Grain Yield
(Nunes da Silva et al., 2016), Brazil
Corn Fertilization Programme in A.R.E.
Part I: Utilization of nitrogen by Maize
as Affected by Time and Method of
Application
(Hamissa et al., 1974), Egypt

 The results show that that the yield of corn increased with N rate, but that highly
productive soils are more responsive to N than low productive soils.
 Results on N uptake were inconclusive.
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(Eid et al., 1975), Egypt
Effect of delayed nitrogen Fertilization
on Maize (Zea mays L.) Grain Yields and
nitrogen Use Efficiency
(Walsh et al., 2012), USA

N was applied at 90 and 180 kg N/ha
applied at either at planting, at V6, at V10,
at tasseling, or spread in two equal splits
between planting and delayed application
(V6, V10 and tasseling)

 Maize grain yields were maximized with 90 kg N/ha preplant followed by 90 kg N ha -1
sidedress at V6 or V10
 Delaying N application until V10 growth stage when preplant N was applied did not
result in lower yields.
 Lowest N recoveries were observed with higher N rates and when all N was applied
preplant.
 Highest recoveries were achieved with 45 kg N ha-1 preplant followed by 45 kg N ha-1
sidedress applied at V6 growth stage and at V10
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(a)

(b)

Figure A 1. Linear MEMs of N rate as an explanatory variable for recovery (a) and agronomic efficiency (b). The
explanatory variable of maximum yield is indicated by colour. Data from Jokela and Randall (1989); Tsai et al.
(1992); Stecker et al. (1993); Rozas et al. (2004) and Liu et al. (2014). Overlap of data points is indicated by darkening
colour. Fixed and random effects of the models are stated in Error! Reference source not found. in the Appendix.
Significance of the fixed effects at the level 0.1, 0.05, 0.01, and 0.001 are indicated with . ,*, **, and *** respectively.

Figure A 2. Original data on N recovery in total crop and physiological efficiency (kg grain increase per kg N uptake
increase). Data from all 16 publications. Overlap of data points is indicated by darkening colour. Physiological
efficiencies lower than -100 and higher than 170 kg grain increase/kg N uptake increase (circled data points) were
considered as outliers and removed.
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Figure A 3. Nitrogen cycle. Taken and adapted from (Munros, 2002)
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Table A 3. Models used to predict regression lines and means in the figures in the results (Section 4).
Figure 4
Figure 7A
Eid
Hamissa
Jokela
Liu
Ma
Rozas
Siam
Stecker
Tsai
Walsh
Yara
Figure 7B
Eid
Hamissa
Jokela
Liu
Ma
Rozas
Siam
Stecker
Tsai
Walsh
Yara
Figure 8A
Figure 8B,C
Figure 8 a,b,c
Figure 10A,B
Figure 11A,B
Planting
V7
Figure 12A
Barbieri
Siam
Walsh
Figure 12B
Barbieri
Siam
Walsh
Figure 13A
Figure 13B
Figure 14A
Figure 14B
Figure 15A
Hamissa
Jokela
Nunes
Rozas

Fixed Effects
~ Recovery in grain

Random Effects
~ Publication + Year + Region

~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate

~ No random effects
~ Region
~ Year + Region
~ Year
~ No random effects
~ Year
~ No random effects
~ Year + Region
~ No random effects
~ Year + Region
~ No random effects

~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate
~ Rate + Ymax + Rate*Ymax
~ Placement

~ No random effects
~ No random effects
~ Year + Region
~ Year
~ No random effects
~ Year
~ Hybrid
~ Year + Region
~ Region
~ Year + Region
~ Region
~ Publication + Year + Region + Hybrid
~ Publication + Year + Region
~ Publication + Year + Region
~ No random effects

~ Placement
~ Placement

~ Year
~ Year + Region

~ Source
~ Source
~ Rate + Source

~ No random effects
~ No random effects
~ Region

~ Source
~ Source
~ Source
~ Source
~ Source
~ Rate + Source + Rate*Source
~ Rate + Source

~ No random effects
~ No random effects
~ Year + Region
~ No random effects
~ No random effects
~ Hybrid
~ Hybrid

~ Appl.Stage1
~ Rate + Appl.Stage1
~ Appl.Stage1
~ Rate + Appl.Stage1

~ Region
~ Year + Region
~ Year
~ Year
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Stecker
Walsh
Figure 15B
Hamissa
Jokela
Nunes
Rozas
Stecker
Walsh
Figure 16A
Planting
V4
Figure 16B
Planting
V4
Figure 17A
V6
V8
V10
VT
Figure 17B
V6
V8
V10
VT
Figure A 1

~ Rate + Appl.Stage1
~ Rate + Appl.Stage1

~ Year + Region
~ Year + Region

~ Rate + Appl.Stage1
~ Rate + Appl.Stage1
~ Appl.Stage1
~ Rate + Appl.Stage1
~ Rate + Appl.Stage1
~ Appl.Stage1

~ No random effects
~ Year + Region
~ Year
~ Year
~ Year + Region
~ Year + Region

~ Rate + Appl.Stage2
~ Rate + Appl.Stage2

~ Year + Region
~ Region

~ Appl.Stage2
~ Appl.Stage2

~ Year + Region
~ Region

~Rate + Schedule
~Rate + Schedule
~Rate + Schedule
~Rate + Schedule

~ Year + Region
~ Year + Region
~ Year + Region
~ Year + Region

~ Schedule
~Rate + Schedule
~ Schedule
~ Rate + Schedule
~ Rate + Ymax

~ Year + Region
~ Year + Region
~ Year + Region
~ Year + Region
~ Publication + Year + Region
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