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Summary

Nitrogen(N) fertilizationin maize is a topic on which a lot of modelling has been performed
thus far dued 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 g
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 064R6, for ebtrheghti ghturrcat e, antdh
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 whetldeand if so, how the 4R management factors affect recovery and
physiological efficiency, as well as the relationship between these two response vamiables
maize

The possible effect of the 4Ranagement factomwas investigated performing a meta
analysisPublicationswvere 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 seDverall the data seontainedb49 data pointsThe 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 whaesdawas used to establish
the relation between recovery, physiological efficiency, and agronomic effiéiatheylatter
of which is defined as the increase in grain yield per unit N applied and is by definition the
product of the other tw&ubsequentlythe effect of Nrate, placement, source, and timing were
analysed separately using pihe publications that testéige effect of that specific factor.

Most of therecovery values found in the metaalysis ranged between 25 to 70%, while
most of the phyislogical efficiencies ranged between 20 to 50 kg grain increase/kg N uptake
increase, which overlapped with rangksind in other literature sows The analysiof the
datalead to a number of conclusiofststly, it was foundhatphysiological efficency appears
to decrease with recovery, given a certain N.rRegarding the effect of N ratepth the
recovery and the physiological efficiency decrelasih N rate. Moreover, there appears to be
an interaction between the effects of N rate and the@maental conditions on recovery. At
low N rates the environmental conditions cause a large variation in recovery, while at high N
ratesvariation is much smalle©On the effect of placemeiitwas concluded that effects on
recovery and physiological effency are likely caused mostly by incorporation of N into the
soll, rather than by the choice of placement mgite. banded or broadcast). Regarding the N
source, uregeems to have a relatively low recovery compared to other sources. Additionally,
cortrolled released N (both a hydrolys@and the nitrificatiofinhibitor) seemed to increase
recovery, whileeithermaintaining or increasing the physiological efficien&g.to timing,the
effect of delayed applic@in on recovery is not clear, sinttee resultsshowed no effect while
in most of the literaturelelayed application increased recovehysplit application seems to
lead to an increase in recovery, while there is no clear effect on physiological efficiency.
Finally, given a split application, thmoment (developmental stage) of the applications does
not seem to have an effect either on recovery or on physiological efficl®neyall, some
specific conclusions coulthereforebe made on the effect of the management factors on
recovery and physiotpcal efficiency stated in th@aragraph aboyéut more research with a
larger data set is necessary to make any more definite and general conclusions.



1 Introduction

Agriculture around the world is facinthe challengeof increasing food demand while
simultaneouslyaving to decreasts environmental impa¢Mueller et al., 2012 Management
of nitrogen (N) supplys generally considered to haveajor role in facing up to thahallenge
(Mueller et al., 201p and is therefore a topic of great irdst for investigation and modelling.
Application ofnitrogenfertilizers can result in increed yields(Blair et al., 2005 while it can
also enhance X0 emissiongReay et al., 200)2and leaching into the groundwaf@owlson et
al., 24L1). As a consequencajtrogen application generally involves a tradéf between
multiple aspects(Bos et al., 2015 making it a complex issue to manage.

Due to thecomplexityof the effects of N applicatigra wide range of models have arisen
with which yield andhitrogenflows can be estimated. Some models are dynamic, such as DYN
BAL! (Tittonell et al., 206) and APSIM (Keating et al., 2003 while other are static, such as
QUEFTS (Janssen et al., 19p@nd NutMatch(Bos et al., 2016 Static models have the
practical advantage of requiring few paramefeen Ittersum et al., 2003However, due to
their relative simplicity, static modetsakesomerough assumptionsn the efficiency of N
recovery Erec) and the physiological efficrey (Ep) of a crop. Efficiency of N recoverfged
is defined (in this study) as the percentage of supplied N that is taken up by the crop, and will
be referred to henceforth si mpl B)istleavérage cov er
change inharvestableyield per unitfertilizer 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 applicatio@danssen et al., 199Bos et al., 2016

In reality, thereare manyon-farm N fertilization managemenfiactorsthat could affect the
Erecand theEp (Zingore et al., 2014 For example, N losses to leaching are highly dependent
on time of applicatiorfVan Es et al., 2006and the form of mineral fertilizers has been shown
to play a role in yieldSmiciklas and Below, 1992From literatire, it isthereforeclear that
managerial decisions on N supply have an effect on N flows in the soil and crop, and therefore
could also have an effect ¢ime recovery and physiological efficienolyN. Consequently, it is
of interestto research the effe of onfarm fertilization management practicesreacoveryand
physiological efficiency.

Although there are numerous factors affectddlows, four fertiization management
practices have beeautlined in the 4R framework as the most importéay:theright rate (b)
the iight placement(c) the rght source and (d) the rightime (Zingore et al.2014:

(a) The rate refers to the amouwsftN 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, 201). Excess of nutrients can result in nutrient accumulation in the crop,
and larger nutrient losses to the atmosphere and ground(®Batencasa et al., 201.1The rate
of nutrient supply required depends on the inherent requirement by the crop, on the nutrients
already available in the dpand on soil condition&ingore et al., 2014

(b) The placement refers to the location ba field where the fertilizer is appli€dingore
et al., 2014, which depends on the applicatimethod. 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, wherthe granules are placed a few cm into the soil next to each(glagbre et
al., 2014. Placenent influences yield because nutrients must be in the soil zone where they are
accessible to plant roots in order to be take(Muorrell et al., 2009

! Dynamic simulation of Nutrient Balances
2 Agricultural Production Systems Simulator
3 Quantitative Evaluation of Fertility of Tropical Soils



(c) The source refers to the type andnfoof 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 fertilizemsreinvestigated. Mineral fertilizers
are available idifferent 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 ratigingore et al., 2014 Additionally, nitrogenis
available aasmmonium (NH"), nitrate (NQ’), and uregSmiciklas and Below, 1992The
source of nutrients is important to consider because the availability of nutrients in relation to
each other influences crop yielulder, 2000. Additionally, the source can impact N loss
pathways, as ammonium and urea are more vulnerable to volatilizatide,nithate ismore
prone to leaching due to its solubility in wafeadha et al., 2005

(d) The time of application refers to the moment(s) during the growing season when the
nitrogenis applied. Fertilizer can be supplied all at once or in split bat(fHasxmad et al.,
2017). Multiple batches can influence the yield due to the differences in nutrient requirements
of the crop at different developmental stag€anchez, 19737 Moreover, the moment of
application can have an impact on the amount of N that is lost to the envirq@assinan et
al., 2002.

The 4R management factors outlined above have been shown to have an effect on N flows
in thecrop andsoil and on yield. However, it is still unclear in what veasywhether the factors
have an impact on recovery and physiological efficiency of a crop. Mordabeerelation, if
there is any, between recovery and physiological efficiency is also unkrdueh a
dependency is also likely to differ per crdfe aim & this research is to better understand the
relation between the above stated 4R management factotsesredovery and physiological
efficiency of nitrogend i.e. to establish quantitative relationships using linear mixed effect
modelling This relationis studied specifically for maiz&Zea may}g as this is an important
staple crop worldwidéNuss and Tanumihardjo, 201@nd ample resarch has been performed
on it. The studylooks for an answer to the following research questions.

Main Research Question
What is the effect of mineral nitrogen (N) fertilization managemeattges on the recovery
efficiency and on the physiological efficienofymaize?

Sub-Research Questions

How are recovery and physiological efficiency relateddoh othe?

What is the effet of N rate onrecovery and physiological efficieney

What is he effect of thesource(form) of N on recovery and physiological efficiency?
What is the effect of thplacemenmethodon recovery and physiological efficiency?
What is the effect of théming of fertilizer application onrecovery and physiological
efficiency? How is this affected by the number of split apgiens and th@artitioningof
fertilizer over thedifferent split®
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2 Background Literature : the Quadrant Analysis

The concepts of efficiency of recovery and physiological efficiency arelyvigsed across
scientific literature with different definitions. It is therefore important to define exactly what is
meant by these terms. Efficiency of recoveBggs from now on referred to as simply
0recoveryod) is def i neNthahistakenugby thearop.énrhisegog o f
we will define recovery by t thedfférehceinfNeptakenc e 6 |
between a fertilized and a ndertilized field. The alternative method which udésl labelled

fertilizer wasconsidered less accurate due to the exchang®afkith the organic N pool in

the soil(Cassman et al., 20R2The fertilizer N supplied to the crop will be referred to as the
input rate, or N rateR). The physiological efficiencygp) is defined ass the average change

in harvestable yield per unit fertilizer N apee All the symbols together with their definitions,
eqguations, and units are providedlablel.

In order to study the effect of fertilization management practices on recovery and
physiological efficiency, it iirst necessary to understand the relation between N rate and yield.
This will be analysed in the context of theadrant analysishown inFigure 1, which allows
us to decouple the process of nutrient uptake from the procéssnediss production. In the
guadr ant anal ysi s, yield is regarded as 't he
responseso. UKaregpond¢ tolNpatBfirk@uadrant A, while grain yieldis a
response to crop N uptake in Quadrarfteh Berge et al., 2000Theshape of the yield curve
is delimited by the maximum and minimum physiological efficiendies{xandEpmin), which
are the maximum and minimum amounts of biomass that the crop can produce per kg of
nitrogentaken up EpmaxandEpmin are assumed to beharent 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 managemes# rat affect the curve
delimiting parameter&pmaxandEpmin.

At an input rate oR = 0, the uptake response curve starttlat 0 (see Quadrant A), as it
is assumed that there are already nutrients present in ti{@aswbken et al., 1990rhe slope
of the uptake curve is said to be the recovered). At inputsR < Rqit, the recovery is at its
maximum, as the slope is the steepeshis section of the curve. The reason for this is that at
low input levels of thaitrogen 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 afittagenin the crop,
however, is at its minimum (since its availability is limiting). Nitrogen is therefore said to be
maximally diluted(Janssen et al., 19P®At input levelsk > Rgit, thenitrogenconcentration in
the crop inceases and so the recovery decredadescurve in Quadrant B is the yield response
curve to N uptake. Thslope of the curve is the physiological efficien&p)( and decreases
with N uptake since N becomes less limitirny change in recovery or physaglical
efficiency caused by fertilizatiomanagement woulde reflected as a steepening or flattening
of the uptake and the yield curve respectively

Finally, aterm which is important to define is the agronomic efficieri€asg). Although
this concept vl not be analysed in depth, it is a complementary term taébeveryand
physiological efficiency The agronomic efficiency is defined in this context as the change in
grain yield per extra unit N inpuite Therefore, it is the result of the multigdition ofErec
andEp (see Fuatiors [1] and[2] on the next page
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Figure 1. Quadrant analysis of nitrogenput rate R), nitrogenuptake U), and grain yieldY). The
slope of the uptake curve is defined as the recoVesyc and the slope of the yield curve is the
physiological efficiency Ep). Taken and adapted froften Bege et al., 2000 All definitions of the

symbols in the figure can be foundTiablel.



Tablel: Concept definitions

Symbol Name Definition Equation Unit
R Input rate Rate of N applied - kg N hat
U Uptake Amount of N taken up - kg N ha'
by the crop
Y Yield Amount of maize grair - kg grainhat
produced
a Difference in Difference in N uptake Y'Y Y 'Y kg N ha'
uptake between a fertilized
and a norfertilized
plot
& Difference in Differenceinyieldina Yo & ® kg grainha*
yield fertilized and a non
fertilized plot
Erec Efficiency of Percer.]t of applied N o >"_‘an - %
recovery which is taken up by Y
the crop
Ep Physiological Average change in o Y_oo kg grainperkg N
efficiency harvestable yield per % uptake
unit fertilizer N
uptake.
Eacr Agronomic  Increase in yield per (@) O 30 kg grain peikg N
efficiency unit increased N input rate
rate
Epmax Maximum Max and minaverage - kg grain pekg N
Epmin and change in harvestable rate
minimum yield per unit fertilizer
physiological N uptake.
efficiency
Uit Critical N uptake at which the - kg N hat
Uptake uptake response
transitions from a
linear to parabolic
Epcrit Critical Physiological - kg grain pekg N

physiological efficiency atUcit
efficiency

uptake




3 Methodology

In order to answer the subesearch questiona)@ how are recovery and physiological
efficiency related to each othéra literature study was performed to gain a better
understanding of the theoretical relationship between N fertilization, yield, reccvsily
physiological efficiency. The results of the seaacbexplained inthe context othe quadrant
analysis irSection2. In order to find an answer to the other research questianstaanalysis

was performed. The first step of the matalysis was a literature search, explainegdaotion

3.1, followed by a selection process Section3.2 to filter out publications that could not be
used. An extra data set was obtained frf@ntilizer companyYara which is introduced in
Section3.3 Then the data was collected and transformed into the same units and variables
(Section3.4), and finally the statistical analysis which was performed on the data is explained
in Section3.5.

3.1 Literature Search

The literature search was started with some unsyste searches in order to deild on the
literature available and on what kind of search queries resulted in relevant aktinddss were
considered relevant they reported on an experimental studyeve the effect of either rate,
timing, source, or placement oftrogenwas testedA search query was defined as stated in
Table2.

Table 2. Boolean search termthat wereused in the systematic literature searbluotice that
specifications 3 and 5 overl ap, with the differ:¢
irecoveryo, while specification 3 alosthsisstatar c hes
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. Specificati6 was added because fiocus of the analysis was 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 Field to which
search termwas
applied

Speification 1 Source OR form OR
rate OR amount OR

time OR timing OR Title
placement OR method
Specification 2 N ORnitrogen All fields
Specification 3 Uptake OR recovery OR yield Ok Title
response
Specification 4 Maize OR corn All fields
Specfication 5 Uptake OR recovery All fields
Specification 6 NOT (organic OR slurry OR
manure OR Acrop Title

fodder OR intercrop)
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After the search query was defingde online databases AGRICOLA, AGRIS, ARTIK,
CAB Abstracts, Groen Kennisnegcopus, and Google Scholaere usedo performthe
systematic search omhe search query ihable2 was applied to each database, alhdrticles
resulting from the searchegere evaluatedn relevancdased orther title andabstract. An
excel file was kept witlthetitle, publicationyear,main authorand availabilityof the relevant
papers that were foundfter the databases were seacthgstematically, the referenkists of
someof the publicationsfound thus far were searched for other relevant pubtinatiThe
wholesearch resulted in a list of 28@8evantpublications, of which 160 were availaldigher
online or in the WUR library

3.2 Selection of Riblications

The publications in the list of 16@ailable papers were examined based on the selection criteria
in Table3. 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 publicatiah(lanto make the collected data
comparable between publicatiédngo 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
discardedCriterionb was established because it is necessary to havef@miined reference
treatment in order to calculate the recovery efficiency of N in the fertilized treatments. Criterion
f was establisheddzause many publications studythg effects bmorethan one management
factorreported resultas aggregated data/eraged across treatments (exemplifiegigure2).

In case the data was reporiedaggregated fornt was impossike to include in the data set
because theriginal results of each treatmerttuld only be guessed and were therefore deemed
inaccurate.Note that no selectiowgriterion was established on the availability of data on
standard deviation or variance per treatment, adrtfogsmationwas almost near 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 lgcagi@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 vyield (Olson and Sanders, 1988The selection process resulted in a total of 15
publications.

Table3. Selection criteria for publications in the synthesialysis.

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, ichv
no organic fertilizers such as gstyior crop residues are applied

d. There is data available antrient uptake or recovery in tlggainor in the
total above ground biomasgher inthe form of a table or a figure

e. There is data available on grajield or total above ground biomasgher in
the form of a table of a figure

f. Resultsare reported for all treatmento(not averaged across treatmgras
exemplified in Reporting Form (A) iRigure?2.

g. The crop grown in the expenent is regular maize or corn for hum
consumption (so not baby coisweet corn, nor silage maize)

h. The crop is grown as a sole maize stand (so no intercropping stands)

i. The crop was p@inted at a density of at lea§iOR0 plants per hectare

11



Expeaimental Setup:

Factor 1
1
[ 1
N rate

cg (keN/ha) Broadcast Banded
5 0 Treatment A Treatment D
< 50 Treatment B Treatment E
100 Treatment C Treatment F

Included Not Included

Nonaggregated result .

in the meta-analysis Aggregated result

in the meta-analysis

N rate N rate Response
(kgN/ha) Broadeast Banded (kgN/ha) vari:fble X
0 Value x; Value x, 0 Average (X;, X,)
50 Value x, Value X5 50 Average (X,, Xs)
100 Value x4 Value x4 100 Average (X3, Xg)

Response variable x
Broadcast | Average (X, X,, X3)
Banded Average (X4, Xs, Xg)

Figure2. Example ofa hypothetical experimental setup in a publicatitime experimenrteststhe effect

of more than one management fadiarthis case placement method and N rate) on a response variable
x. Data was only collected from a publication for use in this tap#dysis if results weneot aggregated

(left panel, results are reped for all individual treatments)Publicationswhich reporteddatain
aggregated form (right panelyerages of multiple treatmetsvere left out of the metanalysis

3.3 Data from Yara

Aside from the data from the articles, a dataset was also obtaimedhfe company Yara, on a
maize fertilization experiment in Tanzania. Only data from locations that included a O N rate
plot were used for the metmalysis (locations Morogoro and Welela). Contrary to the data
from the articles, the data from Yara con&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 treamtrat the approach would match

the way datarbm thepublicationswere processed.

3.4 Data Collection and Transformation

Data was collected from each publication on experimental conslitiveatments, and
observations (se@able Al in the Appendix). Any data that was reped in figures was
retrieved using the online application WebPlotDigitizer, with which data points could be
determined from a graph totd, the database consisted of Sia pointswhere a data point

is defined as an N treatment with its associatedwery and physiological efficiencyll
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variableswere trasformed to the same units of kgl Grain yields reported at a certain

moisture percentage were adjusted to dry matter weilglust paperonly reported on grain

yield and N uptake as observatpio recovery, physiological, and agronomic efficiency were

calculated using the equations Table 1. Recovery values higher than 100% were double

checked to ensure that no mistakes were made while transféreimtata from the articles to

the excel sheet. Data frowlalsh 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 puiditsatthe

explanatory var i(énbwasddimedrkis could lve uged aslarde@planatory

variable in models for prediction of recovery and physiological efficiedeximum yieldwas

used as a proxy to indicate general growing conditiongmusufficient 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

yearj, at regiork, which was usudl 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 s(fiphpiro et al., 2003

3.5 Statistical Analysis

The relationships betweesfficiency of recovery, physiological efficiency, and explanatory
variables were estimated usiligear mixed effects model@MEMSs). It was deided to apply

linear modelling as opposed to ndimear approximations such as quadratic or exponential
model® 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 set(Militino, 2010). By including a random effect of, for
example, the publication, a MEM assumes that the variation around the infercgppg for

each publiationis normally distributed with a certain varian@éilitino, 2010). For a more in

depth explanation of MEM$ilitino (2010) can be consulted.

Random effects were used to account for effects of publicaticatidm, year, and hybrid,
which are not accounted for in the fixed effects (explanatory variables). MEMs were fitted using
the functionme()in RStudio (versio®.99.903, using the maximum likelihood (ML) method,
which allows to compare AIC values ofnittions 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 # standardized residuals against fitted values. Of the resulting models,
only the fixed effects were extracted (using the packagem), reported, and analysed. The
random effects were not reported because, in this context, they are considered as a tool t
improve the accuracy of the fixed effect parameters, and are hence not the focus of the report.
All graphs were made using the packaggplot2 Significance of the parameters of the fixed
effects at the level 0.1, 0.05, 0.01, and 0.001 were indicathd i, **, and *** respectively.

3.5.1 Recovery in the Grain and Crop

Ideally, all analyses should be performed on the recovery in the tota{Eegcrop as this

gives insight into how much N was recovered in total, rather than only the recovery iaithe gr
(EreccraN). 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 theirtvwwhich case it would be
possible to usBreccrorandEreccraninterchangeably. The data was plotted and a MEM was
fitted, the result of which can be seerrigure4. From the resulting model, the recovery in the
total crp was calculated af&reccrop= 1.17Ereccrain for the data points where only
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Ereccrain Was reported. This transformed data was used only for the analysis of the
relationships between recovery, physiological efficiency, and agronomic efficiency (mresults
Sectiord.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
efficiencywadd et er mi ned i n order to obtainrelatvegener a
to each other. Subsequentlyetagronomic efficiencyphysiological efficiencyand recovery in

the cropwere plotted against each other kigure 5. The original data on thephysiological
efficiencyis shown inFigure A2 in the AppendixPhysiological efficienciebbwer than-100

and higher than 170 kg grain incre&se/N uptake increasécircled data poinfs were
considerd as outliers and removddote that a negative physiological efficiency is a ghatiat

in which the grain yieldvas lower than that afs corresponding nefertilized (control) plot.

The data orerec, EacrandEp was afterwardétted with a MEM The plysiological efficiency
showed a large amount ahexpectedscatterat low recovery (below 50%gircled in redin

Figure 5B). To better understand what caused this unexpected scatter, the physiological
efficiency was modelled asfanction of recovery and N rat&igure6).

3.5.3 Effect of Management Factors

Selection of the Appropriate Modes

The effect of the 4R management factorsrecoverywas investigated using data on the
recovery in the grain, not the mery in the whole crop. This was done becausas deemed
more accurate to use the original data collected from the publications rather than the
transformed data, and there was more original data availalgemmrecovery. Moreover, the
linear relatimship between the recovery in the grain and the recovery in thgkKimppe 4)
showed that recovery in the grain can be used as a proxy for recovery in th€ccfiogl the
models that best explained the relasibips between the 4R management factors and the
response variabldskecandEp, afunctionbest.fitR X,Y) was developeth RStudia Given the

data of the explanatory variabiR(N rate), a second explanatory variableand a response
variableY, the funtion finds the best fitting mixed effeair linearmodel for tle data. The
function evaluates all combinations of alternatixed effects and random effecsstated in
Table4. Only random intercepts were evaluated (so notloam slopes)The combination of
fixed and random effects for that specific datdwas 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 valggenerally indicates a better fitting mod®lilitino, 2010).

Table 4: Fixed and random fefcts evaluated by the functidrest.fitRX,Y), given an explanatory
variableR (N rate), a second explanatory varialileand a response variable

Fixed Effects Random Effects
Data from Multiple Publications Data from one publication
Y ~X ~ Pulication ~ Year
Y~R+X ~ Publication + Year ~ Region
Y~R+ X+ ~ 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 + Hybric ~ 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 setyp t he data set can be considered as
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 ra® @nd placement methodere both analysed as an
explanatory variable. However, the factors source and timing are more complex and were
therefore split up into sufactors, each of which is one explanatory variable. Eaplaratory
variable was analysed separately using data from the publications that tested for that specific
variable.

Effect of Rate

The effect of Nrate was analysed using the data fidemissa et al. (1974kid et al. (1975)
Jokela and Randall (1989))sai et al. (1992)Stecker et al. (1993Ma et al. (1999)Rozas et

al. (2004) Siam et al. (2008Walsh et al. (2012)Liu et al. (2014)and Yaraas these were the
articles compring more than one N rate. The data maslelled separatelyer articlein Figure

7 and together ifrigure8. To explore the wide variation (scatter)kigure8 A, B, and Cthe
response variablésec, Ep, andEacrwere modelled as functions of N rate and maximum yield
(Ymay ina, b, and c respectivel@ince the fixed effect & rateis not significant for the models
of Erec andEacrit could be argued that it would be better to remove the interaction ferm o
YmaxWith N rate as that renders the fixed effect of N rsigmificant However, forboth models

it applies that the AIC value is lowerhen the interaction is includednd it was therefore
decided to keep the interaction term in the model. The modéseefand Eacr Without the
interaction term between N rate anighxwereincluded inFigure Al theappendix.

It was also examined whether the relationship between recovery efficiency and N rate is in
agreement with the theoretical uptake curve of the quadrant analysisgges=l), where the
recovery is constant up to a critical input r&g: and then decreases. It was thus examined
whether thedata inFigure8 hada breaking poinRgrit, andif so, where it was. Since tluata
was modelled with MEMs the breaking point could not be found by running a segmented
regression. A functiosegmented.lmefpr MEMs was found iMuggeo, 201§ but running
this on the data led to sigulargyrors, which likely means that such as model is too complex
for this data(StackExchange2013. An alternative methotb the already available functions
wasdevised to find the breaking point manualymodel with a breaking point was defined as
two separate linear MENMegressionsone ofthe data at input rates lowthan the breaking
point, and one for data at the higher rates, such as given in the exafiglere8. A loop was
written which runs such a model at breaking points between 70 tegh)Baat every 5 kg
N/ha. For each model, theaw residuas (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 figure9. The point with the lowest residuals sum is assumed to
be the best fitting model. Note that this method can only detemnviieeethe breaking point
Rerit IS, not whether its actually there, as it does not test the significance of the breaking point.
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Figure3. Example of a keaking pointR. at 150 kg N/han the mathematical relation between the N
rate R) and the efficiency of recoverged).

Effect of Placement Method

To analyse theffect of the placement method, firseteffect of injection and placement pattern
(banded vs broadcast) was analysed with data etgado et al. (2001and Barbieri et al.
(2003) Subsequently, thdacement 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 gattors:

a. The form of the fertilizer: data was analysed frBarbieri et al. (2003)Siam et al. (2008)
andWalsh et al. (2012)

b. The addition of modiers for controlled release of N: data was analysed fiigai et al.
(1992)andHu 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 batchpplication time was expressed as the
maize developmental stage as describeRilghie and Hanway (198@)vegetative stages are
indicated as V1 to V12, where the number indicates the number of leav&&l andicates
tasselling.Time was indicated as developmental stag#iser tharasdays or weeks sthat a
comparison could be made of publications across differentcignatic zonesThe effect of
timing was explored using multiple sdigactors:
a. Moment d single application: Data was analysed frétamissa et al. (1974Jokela and
Randall (1989)Stecker et al. (1993Walsh et al. (2012)andNunes da Silva et al. (2016)
b. Moment ofsecond application: Data wasalysed fronHamissa et al. (1974ndWalsh et
al. (2012)
c. Split versus nosplit appliation: Data was analysed frafokela and Randall (198ajpd
Walsh et al. (2012)
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4 Results

In order to answer the subsearch questions, both the conclusiand the reported data of the individual publications were examined and compared.
First, the main conclusions of the papers are summariz8ddtion4.1. Subsequenth$ectiond.2 shows theanalyss on the relationship between the
recovery in the grain ana ithe total crop. This was used to estimate the recovery in the crop for some of the data analysed in thesketiooving
Section4.3aims toexamine theelatiorshipsbetween recovery, physiological and agronomic efficiency with all the data pooled togéikeanalysis

is meant to answer part of suesearch question (a), which asks how the recovery and the physiological efficiency are related to eachatither. Fi
Section4.4is an analysi®f the effect of the 4R management factors (rate, placement, source and timing) on recovery and physiological efficiency,
order to answesubresearch questions (b) t®) (espectively

4.1 Main Findings of thePublications

The main findings reported by the publicationshie metaanalysis, organized in one table penagement factor, are presentedable5 to Table8.

The tables reportrdy significant effects (or the lack of them) that waseertained in the publications, and are meant to provide an overview showing
which publications had overlapping results. For an overview of each individual publidalae, A2 can be consulted in the Appendix, which shows
each publicationés country, experimental setup, and main results.

Table5. Main findings of thepublicationsn the metaanalysis regarding the effect of input rate on the nmesponse variables.

Response Variable  Findings Authors

Grain Yield 1 The grain yield increased with N rate. (Liu et al., 201%, (Barbieri et al., 2003
(Siam et al., 2008(Tsai et al., 1992
(Hamissa et al., 1974 (Jokela and Randall, 1989
(Stecker et al., 1993

Total Biomass Yield q The total biomass increased with N rate. (Liu et al., 2014, (Siam et al., 2008

(Jokela and Randall, 1989
N Uptake 1 N uptake increased with N rate. (Liu et al., 2014, (Siam et al., 2008

(Jokela and Randall, 1989Stecker et al., 1993
N Recovery 1 N recovery decreased with N rate for highlyééponsive hybrids, but was (Tsai et al., 1992

static for low Nresponsive hybrids.
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Table6. Main findings of thepublicationsn the metaanalyss regarding the effect of placement method on the main response variables.

Response Variable Findings Authors
Grain Yield 1 No difference in yield between broadcast and banded placement. (Delgado et al., 2001
1 No difference in yield between broadcasted and incorporated placement (Barbieri et al., 2008

1 Yield was higher for N placement as bandigiécted than bandedribbled and broadcasted (Stecker et al., 1993

1 No interaction was found between application time and placement methmahdesinjected N (Steckeret al., 1993
performed best at both application tinfpkanting and V7).

1 No interaction was foun@in most siteyears)betweerplacement methodndN rate (Stecker et al., 1993
Total Biomass Yield 1 No difference in total biomass between broadcast and banded placement. (Delgado et al., 2001
N Uptake 1 N uptakewas higher for N placement as bandieigécted than bandedribbled and broadcasted (Stecker et al., 1993
N Recovery 9 No difference in N recoverin the grainbetween broadcast and banded placement. (Delgado et al., 2001
9 Higher N recovery in total biomass in broadcast than in banded application (Delgado et al., 2001
9 N recoveryin total biomassvas lower for broadcast than for incorporated placement (Barbieri et al., 2008

1 N recovery was low (18 to 24%) when determined by the isotopic method, while it was ver (Delgado et al., 2001
(40 to 92%when calculated through the difference method.

N Agronomic Efficiency

1 There was a difference in N agronomic efficiency between broadcast and incorporated (Barbieri et al., 2008
placement

*Vegetative stages are indicated as V1 to V12, where the number indicates the number of leaves.

Table7. Main findings of thepublicationsin the metaanalysis regarding the effect Mfsourceon the main@sponse variables.

Response Variable

Findings Authors

Grain Yield

1 No difference in yield between Urea and CAN. (Barbieri et al., 2008
1 Yield was highest for amonium gas, followed by AmmoniuBulphate, and lowest for Urea (Siam et al., 2008

1 The highly Nresponsive hybridsicreased yield when grown withitNpyrin (a nitrification (Tsai et al., 199
inhibitor) at all N levels.

Total Biomass Yield

1 Biomass yield was highest fammonium gas, followed by AmmoniuBulphate, and lowest (Siam et al., 2008
for Urea

N Uptake 1 Increased Nuptake for treatments that applied controltetase urea (Huetal, 2018
N Recovery N recovery was lower for Urea than for CAN (Barbieri et al., 2008
N Agronomic Efficiency  q There was no difference in N agronomic efficiency between Urea and CAN (Barbieri et al., 2008
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Table8. Main findings of thepublicationsin the metaanalysis regarding the efft oftiming of applicationon the main response variabl®ggetative stages are
indicated as V1 to V12, where the number indicates the number of leaves and VT indicates tasselling.

Response Variable

Findings Authors

Yield - Grain

1 Grain yield was highéior application at V6 (Rozas et al., 2004

{ Grain yields were maxiiped with 90 kg N/ha preplant followed by 90 kg N'tsidedress at  (Walsh et al., 2012
V6 or V10

{ Delaying N application until V10 growth stage when preplant N was applied did not resul (Walsh et al., 2012
lower yields.

1 Delaying N application until V7 did not affect grain yield in six out of eight site years, and
deceased it in the other two.

Yield - Total Biomass 1 Total biomass slightly decreased for application at V8 (Jokela and Randall, 1989
N Uptake 1 Grain N uptake wasrgater for applications at V4 and W&an at planting (Nunes da Silva et al., 20)Lt
9 Grain N uptake was not greater for application at V7 than at planting (Stecker et al., 1993
N Recovery 1N recovery (calculated withN method) were greater for applims at V4 and V6. (Nunes da Silva et al., 20)L¢
1N recovery was higher for applications at V6 (Rozas et al., 2004
f Lowest N recoveries were observed with higher N rates and when all N was applied prej (Walsh et al., 2012
1 Highest recoveries were achieved with 45 kg N piplant followed by 8 kg N hat (Walsh et al., 2012

sidedress applied at V6 growth stage and at V10

%N in the crop derived
from fertilizer

1 The percentage of N in the crop derived from fertilizer (%NDff) was larger from the secoi (Eid et al., 197p
application than from the first

1 The %NDff was higher for treatments with two than for three split applications. (Eid et al., 197p
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4.2 Recowery in the Grain and Crop

In order to answer sutpuestion (&) how the recovery and the physiological efficiency are
related it wasfirst necessary toetide which response variable to perfdire analysis on:
recovery in the grain or recovery in the total biom@ssin 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 there relevant variable (as it shows how much of
the nutrient was used by the plant). To determine whetheraurld be used as a proxy for the
other, it was examined whether there was a constant ratio between the two vdrighled).

A linear trend between threcovery in the cropnd the recovery in the grawas found Both

the slope (1.17) and the intert€p0.7%) of the regression wesgnificant with P < 0.05 and

P < 0.001 respectivelyAs a consequence, the data ocorery in the crop ifFigure5 and
Figure6 were calculated using Equati¢8] for the publications which only reported on the
recovery in the grain

YQOE WBAEGPD YOYQHE T@ick:  [3]

2001
~ 150
&
a
=
O
£ 1001
g
)
>
o)
(&)
O
x 501
01 ® Intercept 10.7 **
p Slope 1.17 ***

0 50 100 150
Recovery in Grain (%)

Figure 4. Linear MEM of the ecovery in the grain and in the total crop. Data from 12 different
publications Overlap of data points is indicated by a darkening of cokiMedand randm effects of

the modelare stated imable A3 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 BetweerRecovery andPhysiological,and Agronomic Efficiency

The theoretical relationships between the recovery, physiological efficiency and agronomic
efficiency were explained according to theadrant analysin Section2. However, the
relationship betweethese variables was also explored wiie data from the metnalysis.
Firstly, the coefficient of variation (CV) of the variables was computed in order to obtain a
general impression of their scatter relative to each ottad€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 efficitrazyin the latter two
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The next step to analyse the redaship between the variables was plotting thegainst
each othe(Figure5) and establishing the presence or lack of a significant linear etacken
them There was a positive linear relationsiip < 0.001)between the recovery and the
agronomic efficiencyFigure 5A), and between the physiological and agronomic efficiency
(Figure5C). The physiological efficiency was indepemntlef the recoveryRigure5B, slope is
not significant) and its predicted value is 38@ grain increasi&gN (P < 0.001)A visual
assessmeriigure5A, B, and C shows #t most of the data points are within a recovery range
of 25 to 70%, a physiological efficiency range 2ff to 50 kg grain increas&g N uptake
increaseand an agronomic efficiency range of 10 to 40 kg grain inctepdefate increase
Most of the scatteof the physiological efficiency occurred at recovery valuésvb&0%, as
is indicated by the red circle Figure5B. This scatter is explored more in depthrigure6.

In order to better understand what causesvér@tionin physiological efficiency alow
recovery (circled in red ikigure5B), physiological efficiency was modelled as a function of
recovery and N raté={gure6). Since the model iRigure6 involvestwo continuous variables,
the visualization and interpretatiofithe modelcan be problematic and hence requires some
further explanation. The gragghould benterpreted thus that, each line that is graphed is the
trend line going through the data pointblifatei s f i xed at the value
colour. Since N rates a continuous variahl¢he graphed lines are only an illustrative sample
asthe lines at all other ratedso pass through the dailde physiological efficiencyended to
decrease withrecovery although this trend was not statistically signific@iat< 0.1) The
physiological efficiency was negatively relatéal the N rate (P <0.001) Figure 6). No
interaction was found between recovery and N fEbte. highest physiological efficiencies (in
theleft-uppercorner offFigure6, i.e. the points inhte red circlearethereforefound at low N
rates and at low recovery.

Table9. Coefficient of variation ofecovery physiological efficiencyand agronomic efficiency

Coefficient of

Variation
Recovery 0.68
Physiological Effciency 0.88
Agronomic Efficiency 0.68
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Figure5. Linear MEM of (A) the ecovery in total crop and agronomic efficiency (kg giaorease per kg kateincreasg (B) the ecovery in the total crop
andphysiological efficiency (kg grain increase pgay N uptake increase), and (e agrononic and physiological efficiencypata from allpublicationsand
Yara Overlap ¢ data points is indicated lmarkening colourRandom effects were accounted for publaatyear, 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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Figure6. Linear MEM of the ecovery in total crop anghysiologicalefficiency (kg grain increase per
kg N uptake incease)modelled together with N rat#he model isstaed at the bottom of the figure
with Ep the physiological efficiencyErec the recovery R the N rate, and a, tand ¢, the model
parameters. Data from gdublicationsand Yara Overlap of data points is indicated by a darkening of
colour. Random effects were accounted for publication, year, and region. Significance fodethe
effects at the leve).1,0.05, 0.01, and 0.001 are indicated with, **, and *** respectively.

4.4 Effects of Management Factors

This section analyses the et of the management factoede, placement, source, and timing

of nitrogenon the recogryandphysiological efficiency, so as to answer sabearclyuestions

(b) to (e)respectively Each management factor was analysed in a separate section.INote, a
analyses on recovery in this section were performed on the recovery in the graintheather
the recovery in the cropso there was no transformation of the date. all the models are
based on the original data from the publicatid¥ste also that in the sections on placement
method, source, and timing the values that are shown in thésgeap predicted by the
corresponding modeght a certain N rate.

4.4.1 Rate

There were eleven publications that applied multhbleates in their experimental setujll
publications showed a negative linear relation between the N input rate and the N recovery,
exceptfor Hamissa et al. (197dhd Siam et al. (2008)which wereslightly positive Figure

7A). The unit of the lppes is the change in percentage recovered per extra unit N input, and
they range hbveen-0.23 to 0.09. The predictadtercepts of the regressions alf eleven
publications range between 14.6 to 118.%. The publications also showed a decreasing
physblogical efficiencywith N rate(Figure7B), except for the data obtained from Yara. The
change in physiological efficiency (kg grancreasékg N uptakencreasg per unit Nrate (kg

N/ha) ranged betweef.75 t00.04 The predicted interceptanged between 41.3 to 155.9 kg
grainincreasékg N uptakancrease.
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The data of the publications kigure7 waspooledand modelledogether Figure8A,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 pooledTtiat® was a decrease in
recovery, physiological efficiency, and agronomificgfncy with N rate (P < 0.001)[he
predictedintercept for the regressi for recovery was 54.9%, f@hysiological efficiency it
was55.1kg grain increadekg N uptake increasandfor theagronomic efficiency it wa32.3
kg grain increadekg N rateincreasgP < 0.001)Although theregressions A,B, and C were
significant, the data showed a lot of scatter around the trergidine was thus furthexplored
to determine if there was another factor which could account for this variability

All three response variables were modelled with f¢ tagether with maximum yield.
Recall that maximum yieldras meant as an indication of the general growing conditions of the
crop atnortlimiting N availability, and was defined as the highest yield that reasrded in
publicationi, in yearj, at regiork. For both the recovery and the agronomic efficiefkigure
8 a and c)a positive correlation (P < 0.001) was found with the maximum yield, as well as an
interacton between the maximum yield and the N rdereover,a visual assessment of the
models indicates that they seemet@lain the scatter of the data well. No relation was found
between the maximum yield and physiologiadficiency (Figure 8b). Through visual
assessment, the model does not seem to explain the scatter of the data well.
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