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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 ó4Rô, for óthe right rate, the right placement, the right source, and the right timeô. 

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 whetherðand if so, howðthe 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 meta-

analysis. 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 efficiencyðthe 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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1 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 DYN-

BAL1 (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 órecoveryô. 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). 

                                                 
1 Dynamic simulation of Nutrient Balances 
2 Agricultural Production Systems Simulator  
3 Quantitative Evaluation of Fertility of Tropical Soils 
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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 ð 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. How are recovery and physiological efficiency related to each other? 

b. What is the effect of N rate on recovery and physiological efficiency?  

c. What is the effect of the source (form) of N on recovery and physiological efficiency?  

d. What is the effect of the placement method on recovery and physiological efficiency?  

e. 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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2 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 

órecoveryô) is defined as the percentage of fertilizer N that is taken up by the crop. In this report 

we will define recovery by the ódifferenceô 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 ñpartial 

responsesò. 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 Input rate Rate of N applied  - kg N ha-1 

U Uptake Amount of N taken up 

by the crop 

- kg N ha-1 

Y Yield Amount of maize grain 

produced  

- kg grain ha-1 

æU Difference in 

uptake 

Difference in N uptake 

between a fertilized 

and a non-fertilized 

plot 

ЎὟ Ὗ Ὗ  kg N ha-1 

æY Difference in 

yield 

Difference in yield in a 

fertilized and a non-

fertilized plot 

Ўὣ ὣ ὣ  kg grain ha-1 

EREC Efficiency of 

recovery 

Percent of applied N 

which is taken up by 

the crop 

Ὁ
ЎὟ

Ὑ
Ͻρππ 

% 

EP Physiological 

efficiency 

Average change in 

harvestable yield per 

unit fertilizer N 

uptake. 

Ὁ
Ўὣ

ЎὟ
 

kg grain per kg N 

uptake 

EAGR Agronomic 

efficiency 

Increase in yield per 

unit increased N input 

rate 

Ὁ Ὁ ϽὉ  kg grain per kg N 

rate 

EPmax  

EPmin  

 

Maximum 

and 

minimum 

physiological 

efficiency 

Max and min average 

change in harvestable 

yield per unit fertilizer 

N uptake. 

- kg grain per kg N 

rate 

Ucrit Critical 

Uptake 

N uptake at which the 

uptake response 

transitions from a 

linear to parabolic 

- kg N ha-1 

EPcrit 

 

Critical 

physiological 

efficiency 

Physiological 

efficiency at Ucrit 

- kg grain per kg N 

uptake 
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3 Methodology 

In order to answer the sub-research question (a)ðhow are recovery and physiological 

efficiency related to each other?ða 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 ñuptakeò and 

ñrecoveryò, while specification 3 also searches for ñyieldò or ñresponseò. 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 Field to which 

search term was 

applied 

Specification 1 Source OR form OR 

Title 
rate OR amount OR 

time OR timing OR 

placement OR method  

Specification 2 N OR nitrogen All fields 

Specification 3 Uptake OR recovery OR yield OR 

response 
Title 

Specification 4 Maize OR corn All fields 

Specification 5 Uptake OR recovery All fields 

Specification 6 NOT (organic OR slurry OR 

manure OR ñcrop residueò OR 

fodder OR intercrop) 

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 publicationsðto 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 
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    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 
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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 ómaximum yieldô (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 modellingðas opposed to non-linear approximations such as quadratic or exponential 

modelsðdue 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 in-

depth 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 
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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 variablesô 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  Random Effects 

  Data from Multiple Publications  Data from one publication 

Y ~ X  ~ Publication  ~ Year 

Y ~ R + X  ~ Publication + Year  ~ Region 

Y ~ R + X + RĀX  ~ 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 ñincompleteò, 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 ï 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.  
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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)ðvegetative 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 publicationôs 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 Findings Authors 

Grain Yield ¶ The grain yield increased with N rate. (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) 

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

 (Jokela and Randall, 1989) 

N Uptake ¶ N uptake increased with N rate. (Liu et al., 2014), (Siam et al., 2008),  

(Jokela and Randall, 1989), (Stecker et al., 1993) 

N Recovery  ¶ N recovery decreased with N rate for highly N-responsive hybrids, but was 

static for low N-responsive hybrids. 

(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 Findings Authors 

Grain Yield ¶ No difference in yield between broadcast and banded placement. (Delgado et al., 2001),  

 ¶ No difference in yield between broadcasted and incorporated placement (Barbieri et al., 2003) 

 ¶ Yield was higher for N placement as banded-injected than banded-dribbled and broadcasted (Stecker et al., 1993) 

 ¶ No interaction was found between application time and placement method, as banded-injected N 

performed best at both application times (planting and V7*). 

(Stecker et al., 1993) 

 ¶ No interaction was found (in most site-years) between placement method and N rate (Stecker et al., 1993) 

Total Biomass Yield ¶ No difference in total biomass between broadcast and banded placement. (Delgado et al., 2001) 

N Uptake ¶ N uptake was higher for N placement as banded-injected than banded-dribbled and broadcasted (Stecker et al., 1993) 

N Recovery  ¶ No difference in N recovery in the grain between broadcast and banded placement. (Delgado et al., 2001) 

 ¶ Higher N recovery in total biomass in broadcast than in banded application  (Delgado et al., 2001) 

 ¶ N recovery in total biomass was lower for broadcast than for incorporated placement (Barbieri et al., 2003) 

 ¶ 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. 

(Delgado et al., 2001) 

N Agronomic Efficiency ¶ There was no difference in N agronomic efficiency between broadcast and incorporated 

placement  

(Barbieri et al., 2003) 

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

 

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

Response Variable Findings Authors 

Grain Yield ¶ No difference in yield between Urea and CAN. (Barbieri et al., 2003) 

 ¶ Yield was highest for ammonium gas, followed by Ammonium Sulphate, and lowest for Urea (Siam et al., 2008) 

 ¶ The highly N-responsive hybrids increased yield when grown with Nitrapyrin (a nitrification 

inhibitor) at all N levels. 

(Tsai et al., 1992) 

Total Biomass Yield ¶ Biomass yield was highest for ammonium gas, followed by Ammonium Sulphate, and lowest 

for Urea 

(Siam et al., 2008) 

N Uptake ¶ Increased N-uptake for treatments that applied controlled-release urea (Hu et al., 2013) 

N Recovery  ¶ N recovery was lower for Urea than for CAN (Barbieri et al., 2003) 

N Agronomic Efficiency ¶ There was no difference in N agronomic efficiency between Urea and CAN (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 Findings Authors 

Yield - Grain ¶ Grain yield was higher for application at V6 (Rozas et al., 2004) 

 ¶ Grain yields were maximized with 90 kg N/ha preplant followed by 90 kg N ha-1 sidedress at 

V6 or V10 

(Walsh et al., 2012) 

 ¶ 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.  

(Walsh et al., 2012) 

Yield - Total Biomass ¶ Total biomass slightly decreased for application at V8 (Jokela and Randall, 1989) 

N Uptake  ¶ Grain N uptake was greater for applications at V4 and V6 than at planting. (Nunes da Silva et al., 2016) 

 ¶ Grain N uptake was not greater for application at V7 than at planting (Stecker et al., 1993) 

N Recovery  ¶ N recovery (calculated with 15N method) were greater for applications at V4 and V6. (Nunes da Silva et al., 2016) 

 ¶ N recovery was higher for applications at V6 (Rozas et al., 2004) 

 ¶ Lowest N recoveries were observed with higher N rates and when all N was applied preplant. (Walsh et al., 2012) 

 ¶ 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 

(Walsh et al., 2012) 

%N in the crop derived 

from fertilizer 

¶ The percentage of N in the crop derived from fertilizer (%NDff) was larger from the second 

application than from the first 

(Eid et al., 1975) 

 ¶ The %NDff was higher for treatments with two than for three split applications. (Eid et al., 1975) 
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4.2 Recovery in the Grain and Crop 

In order to answer sub-question (a)ðhow the recovery and the physiological efficiency are 

relatedðit 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.  

ὙὩὧέὺὩὶώ ὅὶέὴ ρȢρχϽὙὩὧέὺὩὶώ ὋὶὥὭὲ [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 lineôs 

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. 

 Coefficient of 

Variation 

Recovery 0.68 

Physiological Efficiency 0.88 

Agronomic Efficiency 0.68 
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(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 dataði.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.  
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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 t hree 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.    
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(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. 








































































