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Summary
With the increasing population and stable arable land area, increasing food productivity per unit arable
land area is an urgent challenge. Half of all crop production is currently supported by fertilizers.
Therefore, increasing the fertilizer-use efficiency enhances crop productivity. 4R-Nutrient Stewardship
provides fertilizer best management practices, which includes applying the right nutrient sources, at the
right rate, at the right time and in the right place. However, 4R-Nutrient Stewardship and agro-ecosystem
properties (crop type, soil texture, soil pH, soil organic matter, cation exchange capacity, bulk density,
temperature and precipitation) are poorly analysed. I did a meta-analysis to study the impacts of nutrient
management measures on crop yields and the effect of agro-ecosystem properties on the relationship
between crop yields and nutrient management measures. My data was collected from 24 Web-of-Science
listed studies. All these selected studies at least studied one of the selected crops (i.e. barley, wheat,
maize, potato, oats and sugar beet) for at least a one-year experimental period in temperate climate.
Unfortunately, there were hardly any data on crop yield response at the same N fertilizer rate but for
different fertilizer types, fertilizer timing and fertilizer placement. Therefore, I could only evaluate those
aspects by considering them as groupings while comparing fertilized and unfertilized plots. In other
words, I analysed the impact of fertilizer type, fertilizer timing and fertilizer placement on the effect of
fertilizer N addition. In a similar way, the impacts of agro-ecosystem properties (AEPs) were also
evaluated by comparing fertilized versus unfertilized plots for different groupings of AEPs. From the
results, combined inorganic and organic fertilizer effect crop yields most, followed by inorganic
fertilizer and organic fertilizer. Increasing N fertilizer rates increases crop yields and the increasing rate
is decreasing until 62 kg ha-1, after which crop yields slowly decrease and tends to stabilize later. A split
fertilizer application does not significantly influence the relationship between crop yields and N fertilizer
addition. Crop yields with fertilizer additions respond better when applying fertilizer before sowing and
at sowing than applying fertilizer during the growing season. Crop yields with fertilizer additions
respond most when "banding" fertilizer, followed by using deep broadcast incorporation application,
and surface broadcast incorporation application. This indicates that applying fertilizer near the root can
increase the effect of fertilizer addition. The effects of N fertilizer additions on crop yields are the
strongest for barley, closely followed by potato and wheat. Increased crop yields with N fertilizer
additions respond better in soils with lower pH, clay-rich soils and higher initial SOM.

Chapter 1 Introduction
1.1 The importance of agriculture development and crop yield increase
Lack of food has always been one of the most significant global issues, because food systems are the
most fundamental and essential for human life and provides people with necessary energy, nutrients,
and agriculture income. Therefore, adequate and safe food needs to be guaranteed for individual income
and national, social and economic development. Lots of efforts has been putting on the improvement of
this issue for a long period (World Bank Group, 2015). For example, two influential goals were launched
by the United Nations: The Millennium Development Goals (MDGs) and The Sustainable Development
Goals (SDGs). Both of them are closely related to agriculture development. MDGs have contributed to
significant achievements in solving poverty and hungry, i.e., a reduction in the number of people in
poverty by more than half and a decreased undernourished population in developing countries by almost
half between 1990 and 2015 (The Millennium Development Goals Report 2015, 2015). Later, SDGs
replaced the MDGs and aimed to end the income poverty. However, unless extraordinary efforts are
made in agriculture, it will be hard to achieve these new ambitious goals. A key feature of SDGs is to
completely reduce poverty in a more sustainable way before 2030 (United Nations sustainable
development agenda, 2017). Poverty is not only the lack of income and resources to ensure a sustainable
livelihood, but also include hunger and malnutrition, limited access to education and other basic services
(United Nations Sustainable Development, 2017). To promote a more sustainable way to eradicate
poverty, the possibility of falling back to poverty level should also be reduced. For example, millions of
people are just slightly above the poverty level, and it is easy to slip back into the poverty zone again if
they do not have a stable income (United Nations Sustainable Development, 2017). The development
of agriculture provides a stable, increasing economy, which helps avoid the situation of slipping back
into the poverty zone and achieve the sustainable goals.
Doubling agriculture productivity can help achieve no hunger goal and keep the no hunger state for a
long term (FAO, 2015). Two reasons can explain why agriculture plays such an essential role. First, the
global population doubled in the last 45 years, and the present growth rate is still high (World Population,
Agriculture and Malnutrition, 2004). Therefore, the increase in food production needs to not only keep
pace with the increasing population but also increasing agriculture income and solve the existing poverty
problem. Second, increasing agriculture income is the most efficient way to raise the poorest incomes,
because 63% of the total poor depend on agriculture (Agriculture and Food, 2017). Evidence shows that
lower costs of agriculture activities compared with other activities is the reason why agriculture is the
most powerful way to reduce poverty (World Bank Group, 2015). Thus, developing agriculture and
increasing crop yield is key to increasing food production and eradicating poverty.

1.2 The importance of fertilizer uses in agriculture development
According to data from The World Bank, arable land area on the earth is staying relatively stable,
changing from 48.6 to 49.4 Million km2 between 1992 and 2015 (Agricultural land, 2018). However,
with increasing population, arable land per person is decreasing from 37.1 to 19.4 hectares ("Agricultural
land", 2018). Thus, higher demand for food production needs to be achieved with limited available
arable land, which indicates that increasing the yield per unit of land will be the primary goal to ensure
food security. Roberts stressed that hunger issues can never be solved without biotechnology and
improved genetics, and without fertilizer (Roberts, 2009). Currently, fertilizers support 40-60% of all
crop production (Johnston & Bruulsema, 2014). Crops absorb nutrients from the soil. Harvested crops
are removed from arable land for food or other uses and the nutrients contained in them are also be
removed. In many times, the soil gains fewer nutrients than its lost, leading to soil degradation and
decreasing crop yields (Shand, 2007). To supplement crop nutrients in arable lands, the value of manure
and mineral fertilizer need to be stressed. For example, Broadbalk Experiment best proved the effect of
fertilizer on crop yield, which reported that the crop yields with mineral fertilizer application have
always been higher than the yields with no fertilizer application, and over time, the difference in crop
yields between treatment group and control group are even getting bigger until reach the critical point.
1.3 The impacts of nutrient management measures (4R) on the environment, human health and
crop production
On the one hand, fertilizer use made great achievements in agriculture; on the other hand, many
problems have arisen because of fertilizer using behavior. Excess fertilizer which includes too much
nitrogen, phosphorous and other micronutrients can lead to serious problems related to public health,
environment, climate (Byrnes, 1990; Signo et al., 2013). Nitrogen fertilizer which is widely used in
agricultural activities is considered to be a major source of two gases: N2O and NH3, and it also
contributes to NO2 and NO emission (Jenkinson, 2001; Veldkamp & Keller, 1997). This gas emission
can cause series of human health problems. For example, ozone can be produced by reaction of NO/NO2
and oxygen, leading to respiratory and cardiac disease; fine particle matters can cause respiratory disease
as well. NO3 and nitrogen oxide interact with substances in the atmosphere, causing some climate
feedbacks and acid deposition. Soil acidification can be accelerated with increased nitrogen inputs
because the increased crop productivity inducted by nitrogen fertilizer application leads to more cation
removal in the crops (Mosier et al., 2013). What’s more, the increasing concentration of N 2O in the
atmosphere and the destruction of the stratospheric ozone layer can lead to greenhouse gas effect
(Byrnes, 1990). In China, the GHG emission from N fertilizer accounts for 7% of GHG emission from
the entire economy (Weifang et al., 2013).

Previous studies showed crop yield trend with the increasing fertilizer N rate: the crop yield increased
until approximately 100kg N ha−1, after 100kg N ha−1, the crop yield keeps stable or decrease (GarridoLestache et al., 2004; Lopez-Bellido et al., 2000). So, it can enhance the fertilizer use efficiency if the
critical point of fertilizer rate can be found. Different fertilizer types work differently on crop yield.
Usually, inorganic fertilizer is more effective than organic fertilizer, but the combination of organic
fertilizer and inorganic fertilizer are even better (Anwar et al., 2005; Chivenge et al., 2011; Hijbeek et
al., 2017). Fertilizer application time are likely influencing crop yield (Garrido-Lestache et al., 2004;
Alcoz et al., 1993). The fertilizer placement influences nitrogen loss, furthermore influencing crop
production. According to Yao et al. (2017), the urea deep placement increased yields 10% more than
surface broadcast, and urea deep placement can reduce NH3 volatilization to 1-2% of the total applied
N, with a 91% reduction compared with surface broadcasting. Proper fertilizer management can enhance
fertilizer use efficiency and sustain or improve crop yields while decreasing losses to air and water with
related damage to the environment, so proper nutrient management measures need to be developed.
The 4R Nutrient Stewardship provides fertilizer best management practices (BMPs), which are applying
right source of nutrients, at the right rate, at the right time and in the right place. The BMPs is defined
as "practices which have been proven in research and texted through farmer implementation to give
optimum production potential, input efficiency and environmental protection”, which involves three
elements: economy, social and environmental into consideration (Johnston & Bruulsema, 2014). The
4R Nutrient Stewardship framework is formulated to transfer this science into practice and clearly shows
the relationship between 4R stewardship and the environmental, economic and social aspects (Figure 1).

Figure 1. The 4R Nutrient Stewardship framework (The 4R nutrient stewardship concept., 2014)

Right source means the applied fertilizer need to match the crop need and soil properties. It is common
that farmers only apply fertilizer with the single element that the plants need most. However, crops can
gain the best value of the nutrient element if other macronutrients are also applied (Johnston &
Bruulsema, 2014). Right rate means the applied nutrient applications need to meet the crop demand.
Insufficient fertilizer rate will lead to loss of crop yield, but a too high level of fertilizer application can
lead to fertilizer leaching (Zebarth & Rosen, 2007). So applied fertilizer rate needs to find a balance to
maximize the crop yields and economic profit and minimize the impacts on the environment. The right
time is to ensure that fertilizers are always available when the crop needs it, the methods could be split
time of application, slow and controlled release fertilizer technology, and so on. Furthermore, timing is
essential in reducing the loss of nutrients into the environment and improve the fertilizer efficiency
because it ensures a supply when the crop demand is high. Right place means the nutrients need to be
applied to the area where crops can use them (Johnston & Bruulsema, 2014). Common practices are
including side dressing, band placement and broadcast (Zebarth et al., 2009). 4R Nutrient Stewardship
can use fertilizer in a more efficient and more sustainable way, and it also enhance the crop productivity.
This thesis studied on the potencies nutrient management measures on crop yields increase in “4R”
aspects: fertilizer type, fertilizer N rate, fertilizer timing, fertilizer placement (Figure 2).

Figure 2. The impacts of nutrient management measures on crop yields
1.4 The effect of agro-ecosystem properties
This thesis focuses on temperate climates. Because of its vast land area, it includes different agroecosystem. AEPs have an essential influence on the relationship between nutrient management measures
and crop yield (Hijbeek et al., 2017; Chivenge et al., 2011; Jeffery et al., 2011) (Figure 3). AEPs which
were studied in this thesis are crop types; soil properties which including soil texture, soil pH, soil
organic matter (SOM), cation exchange capacity (CEC), bulk density (BD); and climate characteristics
(annual average temperature and precipitation).

Figure 3. The impact of Agro-ecosystem conditions on the relationship between nutrient management
measures and crop yields
A literature review was performed to provide a general overview of the previous meta-analysis studies
on the effects of nutrient management measures on crop yields, eight meta-analysis studies from recent
years were presented in Table 1. This review aims firstly to give an overview of which kinds of studies
have been done (to avoid repeating other’s work); secondly, to select AEPs affecting the relationship
between the nutrient management measures and crop yields; thirdly, to gain an overview of the effects
of AEPs on the relationship between nutrient management measures and crop yield, in order to formulate
a hypothesis for this thesis.

Table 1. Effects of AEPs on the relationship between nutrient management measures and crop yields
found in previous meta-analysis (+ is a positive effect (enhanced the effect of nutrient management
measures), - is a negative effect (reduced effects of nutrient management measures) or 0 is no effect
(no significant influence on the relationship between nutrient management measures and crop yield))
Paper

Crop type

Soil texture

Hijbeek et

Potato (+)

Sandy (+)

> maize (+)

Caly (-/0)

al., 2017
(Europe)

Feng et al.,

Soil pH

SOM

CEC

BD

Temperature

Precipitation

no effect

> wheat (-/0)

0

2016

medium (+)

0

coarse (+)
fine (0)

Linquist et

pH≤6.0(0);

al., 2013

-

+

pH≥8.0(+)

(Europe)

Chivenge

sandy soils

et al., 2011

-

(+)
(600-1000 mm)

(Sub> 600 mm

Saharan
Africa)

Huang et

(pH<6) (+) >

al., 2016

(pH=6-8) (+)

(China)

Jeffery et
al., 2011
Global

Liu et al.,
2013

Wheat (0)

medium (+)

Maize (0)

coarse (+)

Sandy>

Acid > Neutral

loam/silt

High clay

Droesch et

content (0)

Crop type

(pH> 6) (+)

fine (-)

Crane-

al., 2013

(5<pH<6) (+) >

Low pH (0)

Low CEC
(- )

Different crops respond differently under the same management measure, for example, corn is more
sensitive to nitrogen fertilizer than legumes, such as soybeans and peanuts (Janssen, 2017; Fertilizer
Contributions to Crop Yield, 2002). According to the meta-analysis study from Hijbeek et al. (2017),
potato and maize yield show positive response on the effect of organic inputs, and potato shows bigger
mean yield increase than maize, but wheat yield shows negative response on the effect of organic inputs.
Hann. (1977) and Verheijen. (2005) presents the similar result: root crops (Potato and sugar beet) are
more sensitive than cereal. Another meta-analysis conducted by Jeffery et al. (2011) shows that wheat
and maize have no significantly influence on the relationship between biochar addition and crop yield.
Janssen. (2017) indicates that spring barley is more sensitive to N fertilizer addition than winter wheat.
My assumption is that overall crop types have a significant influence on the effect of nutrient
management measures on crop yield.
Soil properties
Soil properties include soil texture, soil pH, SOC, CEC, BD. Soil texture divides into different types
regarding the size of mineral particles (Gee and Bauder, 1979). Several previous meta-analysis studies
on the effect of soil texture on the relationship between nutrient management measures and crop yield
were conducted. Hijbeek et al. (2017), Liu et al. (2013) and Crane-Droesch et al. (2013) reported that
more sandy soils show a positive impact on the effect of organic input and more clay soils show neutral
or negative organic input effects. Similar results also found in other studies: Chivenge et al. (2001) found
the increased crop yield under different fertilizer type (include organic fertilizer, inorganic fertilizer, and
combined fertilizer) shows positive response in sandy soil. Jeffery et al. (2011) indicates that crop yield
response under biochar is significantly higher in sandy soils than other soils, and not significantly in
clay soils. According to the results of these meta-analysis studies, my hypothesis is that more sandy soils
have a significantly positive influence on the relationship between nutrient management measures and
crop yield, more clay soils have no significant influence or even negative significant influence on the
relationship between nutrient management measures and crop yield.
For soil pH, the results from previous meta-analysis studies are inconsistent. Some studies indicate that
more acidic soils have a greater positive influence on the relationship between nutrient management
measures and crop yield. Jeffery et al. (2011) and Liu et al. (2013) reported that both of the ‘Acidic’
(5<pH<6) and ‘Neutral' (pH>6) soils show positive significant influence on the "effect of biochar on
crop yield", and the increased crop yield under biochar addition is higher in acidic soils than the
increased crop yield in neutral soils. Another meta-analysis study conducted by Huang et al. (2016)
shows the same result: both of the acidic soils (pH<6.0) and neutral soils (pH=6.0-8.0) have significant
positive impact on the relationship between fertilizer N and crop yield, and the crop response under

fertilizer N addition is higher in acidic soils than in neutral soils. However, there are two meta-analysis
studies show different result: Linquist et al. (2013) reported that the acidic soils (pH<6.0) have no
significant influence on the relationship between inorganic fertilizer and crop yield, but alkaline soils
(pH>8.0) shows significantly positive impact on the relationship. Crane-Droesch et al. (2013) indicates
low soil pH have no significant influence on the relationship between biochar and crop yield.
Few papers studied the effects of “SOM”, “BD” and “CEC” on the relationship between fertilizer
additions and crop yield. There is only one meta-analysis studied the effects of SOM on the relationship
between nutrient practices and crop yield and it shows that the SOM has no significant influence on the
relationship (Hijbeek et al., 2017). No studies taking BD into account were found. Only one study
indicates that crop yield responded positively to low CEC (Crane-Droesch et al., 2013).
Climate conditions
Climate conditions in this thesis include temperature and precipitation. According to the meta-analysis
study from Hijbeek et al. (2017), the effect of organic input is increasing at lower temperatures with
more rainfall. The research result of Chivenge et al. (2001) indicates that crop yield response under
fertilizer addition is better when annual precipitation is less than 600mm than when annual precipitation
is between 600-1000mm. There are few literature results that vary in outcome, so this thesis will
investigate this further.
1.5 Problem statement
With global population increasing and the limited cropland, increasing crop productivity and improving
the nutrient using efficiency is an urgent challenge now. Different meta-analyses are conducted to study
the best nutrient management practices for crop yield. However, none of the meta-analysis studies the
impact of the best 4R nutrient management measures or consider only one aspect. Only few studies
studied fertilizer timing and fertilizer placement. For example, Nkebiwe et al. (2016) and Chivenge et
al. (2011) only focus on two aspects: the impact of right source and right placement on crop yields;
Hijbeek et al. (2017) only studies the effect of organic fertilizer; Jeffery et al. (2011) and Crane-Droesch
et al. (2013) are only focus on one organic fertilizer: biochar. Furthermore, few papers simultaneously
consider a range of external site variables which are important factors (Section 1.4). Therefore, the
results from previous studies can only be used to improve crop yield under a specific or limited crop
type, climate conditions and soil properties. What’s more, as the Table 1 clearly shows, previous metaanalysis studies do not take many AEPs into account, and none of these meta-analysis studies take BD
into account. To understand the impacts of various management measures on crop yield, and how agroecological properties impact the relationship between nutrient management measures and crop yields,

this thesis was taken 4R nutrient stewardship (right source, right rate, right time” and “right placement”)
and all these eight AEPs into account, making the assessment more complete. Furthermore, the result of
this study can provide decision makers with more valuable agricultural information.
1.6 Aim of the study and research questions
This thesis aims to quantify the potential impacts of nutrient management measures on crop yields under
different agro-ecological properties by using a meta-analysis approch to calculate relative impacts (%).
Secondly, the impacts of agro-ecological properties on these impacts are assessed. Crop types which
were studied in this thesis are cereals (wheat/barley/oat), maize and root crops (potato, sugar beet).The
main research question is What are the impacts of nutrient management measures on crop yields increase
for major crops in Temperate climate?
Sub research questions are
1. What is the impact of nutrient management measures on crop yields?
2. Which agro-ecological properties significantly affect the relationship between nutrient management
measures and crop yields?
1.7 Thesis outline
This thesis consists of five chapters. The first chapter is an introduction which presents the background
of this thesis, the previous studies and the thesis’ aim and research questions. Chapter2 describes how I
achieved my thesis aim and answer my research questions, including details on the data collection and
harmonization, the steps in meta-analysis. Chapter3 answers the research questions, including the effects
of nutrient management measures on crop yield and the effect of AEPs on nutrient management
measures and crop yield. Chapter4 generally discuss the results first and compares thesis results with
the results from previous studies, if results are different from the previous studies, the possible reasons
are also explained here. Chapter5 presents the main findings of this thesis.

Chapter 2 Method
A meta-analysis was conducted to quantify the effects of the nutrient management measures on the crop
productivity. A meta-analysis is a statistical analysis to aggregate the outcomes of multiple results from
a large collection of individual studies using different summary statistics. (Glass, 1976; Tonitto &
Ricker-Gilbert, 2016). Meta-analysis allowed me to quantify crop yield responses to different fertilizer
types, fertilizer rates, fertilizer timing and fertilizer placement. The meta-analysis was performed based
on the following steps:
1. Collect primary studies from Web-of-Science by search terms;
2. Select data from primary studies by selection criteria, the selected data and some extra data from
other studies are used to form a database;
3. Extract data (nutrient management measures, crop yields, and AEPs) from tables or figures;
4. Unify the data unit to pave the way for later analysis; and
5. Analyse the data for meta-analysis and meta-regression in R 3.4.3.
2.1 Data collection and harmonization
2.1.1 Primary data collection
The primary data was collected by using Web of Science. For some papers that I could not find the full
text in Web of Science, I requested the full text from authors in ResearchGate.
I used a systematic search method which contains four steps:
1. Identifying key conceptions;
2. Formulating search terms per concept;
3. Applying database tools and combining search terms with Boolean Operators; and
4. Improving the search terms.
The search terms were grouped into five concepts: “agriculture”, “nutrient management", "crop types",
"detailed fertilizer types" and "crop yields". "Agriculture" limits the type of studies to agricultural related
research studies; "crop types" limits the crop types to the study crops; "nutrient management" is the
explaining variable of this study, and "more detailed fertilizer" explains further the specific fertilizer
types; "crop yields" is the dependent variables of this study. A search string was defined based on these
concepts. In this step, I improved the search terms by looking at the words in the title, abstract,
introduction, and keywords of the relevant articles. Then, I used Bollean Operators to combine search

terms, like AND, OR and so on; and used TI (Title), TS (Topic) to improve the search results. Last but
not least, search queries are tested on the Web Of science and adjusted to provide the most relevant
papers. After adjusting the search terms and Bollean Operators 116 papers resulted from the final query
below.
TI=(Soil OR Arable OR crop OR farm OR agriculture OR cultivation) AND TS = (cereal OR wheat OR
barley OR maize OR maize fodder OR root crops OR potato OR sugarbeet OR grass*OR Rice OR oats)
AND TI=( ( “Nutrient management” OR fertilizer OR amendment OR addition OR chemical OR mineral)
AND ( “organic fertilizer” OR “organic amendment” OR “Inorganic fertilizer” OR organic OR
“animal manur*” OR nitrogen* OR phosphorus* OR potash* OR N OR P OR K OR Ammonia OR
“Ammonium nitrate” OR Urea ) OR (“straw management” OR “crop residue” OR compost OR “crop
residues incorporation” OR “crop residues removal” ) ) AND TI= ( “crop production” OR “crop yield”
OR “crop productivity” OR “crop response” OR “crop uptake” OR “crop growth” OR “crop residues”
OR “harvest index” OR HI ).
I also collected papers which are not directly from the Web of Science search results, but from the
recommend relevant articles by journal website, or from references of a relevant paper. Furthermore, I
also used data from other relevant meta-analysis studies.
2.1.2 Selection criteria
The following selection criteria were applied
1. Studies need to have at least one-year experiment period;
2. Only collected data from the field experiment, data from lab work or model were not accepted;
3. Only included data from four crop types: barley, wheat, maize, potato, oats and sugar beet;
4. The thesis study area was only focused on temperate zone. The climate classification map that
this thesis used is from FAO as Figure 4 shows. All the green area represents temperate zones;
and

Figure 4. The climate classification map. All green zones represent temperate climate

5. All the data that meet the requirements were used, avoiding bias from only “good results”. This
means that data were collected as long as the study meets the selection criteria, even if the
outcomes were not statistically significant.
Extract data from studies
The studies that met the requirements were collected to a database. The detailed database information is
provided in Annex1. In some papers, data were provided in figures, which makes these data impossible
to be extracted directly. The plot digitizer program helped to extract the necessary data. This thesis only
studies temperate climate zone, ArcGIS was used to select papers from temperate climate zones by the
location or latitudes and longitudes.
When data on annual average precipitation, temperature, soil pH and soil texture during the experimental
period were lacking, they were derived by an overlay of the coordinates with data in the CRU (Climate
Research Unit) database (http://www.cru.uea.ac.uk/data), which contains monthly gridded data on
temperature and precipitation at global scale for the period 1901-2016 (temperature since 1850) on a
0.5°∙0.5° grid basis (New et al., 1999; Mitchell and Jones, 2005; Harris et al., 2014). Those monthly
data were averaged on a yearly basis for the experimental period.
Similarly, when data on soil properties, such as clay content, soil organic matter content, bulk density
and CEC were lacking, they were derived by an overlay of coordinates with data in SoilGrids database
(http://www.isric.org/explore/soilgrids). SoilGrids contains amongst other a collection of soil properties
at a global scale at 1km and even 250m spatial resolutions produced by automated soil mapping based

on machine learning algorithms (Hengl et al., 2014). SoilGrids provides predictions for the following
list of standard soil properties


Soil organic matter content (g kg-1);



Soil pH in H2O;



Sand, silt, and clay (weight %);



Coarse fragments (volumetric %);



Bulk density of the fine earth fraction <2mm (kg.m-3); and



Cation-exchange capacity of the fine earth fraction (cmol+kg-1).

The data in SoilGrids represent predictions at points in 3D; thus, at the centre of a grid cell and at depths
0, 5, 15, 30cm, etc. which represent the upper and lower depths of the so-called standard depth intervals
of 0-5cm, 5-15cm, 15-30cm, etc. In this study we calculated a value aggregated over 0-15cm as:
[(

𝑉0+𝑉5
2

)∙

5
30

] + [(

𝑉5 +𝑉15
2

)∙

10
30

]

EQ1

𝑉0 , 𝑉5 , 𝑉15 means value at 0, value at 5 and value at 15 separately.
To gain insight in the reliability of the interpolation of climate and soil data form databases, a
comparison of results thus obtained with measured data for plots where those data were available is
given in Annex 2. Results show the data on clay content and temperature derived from the literature data
collection and from database were high correlated, R² are 0.8 and 0.6. respectively. But the relationship
in precipitation and soil pH was low and both of them had an R² of 0.3.
2.1.3 Data summary and classification of variables
In the end of the data collection, 177 observations from 24 studies were collected. All the papers’
information can be found in Annex 3. In the database, for different fertilizer types, fertilizer timing and
fertilizer placement, there were few data on crop yield response at the same N fertilizer rate. So, I
analysed these three aspects by growing them while comparing fertilized and unfertilized plots. In other
words, I studied the impact of fertilizer type, fertilizer timing and fertilizer placement on the effect of N
fertilizer addition. In a similar way, the impacts of AEPs were also evaluated by comparing fertilized
versus unfertilized plots for different groupings of AEPs. Studies were collected from 10 different
countries as the green dots in Figure 5 shows.

Figure 5. Overview of locations of long-term experiments included in the meta-analysis
For “right source”, five different fertilizer treatments are included in the database:
Treatment 1:Comparing crop yields with and without organic fertilizer (48 observations);
Treatment 2:Comparing crop yields with and without inorganic fertilizer (83 observations);
Treatment 3:Comparing crop yields with or without combined fertilizer (the combination of inorganic
fertilizer and organic fertilizer) (36 observations);
Treatment 4:Comparing crop yields with inorganic fertilizer and crop yield with organic fertilizer (2
observations); and
Treatment 5:Comparing crop yields with inorganic fertilizer and with combined fertilizer (5
observations).
Only two and five observations were collected for Treatment 4 and 5, separately, I considered the
observations are not big enough for data analysis, and also, the result of Treatment 4 and 5 can be known
by comparing the results between Treatment 1 and 2, and Treatment 2 and 3. So this thesis only analysed
Treatment 1, Treatment 2, Treatment 3, for the effect of fertilizer types on crop yields, in which the
control treatment includes no fertilizer application.
For "right rate", the observations from organic fertilizer and combined fertilizer were hard to compare
because the organic or combined fertilizer application rate was collected as the amount of nitrogen (N),
phosphorus (P), and potassium (K) of organic fertilizers, there is no easy statistical way to consider the
effect of three variables (N, P, K content) on crop yield, therefore, organic fertilizer and combined
fertilizer were not analysed for right rate. In the database, most of the inorganic fertilizer is nitrogen
fertilizer, like urea, and there are no other additional fertilizer nutrients, like K, P, to disturb the results.
In total, 87 observations were used to analyze the impact of N fertilizer rates on crop yields. I grouped

these 87 observations into three groups, and the number of observations in each group are as equal as
possible. low (<60kg ha-1), medium (60-100kg ha-1) and high (>100kg ha-1).
For the "right timing", 158 observations were used to analyse the impact of fertilizer application time
on the relationship between fertilizer addition and crop yields. The fertilizer application timing here is
defined as "in which stage of the lifetime of crops did fertilizer apply", and I grouped all the observations
into four groups
1. Before sowing: applying the fertilizer before sowing (96 observations);
2. At sowing: applying fertilizer at sowing (16 observations);
3. In growing season: applying fertilizer in growing season (27 observations); and
4. Split time: split the fertilizer application time (19 observations).
For the “right placement”, 127 observations were grouped into three groups
1. Surface broadcast incorporation: surface broadcast, then incorporated with the top 10cm soils
(71 observations);
2. Deep broadcast incorporation: surface broadcast, then incorporated in deep depth (>10 cm) (29
observations); and
3. Banding: fertilizer is applied in bands close to where developing roots can easily reach it in the
future (27 observations).
I collected 169 observations for six crop types which are barley, wheat, maize, potato, oats and fodder
beet (Figure 6). Only one collected research studied fodder beet and only two papers studied oats, so I
did not include fodder beet and oats in the database when analyzing the effect of crop types.

Figure 6 Overview of crop types
After adding more data on temperature and precipitation from Climate Research Unit database, and
more data on soil organic matter, clay, sand and silt content, and soil pH (in H2O) from SoilGrids
database, the data on these variables in the database are almost fully completed. All of the CEC, BD
data are from SoilGrids database. For the soil type, because USDA classification provides an elaborate
soil type classification and it is widely, so I used it to identify soil types from different studies by the
content of clay, sand, silt (%) (Figure 7). There are four types of soil types:
1. Clay (clay, silty clay and sandy clay) (129 observations);
2. Loam (sandy clay loam, clay loam, medium loam and silty clay loam) (23 observations);
3. Sand (sandy loam, loamy sand and sand) (21 observations); and
4. Silt (silty loam and silt) (4 observations).

Figure 7. USDA soil texture classification (Zhao & Vrijling, 2016).
For rest of the variables (temperature, precipitation, soil pH, SOM, CEC, BD), I divided them into three
groups as equal as possible based on observations numbers: low, medium, and high (Table 2).
Table 2 Categorical variables used in describing the experimental conditions

Categorical variable

Level 1

Level 2

Level 3

Fertilizer type

Inorganic

Organic

Combined

Fertilizer N rate

< 60

60-100

>100

Fertilizer timing

Before sowing

At sowing

In growing season

Fertilizer placement

Surface broadcast incorporated

Deep broadcast incorporated

Banding

(<10cm)

(>10cm)

Crop type

Barley

Wheat

Maize

Temperature

Low

Medium

High

(°C)

(0.3 - 4)

(4.2 - 8.7)

(8.9 - 15.8)

Annual precipitation

Low

Medium

High

(mm)

(<600)

(600 - 1000)

(>1000)

Soil pH (H2O)

Acidic

Neutral

Alkaline

(5.4 - 6.05)

(6.25 - 7)

(7.1 - 8.3)

Soil texture

Loam

Sand

Silt

SOM

Low

Medium

High

(g C kg )

(2 - 27)

(27 - 48)

(49 - 104)

CEC

Low

Medium

High

(cmol+kg )

(11 -19)

(19 - 25)

(25 - 36)

Bulk density (BD)

Low

Medium

High

(953 - 1182)

(1202 - 1277)

(1285 - 1393)

Level 4

-1

(kg ha )

-1

-1

-3

(kg.m )

2.2 Meta-analysis

Split time

Potato

Clay

2.2.1. Effect size
To conduct the meta-analysis, an appropriate effect size estimator was calculated. Effect size is a simple
way of quantifying the difference between two groups that has many advantages over the use of tests of
̅̅̅
𝑋

statistical significance alone. I analyzed data by using the response ratio (𝑅𝑅 = ̅̅̅̅𝑡 ) where Xt, Xc
𝑋𝑐

represents the treatment mean crop yields and the control mean crop yields, separately. It represents the
strength of the relationship between nutrient management measures and crop yields. For example, for
analyzing the impact of fertilizer N rate on crop yields, it describes the relative impacts of fertilizer N
addition compared with no fertilizer application. This RR is comparable between diverse studies. The
data were analysed by the Metafor package in R 3.4.3. In the calculation process in R, RR is logtransformed to ensure normality, and the result (weighted effect size) are back-transformed to the
original ratio form. When the RR value is below 1, it means the treatment nutrient management measure
has a negative impact on the crop yields; when the number is 1, it means the results do not have
significant statistical meaning, in other words, the treatment management measure has the same impact
with control management measure on the crop yields; when the effect size number is bigger than 1, it
indicates treatment management measures have positive impact on crop yield.
In this meta-analysis, a random-effect model was be used. There are two models in the meta-analysis:
fixed-effect model and random-effect model. The fixed-effect model assumes every study have the same
true effects, the reason that observed effect (effect size) in each paper are different is because of sampling
error. The random-effect model allows every study have different true effects, and it calculates the
average effects of true effects.
2.2.2 Unify Data Unit
After finishing data collection, different units from different studies in the database were unified to
pave the way for the next step: analyzing the data by R.
Converting multiple variance measures to standard deviation
In data collection, multiple variance measures were recorded in the database, i.e. least significant
difference (LSD), standard deviation (SD), and Standard Error (SE). I choose to convert all those
measures to standard deviation (SD). Many statistic terms and related basic equations are used in the
unit-conversion process, for a better understanding, before describing conversion processes, the basic
statistical terms and the equations that were used in the conversion process are introduced below.

Least significant difference (LSD): LSD is a value that indicates that the smallest significant difference
between two means. In other words, if the difference between two means is larger than the LSD number,
then it means a statistically significant result. LSD is calculated with:
1

1

𝐿𝑆𝐷 = 𝑇𝑣,𝑎 ∙ √𝑀𝑆𝐸 ∙ (𝑛 + 𝑛 )
1

2

EQ2

The T value can be found in the T-values table from Annex 4. 𝑁1, 𝑁2 means the size of different
treatment groups (replication numbers), here, the 𝑛1 and 𝑛2 have an equal number in all of the studies so
that the formula can be simplified (Williams & Abdi, 2010) as:
2

𝐿𝑆𝐷 = 𝑇𝑣,𝑎 ∙ √𝑀𝑆𝐸 ∙ (𝑛)

EQ3

Standard deviation (SD): SD is the summary measure of the differences between each observation and
the mean ("Mean and standard deviation", 2010). It indicates the dispersion of a set of data values
("Variability in Statistics", 2018). In this thesis, it means the total differences between each data from
the mean. Mathematically, it is the square root of the variance:
𝑆𝐷 = √𝑉

EQ4

The Variance(V) (Kentucky, 1999) can be calculated by “Sum of squares total (sum of the squared
𝑆𝑆𝑇

deviations) over”, or 𝑉 = 𝑁−1

EQ5

Standard Error (SE) (Kentucky, 1999) which represents the standard deviation of a sample can be
estimated by 𝑆𝐸 =

𝑆𝐷
√𝑛

EQ6

Sum of squares between (SS Between): SS between is the sum of the multiplications of the replications
for each treatment groups and the squares between the group means and the grand mean, and it quantifies
the variability between the different treatment groups. Mathematically, it can be calculated when each
treatment means, the grand mean is provided or can be calculated by the study.
𝑛
̅
̅ 2
𝑆𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛 = ∑𝑚
𝑖=1 ∑𝑗=1(𝑋𝑖 − 𝑋 )

EQ7

m means the treatment numbers, n means the observation numbers in each group, 𝑋̅𝑖 means the mean of
different treatment groups, and 𝑋̅ means the grand mean ("The ANOVA Table", 2018).
Sum of squares within each treatment group (SS Error): SS Error is the sum of squares between the
data and group means, and it shows the variability within each treatment groups. It can be calculated by
Mean squares within (MSW) ("The ANOVA Table", 2018):

2

𝑛
̅
𝑆𝑆𝐸𝑟𝑟𝑜𝑟 = ∑𝑚
𝑖=1 ∑𝑗=1(𝑋𝑖𝑗 − 𝑋𝑖. ) = 𝑀𝑆𝑊 ∙ 𝐷𝐹𝑤𝑖𝑡ℎ𝑖𝑛

EQ8

Within mean squares (MSW) ("The ANOVA Table", 2018) is an estimate of the population variance,
which represents the average of all variances within the samples. Mathematically, it can be presented
by: 𝑀𝑆𝑊 =

𝑆𝑆𝐸𝑟𝑟𝑜𝑟

EQ9

𝐷𝐹𝑤𝑖𝑡ℎ𝑖𝑛

Degrees of freedom within (DF within): DF within is the degrees of freedom within the treatment
groups. 𝐷𝐹𝑤𝑖𝑡ℎ𝑖𝑛 = 𝑁 − 𝑚

EQ10

N means the all of the replications in total, including different treatment groups and the replicates
number in each group; m is the number of treatment groups.
Sum of squares total or the sum of the squared deviations (SST): It quantifies the sum of squared
differences from the mean, in other words, it represents the total variability in the observed data. It can
be calculated by the sum of the squares of differences between each data and the mean (L. Kentucky,
1999 & "The ANOVA Table", 2018). The relationship among SS between, SS Error and SST is:
𝑆𝑆𝑇 = 𝑆𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛 + 𝑆𝑆𝑒𝑟𝑟𝑜𝑟

EQ11

Total degrees of freedom (DF): DF is the degrees of freedom in the whole study.
𝐷𝐹 = 𝑁 − 1

EQ12

N means the all of the replications in total, including different treatment groups and the replicates
number in each group.
Two-tailed test: Two-tailed test is testing for the possibility of the relationship in both directions
regardless of the direction of the relationship people hypothesize. In this thesis, I assume that all studies
are using two-tailed test. So, during the unit conversion part, a two-tailed test can be used to get the tvalue in t-table.
Confidence interval (Cl): Assume the Cl in all of the studies are the same: 0.05.
The important information for conversion of LSD to SD can be got from studies: the values of LSD, the
numbers of treatment groups (m), all of the replicates (N), confidence interval (Cl).
2

As the above text explained: 𝐿𝑆𝐷 = 𝑇𝑣,𝑎 ∙ √𝑀𝑆𝑊 ∙ (𝑛)

EQ2

because t-value can be found in the t-table by Cl and DF, so MSW can be calculated like:
𝐿𝑆𝐷

2

𝑛

𝑀𝑆𝑊 = ( 𝑇 ) ∙ ( 2 )
𝑣,𝑎

EQ13

n means the number of observation data in different treatment groups.
𝑆𝑆

The value of MSW can also be calculated by: 𝑀𝑆𝑊 = 𝐷𝐹𝐸𝑟𝑟𝑜𝑟

EQ9

𝑤𝑖𝑡ℎ𝑖𝑛

𝐿𝑆𝐷

2

𝑁

After combining EQ9 with EQ10 and EQ13, 𝑆𝑆𝐸𝑟𝑟𝑜𝑟 = ( 𝑇 ) ∙ ( 2 ) ∙ (𝑁 − 𝑚)
𝑣,𝑎

𝑆𝑆𝑇

As I explained above, 𝑆𝐷 = √𝑉 = √𝑁−1

EQ14

EQ4 & EQ5

Then, SST can be calculated by the sum of SS between and SS Error, and SS Error can be calculated as
EQ14 shows. Calculating SS Between need means values of each treatment measures and the grand
mean from each study and enter the data into the formula:
𝑛
̅
̅ 2
𝑆𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛 = ∑𝑚
𝑖=1 ∑𝑗=1(𝑋𝑖 − 𝑋 )

EQ15

we can get the values of SS between and furthermore, SD can be calculated.
According to statistic formula: 𝑆𝐸 =

𝑆𝐷
√𝑛

, SD can be converted from SE by 𝑆𝐷 = 𝑆𝐸 ∗ √𝑛, n means the

replications (sample sizes).
Unify the unit of the yield to kg ha-1
For crop yield, different studies are using different units. In the database, except 11 studies are using kg
ha-1 as the unit of the response variable, six studies are using Mg ha−1; five studies are using t ha-1; other
three units: g m-2, kg m-2 and g box–1 are used by three studies, separately. I converted all these units to
Kg ha-1. (1g box-1=49.38kg ha-1)
Convert dry weight yield to fresh weight yield
Several studies provide crop yield by dry weight, whereas other studies provide fresh weight. To make
the result comparable, the dry yield was converted to fresh yield according to: Fresh weight yield =
dry weight yield / dry weight. The dry weight fractions for different crop types used in this thesis were
taken from the INTEGRATOR model, and listed in Table 3:

Table 3. Dry weight fractions used for European crops from INTEGRATOR model
CAPRI_CROP_NAME

DRY_WEIGHT_FRAC

Common wheat

0.85

Barley

0.85

Potatoes

0.24

Sugar beet

0.25

Fodder other on arable land

0.25

Fodder maize

0.25

According to SD's definition, the changing of mean yield can influence SD, and SD should have the
same sizes change as the mean yield. So, for those studies converted try weight yield to fresh weight
yield, SD also changed by dividing by dry weight factions.

Chapter 3 Results
3.1 Effect of nutrient management measures
This section answers part of the first research question: the impacts of fertilizer addition (fertilizer N
rate, fertilizer type) on crop yields. Unfortunately, there were hardly any data on crop yield response at
the same N fertilizer rate but for different fertilizer types, fertilizer timing and fertilizer placement.
Therefore, I could only evaluate those aspects by considering them as groupings while comparing
fertilized and unfertilized plots. In other words, I analysed the impact of fertilizer type, fertilizer timing
and fertilizer placement on the effect of fertilizer N addition.
Figure 8 gives an overview of the impacts of different nutrient management measures in terms of mean
response ratios and their ranges (95% confidence intervals). Response ratios (means and 95% confidence
intervals) of crop yields to fertilizer type, fertilizer rate, fertilizer placement and fertilizer timing in each
of the investigated studies are given in Annex 5.

Figure 8. Effects of nutrient management measures on crop yield, expressed in terms of response ratios
(RR) of crop yields with and without fertilizer addition. Dots show mean response ratio, bars are 95%
confidence intervals, whereas the RR column shows the related values. The last column shows the
number of observations and the number of studies in parentheses. *, **, *** represent significant level,
* means significant (p-value<0.05); ** means very significant (p-value<0.01); *** means extremely
significant(p-value<0.0001); an empty space means not significant.
Result of fertilizer N rate are based on a comparison of crop yield after N fertilizer addition in a certain
form as compared to crop yields without fertilizer addition. The analysis of fertilizer type, fertilizer
timing and fertilizer placement are based on a comparison of overall effect sizes of N fertilizer addition
(RR=1.44) and effect sizes in fertilizer type, fertilizer timing and fertilizer application. Overall, N
fertilizer rate are extremely significantly influencing crop yields. Fertilizer type, fertilizer timing and
fertilizer placement have significant influence on the effect of N fertilizer addition. The effect of each
subgroup on crop yield are explained in detail in the next sections.
Effect of fertilizer type
As Figure 8 shows, in total, crop yields positively responded all three fertilizer types compared with
crop yield under no fertilizer application, the combined fertilizer type can increase crop yield most, the
crop yield with combined fertilizer is 79% higher than the crop yield with no fertilizer application;
followed by inorganic fertilizer and organic fertilizer, the crop yield with inorganic fertilizer and with
organic fertilizer are 53%, 27% higher than the crop yield with no fertilizer application, separately.
Comparing to the overall effect size of N fertilizer addition (RR=1.44), the inorganic fertilizer (RR=1.53)
and combined fertilizer (RR=1.79) positively contribute to increase the effect of N fertilizer addition;
however, organic fertilizer (RR=1.27) has negative contribution on the effect of N fertilizer addition.
Effect of fertilizer rate
As Figure 8 shows, overall, fertilizer N rate has positive significant influence on crop yield. The overall
effect shows 44% of crop yields increased comparing with crop yield without fertilizer. the fertilizer N
rate showed higher influence on crop yield increase when the N fertilizer rate is less than 60kg ha -1, the
estimated RR is 1.59 with 95% confidence interval of 1.45 to 1.74. It means that applying fertilizer rate
less than 60kg ha-1 can increase 59% of crop yield with no fertilizer application. The estimated RR is
almost the same when fertilizer rate is between 60 and 100kg ha -1 and when the fertilizer rate is bigger
than 100 kg ha-1, which are 1.43 with 95% confidence interval of 1.27 to 1.62, and 1.46 with 95%
confidence interval of 1.29 to 1.65 separately. From the model result, N rate have significantly positive
impacts on increasing crop yield (p-val<0.0001).

Figure 9 has been made by a regression function in R, to show how the effect of fertilizer N rate on crop
yield, in terms of response ratio RR, is changing with an increase in fertilizer rate. The figure shows that
with an increasing of fertilizer N rate from 25kg ha -1 to 62kg ha-1, the effect of fertilizer N rate on crop
yield increase. The effect of fertilizer N rate reaches the maximum efficiency point when applied N
fertilizer is 62kg ha-1, and after 62kg ha-1, the effect of nutrient management measures decreasing.

Figure 9. The crop yields' changing with the increasing N fertilizer rate. The blue line is the regression
line calculated from original data; the black dots are the original data; the dark grey zone represents
the 95% confidence interval; the black vertical line is the N fertilizer rate (62 kg ha -1) when crop yield
is maximum; the N fertilizer rate range is from 25 kg ha-1 to 283 kg ha-1.
Effect of fertilizer timing
The overall model result indicates the effect of fertilizer timing has a significant influence on the effect
of N fertilizer addition. Subgroups results show that “applying fertilizer before sowing” (p-val<0.0001),
“applying fertilizer at sowing” (p-val=0.0002), and “applying fertilizer in growing season” are
significantly influencing the effect of N fertilizer addition. “Split fertilizer application time” (pval=0.4856) has no significant influence on the relationship. As Figure 8 shows, there is almost no
difference in RR when applying fertilizer "before sowing" and "at sowing." The estimated RR of "before
sowing" and "at sowing " is 1.53 with 95% confidence interval of 1.42 to 1.65 and 1.53 with 95%
confidence interval of 1.42 to 1.66. In other words, applying fertilizer before and at sowing has the same
effect on the effect of N fertilizer addition on crop yield, and both of the fertilizer applications make the

effect of fertilizer addition perform better compared with the overall effect size of N fertilizer addition
(RR=1.44), followed by "in growing season" with 1.45 estimated RR (95% c.l.: 1.27 to 1.66).
Effect of fertilizer placement
Overall, fertilizer placement has significant influence on the effect of N fertilizer addition. Crop yields
are increasing the most (60%) when using banding application; followed by “broadcast deep
incorporated” and “broadcast surface incorporated”, increased rate of crop in “broadcast deep
incorporated” and “broadcast surface incorporated” are 42% and 1.35. Comparing with the total effect
of N fertilizer addition (RR= 1.44), I found that “banding” has positive influence on the effect of N
fertilizer addition, but deep broadcast incorporates and surface broadcast incorporated" have a negative
impact on the effect of N fertilizer addition.
3.2 Impacts of agro-ecosystem properties on crop yields
Similar to the effects of fertilizer type, fertilizer timing and fertilizer placement, the impacts of agroecosystem properties (AEPs) were also evaluated by comparing fertilized versus unfertilized plots for
different groupings of AEPs. Figure 10 presents the impact of agro-ecosystem properties (AEPs) on
mean response ratios and their ranges (95% confidence intervals) of crop yields. It also summarizes
which agro-ecological conditions significantly affect the effect of N fertilizer addition, thus answering
the second research question.

Figure 10. The impacts of AEPs on the effects of N fertilizer rate expressed in terms of response ratios
(RR) of crop yields with and without fertilizer addition. Dots show mean response ratio, bars are 95%
confidence intervals. RR column shows mean response ratio and the 95% confidence interval in
parentheses. The last column shows the number of observations and the number of studies in parentheses.
Crop type
Four crop types are shown in Figure 10: barley, potato, wheat and maize. The reference value to which
the other crops were compared is the overall effect of fertilizer addition (RR=1.44). The results show
that barley has positive effect on the effect of fertilizer addition, potato and wheat have negative effect
on the effect of fertilizer addition.
Overall, the effects of crop type are significantly influencing the relationship between N fertilizer
addition and crop yield. For each subgroup, barley, potato and wheat have statistically influence on RR;
maize does not show a significant influence on RR. And Heterogeneity test shows there are other

moderators except crop type influencing the relationship between fertilizer addition and crop yields as
well.
Temperature
Overall, temperature has significant influence on the relationship between N fertilizer addition and crop
yield. When the temperature is analysed by three subgroups: high (8.9 - 15.8°C), medium (4.2 - 8.7°C)
and low (0.3 - 4°C), all the temperature sub-groups have a significant influence on the relationship
between N fertilizer addition and crop yield. Comparing with overall mean effect of fertilizer addition
(RR=1.44), high temperature has positive contribution on the relationship, low temperature has no
contribution on the relationship, and medium temperature has negative effects on the relationship. Test
of heterogeneity indicates that there are other moderators influencing the crop yield (Q=11545.8891, pval<0.0001).

Figure 11. The effect of temperature on nutrient addition impacts. The green dots are the predicted data
points which were calculated by the "predict" function in R. The green line is the trendline calculated
by small-scale regression "lowess” function in R.
Figure 11 clearly shows the relationship between temperature and RR which represent the effects of
temperature on relationship between N fertilizer addition and crop yields, and the temperature has a
positive influence on response ratio: with the temperature increasing, the response ratio increase. In
other words, the increasing temperature make the N fertilizer addition perform better.
Precipitation

The overall mean effect of precipitation (RR=1.4) shows that precipitation is significantly influencing
the relationship between N fertilizer addition and crop yield (p-val<0.0001). Figure 12 shows the overall
trend of RR changing with the precipitation changing, the figure 12 also indicates that the precipitation
has a significant influence on RR which represent the relationship between fertilizer addition and crop
yield. Precipitation has also been analyzed by three groups: high (>1000mm per year), medium (600 1000mm per year) and low (<600mm per year). From the subgroup result, comparing with the overall
effect of fertilizer addition, high temperature (RR=1.58) has positive contribute for the mean value. The
test of heterogeneity indicates that there are other moderators influencing the crop yield (Q=9927.2550,
p-val<0 .0001).

Figure 12. The effect of Precipitation on nutrient addition impacts. The green dots are the predicted
data points calculated by "predict" function in R. The green line is the trendline calculated by smallscale regression "lowess” function in R.
Soil pH (H2O)
The model result shows that soil pH has a statistically significant influence on the relationship between
N fertilizer addition and crop yield (p-val<0 .0001). Figure 13 also shows a clear significant influence
of soil pH on the relationship between N fertilizer rate and crop yield, with the pH increasing from 5.4
to 8, the effect of fertilizer addition on crop yield is smaller and smaller.
Acidic pH and Neutral pH have a significant influence on the relationship between N fertilizer addition
and crop yield; however, Alkaline pH subgroup have no significant influence on the relationship (p-

val=0.9243). The acidic soils and neutral soils and can increase crop yield 55% and 39%. Comparing
with the mean effect of fertilizer addition (RR=1.44), acidic has positive contribution on the relationship,
but neutral pH has negative effect on the relationship.

Figure 13. The effect of soil PH (H2O) on N fertilizer addition impacts. The dgreen dots are the
unweighted data points calculated by small-scale regression "lowess" function in R. The green line is
the trendline calculated by small-scale regression "lowess” function in R.
Soil texture
There are in total four soil types in this thesis: loam, sand, silt, and clay. From the model result, sand (pval=0.4892), silt (p-val=0.3792) and clay (p-val=0.0637) have no significant influence on crop yield.
Loam is significantly influencing the crop yield. As the Figure 8 shows, loam can increase 55% of crop
yield, more than the overall mean effect of N fertilizer addition which can increase 44% of the crop
yield. The heterogeneity test shows there are other moderators except precipitation influencing RR
(Q=14717.0646, p-val<0.0001).
Soil organic matter (SOM)
From the model result, SOM has a significant influence on the relationship between N fertilizer addition
and crop yield (p-val<0.0001). Medium and high SOM subgroup have significant influence on RR (pval<0.0001), low SOM subgroup have no significant influence on RR (p-val=0.0826). Medium and
High subgroup can increase 47% and 55% crop yield, respectively, more than the overall mean effect
of effect size of fertilizer addition which can increase 44% of crop yield. The heterogeneity test shows

that other moderators except SOM are also influencing the relationship between N fertilizer addtion and
crop yield (Q=24340.3057, p-val<0 .0001).
Bulk density (BD)
According to model result, bulk density (BD) is significantly influencing the relationship between N
fertilizer addition and crop yield (p-val<0.0001). BD was also analysed by three subgroups: high (1285
– 1393kg.m-3), medium (1202 - 1277kg.m-3), low (953 - 1182kg.m-3). Low BD and Medium BD show
significant influence on the relationship between N fertilizer addition and crop yield, high BD subgroup
is no significant influencing on the relationship (p-val=0.9183). The effect of low BD and medium BD
on the relationship between N fertilizer addition and crop yield are relatively the same, both of these
two factors can increase around 50% crop yields, better than the overall mean effect of fertilizer addition
(RR=1.44).
Cation Exchange Capacity (CEC)
From the model result, CEC is significantly influencing the relationship between N fertilizer addition
and crop yield (p-val<0.0001). CEC was also analysed by three subgroups: high (25 - 36 cmol+kg-1),
medium (19 - 25cmol+kg-1), low (11 -19cmol+kg-1). Low CEC subgroup and Medium CEC subgroup
shows significant influencing on the relationship between N fertilizer addition and crop yield (pval<0.0001). The estimated RR of low CEC and Medium CEC are 1.44 with 95% confidence interval
of 1.28 to 1.61, and 1.52 with 95% confidence interval of 1.40 to 1.65. High CEC subgroup is no
significant influencing on the relationship (p-val=0.8090). Medium CEC has positive effect on the effect
of fertilizer addition.

Chapter 4 Discussion
4.1 Nutrient addition impacts on crop yield
Effect of fertilizer type
I found that combined organic fertilizer and inorganic fertilizer has most significantly positively effects
crop yields, followed by inorganic fertilizer and then organic fertilizer. Several previous studies showed
similar results. Zavattaro et al. (2017) indicates that increased crop yields under manure application are
9.5% smaller than increased crop yields under inorganic fertilizer N application. Lyu et al. (2017) shows
that the combined inorganic fertilizer and organic fertilizer could help maintain a better yield than using
inorganic fertilizer alone. A meta-analysis conducted by Chivenge et al. (2011) also proved increased
crop yields rank the same result: maize yield responses are positive influences by the addition of
inorganic fertilizer, organic fertilizer, and the combined fertilizer, and the three groups: combined >
inorganic > organic, increased 114%, 84%, and 60% separately. The higher yield benefits under the
combined fertilizer treatment might be because organic fertilizer supplements some micronutrients that
inorganic fertilizer does not have (Palm et al., 1997; Zingore et al., 2008).
Effect of fertilizer N rate
Crop yield increasing faster with increasing fertilizer N rate, until around 62 kg ha-1, after which the
crop yield slowly decreases and tends to be steady after that. The result shows that the crop yield is not
necessarily greater at high N rates (>100 kg ha -1) relative to low (<60kg ha-1) and medium (60-100kg
ha-1) N rates. With the increase of fertilizer input, the crop yield is increasing until it reaches the
maximum crop yields, and after that, the crop yields are remaining the same or decreasing (GarridoLestache et al., 2004; Lopez-Bellido et al., 2000; Huang et al., 2016). This might because increasing N
inputs generate more N losses (NH 3) (Hargrove., 1988; Powlson et al., 1992). What's more, soil pH in
collected studies are more acidic, and it might be so that application of N fertilizer leads to soil
acidification, decreasing the crop yield (Barak et al., 1997; Schroder et al., 2011). 62kg ha-1 is a small
critical point comparing to other studies. It might be influenced by crop types, barley can increase the
effect of fertilizer addition most, but with the fertilizer rate increasing, portion of barley is decreasing:
Before 62kg ha-1, there are in total 38 observations, most of them are barley (31), four of them are the
rotation of barley and wheat, the rest three observations are wheat. From 62 kg ha-1 to 100kg ha-1, there
are in total 31 observations, most of them are barley (20), seven observations are wheat, four
observations are rotation of wheat and barley. There are 29 observations after 100kg ha-1, including
fifteen wheat, ten maize, three barley, and only one potato.

After 250kg ha-1, the increased crop yield is increasing a bit, which does not match the expectation. It
could be explained that because less data is collected after 220kg ha -1, there are more uncertainties in
the regression lines so that it could not be fully trusted.
Effect of fertilizer timing
Both of applying fertilizer before sowing and at sowing have relatively the same effects on the
relationship between N fertilizer addition and crop yield; followed by the effect of applying fertilizer in
growing season; and split time has no significant influence on the relationship. Few studies about
fertilizer timing were conducted. The split time measure even reduces the crop yield comparing with the
mean RR value. This was also found by Torbert et al. (2001), and Garrido-Lestache et al. (2004).
Moreover, the first study did not find any significant impact to split application as this meta-analysis.
According to Hayashi et al. (2008), the crop yield harvesting from applying fertilizer at sowing is always
bigger than the crop yield harvesting from applying fertilizer in growing season.
Effect of fertilizer placement
Applying fertilizer near the root can increase the effect of fertilizer addition. Banding is the best way to
increase the effect of N fertilizer addition; followed by deep broadcast incorporation and surface
broadcast incorporation. Nitrogen placement has influence on N losses and incorporating fertilizer with
soil can minimize N losses (Linquist et al., 2009; Mikkelsen & Finfrock, 1957), and incorporating N
fertilizer at 10-12cm depth can decrease N losses to 1%, while 20% N losses when applied N at surface
(Mikkelsen et al., 1978), which might explain the crop increased better under “broadcast deep
incorporated” than “broadcast surface incorporated”. It also might be because when fertilizer is placed
deeper, nutrients are available for a longer period during the cropping cycle (Ma et al., 2009). Banding
is putting the fertilizer where the root can easily use the nutrients. Unlike "broadcast deep incorporated",
plants can easier access fertilizer, and the concentration of nutrients near the root are also higher when
the total amount of the applied fertilizer is the same in "banding" and "broadcast deep incorporated"
(Hopkins & Stephens). This result also proved by previous researches (Westermann & Sojka, 1996;
Nyborg et al., 1999).
4.2 AEPs impacts on crop yield
Crop type
Barley can make the effect of N fertilizer addition perform better, followed by wheat and potato. Maize
has no significant influencing on the effect of N fertilizer addition. According to a meta-analysis
conducted by Hijbeek, et al. (2017), potato yield shows a positively significant response to the effect of

organic fertilizer inputs, which supported the result from this study. However, in this study only nine
observations from three studies on the potato are analyzed, and the confidence interval of estimated RR
of potato is quite high, so the estimated RR about potato cannot be fully trusted. Wheat yield is not
significantly response on the effect of organic inputs from Hijbeek et al. (2017) and Jeffery et al. (2011).
Climate conditions (Temperature and precipitation)
With the increasing of temperature and precipitation, the effect of N fertilizer addition on crop yield is
increasing. Climate conditions (like precipitation, temperature) play an essential role in the relationship
between fertilizer addition and crop yield. Cherkasov et al. (2010) reported that fertilizer efficiency
depends on climate. A meta-analysis conducted by Chivenge et al. (2001) shows the same result as this
study: crop yield under fertilizer addition have a higher increase when annual precipitation is less than
600 mm than when annual precipitation is between 600 to 1000mm. Few papers studied the effect of
temperature on the relationship between fertilizer addition and crop yield. The result might because:
higher temperature makes more N content in the soil available to the plants (Lukac et al., 2011), what's
more, in general, the N uptake by plants increase with warmer temperature (Dong et al., 2001),
furthermore, leading to higher crop yield.
Soil pH
Less acidic soils can make the effect of N fertilizer addition have a better perform. Huang et al. (2016)
reported that the increased crop yield performed better in acidic soil (pH<6.0) than in neutral soils (pH
6.0-8.0). Jeffery et al. (2011) reported similar result: increased crop yield under biochar are significantly
higher in acidic soils (5 <pH< 6) than the increased crop yield in neutral soils (6<pH<8). These two
meta-analyses supported the result from this meta-analysis. This situation might because with the pH
value increasing, less H+ concentration is in the soil, leading to a higher N loss (NH 3) (Sommer et al.,
2004).
Soil texture
Loam is significant influencing the effect of N fertilizer addition, but sand, silt and clay have no
significant influence on the effect of N fertilizer addition. Greater crop yield responses in more sandy
soils are expected (Chivenge et al., 2001; Hijbeek et al., 2017). Sandy soils relatively have a poorer soil
structure, for example, they have a lower moisture holding capacity, which can be improved by adding
organic inputs (Hijbeek et al., 2017; Manning et al., 2008); however, except organic fertilizer, there are
inorganic fertilizer and inorganic fertilizer in this mate-analysis. The reason why the interaction between
sandy soils and the effect of fertilizer addition are not significant might because of this.

Soil organic matter (SOM)
The result shows that lower SOM can increase the effect of N fertilizer addition better. Few metaanalysis studies take SOM as AEPs into account. Hijbeek et al. (2017) reported that no significant
influence of SOM is found on the effect of fertilizer input. Zhao et al. (2016) also found that no
significant relationship between SOM and crop yield under NPK fertilization. Oelofse et al. (2015)
found that SOM is significantly influencing soil production, for example, crop yield without fertilizer
application, but have no significate influence on crop yield with fertilizer application. The result from
this study showed that the medium and high SOM group are significantly influencing the effect of
fertilizer addition, and the increased crop yield in high SOM group is higher than the increased crop
yield in medium group. It is worth noting that most of the SOM data care from SoilGrids database
instead of experiment studies because most of the studies did not provide this information. So, a critical
attitude is needed for the SOM result.
BD & CEC
Because most of the studies do not provide BD and CEC data, so most of the BD and CEC data are
derived from other databases. So, a critical attitude is needed for the BD and CEC result.

Chapter 5 Conclusion
This study looked at the impacts of nutrient management measures on crop yields, and the effect of agroecosystem properties on the effect of nutrient management measures. However, because of the limited
data on crop yield response for different fertilizer types, fertilizer timing and fertilizer placement at the
same N fertilizer rate, those aspects were only evaluated by considering them as groupings while
comparing fertilized and unfertilized plots. I thus analysed the impact of fertilizer type, fertilizer timing
and fertilizer placement on the effect of N fertilizer addition. In a similar way, the impacts of agroecosystem properties were also evaluated by comparing fertilized versus unfertilized plots for different
groupings of agro-ecosystem properties.
1. The conclusions of the first research question are:
a) Combined inorganic and organic fertilizer have the highest impact on crop yield, followed by
inorganic fertilizer and organic fertilizer.
b) With increasing fertilizer N rate, crop yield increases, and the increasing rate is decreasing until
62kg ha-1, after which the crop yield slowly decreases and tends to be steady after that.
c) Split application is not significantly influencing the relationship between crop yield and nutrient
management measures. Crop yield under fertilizer addition shows a higher response when
applying fertilizer before sowing and at sowing than applying fertilizer during the growing
season.
d) Crop yield under fertilizer addition has the highest response when "banding" fertilizer, followed
by using "broadcast and incorporation in topsoil", and "broadcast and incorporation in subsoil",
which indicates that applying fertilizer near the root can increase the effect of N fertilizer
addition.
2. The conclusions of second research question are:
The effect of fertilizer addition on crop yield is the highest under barley, followed by potato and
wheat. Increased crop yield under fertilizer addition has a higher response soils with lower soil pH,
clay-rich soils, and higher initial SOM.
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Annexes:
Annex 1. Database structure
Study info
Code; Paper; Notes; Management-Impact; Start year; End year
Site date
Country; Location; Longitude; Latitude; Altitude; Temperature; Precipitation; Potential Evapotranspiration;
Crop type
Treatment description
Management category; Control; Treatment
Variable of interest
Response variable; Unit; Sampling depth; Treatment mean (yield); Treatment SE; Treatment SD; Treatment
n; Control mean (yield); Control SE (yield); Control SD; Control n; HI; LSD0.05; Confidence interval; SEM
(standard error for the mean); P-value;
Soil properties
Soil Classification; Texture; Clay; Silt; Sand; BD; pH; SOM; SOC; SON; Total P; Available P; K; Mg; Ca,
CEC
Method
Yield measure; Available P method
Previous management
Notes on history; Herbicides or pesticides; Irrigation
Amendments
Main type; Type inorganic; Subtype inorganic N; N inorganic rate; P inorganic rate; K inorganic rate; Type
organic; Subtype organic; Absorbed N organic rate; Applied N organic rate; P organic rate; K organic rate;
Type combined; Combined N rate; Combined P rate; Combined K rate; Placement/application; Timing;
Link
Annex 2. Comparison of agro-ecosystem properties as collected from literature and derived
from databases

This Annex presents information on temperature, precipitation, clay content and soil pH-H2O
as collected from literature and derived from the Climate Research Unit (CRU) database
(temperature, precipitation) and the Soilgrids database (clay content and soil pH).

Figure 1 The comparison of temperature data from data collection and from the CRU database

Figure 2 The comparison of precipitation data from data collection and from the CRU database

Figure 3 The comparison of clay proportion from data collection and from database
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Figure 4 The comparison of soil pH data from data collection and from database
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Annex 4. Date used for date harmonization
T-table

t value from T table was used for the conversion of LSD to SD.

Annex 5: Ranges in response ratios of crop yields to fertilizer type, rate, placement and timing
in each of the investigated studies.
This Annex present the response ratios (means and 95 percentile confidence intervals) of crop yields to
fertilizer type, fertilizer rate, fertilizer placement and fertilizer timing in each of the investigated
studies. Results are all based on a comparison of crop yield after fertilizer addition in a certain form as
compared to crop yields without fertilizer addition. Unfortunately, for fertilizer type, fertilizer timing
and fertilizer placement, there are hardly any data on crop yield response at the same N fertilizer.
Effect of fertilizer type

Figure A5.1. Effect of organic fertilizer addition on crop yields, expressed in terms of response ratios
(RR) of crop yields with and without fertilizer addition in each of the investigated studies. Dots show
mean effect sizes; bars are 95% confidence intervals. The ratio refers to crop yield after organic
fertilizer addition as compared to crop yield without fertilizer addition.

Figure A5. 2. Effect of inorganic fertilizer addition on crop yields, expressed in terms of response
ratios (RR) of crop yields with and without fertilizer addition in each of the investigated studies. Dots
show mean effect sizes; bars are 95% confidence intervals. The ratio refers to crop yield after
inorganic fertilizer addition as compared to crop yield without fertilizer addition.

Figure A5. 3. Effect of combined(combined organic and inorganic fertilizer) fertilizer addition on crop
yields, expressed in terms of response ratios (RR) of crop yields with and without fertilizer addition in
each of the investigated studies. Dots show mean effect sizes; bars are 95% confidence intervals. The
ratio refers to crop yield after combined fertilizer addition as compared to crop yield without fertilizer
addition.

The effect of fertilizer N rate

Figure B5.1. The range in response ratios of crop yield to fertilizer N rates less than 60 kg ha-1. Dots
show mean effect sizes; bars are 95% confidence intervals. The ratio refers to crop yield after
fertilizer addition as compared to crop yield without fertilizer addition.

Figure B5.2. The range in response ratios of crop yield to fertilizer N rates between 60 kg ha-1 and
100 kg ha-1. Dots show mean effect sizes; bars are 95% confidence intervals. The ratio refers to crop
yield after fertilizer addition as compared to crop yield without fertilizer addition.

Figure B5.3. The range in response ratios of crop yield to fertilizer N rates higher than 100 kg ha-1.
Dots show mean effect sizes; bars are 95% confidence intervals. The ratio refers to crop yield after
fertilizer addition as compared to crop yield without fertilizer addition.

The effect of fertilizer timing

Figure C5.1. Effect of “applying fertilizer before sowing”application on crop yields, expressed in
terms of response ratios (RR) of crop yields with and without fertilizer addition in each of the
investigated studies. Dots show mean effect sizes; bars are 95% confidence intervals. The ratio refers
to crop yield after “applying fertilizer before sowing”appliation as compared to crop yield without
fertilizer addition.

Figure C5.2. Effect of “applying fertilizer at sowing” application on crop yields, expressed in terms
of response ratios (RR) of crop yields with and without fertilizer addition in each of the investigated
studies. Dots show mean effect sizes; bars are 95% confidence intervals. The ratio refers to crop yield
after “applying fertilizer at sowing” application as compared to crop yield without fertilizer addition.

Figure C5.3. Effect of “applying fertilizer during growing season” application on crop yields,
expressed in terms of response ratios (RR) of crop yields with and without fertilizer addition in each of
the investigated studies. Dots show mean effect sizes; bars are 95% confidence intervals. The ratio
refers to crop yield after “applying fertilizer during growing season” application as compared to crop
yield without fertilizer addition.

Figure C5.4. Effect of “split time” application on crop yields, expressed in terms of response ratios
(RR) of crop yields with and without fertilizer addition in each of the investigated studies. Dots show
mean effect sizes; bars are 95% confidence intervals. The ratio refers to crop yield after “split time”
application as compared to crop yield without fertilizer addition.

Effect of fertilizer placement

Figure D5.1. Effect of “broadcast and incorporated in top 10cm soil” application on crop yields,
expressed in terms of response ratios (RR) of crop yields with and without fertilizer addition in each of
the investigated studies. Dots show mean effect sizes; bars are 95% confidence intervals. The ratio
refers to crop yield after “broadcast and incorporated in top 10cm soil” application as compared to
crop yield without fertilizer addition.

Figure D5.2. Effect of “broadcast and incorporated in more than 10cm soil” application on crop
yields, expressed in terms of response ratios (RR) of crop yields with and without fertilizer addition in
each of the investigated studies. Dots show mean effect sizes; bars are 95% confidence intervals. The
ratio refers to crop yield after “broadcast and incorporated in more than 10cm soil” application as
compared to crop yield without fertilizer addition.

Figure D5.3.
Effect of “banding” application on crop yields, expressed in terms of response ratios (RR) of crop
yields with and without fertilizer addition in each of the investigated studies. Dots show mean effect
sizes; bars are 95% confidence intervals. The ratio refers to crop yield after “banding” application as
compared to crop yield without fertilizer addition.

