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Abstract
This thesis examines the effect of nitrogen fertilisation on crop yield and soil
pollution by nitrogen leakage. Further, it investigates the potential of precision
agriculture and enhanced-efficiency fertilisers to improve fertiliser use efficiency
and increase crop productivity. Following the PRISMA protocol, we conducted
a systematic literature review of the effect of nitrogen fertilisation on crop yield
and nitrogen uptake, gathering 833 observations from 133 field experiments
worldwide. Regression analysis showed that yield exhibits diminishing marginal
returns to nitrogen application. Further, we estimated that at average nitrogen
application, enhanced-efficiency fertilisers and precision agriculture increased
wheat, corn, and cereal yields by 13.5-19.9% and 21.3-31.0%, respectively, com-
pared to conventional fertilisation. Simultaneously, these practices improved
the recovery efficiency of nitrogen fertilisers by 11.6-26.4%. These results are
highly relevant, as they suggest that overfertilisation might not translate into
larger yields and hence higher profits for farmers. Additionally, adoption of
improved fertilisation practices has the potential to reduce the environmental
impacts of nitrogen leakage while enhancing crop productivity.
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Keywords fertilisers, nitrogen, enhanced-efficiency fertilis-
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Abstrakt
Tato práce se zabývá vlivem hnojení dusíkem na výnos plodin a znečištění
půdy v důsledku úniku dusíku. Dále analyzuje potenciál precizního zeměděl-
ství a stabilizačních hnojiv ke zlepšení využití hnojiv a zvýšení produktivity
plodin. V souladu s protokolem PRISMA byl proveden systematický přehled
zaměřený na vliv hnojení dusíkem na výnos a příjem dusíku rostlinami. Bylo

http://ideas.repec.org/j/C21.html
http://ideas.repec.org/j/Q12.html
http://ideas.repec.org/j/Q15.html
http://ideas.repec.org/j/Q16.html
mailto:27856055@fsv.cuni.cz
mailto:milan.scasny@czp.cuni.cz


shromážděno 833 pozorování ze 133 experimentů realizovaných po celém světě.
Regresní analýza ukázala klesající mezní výnosy při rostoucí aplikaci dusíku.
Dále bylo zjišteno, že při aplikaci průměrných dávek dusíku vedlo použití sta-
bilizačních hnojiv a precizního zemědělství ke zvýšení výnosů pšenice, kukuřice
a ostatních obilnin o 13,5–19,9 % a 21,3–31,0 % oproti konvenčnímu hnojení.
Současně tyto metody zlepšily ukazatele efektivity hnojení o 11,6–26,4 %. Tyto
výsledky jsou vysoce relevantní, protože naznačují, že nadměrné hnojení ne-
musí vést k větším výnosům ani k vyšší ziskovosti zemědělské produkce. Přijetí
pokročilých technik hnojení má navíc potenciál snížit environmentální dopady
úniku dusíku a současně zvýšit produktivitu plodin.
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Chapter 1

Introduction

Nitrogen (N) fertilisation is essential for ensuring the sufficiency of agricultural
production, as nitrogen is one of the limiting factors for crop growth (Mah-
eswari et al. 2017). With the growing global population, the use of synthetic
nitrogen fertilisers has risen substantially (Smil 1997). This has raised signifi-
cant environmental concerns, as the current research generally concludes that
N fertilisers are often applied excessively (Valkama et al. 2013). For instance,
Yokamo et al. (2023) showed diminishing returns to N fertiliser rate in wheat
production and (Guo et al. 2022) found no yield enhancement beyond a certain
threshold due to limited ability to absorb nitrogen. The residual N not taken
up by crops is vulnerable to environmental losses in the form of ammonia (NH3)
and nitrous oxide (N2O) emissions, and nitrate (NO−

3 ) leaching (Ng et al. 2016).
Agricultural production is considered the leading contributor to NO−

3 pollution
of water (Abascal et al. 2022; Food and Agriculture Organization of the United
Nations 2022) and was responsible for nearly 68% of all anthropogenic N2O

emissions (Crippa et al. 2024). The losses not only degrade ecosystems but
also pose risks for human health, including methemoglobinemia and colorectal
cancer due to elevated concentrations of nitrates in drinking water (Ward et al.
2018; World Health Organization 2003; Jacobsen et al. 2024).

In response, there is a growing emphasis on optimizing N fertilisation and
thus reducing environmental harm. Among the various mitigation strategies,
this thesis focuses on two: Enhanced-Efficiency Fertilisers (EEF) and Precision
Agriculture (PA). EEF are developed to increase the N availability by controlling
its release, making the nitrogen content more accessible to the crops (Hergert
et al. 2011). PA employs technologies, such as sensors and satellite-guided
machinery, which are able to optimize the fertilisation process based on the



1. Introduction 2

crop and soil needs (Brar & Kaur 2016; Sharma & Bali 2017; Gorai et al.
2021).

By improving the fertiliser efficiency, EEF and PA also have the potential
to increase yields (Pérez Domínguez et al. 2020; Pawase et al. 2023). For ex-
ample, (Pan et al. 2023) find out that the improvement in fertiliser uptake
with EEF is accompanied by approximately a 7% increase in yield. Yield and
N-uptake-enhancing effect is also generally reported in field experiments inves-
tigating PA. However, adopting these practices is associated with additional
costs. Since expected economic returns are one of the main drivers of the adop-
tion of new agricultural practices (Pierpaoli et al. 2013), evaluating their effect
on production provides a valuable insight.

Therefore, this thesis aims to investigate the following research questions.
First, how does the N dosage affect crop yield? Second, how do EEF and PA

improve yield compared to conventional fertilisation? And third, how do these
practices affect N uptake and the efficiency of fertilisation?

To answer these questions, we conduct a systematic review of the literature
to gather data from local field experiments. We analyze these data by build-
ing regression models that estimate the effect of nitrogen fertilisation and its
techniques on economic and environmental indicators.

The thesis is organized as follows. Chapter 2 provides a theoretical back-
ground, which introduces the role of N in agriculture. Further, it describes the
implications of poor N management practices and provides an overview of the
EEF and PA technologies. Chapter 3 reviews the literature that focused on yield
and nitrogen uptake impacts of N fertilisation, including meta-analyses as well
as individual local experiments. Chapter 4 describes the data collection process
and provides an analysis of the gathered data. In Chapter 5 we present the hy-
potheses and outline the methodology used to answer the research questions.
Chapter 6 presents the results of the analysis and evaluates the hypotheses.
Chapter 7 evaluates the results in the context of the current research and dis-
cusses potential limitations of this thesis, and Chapter 8 provides an overall
conclusion built on the analysis.



Chapter 2

Theoretical Background

2.1 Nitrogen in Crop Production
Despite its abundance in the atmosphere and soil, N is one of the limiting
nutrients for crops, as the vast majority of them cannot directly access it in
its dominant form — N2. The primary N sources for plants are NO−

3 and
ammonium (NH+

4 ), which are absorbed through the following pathways: the
inorganic soil nitrogen supply, mineralization of soil organic matter, nitrogen
fixation by rhizobacteria, and deposition of atmospheric and waterborne nitro-
gen (Cameron et al. 2013). As a key component of amino acids, N is essential
for protein synthesis, which makes it a vital nutrient for plant growth and
quality (Maheswari et al. 2017). An insufficient N supply negatively affects
crop productivity. For example, Zhao et al. (2005) found out that N deficiency
in sorghum production resulted in lower leaf area, chlorophyll content, and
photosynthesis rate, leading to a decrease in biomass production by 41%.

Throughout the history, crop production has relied on N inputs. The inven-
tion of NH3 synthesis followed by the emergence of N fertiliser production in the
early 20th century revolutionized soil enrichment, replacing the labor-intensive
and inefficient application of animal and human waste (Smil 1997). This break-
through allowed for a significant shift in crop production, and nowadays, N

fertilisers play a crucial role in sustaining crop production, which increased by
54% from 2000 to 2021 to feed the growing population (Food and Agriculture
Organization of the United Nations 2022).

However, current research indicates that increasing nitrogen input does not
necessarily enhance yield (Valkama et al. 2013). For instance, Guo et al. (2022)
investigated in their meta-analysis the response of yield to N fertiliser supply
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and, in fact, concluded an overall positive relationship. However, at higher
application rates, yield response curve flattened, indicating diminishing returns
to N.

2.2 Environmental Consequences of Nitrogen Fer-
tilisation

Crops have a limited capacity to absorb nitrogen. N that is not taken up
by crops is vulnerable to environmental losses in three forms: NH3 and N2O

emissions, and NO−
3 leaching to surface water bodies and groundwater (Ng

et al. 2016).
In theory, nitrogen fertiliser should be applied only to compensate for the de-

ficiency in the soil to precisely meet the crop requirement and minimize N losses
(Cassman et al. 2002). However, current research suggests a mismatch between
nitrogen fertilisation practices and crop demand (Ng et al. 2016). As a result,
agriculture is a significant contributor to NO−

3 leaching and NH3 emissions, and it
is the largest global source of N2O emissions, with nearly 68% of anthropogenic
N2O emissions coming from agriculture in 2022 (Crippa et al. 2024). In 2022, on
average, 9.68 and 24.11 kilograms of nitrogen per hectare (kg N/ha) from crop-
lands leaked to the environment via leaching and volatilization, respectively,
and crop production is considered the dominant contributor to nitrate pollu-
tion of water globally (Abascal et al. 2022; Food and Agriculture Organization
of the United Nations 2024).

2.3 Assesing the Efficiency of Nitrogen Fertilisa-
tion

Various indices and their formulations have been developed to assess the ef-
ficiency of nitrogen fertilisation. To unite the collected data and maintain
consistency throughout this thesis, we adopt the following indices from Dober-
mann (2007), which are commonly applied in the reviewed literature: Nitrogen
Use Efficiency (NUE), and Recovery Efficiency (RE), defined as

NUE = N uptaken by crop

N applied through fertiliser
,
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RE = N uptaken by crop − N uptaken in unfertilized plot

N applied through fertiliser
,

where both N uptaken and applied are kg/ha.

NUE is an indicator of N cycling and soil N balance in agricultural systems.
Values greater than one suggest that crops take up more N than is applied,
indicating depletion of the N pool. Conversely, values well below one raise
concerns about inefficient nitrogen use, as much of the applied fertiliser remains
unused and vulnerable to environmental losses. NUE is commonly used to assess
the overall nutrient status and its environmental impact.

RE measures the proportion of applied N that is actually absorbed by the
crop, after accounting for background soil nitrogen uptake in unfertilised plots.
It evaluates the effectiveness of fertilisation practices, with low values typically
indicating poor fertilisation management (Dobermann 2007).

Together, NUE and RE help identify inefficiencies in N fertilisation that can
reduce agricultural productivity and increase the risk of environmental harm,
including NO−

3 leaching, which we will focus on in the next section.

2.4 Health Impacts of Nitrogen Losses
The recommended maximum concentration of nitrates in drinking water set
by World Health Organization (WHO) is 50 miligrams per litre (mg/l) of NO−

3 ,
since a higher concentration increases the risk of the most known illness associ-
ated with nitrates: infant methemoglobinemia (Ward et al. 2018; World Health
Organization 2003). However, several epidemiological studies conducted in the
last years found evidence for increased risk of other illnesses, with the most
convincing results for colorectal cancer, thyroid disease, and neural tube de-
fects. Recently, (Jacobsen et al. 2024) examined the health and economic
consequences of nitrate contamination of drinking water in Denmark. They
found out that lowering the threshold from 50 mg/l to 9.25 mg/l and 3.87 mg/l
would prevent 72 and 127 cases of colorectal cancer, respectively. Both of these
levels were previously identified as levels that may pose a risk of colorectal can-
cer. Moreover, other several epidemiological researches do not conclusively rule
out the possibility of adverse health effects occurring even at NO−

3 concentra-
tions below the established threshold (Ward et al. 2018). Additionally, directly
ingesting fertilisers or consuming nitrate-polluted water can pose significant
health risks to animals, including methemoglobinaemia (Hall 2018).
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2.5 Improved Nitrogen Fertilisation Practices and
Their Adoption

In response, worldwide efforts have been made to improve fertiliser manage-
ment in agricultural production to mitigate these harmful impacts (Shuqin &
Fang 2018; Council of the European Communities 1991; European Commission
2014). For instance, the European Union’s Nitrate Directive from 1991 aimed
to curb NO−

3 leaching into water by establishing nitrate-vulnerable zones, in
which farmers are obliged to follow special guidelines for farming with respect
to the environment.

Current literature recognizes several agricultural practices designed to im-
prove fertilisation efficiency and mitigate N losses from crop production while
maintaining the production level. Rotating high nitrogen-demand crops with
low-demand crops or introducing catch and cover crops after the main harvest
helps utilize residual soil N and reduces the risk of volatilization (European
Commission 2014). Similar positive results may also be reached by using con-
servation tillage and placing fertiliser closer to roots through banding or injec-
tion (Govindasamy et al. 2023). Additionally, split application or optimized
timing of fertilisation is argued to match N supply with crop demand better
and thus has the potential to increase fertiliser efficiency (Govindasamy et al.
2023). This thesis focuses on two additional and promising strategies: EEF and
PA by precise nitrogen fertiliser application, which, despite their potential to
improve NUE and decrease fertiliser use without compromising the level of pro-
duction, are still not widely adopted by farmers (Valkama et al. 2013; OECD
2016).

To assess the current level of adoption of PA amongst farmers, we need
to rely only on scattered local data. Based on dispersed empirical evidence,
Valkama et al. (2013) concludes that the main obstacles to adopting PA prac-
tices are high fixed costs, perceived risk associated with changing agricultural
practices, low expected return on investment, and limited knowledge. These
challenges are particularly pronounced among small-scale farms. Conversely,
their potential to enhance profit remains the primary driver of the adoption
(Pierpaoli et al. 2013).

Relatively higher costs compared to conventional fertilisers also represent
an obstacle to the usage of EEF. However, the adoption of EEF was anticipated
to increase in the recent years, especially in Asia, driven by high demand for
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food and growing concerns over ecological impacts (Suman et al. 2023).

Precision Agriculture

Precision agriculture uses spatial and temporal data to guide farming decisions,
aiming to improve efficiency, productivity, and sustainability. This strategy can
be used for various agricultural procedures, including nitrogen fertilisation,
commonly referred to as precision nitrogen management. Since this thesis
focuses only on PA in the sense of nitrogen fertilisation, we will use the terms
precision agriculture (PA) and precision nitrogen management interchangeably.

Precision nitrogen management can be based on various approaches, which
we summarize using the reviews by Brar & Kaur (2016), Sharma & Bali (2017)
and Gorai et al. (2021).

Soil Test Crop Response (STCR) method determines the optimum fertiliser
dose based on soil nutrient status and targeted crop yield, taking into account
soil capacity as well as the crop’s nitrogen demand. It can be used alongside
other PA methods or integrated into decision support tools that bring together
field data from different sources to help farmers estimate the optimal nitrogen
requirement. These tools include advanced algorithms, smartphone apps, and
digital platforms, such as Nutrient Expert® (NE) - a tool developed by the
International Plant Nutrition Institute.

Proximal plant-based sensors — e.g., handheld canopy reflectance sensors,
chlorophyll meters, and tractor-mounted sensors - estimate in-season nitrogen
requirements by measuring crop quality indices, such as Normalized Differ-
ence Vegetation Index (NDVI) or leaf chlorophyll content. These indices are
closely related to crop nitrogen levels and, therefore, serve as reliable indi-
cators of fertiliser needs. Among the most common proximal tools are the
GreenSeeker handheld canopy reflectance sensors and Soil Plant Analysis De-
velopment (SPAD) chlorophyll meters.

Leaf Colour Chart (LCC) is one of the simplest and most affordable tools
for nitrogen management, which indicate the crop’s current chlorophyll content,
indirectly reflecting the plant’s nitrogen status.

Finally, geospatial technologies can be integrated for nutrient management
planning, mapping of management zones, and site-specific fertiliser application.
Global Positioning System (GPS) technology supports machinery navigation,
enabling precise input placement across the field. Geographical Information
System (GIS) integrates multiple spatial data layers - yield maps, soil types,
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and elevation - to support informed decision-making. Additionally, remote
sensing using satellites or drones provides imagery to monitor crop N status
and growth stages.

Enhanced-Efficiency Nitrogen Fertilisers

EEF are N fertilisers that control the nitrogen release or slow down its trans-
formation into forms that may be lost to the environment. Based on their
mechanism, EEF can be categorized as nitrification inhibitors (NI), urease in-
hibitors (UI), and slow-release fertilisers (SRF).

NI, such as dicyandiamide or nitrapyrin, slow the conversion of ammonium
to nitrite and thus make N accessible to crops for a longer period of time.

UI such as N-(n-Butyl)thiophosphoric triamide, reach the same results as
NI by regulating the conversion of urea to NH+

4 .
SRFs control the release of nitrogen, which is achieved either by chemical

formulation or coating. The most common coated fertilisers are sulphur-coated
urea (SCU) and polymer-coated urea (PCU) (Hergert et al. 2011).



Chapter 3

Literature Review

3.1 Effect of Nitrogen Fertilisation on Yield
Despite the necessity of nitrogen fertilisation in agricultural production, in-
creasing N application rates does not always lead to higher yields due to crops’
limited capacity to absorb and use N efficiently. In fact, the relationship be-
tween nitrogen fertiliser rate and crop yield is generally curvilinear, showing
diminishing returns to nitrogen fertilisers.

Various methods are commonly employed to model yield response to fer-
tiliser rate. Among the most widely used are regression models with a quadratic
term for fertiliser input. Unlike linear models, quadratic models allow for di-
minishing marginal returns to nitrogen.

In their research, Bélanger et al. (2000), for instance, founds the quadratic
regression model to produce less systematic bias compared to the other func-
tional forms. However, Schröder et al. (1998) and Bullock & Bullock (1994)
raised concerns that quadratic models might overestimate the optimum N rate.
Instead, they propose to use linear-plateau or quadratic-plateau models, in
which the yield increases up to a certain threshold, beyond which it remains
constant. However, there is no clear agreement on which model describes the
relationship the best (Makowski et al. 1999; Godard et al. 2008). What is
more, they often perform similarly and the choice between them may depend
on specific characteristics of the data and the analysis (Makowski et al. 1999).

Several meta-analyses have been conducted to synthesize research on this
topic. In their study, Gourley et al. (2017) modeled yield responses of Aus-
tralian pastures to nitrogen application using a non-linear mixed effects model.
Although dry matter yield increased with applied N, the first 80 kg N/ha resulted
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in yield increases that were 1.6 to 9.1 times higher than those produced by the
following 80 kg N/ha. Similarly, Yokamo et al. (2023) observed a non-linear
response in wheat, with the highest marginal increase in yield at nitrogen ap-
plication rates between 100 and 150 kg N/ha. Diminishing returns to N fertiliser
were also observed for wheat, potatoes, and maize by Godard et al. (2008). The
response curves reached a plateau at certain nitrogen levels for potatoes and
maize, suggesting that nitrogen was no longer the limiting factor for growth.

Additionally, Guo et al. (2022) found no yield benefit beyond a certain
fertiliser rate; in fact, excessive nitrogen led to a decline in grain yield due to
disproportionate biomass growth, which supressed the grain production.

Overall, the reviewed studies consistently highlighted that the effect of N

fertiliser on yield is not linear. This presents a strong rationale for conducting
economic analyses of fertilisation efficiency and avoiding over-fertilisation costs
(Gourley et al. 2017).

3.2 Effect of Enhanced Efficiency Fertilisers and
Precision Agriculture on Yield and Nitrogen
Uptake

This part of the literature review will discuss current research on the effect of
EEF and PA on crop yield, nitrogen uptake and efficiency indicators NUE and
RE.

However, current research differs in the availability of a comprehensive as-
sessment of such effects of the two technologies. While we identified meta-
analyses for this specific topic for EEF, there seems to be no comprehensive
evaluation of PA. Therefore, while the literature review focusing on EEF will
summarize key findings from the meta-analyses, the literature review for PA

will aim to provide insights from the local field experiments.

Enhanced Efficiency Fertilisers

In our comprehensive assessment of the impact of EEF on crop production and
nitrogen balances, we identified six meta-analyses. Pan et al. (2023; 2024)
evaluated the effect of NI, UI, and PCU on both yield and RE in potato and
vegetable cultivation, respectively. Although primarily interested in the N2O

emission mitigation potential of different EEF, Feng et al. (2016) also evaluated
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associated yield changes and RE in maize, wheat, and barley. Thapa et al.
(2016) used studies mainly from the United States and China to estimate yield
responses to 15 different EEF in wheat and corn. Linquist et al. (2013); Yang
et al. (2022) examined the yield and nitrogen uptake response to EEF in rice
fields.

According to Pan et al. (2023), all EEF significantly improved RE, with UI,
nitrification and urease inhibitors (NIUI) and PCU increasing RE by 12.1%, 9.8%,
and 6.5%, respectively, compared to conventional urea. Additionally, potato
yields rose by 7.6% and 6.3% with UI and PCU. Similarly, Feng et al. (2016)
estimated a 10% improvement in RE but found no significant impact on yields.
Both Pan et al. (2023) and Feng et al. (2016) highlighted the better efficiency of
EEF in alkaline soils, with differences in the results depending on soil properties,
climate, and management practices. This aligns with the findings from Linquist
et al. (2013), who suggests that EEFs provide no advantage in acidic soils.
However, they found an overall yield enhancement by 7.1% with EEF. A similar
increase in rice production is reported by Yang et al. (2022) (7.3%), though with
substantial variation across different formulations of EEF and rice cultivars. The
most promising findings brought Pan et al. (2024), who reported RE to improve
by 23.5%, accompanied by increased vegetable yields.

These meta-analyses find evidence of the potential of EEF to improve ni-
trogen uptake, thus enhancing nitrogen efficiency and decreasing the nitrogen
losses from agriculture. Moreover, their environmental benefit can be accom-
panied by yield-enhancing effects. Both of these vary with the type of fertiliser,
soil, and field characteristics, such as initial nitrogen content (Pan et al. 2024),
soil organic carbon content, or pH.

Precision Agriculture

Nitrogen management through PA practices aims to provide crops with an op-
timal nitrogen supply and consequently enhance NUE without compromising
yield (Pérez Domínguez et al. 2020; Pawase et al. 2023). The reviewed stud-
ies evaluate the benefits of PA by conducting field experiments comparing PA

techniques to conventional fertilisation (that is, without the use of PA).
Overall, they report improvements in the fertiliser use efficiency, which is

accomplished by applying an optimal rate of nitrogen. Moreover, the need-
based approach of fertilisation enabled by PA often reduces the total amount
of fertiliser without causing N deficiency in plants, thus not decreasing yields.
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Experiments also suggest higher yields with respect to fertiliser rates due to
accounting for spatial variability in the field (Pérez Domínguez et al. 2020;
Pawase et al. 2023).

However, for these techniques to be effective, they must be carefully ad-
justed to local conditions. As a result, the impact of PA on N uptake and
yield enhancement is not always guaranteed (Sharma & Bali 2017). This phe-
nomenon was observed in field experiments conducted by Jagdeep-Singh &
Varinderpal-Singh (2022) and Singh et al. (2020), who evaluated the SPAD

chlorophyll meter and LCC, respectively, in spring maize. Three different criti-
cal values of either SPAD or LCC were tested. Both methods saw increased RE

with higher fertiliser dosage; however, treatments calibrated to lower N input
negatively affected RE. Wrong precision nitrogen management can also decrease
yield, as observed by Tyagi et al. (2020), for whom using LCC and GreenSeeker
resulted in up to a 7.4% decrease in wheat grain yield, which might have been
due to initial low nitrogen availability.

The choice of technology may also introduce variability to the results. For
instance, Prakasha et al. (2020) observed an increase in RE by 13.3–38.1% with
SPAD-based nitrogen application (based on different N dosages) compared to the
recommended nitrogen fertiliser dose, which had an RE of 52.72%. However,
using different technology — in this case, GreenSeeker — enhanced RE by
51.3%.

Nonetheless, vast majority of field experiments evaluated PA positively, as
they mostly found an RE-enhancing effect accompanied by an at least non-
decreasing effect on production. However, more general research is needed to
understand the overall impacts of PA technologies on crop production systems.

3.3 Estimating Environmental and Agroeconomic
Responses from Field Experiments

Assessing the environmental and economic impacts of agricultural practices
from data from multiple field experiments and subsequently generalizing these
findings presents significant methodological challenges (Li et al. 2025). A com-
mon difficulty lies in the hierarchical structure of the datasets. Such datasets
typically contain multiple observations nested within individual studies, which
introduces within-study correlation and violates the assumption of indepen-
dence required by econometric models (Li et al. 2025).
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Additionally, hierarchical datasets may suffer from underrepresentation of
some spatiotemporal settings and from unbalanced samples (Maaz et al. 2021).
Moreover, Li et al. (2025) and Maaz et al. (2021) emphasize the difficulty
of generalizing the results to settings different from the ones included in the
sample and consequently, they question the applicability of the results.

Li et al. (2025) explored the effect of climate change on crop yields, com-
paring the performance of ordinary least squares (OLS) regression with more
advanced methods such as generalized linear and additive models that incor-
porate random effects. The OLS model, which assumes independence among
observations from the same experiment, performed worst. In contrast, the mod-
els with random intercepts and slope demonstrated improved fit, underscoring
the importance of controlling for study-specific heterogeneity.

Similarly, Maaz et al. (2021) investigated N2O emissions from crop pro-
duction from a field experiment-based dataset. The choice of a model with
random intercepts rather than the OLS model was supported by observing high
interclass correlation (ICC) within the clusters. Although most site-level char-
acteristics were not significant predictors of N2O emissions — except for soil
organic carbon content and crop system type — random intercepts accounted
for 43-58% of the variance, emphasizing the role of unobserved contextual site-
level variables.

Overall, the literature concludes that same-field experiment data are cor-
related and violate the assumption of independent observations (Maaz et al.
2021; Huang 2016). Ignoring the nested structure of such data may lead to
misestimated standard errors and, consequently, misleading statistical infer-
ence (Huang 2016).



Chapter 4

Data

4.1 Data Collection and Dataset Structure

Data Collection

The dataset was compiled from studies that evaluated the effects of EEF and PA

on crop yield and nitrogen uptake through site experiments. A thorough exam-
ination of the topic preceded data collection to ensure the dataset was properly
designed and that relevant variables were selected for subsequent analysis. The
data collection process followed the relevant guidelines from Irsova et al. (2023),
although strict adherence was not required due to methodological differences.

We conducted targeted searches in the Google Scholar database to identify
relevant studies. The searches took place in November 2024 for EEF-related
studies and in January 2025 for PA-related studies using the following queries:

“enhanced efficiency nitrogen fertiliser”, “uptake”, “yield”, “NUE” for EEF

and
(intitle:“Variable” OR intitle:“precision” OR intitle:“VRT” OR
intitle:“VRA”) AND nitrogen AND yield AND uptake AND experiment for
PA.

These searches yielded approximately 126,000 papers related to EEF and
7,000 related to PA. The difference between the number of results aligns with
previous findings regarding the dearth of studies focused on PA. We screened
the first 500 results for each query. We further screened the most cited studies
from these results. Studies were included based on the following criteria:

1. conducted as a site experiment,
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2. compared either EEF or PA fertilisation with conventional,

3. reported N fertiliser application rates, yield, and N uptake by crops (or
provided data from which uptake could be inferred, such as NUE or RE),

4. included a control plot with no nitrogen fertiliser,

5. provided retrievable year and geographic coordinates,

6. written in English.

We gathered 37 and 21 studies for EEF and PA, respectively. The whole
data collection process is summarized in a PRISMA diagram in Figure 4.1.

Dataset Structure

The dataset is based on 133 experiments conducted between 2004 and 2023.
Several studies report more than one experiment.

Figure 4.2 displays the locations of the experimental sites. Most obser-
vations originate from Asia (49.1%), followed by North America (18.8%) and
Australia and Oceania (17.3%). Europe, South America, and Africa are less
represented, accounting for 7.3%, 6.4%, and 0.6% of the observations, respec-
tively. The most represented countries are China, India, and Australia.

The primary studies analyzed 13 different crops. Different species of grasses
used as pastures or turf were combined into a single category — grassland. The
most observed crops are wheat, corn, and rice, representing 25.0%, 22.6%, and
12.5% of the sample. We identified 16 studies focusing on wheat and 13 focusing
on corn production, allowing for separate analyses. As wheat and corn are the
most produced crops in the Czech Republic (Czech Statistical Office 2025),
analyzing them separately will provide additional useful insights relevant to
the local context. The Appendix provides a detailed table summarizing the
crops’ representation (Table A.2).

Since the number of observations for individual crops is generally too low
to allow for separate analyses, we grouped them into broader categories us-
ing the variable crop_group: cereals, forages, tuber crops, and other crops.
Cereals — such as wheat and corn — are harvested primarily for their grain
and are typically associated with high nitrogen demand. Forages, represented
by grasslands including perennial and annual grasses (e.g., ryegrass), generally
have lower nitrogen requirements but are often cultivated over longer periods.
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Figure 4.1: PRISMA Diagram for the Primary Studies in the Dataset

Note: Source: Page MJ, et al. *BMJ* 2021;372:n71. doi: 10.1136/bmj.n71.
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Figure 4.2: Locations of the Experimental Sites

Note: The figure displays the locations of the experimental sites from the primary studies,
colored by whether they evaluated EEF or PA.
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Tuber crops, represented by potatoes in our dataset, are known for their high
yields and relatively high nitrogen use efficiency. The rest of the crops falls into
the category other crops; they include industrial crops and sugarcane, rapeseed
and common bean, cultivated for different outputs than grain or biomass yield.

We collected 259 observations using EEF, 144 using PA, 297 with conven-
tional fertilisation (i.e., not EEF nor PA), and 133 observations for control plots
(i.e., no N fertiliser).

The main source of N is urea. The most commonly used EEF are SRF

(57.9%), primarily PCU. NI and UI accounted for 25.1% and 10.4% of the
EEF, respectively. The remaining 6.6% examined their combinations, such
as NIUI. Among PA strategies, handheld canopy-reflectance sensors were the
most frequently used (42.5%), followed by chlorophyll meters (29.2%) and LCC

(20.8%).
We collected 833 observations from 58 studies. The dataset has 47 variables,

containing information about the study specification, experimental character-
istics, and soil properties. The list of all variables is available in the Appendix
(Table A.1). The list of variables included in this analysis is in Table 4.1

Table 4.1: Variables Included in the Analysis

Variable Description

id Specific ID of an experiment
continent Continent of the experimental site
crop Common name of the crop
crop_group Crop group (cereals, forage, tuber crops, other crops)
EEF Binary variable; 1 if fertiliser is EEF, 0 otherwise
PA Binary variable; 1 if PA used, 0 otherwise
CONV Binary variable; 1 if conventional N fertilisation used

(not EEF, not PA, and not control), 0 otherwise
appliedN Total amount of nitrogen applied in the fertiliser treat-

ment, in hundreds of kg N/ha
uptakeN Total amount of nitrogen uptaken, in hundreds of kg

N/ha
y Total crop yield, in t/ha
y0 Crop yield of unfertilised plot, in t/ha
y/y0 Ratio of yield in fertilised to unfertilised plot
RE Recovery Efficiency, in percentage points
NUE Nitrogen Use Efficiency, in percentage points

Variables for soil properties contain missing values due to underreporting in
the primary studies (from 14% for pH to 81% of values missing for soil electrical
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conductivity). Therefore, soil properties will not be used in this thesis, which
will be accounted for in the model and will be discussed further in the discussion
section.

4.2 Variables
Generally, the studies reported fertilisation input amount (appliedN ), crop ni-
trogen uptake (uptakeN ) and yield (y). From that we calculated NUE and
RE as well as y0, denoting the yield for the control plot from each experiment.
Dummy variables EEF, PA and CONV indicate the fertilisation management
practice for each observation.

Table 4.2: Number of Observations and Averages of Key Variables by
Fertilisation Practice

Fertilisation Observations appliedN uptakeN y y/y0 NUE RE
Conventional 297 175.91 159.97 10.69 1.94 1.12 0.44
EEF 259 175.26 169.15 10.55 2.01 1.18 0.49
PA 144 139.63 127.24 6.68 2.20 0.97 0.53
Control 133 0.00 91.37 4.86 1.00 NaN NaN

Note: The table displays the number of observations and the average values of appliedN,
uptakeN, y/y0, NUE and RE by the fertilisation technologies (EEF, PA and conventional)
and the control plots.

Table 4.2 displays the number of observations and average values of the key
variables (appliedN, uptakeN,y, y/y0 NUE, and RE) broken down by fertilisa-
tion practices (EEF, PA, conventional practice) and for control plots with no
N input. Table 4.3 summarizes this across different crops and regions.

In the following sections, we describe these variables using summary statis-
tics and highlight some patterns in these variables for the fertilisation technolo-
gies and specific crops and regions.

4.2.1 Independent Variables

appliedN is a numerical variable representing the total amount of nitrogen
applied to soil through fertiliser, expressed in hundreds of kg N/ha in the dataset.
There are 133 observations with a zero value, indicating control plots. Nitrogen
fertiliser rates range from 20 to 960 kg N/ha with an average of 141.4 kg N/ha
(Table A.4).
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Table 4.3: Number of Observations and Averages of Key Variables by
Crop and Region

Group Crop Obs. appliedN uptakeN NUE RE yield
cereals barley 30 0.87 1.33 2.17 0.81 6.53
cereals broomcorn 5 1.36 1.26 0.86 0.59 5.44
cereals corn 188 1.79 1.77 0.94 0.52 9.26
cereals rice 104 1.34 1.40 1.06 0.45 7.64
cereals sweet corn 10 0.92 1.19 1.28 0.59 6.93
cereals wheat 208 0.96 1.09 1.34 0.51 4.64
forage grassland 92 2.44 2.32 0.89 0.42 7.07
other common bean 5 1.20 1.23 0.92 0.49 6.34
other cotton 41 0.99 2.11 1.65 0.26 2.23
other eucalyptus 9 0.31 0.07 0.21 0.04 0.57
other rapeseed 35 1.07 0.54 0.90 0.24 1.49
other sugarcane 13 1.10 1.00 0.82 0.20 13.26
tuber potato 93 1.44 1.24 0.91 0.52 29.23
Region
Africa 5 0.92 1.22 1.17 0.48 3.97
Asia 409 1.50 1.48 0.97 0.46 8.11
Europe 61 1.37 1.59 1.10 0.60 6.81
North America 157 0.89 1.02 1.58 0.55 16.01
Oceania 144 1.96 2.19 1.20 0.48 7.35
South America 57 0.90 0.55 0.50 0.26 3.39
The table displays the number of observations and average values of appliedN, uptakeN,

y/y0, NUE and RE by crop and geographical region. The crops are grouped into cereals,
forage, other crops and tuber crops.
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A boxplot analysis of appliedN identifies 7 outliers with considerably higher
N rates. As these observations come from experiments with annual pastures
conducted for significantly longer periods and are, therefore, accompanied by
higher yields and nitrogen uptakes, they do not disrupt our analysis. For this
reason, grasses show the highest appliedN (244 kg N/ha), followed by corn (179
kg N/ha) and potatoes (144 kg N/ha). The average fertiliser dose for wheat is
95.7 kg N/ha and the lowest average rates are observed for eucalyptus and barley
(31 and 87 kg N/ha, respectively).

We compared the average nitrogen application rates for each crop to the
recommended rates provided by Kissel & Sonon (2008) and found them to be
generally consistent.

On average, conventional fertilisation has the highest appliedN (175.91
kg N/ha), closely followed by fertilisation by EEF (175.26 kg N/ha). Using PA

resulted in substantially lower dosage of N fertiliser (139.63 kg N/ha). How-
ever, observations with PA have also the lowest average yield (6.68 tons per
hectare (t/ha)) compared to conventional and EEF N application (10.69 and
10.55 t/ha, respectively).

4.2.2 Dependent Variables

y ranges between 0.34 and 54.93 t/ha with an average of 9.02 t/ha. For most
of the observations, y falls between 0 and 15 t/ha, yet several values exceed
20 t/ha. The boxplot analysis complements this observation and identifies 75
outliers. 95% of them are observations for potatoes, which generally achieve
higher yields due to their physical properties. Indeed, potatoes have the highest
average yield (29.2 t/ha), followed by sugarcane (13.3 t/ha) and corn (9.3 t/ha).
At the lower end, eucalyptus, and rapeseed produce on average less than 2 t/ha.
Cereals produce on average 4.64-9.26 t/ha of grain.

There is a large variation in y between the regions, from 3.39 t/ha in South
America to 16.01 t/ha in North America. The high yield in North America is
mainly driven by the observations for potatoes. These differences emphasize
the need to account for different absolute crop yields in the model, which will
be discussed further in Chapter 6.

To assess yield in the context of fertiliser use, we examine the amount of
fertiliser to produce one ton of yield. We perform this preliminary analysis
on wheat. Accounting for the differences in observations and experiment-level
characteristics, we calculate the average amount of nitrogen applied per ton
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of yield by first averaging nitrogen and yield within each experiment and then
taking the ratio of those experiment-level means. We compare these values for
EEF to conventional fertiliser and PA to conventional application in Figure 4.3.

For experiments evaluating EEF, producing one ton of yield requires 22.2%
less kg N/ha when EEF instead of conventional fertiliser is used. Field exper-
iments for PA show 9.8% savings in fertilisers while maintaining the level of
production.

Figure 4.3: Amount of Nitrogen Used to Produce One Ton of Wheat
Yield

Note: This figure visualises the average amount of applied nitrogen to produce 1 ton of
wheat yield in the primary studies. The first panel (conventional fertilisers) was calculated

using the formula
1
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)︁ , where SEEF is the number of primary

studies focusing on EEF, and ni is the number of observations using conventional practice
(not EEF and not control). The three following graphs were computed analogously.

uptakeN refers to the amount of nitrogen (in hundreds of kg N/ha in the
dataset) absorbed by the crop. It is derived by multiplying the dry matter
weight by the N concentration, which is determined through chemical analysis
of dried crop tissue. Nitrogen uptake ranges from 5.81 to 818.8 kg N/ha, with
an average of 146.2 kg N/ha (Table A.4).

Grasslands show the highest uptake; however, this is arguably due to the
longer period of experiments, as mentioned above. They are followed by cotton,
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corn, and rice, with an average N of 210.7, 177.2, and 140.2 kg N/ha, respectively.
Wheat and rapeseed are among the crops with the lowest uptakeN (109.3 and
54.2 kg N/ha, respectively — see Table 4.3).

A boxplot analysis identified forty-nine outliers for NUE and eight for RE,
including extreme values such as NUE above five and negative RE. These
likely reflect non-standard field conditions or inconsistencies between control
and fertilised plots. Therefore, they are excluded from the analysis of nitrogen
uptake efficiency.

RE ranges from -0.35 to 1.97 with an average of 0.48 (Table A.4). Inter-
preting this, only 48% of N applied by fertiliser is accounted for, and 52% is
applied excessively and is not uptaken by the crop in the dataset. Average RE

is the highest in Europe (60%) and lowest in South America (26%).
NUE (nitrogen use efficiency of nitrogen fertiliser) ranges between 0.08 and

5.22, with a mean value of 1.11. This implies that, on average, the crop used
more nitrogen than was added.

Figure 4.4: NUE and RE by Fertilisation Practice

Note: This figure plots the RE and NUE of the observations from the dataset distinguished
by fertilisation practice (EEF, PA and conventional). The arrows indicate the increasing
fertilisation efficiency (horizontal arrow) and increasing potential of soil N enrichment and
depletion (vertical arrow) based on the values of RE and NUE.
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However, as illustrated in Figure 4.4, both NUE and RE vary substantially
across the experiments. Despite being positively correlated (correlation coeffi-
cient of 0.43; Table A.3), the relationship between NUE and RE is moderate,
and considerable variation exists between their respective experiment-level av-
erages. For instance, moving toward the lower right corner of the graph, RE

decreases, while NUE increases, suggesting inefficiency in fertilisation while still
achieving high N uptake, arguably due to an initial high N supply in the soil.
Conversely, moving left and approaching one on the vertical axis, a greater
proportion of fertiliser nitrogen is taken up by the crops, which achieve high
nitrogen uptake even in relatively nitrogen-poor soils. We further observe that
high proportion of the PA observations cluster near a NUE value of one, indicat-
ing that crops are taking up an amount of nitrogen similar to what is applied.
This might reflect the fact that PA adjusts fertilisation rates based on local
conditions.

Overall, this graph helps to illustrate the relationship between fertilisation
efficiency, local conditions and farming practices and highlights the value of
analyzing these indices together.



Chapter 5

Methodology

5.1 Justification for the Inclusion of Experiment-
Level Fixed Effects

Before presenting the final models, we justify the necessity of experiment-level
fixed effects by including variable id, which assigns a unique number to each ex-
periment. The statistical software implements these fixed effects by introducing
dummy variables for the experiments.

A critical assumption must hold for OLS estimates to be unbiased: the
error term must be uncorrelated with the independent variables (Wooldridge
2012). Formally, this requires that Cov(vij, xij) = 0 for all observations in
experiments j, where xij is the vector of the regressors and vij is the composite
error term. We can rewrite the composite error as vij = aj + uij, where uij

is the idiosyncratic error and ai is the unobserved, experiment-specific effect.
As already discussed, the unobserved characteristics — such as differences in
soil characteristics, climatic conditions, or local agricultural practices — can
plausibly affect yield, nitrogen uptake, and the two nitrogen fertiliser efficiency
indicators (NUE, RE). If these conditions are correlated with the regressors,
they may introduce heterogeneity bias in the models (Wooldridge 2012).

We observe a large variation in the experiment-level N fertiliser dosages,
suggesting that these unobserved effects might be important, as is also generally
concluded in the reviewed literature. Therefore, we opt for the model, which
includes fixed effects (FE) in the form of dummy variables for each experiment
to account for this unobserved heterogeneity.
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5.2 Models and Hypotheses
Reviewing the literature relevant to the topic of this thesis has helped us to
finalize the formulation of the following hypotheses:

H1: The relationship between N fertiliser and yield is curvilinear, exhibiting
diminishing returns to N fertiliser.

H2: Applying nitrogen in the form of EEF or through PA practice enhances the
effect of N fertiliser on yield, compared to conventional farming.

H3: EEF or PA improves fertilisation efficiency — measured by RE and NUE —
by increasing nitrogen uptake.

These hypotheses are the core interest of the thesis and are evaluated by
estimating a set of regression models, summarized in this section.

We begin with models with experiment-level fixed effects, incorporated
through the variable id. We fit them for all crops and for wheat, corn, and
cereals because first, they have enough observations to allow for separate anal-
ysis, second, they show different results than other groups in the preliminary
models, and third, they might provide useful insights into our geographical
location.

We use yield as the dependent variable in two alternative specifications:

log(y): the natural logarithm of yield, providing relative change and elasticity,

y/y0: the yield ratio in a treatment plot to the yield in the control plot within
the same experiment.

Each captures the yield response from a different angle and enhances the
robustness of our conclusions.

To evaluate the first hypothesis, we estimate models

log(y) = β0 + β1appliedN + β2appliedN2 + id + u,

y/y0 = β0 + β1appliedN + β2appliedN2 + id + u.

We include a quadratic term to allow for a non-linear response.
To test the second hypothesis, we employ interaction terms between the

fertiliser technology dummies (PA, EEF, conv) and nitrogen application rates
(linear and quadratic) We use the nitrogen rate both in level and logarithmic
(log(appliedN)) form. The models are the following:
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log(y) = β0 + β1log(appliedN) ∗ EEF + β2log(appliedN) ∗ PA

+ β3log(appliedN) ∗ conv + id + u,

log(y) = β0 + β1appliedN ∗ EEF + β2appliedN ∗ PA

+ β3appliedN ∗ conv + β4appliedN2 ∗ EEF

+ β5appliedN2 ∗ PA + β6appliedN2 ∗ conv

+ id + u,

y/y0 = β0 + β1appliedN ∗ EEF + β2appliedN ∗ PA

+ β3appliedN ∗ conv + β4appliedN2 ∗ EEF

+ β5appliedN2 ∗ PA + β6appliedN2 ∗ conv

+ id + u.

We omit EEF and PA dummies, as including them did not improve model
fit. We believe the response is better defined by the interaction between the N
rate and the fertilisation practice.

To evaluate the third hypothesis, we estimate the effect of EEF and PA on
nitrogen uptake and fertilisation efficiency metrics (RE and NUE). We use the
interactions between EEF/PA and N use for the former, and binary indicators
for the latter model.

uptakeN = β0 + β1appliedN ∗ EEF + β2appliedN ∗ PA

+ β3appliedN ∗ conv + β4appliedN2 ∗ EEF

+ β5appliedN2 ∗ PA + β6appliedN2 ∗ conv

+ id + u

RE = β0 + β1EEF + β2PA + id + u

NUE = β0 + β1EEF + β2PA + id + u

RE and NUE are modeled using binary indicators for EEF and PA due to the
fact that the nitrogen rate is already accounted for in the denominator of their
formulas.

We finish with estimating a set of models without intercept with interactions
of appliedN andappliedN2 with either crop_group or continent variables, to
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allow for different effects of N rate amonghs crops and regions. The dependent
variables will be regressed log(y), y/y0 and uptakeN.

We interpret the results carefully, as there might be issues connected to
omitting the experiment-level characteristics. Therefore, these models are used
for exploratory purposes to provide insight into the patterns for different crops
and regions.

5.3 Heteroscedasticity and Within-Experiment Cor-
relation of Error Terms

Although each model includes the experiment-specific fixed effects, this treat-
ment generally does not fully account for the potential correlation between the
error terms within the same experiment (Cameron & Miller 2015). To assess
the presence of this problem, we rely on visual inspection of the residual plots
and theoretical reasoning: since observations within an experiment are affected
by the same local conditions, it is reasonable to expect that the errors are not
independent. Additionally, we formally test for heteroscedasticity using the
Breusch-Pagan test and detect it in nearly all the models.

Correlated and heteroscedastic errors lead to misestimation of the coeffi-
cients’ standard errors and, therefore, invalid statistical inference. To address
this, we report cluster-robust standard errors, which are valid under both het-
eroscedasticity and within-cluster correlation of the error terms. They are
derived from the variance-covariance matrix

ˆ︃VarCR(β̂) = (X′X)−1

⎛⎝ J∑︂
j=1

X′
j ûjû′

j Xj

⎞⎠ (X′X)−1,

where X is the matrix of regressors, Xj is the submatrix of regressors for cluster
j, ûj is the vector of residuals for cluster j, and J is the total number of clusters
(Cameron & Miller 2015).

Our models’ cluster-robust standard errors are generally smaller than the
non-robust ones, which suggests the presence of within-cluster correlation and
heteroscedasticity of error terms and therefore supports us in the decision to
introduce the cluster-robust inference.
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5.4 Testing Linear Combinations of Parameters
For pairwise comparison of the effects of EEF, PA and conventional fertilisation
we use Wald tests for the significance of linear combinations of parameters. The
test statistic is computed using the cluster-robust variance-covariance matrix.
We use the F-distribution approximation rather than the chi-square distribu-
tion, as this approach is recommended for smaller samples (Manor & Zucker
2004; Cameron & Miller 2015).



Chapter 6

Results

This section presents the results of the regression models. As outlined in chap-
ter six, we begin with estimating the effect of nitrogen fertiliser rate on crop
yield. We then evaluate the yield-enhancing effect of nitrogen fertilisation for
the different fertilisation methods, especially how EEF and PA affect produc-
tivity. We continue by assessing the response of nitrogen uptake and efficiency
indicators (RE and NUE) to EEF, PA and conventional fertilisation. Lastly,
we focus on the heterogeneity of the responses for different crops and across
geographical regions.

We estimate the models for all crops and separately for wheat, corn and for
cereals, as these groups allow for separate models due to their high representa-
tion in the dataset.

For most of the models presented in the next sections, the estimated coef-
ficients for the key explanatory variables are generally statistically significant.
Additionally, the models exhibit high adjusted R2 values (approximately 0.68-
0.97). However, we recognize that these values may overstate model fit, as
fixed effects in the form of experiment-specific dummy variables are included
and arguably explain a significant part of the variance. The fixed effects are
jointly significant for all models, as confirmed by formal F-tests.

6.1 Effect of Nitrogen Fertiliser Application on
Yield

Table 6.1 presents the results of the yield regression on nitrogen fertiliser ap-
plication rate, using two different dependent variables: log(y) and yield relative
to the control (y/y0). Across all specifications, the coefficients for applied ni-
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Table 6.1: Effect of Nitrogen Fertiliser Application on Yield – Regres-
sion Results

Dependent Variable: log(y)
All Wheat Corn Cereals

Intercept 1.241∗∗∗ 1.073∗∗∗ 1.830∗∗∗ 1.124∗∗∗

(0.087) (0.022) (0.062) (0.039)
appliedN 0.315∗∗∗ 0.549∗∗∗ 0.471∗∗∗ 0.497∗∗∗

(0.026) (0.060) (0.060) (0.045)
appliedN2 -0.025∗∗∗ -0.115∗∗∗ -0.072∗∗∗ -0.082∗∗∗

(0.005) (0.020) (0.013) (0.011)
Fixed Effects id id id id
Num. Obs. 833 208 188 545
R2 0.966 0.901 0.913 0.917
Adj. R2 0.959 0.881 0.899 0.901
AIC 2700.7 416.4 633.7 1630.9
BIC 3343.3 539.9 724.3 2009.3
Log Lik. 266.968 130.591 114.825 264.115
RMSE 0.18 0.13 0.13 0.15

Dependent Variable: y/y0
All Wheat Corn Cereals

Intercept 2.098∗∗∗ 1.205∗∗∗ 0.137 1.889∗∗∗

(0.074) (0.044) (0.248) (0.117)
appliedN 0.522∗∗∗ 0.732∗∗∗ 0.793∗∗∗ 0.820∗∗∗

(0.067) (0.110) (0.190) (0.119)
appliedN2 -0.038∗∗∗ -0.098. -0.113∗∗∗ -0.123∗∗∗

(0.010) (0.056) (0.031) (0.023)
Num. Obs. 833 208 188 545
R2 0.860 0.854 0.929 0.887
Adj. R2 0.834 0.824 0.917 0.866
AIC 1114.2 185.7 227.6 744.4
BIC 1756.8 309.2 318.2 1122.8
Log Lik. -421.117 -55.858 -85.779 -284.181
RMSE 0.40 0.32 0.38 0.41
Fixed Effects id id id id

The table displays the results of the regression of log(y) and y/y_0 on appliedN and
appliedN2. Fixed effects for the experiments (variable id) are included. Cluster-robust

standard errors are in the brackets, .p < 0.1;∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
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trogen (both linear and squared terms) are statistically significant at the 0.1%
significance level, except for the quadratic term for wheat in the y/y0 speci-
fication, significant at the 10% significance level. The coefficients’ signs align
with our expectations: positive for the linear term and negative for the squared
term. This supports our first hypothesis that nitrogen positively affects yield
but with diminishing marginal returns, which can be further seen in Figure 6.1,
which visualise the response curves based on the results.

Figure 6.1: Yield Response Curves to Nitrogen Fertiliser Based on the
Regressions
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Note: The figure displays the association between the N fertiliser rate based on the
coefficients from models with the dependent variable log(y) (reported in Table 6.1).

The marginal effect of nitrogen is larger when the models are estimated for
individual crop groups. Focusing on the first dependent variable, applying 100
kg N/ha results in a predicted yield increase of 29% for all crops combined,
compared to 43.4% for wheat, 39.9% for corn, and 41.5% for cereals. However,
the additional gains become smaller as the application rate increases. For ex-
ample, in cereals, the first 100 kg N/ha increases yield by approximately 41.5%,
but applying nitrogen up to the average application for cereals of 132 kg N/ha

yields a 51.3% increase — meaning that an additional 32 kg N/ha results in only
9.8 percentage points more yield.
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The second part of Table 6.1 focuses on the alternative dependent variable,
y/y0. This ratio directly compares fertilised plots to their corresponding unfer-
tilised control plots within the same experiment, capturing the local effect. For
y/y0, the estimated linear coefficients are larger in magnitude, ranging from
0.52 for all crops to 0.82 for cereals. This indicates a stronger yield response
when measured relative to the baseline yield of unfertilised plots. Cereals also
display the steepest diminishing returns, as reflected in their more negative
quadratic term. When 100 kg N/ha is applied, yield increases relative to the
control are estimated at 48.4% for all crops, 63.4% for wheat, 68.0% for corn,
and 69.7% for cereals. However, as nitrogen input rises, the additional yield
gains shrink. For example, in wheat, applying the mean nitrogen application of
96 kg N/ha leads to a 61.2% yield increase over the control, while doubling this
rate to 192 kg N/ha results in a 104.4% increase — meaning that an additional
96 kg N/ha produces only 43.2 percentage points more wheat grain yield.

The coefficients for the latter dependent variable are systematically larger
in magnitude, arguably due to the specification of the dependent variables.
While log(y) tends to smooth responses across heterogeneous experiments, y/y0

anchors yield to the local baseline, which might inflate the results.

6.2 Effect of Fertilisation Practices on Yield
We begin this analysis by estimating log-log models with interactions between
log(appliedN) and the fertilisation technologies. This specification allows for a
straightforward interpretation of elasticity — showing how a relative increase
in nitrogen application affects yield differently for EEF, PA and conventional
practice.

The regression results are presented in Table 6.2. All the coefficients are
statistically significant at least at the 1% significance level, except for the model
for wheat. The elasticities range from 0.30 to 0.59 for EEF, 0.31 to 0.63 for
PA, and 0.30 to 0.51 for conventional fertilisation. PA performs the best, with
consistently higher estimates by 4.3-8.9% compared to EEF and 5.7-24.0%
compared to conventional fertilisation. However, formal comparison with the
Wald test reveals that the coefficients are statistically different only for wheat
and for corn at the 10-1% significance level (see Table A.5). Corn production
responds the most strongly to N fertilisation, arguably explained by the crop’s
high sensitivity to nitrogen levels (Godard et al. 2008).

Using log(applied) as a dependent variable captures the diminishing effect
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Table 6.2: Yield Response Elasticity to Nitrogen Fertiliser Applica-
tion by Fertilisation Practices – Regression Results

Dependent Variable: log(y)
All Wheat Corn Cereals

Intercept 1.484*** 1.350*** 1.959*** 1.458***
(0.019) (0.044) (0.059) (0.027)

EEF*log(appliedN) 0.299*** 0.109 0.586*** 0.364***
(0.047) (0.070) (0.072) (0.068)

PA*log(appliedN) 0.312** 0.392. 0.629*** 0.396***
(0.097) (0.211) (0.042) (0.103)

conv*log(appliedN) 0.295*** 0.179. 0.506*** 0.347***
(0.038) (0.093) (0.051) (0.059)

Fixed Effects id id id id
Num. Obs. 833 208 188 545
R2 0.941 0.738 0.842 0.811
Adj. R2 0.929 0.682 0.815 0.775
AIC 3158.8 620.5 748.5 2081.2
BIC 3806.1 747.3 842.3 2464.0
Log Lik. 38.921 29.555 58.446 39.935
RMSE 0.23 0.21 0.18 0.22

Note: The table reports the results of the regression of log(y) on the interactions between
log(appliedN) and the fertilisation practices (EEF, PA, conv). Fixed effects for the
experiments (variable id) are included. Cluster-robust standard errors are in the brackets,
.p < 0.1;∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.

on yield with an increase in N dosage, assuming a relative change in production
associated with the same relative change in fertiliser application to be constant
regardless of the application level. The following models instead use appliedN
and appliedN2, which capture the differences for the fertilisation techniques
with varying marginal effects depending on the absolute level of N.

The regression results for models with appliedN and appliedN2 as inter-
actions with EEF, PA and conv for dependent variables log(y) and y/y0 are
presented in Table 6.3. Generally, the coefficients are statistically significant,
usually at the 0.1% significance level, with only a few exceptions, mainly among
the quadratic terms in the y/y0 specification.

The results consistently show stronger yield response to N fertiliser when
nitrogen is applied using either EEF or PA, which is generally also formally
confirmed by testing for significant difference between the estimates (see Ta-
ble A.5).
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Table 6.3: Effect of Nitrogen Fertiliser Application and Fertilisation
Practices on Yield – Regression Results

Dependent Variable: log(y)
All Wheat Corn Cereals

Intercept 1.209∗∗∗ 1.069∗∗∗ 1.828∗∗∗ 1.120∗∗∗

(0.029) (0.029) (0.065) (0.043)
appliedN*EEF 0.385∗∗∗ 0.636∗∗∗ 0.550∗∗∗ 0.538∗∗∗

(0.032) (0.105) (0.100) (0.054)
appliedN*PA 0.641∗∗∗ 0.628∗∗∗ 0.611∗∗∗ 0.668∗∗∗

(0.066) (0.074) (0.070) (0.074)
appliedN*conv 0.299∗∗∗ 0.500∗∗∗ 0.407∗∗∗ 0.442∗∗∗

(0.024) (0.068) (0.058) (0.046)
appliedN2*EEF -0.046∗∗∗ -0.175∗∗∗ -0.097∗∗∗ -0.099∗∗∗

(0.008) (0.041) (0.025) (0.014)
appliedN2*PA -0.149∗∗∗ -0.140∗∗ -0.127∗∗∗ -0.150∗∗∗

(0.026) (0.049) (0.023) (0.026)
appliedN2*conv -0.022∗∗∗ -0.097∗∗∗ -0.052∗∗∗ -0.063∗∗∗

(0.004) (0.019) (0.011) (0.010)
Fixed Effects id id id id
Num. Obs. 833 208 188 545
R2 0.970 0.906 0.922 0.923
Adj. R2 0.964 0.884 0.908 0.907
AIC 2608.4 413.4 620.3 1599.3
BIC 3269.9 550.3 723.8 1994.9
Log Lik. 317.137 136.067 125.540 283.913
RMSE 0.17 0.13 0.12 0.14

Dependent Variable: y/y0
All Wheat Corn Cereals

Intercept 2.047∗∗∗ 1.191∗∗∗ 0.076 1.895∗∗∗

(0.080) (0.058) (0.307) (0.116)
appliedN*EEF 0.639∗∗∗ 0.932∗∗∗ 0.932∗∗∗ 0.844∗∗∗

(0.082) (0.198) (0.240) (0.106)
appliedN*PA 1.091∗∗∗ 0.710∗∗∗ 0.970∗∗∗ 1.137∗∗∗

(0.189) (0.159) (0.196) (0.230)
appliedN*conv 0.495∗∗∗ 0.662∗∗∗ 0.679∗∗∗ 0.731∗∗∗

(0.064) (0.132) (0.172) (0.118)
appliedN2*EEF -0.074∗∗∗ -0.238∗∗∗ -0.149∗∗∗ -0.133∗∗∗

(0.016) (0.070) (0.039) (0.025)
appliedN2*PA -0.251∗∗∗ -0.025 -0.200∗∗ -0.250∗∗

(0.068) (0.143) (0.061) (0.079)
appliedN2*conv -0.033∗∗∗ -0.074 -0.080∗∗ -0.094∗∗∗

(0.009) (0.054) (0.027) (0.022)
Fixed Effects id id id id
Num. Obs. 833 208 188 545
R2 0.870 0.859 0.931 0.890
Adj. R2 0.844 0.826 0.918 0.868
AIC 1065.9 186.1 228.3 737.8
BIC 1727.4 322.9 331.9 1133.5
Log Lik. -392.944 -52.052 -82.143 -276.893
RMSE 0.39 0.31 0.37 0.40

Note: The table displays the results of the regression of log(y) and y/y0 on the interactions
between appliedN and appliedN2 and the fertilisation practices (EEF, PA, conv). Fixed
effects for the experiments (variable id) are included. Cluster-robust standard errors are in
the parentheses; .p < 0.1;∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
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Figure 6.2: Yield Response Curves to Nitrogen Fertiliser by Fertilisa-
tion Practices Based on the Regressions

0 50 100 150 200 250

0
1

2
3

4
5

6

Wheat

Applied Nitrogen (kg/ha)

Pr
ed

ic
te

d 
Yi

el
d 

(t/
ha

)

0 50 100 150 200 250 300 350

0
2

4
6

8
12

Corn

Applied Nitrogen (kg/ha)

Pr
ed

ic
te

d 
Yi

el
d 

(t/
ha

)

0 50 100 150 200 250 300 350

0
1

2
3

4
5

6

Cereals

Applied Nitrogen (kg/ha)

Pr
ed

ic
te

d 
Yi

el
d 

(t/
ha

)

0 100 200 300 400 500

0
2

4
6

8

All Crops

Applied Nitrogen (kg/ha)

Pr
ed

ic
te

d 
Yi

el
d 

(t/
ha

)

CONVentional
PA
EEF
Average appliedN

Note: The figure displays the association between the N fertiliser rate and crop yield for
the different fertilisation practices (EEF, PA, conv), based on the coefficients from models
with the dependent variable log(y) (reported in Table 6.3).

Except for wheat, PA outperforms EEF across all crop groups. For instance,
applying the average nitrogen rate for cereals (132 kg N/ha) increases yield by
47.4% under conventional fertilisation. Under EEF, the gain rises to 53.8%, and
with PA, it reaches 62.0%. The results from the y/y0 specification reinforce
these findings, with especially large coefficients for PA. For all crops combined,
applying 100 kg N/ha using PA techniques increases yield by 83.6% relative to
the control — the largest relative gain among the three approaches. However,
formal tests confirm that the estimates for PA and EEF are significantly different
only in the models for all crops.

Both EEF and especially PA exhibit sharper diminishing returns to nitro-
gen. This is reflected in the more negative and statistically significant quadratic
terms for applied nitrogen in the PA and EEF models, particularly in the y/y0

specification (e.g., -0.25 for PA and -0.07 for EEF in the all-crops model). This
pattern is also visualized in Figure 6.2, which presents the results of the re-
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gression graphically. It may reflect the greater efficiency of these practices in
delivering nitrogen at the right time and place. As a result, crops respond more
strongly at lower nitrogen rates, but the yield curve flattens more quickly com-
pared to conventional systems, where response to higher doses may continue
due to less efficient uptake.

Overall, these results suggest enhanced yield for EEF and PA and support
our second hypothesis — that the agronomic practices, which are in the first
place designed to mitigate environmental impacts, also improve agricultural
productivity and consequently reduce fertiliser rate while maintaining the level
of crop production.

6.3 Effect of Fertilisation Practices on Nitrogen
Uptake and Efficiency Indicators

Following the evidence of yield enhancement from improved fertilisation prac-
tices, we turn to the question of their effect on nitrogen uptake and efficiency.
This section presents the results of models evaluating the effect of EEF and PA

on nitrogen recovery efficiency (RE), nitrogen use efficiency (NUE), and crop
total nitrogen uptake.

Table 6.4 presents the results for the RE and NUE models. First, it shows
positive and, in the vast majority, statistically significant coefficients for the
EEF and PA binary variables, reinforcing the conclusion that these practices
improve fertilisation efficiency.

We estimate that using EEF increases RE by 7.6–12.7 percentage points
and PA by 5.6–11.2. Considering that RE typically ranges from approximately
0.3 to 0.6, this suggests a significant improvement. For an average RE of 0.48
in the dataset, EEF and PA can increase RE by 15.8-26.4% and 11.6-23.3%,
respectively.

The results for NUE are also promising. The estimated increases range from
10.2 to 18.4 percentage points for EEF and from 14.2 to 15.6 for PA. With an
average NUE of 1.11 for all crops combined, these coefficients suggest relative
improvements of roughly 9.2% for EEF and 14.1% for PA. The coefficients for
PA are higher than for EEF for all crops, wheat and for cereals.

The results for RE and NUE complement each other. They suggest that
EEF and PA improve the efficiency of N fertilisation and increase the proportion
of N in the soil that is delivered to and taken up by the crops.
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Table 6.4: Effect of Fertilisation Practices on RE and NUE – Regres-
sion Results

Dependent Variable: RE
All Wheat Corn Cereals

Intercept 0.533∗∗∗ 0.606∗∗∗ 0.272∗∗∗ 0.507∗∗∗

(0.011) (0.016) (0.026) (0.012)
EEF 0.076∗∗∗ 0.088∗∗ 0.127∗∗∗ 0.110∗∗∗

(0.014) (0.031) (0.031) (0.017)
PA 0.105∗∗∗ 0.112∗∗ 0.056. 0.102∗∗∗

(0.021) (0.036) (0.033) (0.023)
Fixed Effects id id id id
Num. Obs. 648 151 162 423
R2 0.815 0.813 0.827 0.807
Adj. R2 0.767 0.756 0.794 0.758
AIC -957.6 -221.1 -268.8 -687.5
BIC -353.6 -109.4 -182.4 -331.3
Log Lik. 613.803 147.527 162.405 431.753
RMSE 0.09 0.09 0.09 0.09

Dependent Variable: NUE
All Wheat Corn Cereals

Intercept 0.784∗∗∗ 1.498∗∗∗ 0.862∗∗∗ 0.757∗∗∗

(0.102) (0.019) (0.035) (0.023)
EEF 0.102∗∗∗ 0.184∗∗∗ 0.157∗∗∗ 0.138∗∗∗

(0.021) (0.038) (0.040) (0.031)
PA 0.156∗∗∗ 0.146∗∗ 0.142∗∗∗ 0.153∗∗∗

(0.037) (0.053) (0.039) (0.041)
Fixed Effects id id id id
Num. Obs. 648 151 162 423
R2 0.792 0.857 0.731 0.784
Adj. R2 0.738 0.813 0.680 0.728
AIC -133.3 -69.6 -85.9 -180.5
BIC 470.7 42.0 0.6 175.7
Log Lik. 201.648 71.819 70.947 178.237
RMSE 0.18 0.15 0.16 0.16

Note: This table displays the results of the regression of RE and NUE on EEF and PA.
Fixed effects for the experiments (variable id) are included. Cluster-robust standard errors
are in the brackets; .p < 0.1;∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.

Next, we assess nitrogen uptake directly and inspect the model for the
dependent variable uptakeN with the regression results presented in Table 6.5.

The coefficients for the linear interaction terms are larger for both EEF and
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PA compared to conventional fertilisation. They are significant at the 0.1%
significance level for all crops aggregated and for corn and cereals. In the case
of wheat, there is significance only at the 1-5% significance level. For corn
and cereals, we also observe significant coefficients with negative signs for the
quadratic interactions. This complements the significance of these quadratic
terms in the yield models, as it suggests that the yield does not increase linearly
with applied fertiliser, since the crops have only limited capacity to absorb it.

Interpreting the practical implications of the results on cereal crops, when
100 kg N/ha of fertiliser is added to the soil, it increases the uptake only by
48.3 kg N/ha when applied conventionally. However, using enhanced fertilisers
can increase this number to 60.1 and to 58.2 kg N/ha with precise agriculture
technologies. These improvements significantly reduce the residual nitrogen left
in the soil, which would otherwise pose a risk for leaching and other harmful
forms of environmental losses.
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Table 6.5: Effect Nitrogen Fertiliser Application and Fertilisation
Practices on Nitrogen Uptake – Regression Results

Dependent Variable: uptakeN
All Wheat Corn Cereals

Intercept 0.665∗∗∗ 0.510∗∗∗ 1.327∗∗∗ 0.550∗∗∗

(0.036) (0.027) (0.113) (0.038)
appliedN*EEF 0.475∗∗∗ 0.688∗∗∗ 0.773∗∗∗ 0.676∗∗∗

(0.038) (0.140) (0.089) (0.045)
appliedN*conv 0.365∗∗∗ 0.488∗∗∗ 0.637∗∗∗ 0.531∗∗∗

(0.027) (0.053) (0.091) (0.043)
appliedN*PA 0.607∗∗∗ 0.614∗∗∗ 0.770∗∗∗ 0.694∗∗∗

(0.098) (0.120) (0.189) (0.105)
appliedN2*EEF -0.009 -0.112 -0.093∗∗∗ -0.075∗∗∗

(0.014) (0.074) (0.023) (0.018)
appliedN2*conv 0.006. -0.045 -0.070∗∗∗ -0.048∗∗∗

(0.003) (0.035) (0.020) (0.011)
appliedN2*PA -0.085 -0.085 -0.135 -0.112∗

(0.054) (0.088) (0.082) (0.055)
Fixed Effects id id id id
Fixed Effects id id id id
Num. Obs. 781 185 187 508
R2 0.956 0.911 0.941 0.941
Adj. R2 0.946 0.887 0.930 0.929

Note: The table displays the results of the regression of uptakeN on the interactions
between appliedN and appliedN2 and the fertilisation practices (EEF, PA, conv). Fixed
effects for the experiments (variable id) are included. Cluster-robust standard errors are in
the parentheses; .p < 0.1;∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.

To compare EEF to PA, precise nitrogen management seems to perform bet-
ter than enhanced-efficiency fertilisers in the increase of nitrogen uptake (with
the coefficients being significantly different for corn and for cereals). For effi-
ciency indicators NUE and RE, the results are mixed: PA demonstrates stronger
effects in the full sample, but EEF slightly outperforms PA in the corn model.

Together with the results for RE and NUE, these findings support our third
hypothesis — improved fertilisation strategies with using enhanced-efficiency
fertilisers and precision agriculture technologies present a solution to improving
the effectiveness of nitrogen fertilisation by allowing for higher nitrogen uptake
by the crops and, therefore, improving the efficiency indicators.
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6.4 Heterogeneity of the Responses Across Crops
and Regions

Throghout the analysis we observed different effects of fertilisation management
on production and nitrogen efficiency. Therefore, as outlined in Chapter 6,
we also estimate models that capture yield and nitrogen uptake responses to
increasing nitrogen fertiliser rates across crop groups and continents to gain
additional insights about the crop and region-specific patterns. The results of
the regressions of log(y), y/y0 and uptakeN interactions of nitrogen rate with
crop and continent dummiesare presented in Table 6.6.

Overall, we find heterogeneous effects of nitrogen application across the crop
groups. Tuber crops (potatoes) exhibit the strongest yield and nitrogen uptake
responses, followed by cereals, which especially show a high effect on yield
with a sharp diminishing effect. In contrast, the coefficients are the smallest in
magnitude for forages.

Across continents, the coefficients are generally significant for Asia, Europe,
North America, and Oceania but not for Africa and South America, arguably
due to their lower representation in the sample. Notably, while yield gains
appear to be the highest in Europe and North America, nitrogen uptake shows
a relatively small increase with fertilisation.

The coefficients vary significantly across different regions and crops, which,
together with the high adjusted R2 of the models (0.728-0.913), suggests that
a large portion of the variance between experiments can be attributed to crop
and region-specific effects.
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Table 6.6: Effect of Nitrogen Fertiliser Application on Yield and Ni-
trogen Uptake by Crop Groups and Regions – Regression
Results

By Crop Group log(y) y/y0 uptakeN
cereals*appliedN 1.832∗∗∗ 2.124∗∗∗ 1.147∗∗∗

(0.062) (0.082) (0.041)
forage*appliedN 0.795∗∗∗ 1.036∗∗∗ 1.062∗∗∗

(0.075) (0.100) (0.050)
other*appliedN 1.237∗∗∗ 1.661∗∗∗ 1.476∗∗∗

(0.136) (0.179) (0.095)
tuber*appliedN 3.423∗∗∗ 2.297∗∗∗ 1.169∗∗∗

(0.190) (0.251) (0.127)
cereals*appliedN2 -0.333∗∗∗ -0.427∗∗∗ -0.111∗∗∗

(0.025) (0.032) (0.016)
forage*appliedN2 -0.056∗∗∗ -0.092∗∗∗ -0.044∗∗∗

(0.011) (0.007) (0.007)
other*appliedN2 -0.299∗∗∗ -0.327∗∗∗ -0.327∗∗∗

(0.048) (0.063) (0.032)
tuber*appliedN2 -0.795∗∗∗ -0.532∗∗∗ -0.204∗∗∗

(0.083) (0.110) (0.055)
Num. Obs. 833 833 647
R2 0.825 0.728 0.913
Adj. R2 0.823 0.726 0.912
By Region log(y) y/y0 uptakeN
Africa*appliedN 2.287 1.975 1.552

(2.760) (3.379) (1.768)
Asia*appliedN 1.834∗∗∗ 1.699∗∗∗ 1.213∗∗∗

(0.067) (0.082) (0.043)
Europe*appliedN 2.635∗∗∗ 3.224∗∗∗ 0.748∗∗∗

(0.311) (0.380) (0.201)
North America*appliedN 3.258∗∗∗ 2.856∗∗∗ 1.436∗∗∗

(0.175) (0.214) (0.119)
Oceania*appliedN 1.070∗∗∗ 1.586∗∗∗ 1.095∗∗∗

(0.066) (0.080) (0.044)
South America*appliedN 0.096 4.237∗∗∗ 0.356

(0.465) (0.570) (0.298)
Africa*appliedN2 -0.892 -0.732 -0.335

(2.281) (2.792) (1.461)
Asia*appliedN2 -0.347∗∗∗ -0.329∗∗∗ -0.151∗∗∗

(0.025) (0.030) (0.016)
Europe*appliedN2 -0.811∗∗∗ -0.782∗∗∗ 0.131

(0.150) (0.183) (0.097)
North America*appliedN2 -0.705∗∗∗ -0.731∗∗∗ -0.314∗∗∗

(0.076) (0.093) (0.051)
Oceania*appliedN2 -0.093∗∗∗ -0.163∗∗∗ -0.049∗∗∗

(0.010) (0.012) (0.007)
South America*appliedN2 0.555+ -1.827∗∗∗ 0.159

(0.316) (0.387) (0.203)
Num. Obs. 838 838 648
R2 0.812 0.749 0.910
Adj. R2 0.810 0.748 0.908

Note: The table displays the results of the regressions of log(y), y/y0 and uptakeN on the
interactions between appliedN and appliedN2 and crop groups and regions. Standard errors
are in the parentheses; .p < 0.1; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
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Discussion

This chapter aims to evaluate the results of our analysis, assess their credibility,
and address potential limitations.

One key point of discussion is the representativeness of the sample. Al-
though the dataset was obtained through a thorough systematic review that
sought to find all relevant studies, this approach has weaknesses.

First, relatively few field experiments evaluate the effects of nitrogen fer-
tilisation. Even though the sample is sufficient, obtaining more observations
would enhance the robustness of the analysis.

Second, the sample is not evenly distributed across crops, regions, or tech-
nologies. For instance, nearly half of the experiments originate from Asia,
mainly from India or China. On the other hand, Africa, Europe, and South
America are underrepresented. As the agricultural practices and local condi-
tions differ significantly in these regions, obtaining a high proportion from one
region might disturb the results (Li et al. 2025).

A similar problem arises with the distribution of the crops in the dataset
— observations for corn and wheat dominate the sample, and many crops
are underrepresented or not included. For example, corn shows a generally
strong response to N fertiliser (Godard et al. 2008) and thus might have greater
coefficients for yield response to nitrogen rate than other crops would have had.

Third, there are more EEF-related studies than PA-related, and addition-
ally, PA studies evaluate only less than half of the crops in the dataset. What
is more, for precision agricultural technologies, we managed to gather data
only for a subsample of these technologies, which are generally among the
less advanced. There is a lack of observations using satellite-based sensing,
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machine-employed sensors, and generally more sophisticated approaches. This
might have restricted us in observing the full potential of PA.

These limitations further lead us to a broader concern for the evaluations of
local experiments, raised, for instance, by Li et al. (2025) — the question of the
predictive ability of the models and their applicability to settings other than
those included in the dataset. Therefore, to improve generalizability, further
research could apply cross-validation techniques to estimate the accuracy of
the estimates.

Integrating the experimental soil and climatic conditions could also improve
this analysis. We could not extract them consistently from the primary studies;
however, this setback could be overcome by imputing them from accessible
databases, as employed by You et al. (2023) and Maaz et al. (2021).

To compare EEF and PA, their performances vary across the models. Over-
all, however, PA technologies tend to perform better in both the yield and
nitrogen uptake analysis. Despite this, Wald tests do not indicate statistically
significant differences between them (see Table A.5). Therefore, we cannot
confidently recommend one technology over the other.

In addition, this evaluation does not take into account the additional costs
associated with these practices, as they are not reported in the primary studies.
This limits our ability to assess their economic viability for farmers, which is
one of the key factors for their adoption.

Nonetheless, despite these issues, we obtain significant results that are con-
sistent across the models with different forms of dependent variables and across
different crops. The findings match our expectations based on the preliminary
examination of the research topic. Moreover, they align with the results ob-
tained in the reviewed literature and coincide with the results from the primary
site experiments included in the dataset.
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Conclusion

This thesis examined the effect of N fertilisation on crop yield and N uptake.
It assessed crop responses to fertiliser application and to two fertilisation prac-
tices: enhanced-efficiency fertilisers (EEF) and precision agriculture (PA) tech-
nologies. These practices were developed to improve the efficiency of N use and
reduce soil nitrogen pollution. Data were collected from local experiments, and
regression models with experiment-level fixed effects were employed to control
for the heterogeneity of local conditions and farmers’ practices.

We showed that the relationship between N rate and yield is curvilinear,
confirming the first hypothesis that there are diminishing returns to N inputs
to agricultural soils. This finding is consistent with existing literature.

Next, we analyzed the effects of improved fertilisation practices – EEF and
PA – and compared them with conventional fertilisation. Overall, both EEF
and PA showed greater yield responses. Furthermore, EEF and PA improved
the fertilisation efficiency, as measured by their effect on efficiency indicators
RE and NUE, and the N uptake of the harvest. Specifically, RE was estimated
to increase by 7.6-12.7 percentage points with EEF and by 5.6-11.2 percent-
age points with PA. The enhancement in NUE ranged between 10.2 and 15.6
percentage points. These findings support our second and third hypotheses —
that both EEF and PA can improve fertilisation efficiency while also showing a
yield-enhancing effect.

However, the analysis faces some limitations. The small sample size might
negatively affect the robustness of the models. Further, unbalanced representa-
tion in terms of geographical regions and crops and the methodological design
may limit the generalizability of the results to different settings and broader
contexts.
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Comparing EEF to PA shows mixed effects. Although we observed that PA

often performs better in the models, formal tests find a significant difference
between the two practices only in a few individual cases. Thus, we refrain from
recognizing one practice as better than another —their relative performance
may depend on the context and the specific types of technologies employed.

Nonetheless, despite these limitations, the findings of the analysis are highly
relevant. First, they offer economic rationale for avoiding excessive fertilisation:
yield response to N weakens at higher rates, and combined with increased fer-
tiliser costs, overapplication may not be economically justified. Second, the
thesis underscores the potential of EEF and PA to improve the agroeconomic
performance of nitrogen fertilisation, and thus reduce environmental risks as-
sociated with nitrogen losses, such as nitrate leaching into water.

This emphasizes the importance of optimizing the nitrogen fertilisation and
promoting wider adoption of EEF and PA, which remains low. To complete
the comprehensive analysis of this issue, future research should examine the
costs associated with nitrogen fertilisation, including the implementation costs
of EEF and PA, as well as potential savings from reduced fertiliser application.
Additionally, it would be valuable to investigate how the estimated increases in
N uptake contribute to mitigating adverse environmental and health impacts
from N losses.
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Appendix

Table A.2: Percentual Representation of Crops in the Dataset

Crop % of Observations % of Studies % of EEF Studies % of PA Studies
Wheat 25.0 26.6 16.7 45.4
Corn 22.6 21.9 21.4 22.7
Rice 12.5 15.6 16.7 13.6
Grassland 11.0 12.5 16.7 4.55
Potato 11.2 4.69 7.14 0
Cotton 4.92 1.56 2.38 0
Rapeseed 4.2 3.12 4.76 0
Barley 3.6 4.69 2.38 9.09
Sugarcane 1.56 3.12 4.76 0
Sweet Corn 1.2 1.56 0 4.55
Eucalyptus 1.08 1.56 2.38 0
Broomcorn 0.6 1.56 2.38 0
Common Bean 0.6 1.56 2.38 0
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Table A.1: List and Description of Variables in the Dataset

Variable Description

study_id Specific id of a study
id Specific id of an experiment
author Author of the study
year_published Year the study was published
journal Journal where the study was published
impact_factor Impact factor, (?)
model Model used in the primary study
country Country of the experimental site
region Continent of the experimental site
latitude Latitude of the location of the experimental field
longitude Longitude of the location of the experimental field
start_year Starting year of the experiments
end_year Ending year of the experiments
crop Common name of the crop
crop_spec Full Latin name of the crop
crop_group Assigned group of the crop
y_type Part of the crop measured as yield
fert_type Type of fertilizer
EEF Binary variable, 1 if fertiliser is EEF
EEF_type Specific type of fertiliser
PA Binary variable, 1 if PA used
PA_type Specific type of PA
CONV Binary variable, 1 if conventional N fertilization used
replications Number of times each treatment and control was replicated in the study
appliedN Total amount of nitrogen applied in the fertiliser treatment, 100 kg N/ha
uptakeN Total amount of nitrogen uptake, 100 kg N/ha
uptakeN0 Total amount of nitrogen uptake in unfertilized plot, 100 kg N/ha
uptakeN_se Standard error of nitrogen uptake
y Crop yield, t/ha
y0 Crop yield of unfertilized plot, t/ha
y/y0 Ratio of yield in fertilized and unfertilized plot, renamed to y_to_y0 for the analysis
y_se Standard error of crop yield
RE Recovery efficiency, (uptakeN - uptakeN0) / appliedN
RE_se Standard error of recovery efficiency
NUE Nitrogen use efficiency, uptakeN / appliedN
NUE_se Standard error of nitrogen use efficiency
AE Agronomic efficiency, y / appliedN
soil_texture Soil type of the experimental field based on sand, silt, and clay concentrations
sand Sand concentration of the experimental field, grams per kilogram (g/kg)
silt Silt concentration of the experimental field, g/kg
clay Clay concentration of the experimental field, g/kg
bulk_density Bulk density of the soil prior to the experiment, tons per cubic meter (t/m3)
pH pH of the soil
el_conductivity Electrical conductivity of the soil, deciSiemens per meter (dS/m)
available_P Available phosphorus concentration in the soil, g/kg
available_K Available potassium concentration in the field, g/kg
organic_matter Organic matter concentration in the field, %
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Table A.3: Pearson Correlation Matrix

appliedN uptakeN uptakeN0 RE NUE y
appliedN 1.00 0.76 0.40 -0.10 -0.35 0.24
uptakeN 0.76 1.00 0.78 0.16 0.09 0.26
uptakeN0 0.40 0.78 1.00 -0.14 0.31 0.06
RE -0.10 0.16 -0.14 1.00 0.43 0.21
NUE -0.35 0.09 0.31 0.43 1.00 -0.08
y 0.24 0.26 0.06 0.21 -0.08 1.00

Note: The table displays a person correlation matrix of variables appliedN, uptakeN,
uptakeN0, RE, NUE and y.

Table A.4: Summary Statistics of Key Variables

Variable Min Q1 Median Mean Q3 Max SD
appliedN 0.00 0.50 1.25 1.41 1.90 9.60 1.27
uptakeN 0.06 0.84 1.30 1.46 1.86 8.19 0.99
NUE 0.09 0.75 0.96 1.11 1.29 5.22 0.68
RE -0.35 0.31 0.46 0.48 0.64 1.91 0.24
y 0.34 3.50 6.44 9.02 10.30 54.93 9.41

Note: The table displays a correlation matrix of variables appliedN, uptakeN, RE, NUE and
y. Min = minimum, Q1 = first quartile, Q3 = third quartile, Max = maximum, SD =
standard deviation.
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Table A.5: Wald Tests for Significant Differences Between the Coeffi-
cients

Crop Dependent Variable EEF vs CONV PA vs CONV EEF vs PA

wheat log(y) (log-level) 0.0383∗ 0.0017∗∗ 0.1362
corn log(y) (log-level) 0.0227∗ 0.0003∗∗∗ 0.1185
cereals log(y) (log-level) 0.0009∗∗∗ 0.00003∗∗∗ 0.1314
all log(y) (log-level) 0.00002∗∗∗ <0.0001∗∗∗ 0.0002∗∗∗

wheat y/y0 0.0539. 0.0303∗ 0.1068
corn y/y0 0.0057∗∗ 0.0446∗ 0.3555
cereals y/y0 0.0333∗ 0.0152∗ 0.2588
all y/y0 0.0010∗∗∗ 0.00008∗∗∗ 0.0275∗

wheat log(y) (log-log) 0.0663. 0.0663. 0.1431
corn log(y) (log-log) 0.0287∗ 0.0077∗∗ 0.4868
cereals log(y) (log-log) 0.5038 0.5724 0.7514
all log(y) (log-log) 0.8307 0.8537 0.8985
wheat RE 0.6215
corn RE 0.1159
cereals RE 0.7910
all RE 0.2612
wheat NUE 0.5605
corn NUE 0.7912
cereals NUE 0.7610
all NUE 0.2049
wheat uptake 0.0151∗ 0.0307∗∗ 0.7399
corn uptake 0.0061∗∗ 0.7010 0.0450∗

cereals uptake <0.0001∗∗∗ <0.0001∗∗∗ 0.1063
all uptake <0.0001∗∗∗ <0.0001∗∗∗ 0.3945

Note: The table displays the p-values of the results of the Wald tests. For column EEF vs
PA the null hypotheses are: EEF*appliedN100 = PA*appliedN100 & PA*appliedN1002 =
conv*appliedN1002 for log-level, y/y0 and uptakeN models, PA*log(appliedN100) =
PA*log(appliedN100) for log-log models, and EEF=PA for RE and NUE models. The null
hypotheses for columns 1 and 2 are analogous. Wald test-based F-statistics were used.
.p < 0.1; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001



A. Appendix V

Table A.6: List of the Primary Studies

Abou-Zeid et al. (2020) Alonso-Ayuso et al. (2016) Arrobas et al. (2011)
Ayekpam (2023) Belyaeva et al. (2024) Bhatia et al. (2023)
Bragagnolo et al. (2016) Cambouris et al. (2016) Carswell et al. (2019)
Corrêdo et al. (2019) Dang et al. (2021) Fabbri et al. (2022)
Fan et al. (2021) Gagnon et al. (2012) Gao et al. (2015)
Gao et al. (2018) Goudra et al. (2021) Grant et al. (2012)
Ibarr et al. (2021) Kaur et al. (2022) Ke et al. (2017)
Krol et al. (2020) Kumar et al. (2020) Kumari et al. (2024)
Kunal et al. (2021) Lan et al. (2022) Li et al. (2015)
Li et al. (2017) Li et al. (2018) Lyu et al. (2021)
Ma et al. (2023) Martins et al. (2017) Mittermayer et al. (2024)
Mohanty (2014) Reeves et al. (2024) Rowlings et al. (2016)
Sandeep (2024) Scheer et al. (2016) Scheer et al. (2023)
Soaud et al. (2022) Souza et al. (2020) Suhail (2021)
Sulochna et al. (2018) Sun et al. (2023) Suter et al. (2013)
SR (2021) Swamy et al. (2016) Tian et al. (2016)
Tyagi et al. (2024) Ullah et al. (2022) Wallace et al. (2020)
Wang et al. (2016) Wang et al. (2019) Wang et al. (2022)
Zaman et al. (2009) Zhao et al. (2013a) Zhao et al. (2013b)
Zheng et al. (2016)

Note: The table displays the references to the primary studies included in the dataset.
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