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Propositions

I. Even with improved nitrogen management, current agricultural production levels in
many world regions cannot be reconciled with air and water quality targets.
(this thesis)

2. A planetary boundary for human nitrogen use should be derived by aggregating
regional boundaries that leave room to maximize food production within
environmental limits.

(this thesis)

3. Predatory publishers are a symptom of the obsession with quantity over quality in

academic evaluations.

4. For PhD students, programming is both a useful research tool as well as a welcome

excuse to procrastinate real academic work.
5. To understand the complexity of farmer decision making, gardening beats modelling.

6. A mandatory paternity leave would benefit mothers’ careers as well as both parents’

happiness.
7. Debunking fake news is a democratic duty.

8. Whereas nitrogen emissions are caused by cows and cars, the Dutch ‘nitrogen crisis’

is caused by indecisive policy-makers.
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I.1. Agriculture and human alteration of the global nitrogen cycle

We currently live in the Anthropocene, the most recent period in Earth’s history when
human activity started to have a significant impact on the planet’s climate, ecosystems and
biogeochemical cycles (Steffen et al., 2007; Waters et al., 2016). Few elemental cycles have
been altered more drastically by human activities than the nitrogen (N) cycle (Canfield et
al., 2010). Nitrogen hardly occurs in soil minerals, whereas it is the most abundant element
in the Earth’s atmosphere. However, before it is accessible to living organisms, atmospheric
di-nitrogen gas (N,) must be converted (‘fixed’) to reactive forms of nitrogen, specifically
ammonium (NH,*) and nitrate (NO;’). In the absence of human interference, atmospheric
N, is fixed in natural terrestrial ecosystems (58 Tg N yr') and oceans (140 Tg N yr') through
biological N, fixation, as well as by lightning (5 Tg N yr') (Fowler et al., 2013). Currently,
however, human activities fix more atmospheric N, than all natural processes combined,
mainly through synthetic fertilizer production (120 Tg N yr), legume cultivation (60 Tg N
yr') and fossil fuel combustion (30 Tg N yr') (Fowler et al., 2013). Agriculture is thus the

dominant driver of human nitrogen fixation.

The global agricultural system crucially depends on the availability of reactive nitrogen.
While several elements are essential for crop growth (including phosphorus, potassium, and
several micronutrients), nitrogen is generally the most limiting one. For 98% of the period
since humans started farming around 12,000 years ago, crop yields were limited by nitrogen
availability. To increase crop yields, farmers mainly relied on organic nitrogen sources such
as manure from rangeland animals, crop residues, human excrements, plant ashes, and
guano (fertilizer from sea bird excrement ), or they planted legumes, which fix nitrogen
through symbiosis with bacteria. In the second half of the 19" century, mineral fertilizers
became increasingly available, for example in the form of sodium nitrate mined from natural
deposits in Chile (‘Chile saltpetre’). However, the nitrogen economy only changed drastically
after the invention of the Haber-Bosch process in the mid-20" century, allowing humans to
fix N, directly from the atmosphere and convert it to ammonia (NH,) (Erisman et al., 2008;
Galloway et al., 2013). Since then, global nitrogen inputs to agricultural soils have tripled
(Bouwman et al., 2013), strongly contributing to more than a doubling in average crop
yields in the second half of the 20" century (see Figure 1.1, x-axis). This allowed the global
population to increase from 1.7 billion in 1908 (the year Fritz Haber filed his patent) to 7.8
billion in 2021.



GENERAL INTRODUCTION

0 1 S 2 3 4 5 6 7 8

3 o e @ o/* %
° ..."f. .0 o % . . £
n.. . ® . oo s . R 50 z.;,,
et ®g : .
e x
o« Y et 100 »
® e * % e ° —z_
® 1 4 * 5
. . 150 @
L] . z
e 5 . 200 8
L ]
o 250
® .
. 300

Figure 1.1 | Cereal yield and nitrogen surplus for 112 countries (each represented by a dot); average for
the period 1961-1965 (blue dots) and 2008-2012 (orange dots). The two large dots represent the global
average (weighted by cropland area). Data on cereal yield and harvested area from FAOSTAT (2018),
data on nitrogen surplus from Zhang et al. (2015).

|.2. Environmental impacts of reactive nitrogen

With increasing agricultural nitrogen inputs, nitrogen surpluses (nitrogen input minus
nitrogen uptake), and thereby nitrogen losses to the environment, also rose (see Figure 1.1,
y-axis). Nitrogen that is not taken up by crops or accumulated in the soil is lost from fields
either in the form of gaseous emissions (NH;, NO,, N,, N,O) or leaching (NO;, NH,*).
Nitrogen loading in the environment has several negative impacts, including eutrophication
of aquatic ecosystems, acidification and eutrophication of terrestrial ecosystems, adverse
effects on human health, and climate change (see Box 1.1). Next to agricultural nitrogen
losses, other anthropogenic nitrogen sources from e.g. wastewater, combustion processes,
and biomass burning also contribute to these impacts; the relative contribution of agriculture

varies per impact, per region, and through time.

Once N, has been converted to reactive nitrogen, it cascades through the environment and
is subsequently converted into several reactive nitrogen forms (Galloway et al., 2003). One

atom of nitrogen can thus contribute to several or even all of the environmental impacts




Box I.1 | Environmental impacts of reactive nitrogen
Eutrophication of aquatic ecosystems: Nitrogen inputs to freshwater ecosystems lead

to eutrophication, changes in community structure (e.g. from macrophytes to fast-

growing algae, from diatoms to flagellates), reduced water clarity, the proliferation of
harmful or toxic algal blooms, benthic habitat loss, and the formation of hypoxia; i.e. conditions
of low dissolved oxygen (Brooks et al., 2016; Conley et al., 2009; Duarte, 1995; Selman et al.,
2008). Increased nutrient export by rivers has led to a large increase in the number of coastal

‘dead zones’ over the last decades (Diaz and Rosenberg, 2008).

% Acidification and eutrophication of terrestrial ecosystems: At high concentrations,

ammonia (NH;) and nitrogen oxide (NO,) are harmful to plants, causing foliar

WP damage, soil acidification and increased susceptibility to pathogens (Cape et al.,
2009; Krupa, 2003). High nitrogen deposition in terrestrial ecosystems leads to acidification
and shifts in plant species composition (Aber et al., 1998; Hettelingh et al., 2015b; Midolo et al.,
2019; Roth et al., 2013; Stevens et al., 2010). Increased nitrogen availability encourages plants
favouring high nitrogen supply or more acidic conditions to out-compete a larger number of
sensitive species, driving terrestrial biodiversity loss (Bobbink et al., 2010; Hettelingh et al.,
2015b; Payne et al., 2017).

Adverse effects on human health: In intensive agricultural areas, nitrate (NO;’)
leaching can lead to NO; concentrations in groundwater that exceed safe limits,
posing a threat to human health (Ward et al.,, 2018). Both NH; and NO contribute

to the formation of secondary air pollutants, mainly particulate matter, NO,, and ground-level
ozone (O;, formed by NO, in reaction with Volatile Organic Compounds) (Peel et al., 2013).
Air pollution is mainly caused by nitrogen emissions from traffic and industry, but regionally
agricultural emissions can contribute up to 30% of nitrogen-related air pollutants (Pozzer et

al., 2017).

a Climate change: Human nitrogen use causes emissions of nitrous oxide (N,O), a
ev powerful greenhouse gas (Reay et al., 2012; UNEP, 2013). At the same time, nitrogen

W P8l deposition may enhance growth and thus carbon sequestration in nitrogen-
limited terrestrial ecosystems. This can be considered an unintended positive environmental
consequence as it slows the growth of atmospheric carbon dioxide (CO,) concentrations
(Janssens and Luyssaert, 2009). Nitrogen further affects radiative forcing by contributing
to formation of aerosols, which reflect sunlight and lead to cooling, as well as ground-level
Os, which is a greenhouse gas and also negatively affects plant growth, possibly reducing the

strength of the terrestrial carbon sink (De Vries et al., 2011a, 2017; Erisman et al., 2011).
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described in Box 1.1. This means that there is a risk of pollution swapping (Stevens and
Quinton, 2009), as illustrated by the ‘leaking pipe, symbolizing the agricultural system
(Figure 1.2). Nitrogen enters the pipe in the form of fertilizer, manure, biological fixation or
deposition, and leaves the pipe as nitrogen incorporated by crops. Various transformation
processes within the pipe cause losses (‘leaking’) of different reactive nitrogen forms through
holes in the pipe. A mitigation strategy that reduces a particular form of nitrogen loss by
(partially) ‘blocking’ one of the holes may increase losses through one of the other outlets.
These complexities need to be taken into account when developing policies for sustainable

nitrogen management.

|.3. Towards sustainable nitrogen management

Several policies have been put in place to reduce nitrogens negative externalities. At the
global level, the UN Environmental Assembly recently adopted a resolution on sustainable
nitrogen management (UNEP/EA 4/Res.14), calling for exploration of better management of
the global nitrogen cycle, particularly in relation to the Sustainable Development Goals. At
the regional level, the European Union (EU) has adopted several policies to address nitrogen
pollution since the 1990s (Oenema et al., 2011), including the Ambient Air Quality Directive
(EC, 2008), Nitrates Directive (EC, 1991a), Urban Wastewater Treatment Directive (EC,
1991b), Water Framework Directive (EC, 2000) and the National Emission Ceilings (EC,
2001). More recently, the ‘Farm to Fork’ strategy of the European Green Deal introduced
the goal of reducing nutrient inputs by 20% and nutrient losses by 50% by 2030 (European
Commission, 2020). At the national level, at least 145 countries have introduced some form
of regulatory laws to limit the use of nitrogen fertilizers or to reduce the consequences of

nitrogen pollution (Kanter et al., 2020).

However, most policies to date have focused on one specific sink or sector, with integration
often lacking (Kanter et al., 2020), leading to the risk of pollution swapping (Figure 1.2).
In addition, current policies tend to focus either on the beneficial effects of nitrogen (e.g.,
stimulating nitrogen fertilizer use by farmers through subsidies to boost yields) or regulating
detrimental effects (e.g., restricting application of fertilizers during certain parts of the year
to reduce environmental impacts) (Kanter et al., 2020). Global nitrogen solutions, however,
require finding the right balance between nitrogen’s benefits for crop yields and its negative
environmental externalities (Houlton et al., 2019). This includes reversing the current global
trend of increasing yields at the expense of increased nitrogen losses (blue arrow in Figure

1.1) towards simultaneously achieving high yields and low nitrogen losses (purple arrow




in Figure 1.1). Some countries are already following trajectory of decoupling yields from

nitrogen losses (Zhang et al., 2015), however, significant challenges remain.

The need to reconcile threats and benefits of nitrogen is also highlighted by exploring
linkages between nitrogen and the Sustainable Development Goals (SDGs), a collection
of 17 interlinked global goals adopted by the UNs General Assembly (Sachs et al., 2019).
Nitrogen is at the core of several SDGs. Some SDGs rely on realizing the full benefits of
nitrogen, for example, increased access to nitrogen fertilizer is critical to achieve SDGs 1
and 2 (ending poverty and hunger). Others require reducing nitrogen losses to mitigate
environmental impacts, such as SDGs 14 and 15 (conserving life below water and life on
land). Finally, human disturbance of the nitrogen cycle also affects atmospheric composition
and thereby climate change, with different nitrogen compounds leading to warming and
cooling effects (Box 1.1), thus linking nitrogen to the SDG on climate action (SDG 13). Both
scientists and policy makers frequently emphasize that achieving SDGs requires exploring
potential interactions, co-benefits and trade-offs between goals (e.g., Nilsson et al., 2018),

and consequently, this equally applies to the nitrogen challenge.

In the light of these complex challenges, relevant indicators for sustainable nitrogen
management are needed to support policy making, monitoring and evaluation. Indicators
condense information on complex systems into meaningful information to inform decisions

and actions (Bossel, 1999; Spangenberg, 2019). Several studies have proposed and quantified

Table 1.1 | Examples of global indicators for sustainable nitrogen management related to either
nitrogen’s benefits for crop production or nitrogen’s environmental impacts, including examples of
studies presenting data on these indicators.

Indicators related to N benefits for crop Indicators related to adverse impacts of N

production

Contribution of N to yield gap (e.g., Mueller et al., N surplus (e.g., EEA, 2019); see also Figure 1.1

2012)

Access to N fertilizer (e.g., Sanchez, 2010) N water footprint (e.g., Mekonnen and Hoekstra,
2015)

N fertilizer recovery (e.g., Cassman et al., 2002) Exceedance of N thresholds in surface water (e.g.,
Gerten et al.,, 2020)

Crop system N use efficiency (e.g., EU Nitrogen Food chain N use efficiency (e.g., Billen et al., 2014)

Expert Panel, 2015)'

Ciritical N loads for natural ecosystems (e.g., Bobbink
et al, 2003)

Crop system N use efficiency (e.g., EU Nitrogen
Expert Panel, 2015)'

' Crop system nitrogen use efficiency may both reflect benefits of nitrogen for crop production and risk for adverse
nitrogen impacts.




GENERAL INTRODUCTION

indicators for nitrogen management, again usually either focusing on either benefits and
threats of nitrogen (Table 1.1).

I.4. Knowledge gaps and existing approaches

It is clear that nitrogen in the environment has many different forms, sources, pathways, and
multiple impacts, and environmental managers often face the problem of pollution swapping
discussed above. Achieving environmental and Sustainable Development Goals related to
nitrogen therefore requires a systems approach. In order to move towards global solutions, it
is crucial to develop tools that can quantitatively assess the trade-offs associated with human
nitrogen use, particularly for maximizing crop production while minimizing detrimental
environmental impacts. More specifically, three questions are relevant for supporting

nitrogen policy in bringing us closer to achieving SDGs:

1. How much nitrogen can we safely apply in agriculture before crossing thresholds for

air and water quality?

2. How can we manage nitrogen to both achieve environmental targets and meet

current and future feed and food demand?

3. What is the climatic impact of anthropogenic nitrogen inputs, i.e., how much
additional carbon is stored in terrestrial systems due to anthropogenic nitrogen
deposition, and to what extent does this ‘carbon bonus’ offset the climate impact of

N,O emissions?

Given the large geographic variation in both nitrogen impacts and agricultural nitrogen
inputs, spatially explicit models that illustrate issues at different scales and resolutions are
highly relevant tools for analysing these questions. Information produced by these models,
for example in the form of maps, can be helpful for decision makers by providing an
overview on the magnitude of the problem, highlighting interactions and spatial variability,
and identifying hot-spot regions. Current approaches to address questions 1-3 are discussed

below, highlighting important knowledge gaps that are addressed in this thesis.

1.4.1. Safe limits or ‘boundaries’ for agricultural nitrogen inputs
Due to the manifold negative environmental consequences of nitrogen (see Section 1.2
and Box 1.1), environmental scientists have warned that humanity has transgressed the

planetary boundary for disturbance of the nitrogen cycle. This suggests that human nitrogen




fixation has pushed the Earth System beyond a critical threshold with possibly catastrophic
and irreversible consequences (Rockstrém et al., 2009a, 2009b). The ‘planetary boundary’-
concept has attracted considerable attention by scientists and policy makers since it was
first introduced by Rockstrom et al. (2009b). In their seminal paper, they proposed a ‘safe
limit’ for intentional nitrogen fixation of 30 Tg N yr' (about one third of the current rate),
which was later revised upwards to 62-82 Tg N yr' (De Vries et al., 2013; Steffen et al,,
2015). Several studies have used this value as a benchmark to assess sustainability of food
production systems under current conditions and future scenarios (e.g., Bodirsky et al., 2014;
Conijn et al., 2018), but surprisingly few studies have challenged the boundary itself, despite
several shortcomings of the approach.

The desire to further ‘operationalize’ the planetary nitrogen boundary has led to efforts
to downscale the planetary boundary to countries (e.g., Switzerland, Dao et al., 2018) or
regions (e.g., Europe, EEA and FOEN, 2020) based on economic or demographic allocation
principles, such as allocating boundaries based on a country’s share in the global population
or its economic capability to contribute to mitigation efforts. However, unlike greenhouse
gas emissions where emission reductions contribute to climate mitigation irrespective of
where emissions are reduced, nitrogen-related problems are generally directly linked to
local or regional losses. As the magnitude and type of problems vary strongly across regions,
allocating a global nitrogen boundary to regions based on socio-economic criteria is of
limited value. Furthermore, the current planetary boundary concept ignores the importance

of increasing nitrogen inputs in many regions to boost food production.

Rather than deriving nitrogen boundaries using a top-down approach, thresholds should be
derived locally while accounting for spatial variation in the vulnerability of local ecosystems.
If such thresholds are derived within a consistent framework, they can then be aggregated
towards regional or planetary nitrogen thresholds or boundaries. Such an approach has been
taken under the Convention on Long-Range Transboundary Air Pollution (CLRTAP), where
spatially explicit critical nitrogen loads on ecosystems were translated into policy targets for
nitrogen emissions at the European and national level. Deriving boundaries for agricultural
nitrogen inputs should follow a similar approach and start from critical thresholds for local
ecosystems to derive needed reductions in nitrogen losses to respect these thresholds, as well

as corresponding needed reductions in agricultural nitrogen inputs.

Knowledge gap: We thus lack a bottom-up approach to estimate spatially explicit critical
nitrogen losses and related critical agricultural nitrogen surpluses and inputs, based on spatial
variation in agricultural systems and environmental vulnerabilities, that can be aggregated to

derive regional and planetary boundaries for nitrogen.
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1.4.2. Meeting food demand while remaining within safe boundaries for
nitrogen
Global agricultural nitrogen inputs are very unevenly distributed, varying from excessive
surpluses in many developed and rapidly growing economies (Vitousek et al., 2009) to no
surplus and even nitrogen mining in many developing regions (see Figure 1.1). This includes
much of Africa, where 80% of countries experience nitrogen scarcity (Liu et al., 2010b) as
well as parts of Latin America and South East Asia (MacDonald et al., 2011). Low nitrogen
input in these regions often limits yields and thus threatens food security (Mueller et al.,
2012; Pradhan et al,, 2015). Even though fertility rates have dropped sharply from about 5
children per woman in 1964 to about 2.5 in 2014 (The World Bank, 2018), human population

will continue to grow during the next decades, along with food demand (Tilman et al., 2011).

The dual role of nitrogen as an essential agricultural nutrient as well as a major environmental
pollutant raises the question which strategies are needed to reconcile environmental targets
with agricultural systems that allow meeting current and future food demand. Previous
studies addressing this issue broadly fall into two categories. The first category uses integrated
assessment models to estimate to what extent different mitigation strategies can reduce
nitrogen losses and nitrogen inputs (e.g., Bodirsky et al., 2014; Conijn et al., 2018; Zhang et al.,
2015), and often use the planetary nitrogen boundary by Steffen et al. (2015) as a benchmark
to determine whether realized reductions in nitrogen surplus are sufficient to protect the
environment. The second category assesses whether nitrogen inputs can be ‘optimized’ by
re-distributing nitrogen inputs from excess areas to deficit areas (e.g., Liu et al., 2016; Mueller
et al,, 2017, 2014, 2012). These studies assume that nitrogen use efficiency decreases with
inputs, and thus lowering nitrogen inputs in excess regions hardly affects yields, whereas
increasing nitrogen inputs in deficit regions increases yields without substantially increasing
nitrogen losses. However, both approaches focus on reducing total nitrogen losses or inputs,

while not accounting for variability in ecosystems’ vulnerability to nitrogen losses.

Knowledge gap: We lack spatially explicit information to what extent redistributing
nitrogen inputs is possible within safe limits for nitrogen losses, and what improvements in
agricultural management are needed to reconcile agricultural production with targets for

reducing nitrogen pollution.

1.4.3. Nitrogen-induced carbon sequestration in forests and net greenhouse
gas footprint of human nitrogen use
The main reason that humans fix nitrogen is the desire to enhance the growth of agricultural

crops. It is thus not surprising that when part of this nitrogen volatilizes and is deposited




on natural ecosystems, plant growth in these ecosystems is also enhanced. This nitrogen-
induced growth enhancement drives biodiversity loss (Hettelingh et al., 2015b; see Box 1.1),
but may also contribute to climate change mitigation by enhancing carbon sequestration in
plant biomass and soils, especially in forests. Forests occupy only one fifth of the Earths’ land
surface, but account for 90% of the terrestrial carbon sink (Harris et al., 2021; Pan et al,,
2011a). Many forests in Western Europe and Southeast Asia currently receive more nitrogen
via atmospheric deposition (Wang et al., 2017) than the average arable field in Sub-Saharan
Africa receives via fertilizer, manure and biological nitrogen fixation combined (Liu et al.,
2010b). Globally, about 20-30 Tg N emitted by human activities end up in forests after
atmospheric transport and re-deposition each year (Lamarque et al., 2013; Schwede et al.,
2018).

Quantifying the size of the nitrogen-induced carbon sink is relevant to estimate the
current and future strength of the global terrestrial carbon sink in order to predict growth
in atmospheric CO, concentrations. It also allows to quantify the net climate impact of
anthropogenic nitrogen use by comparing nitrogen-induced carbon sequestration to
anthropogenic N,O emissions, which are relatively well constrained (also from atmospheric
measurements; e.g. Tian et al., 2020). The size of the nitrogen-induced global carbon sink has
been estimated by stoichiometric scaling (De Vries et al., 2014; Field et al., 1992; Peterson
and Melillo, 1985; Schindler and Bayley, 1993), dynamic global vegetation models (DGVMs,
e.g. Fleischer et al., 2015; Thornton et al., 2007; Zaehle et al., 2011) or observations of forest
growth along nitrogen deposition gradients (Magnani et al., 2007; Thomas et al., 2010).

The amount of carbon stored in forests per unit of nitrogen deposition ('C-N response' from
hereon) can also be estimated from forest fertilization experiments (e.g., Gundale et al., 2014;
Hogberg et al., 2006). C-N responses observed in fertilization experiments implicitly account
for site factors such as soil and climate conditions and nitrogen and phosphorus availability,
whereas models may not capture all relevant processes (Thomas et al., 2013; Wang et al,,
2010). While observational studies face the challenge of isolating the effect of nitrogen
deposition from other drivers of forest growth (Sutton et al., 2008), fertilization experiments
can do this by comparing carbon sequestration in fertilized plots and to non-fertilized control
plots. Meta-analyses quantitatively synthesize results from many fertilization experiments in
different regions to estimate average C-N responses, as well as site factors driving variability
in C-N response. Despite these advantages, results from forest fertilization experiments have

hardly been used to estimate global nitrogen-induced carbon storage.

Knowledge gap: For estimating the overall greenhouse gas impact of nitrogen, we lack an

extrapolation of the forest C-N response based on forest fertilization experiments. Also, the

10



GENERAL INTRODUCTION

net greenhouse gas impact of nitrogen has been quantified globally (Butterbach-Bahl et al.,
2011; De Vries et al., 2017; Erisman et al., 2011), but information on its spatial variation is

lacking.

[.5. Objectives and outline of this thesis

This thesis aims to provide information on policy-relevant nitrogen indicators that capture
trade-offs between nitrogen’s adverse impacts and benefits, to support policies on sustainable
nitrogen management in Europe and globally. This objective is divided into three sub-

objectives:

Objective 1: To estimate spatially explicit critical agricultural nitrogen losses, surpluses
and inputs related to targets for air and water quality, and aggregate spatially explicit
thresholds to derive safe nitrogen boundaries at the regional, continental, and global
level. (Chapters 2 and 4)

Objective 2: To assess to what degree redistributing nitrogen inputs and increasing
nitrogen use efficiency can contribute to meeting food demand while remaining within

safe boundaries for nitrogen losses to air and water. (Chapters 3 and 4)

Objective 3: To quantify global variation in the net climate impact of human nitrogen use
by empirically modelling the effect of nitrogen deposition on forest carbon sequestration
based on meta-analysis of forest fertilization experiments, and by comparing nitrogen-

induced carbon sequestration to human N,O emissions (Chapters 5 and 6).

The focus of the three research objectives addressed in Chapters 2-6 in relation to the

conceptual framework of the 'leaky pipe' (see Section 1.2) is shown in Figure 1.2.

To address the first objective, this thesis presents an approach to derive critical agricultural
nitrogen inputs from thresholds in relation to air and water quality targets. Calculations
are carried out using process-based, empirical models of agricultural nitrogen flows in the
EU (INTEGRATOR, Chapter 2) and the world (IMAGE-GNM, Chapter 4). Starting from
thresholds related to eutrophication of terrestrial and aquatic ecosystems and health effect
of nitrate in groundwater, critical agricultural nitrogen inputs are calculated from nitrogen
losses at which thresholds are reached. Spatially explicit critical nitrogen inputs are then

aggregated to estimate bottom-up nitrogen boundaries for countries, regions, and the world.

To address the second objective, Chapters 3 and 4 move on from critical nitrogen losses and
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Figure 1.2 | Schematic overview of the focus of the three research objectives addressed in this thesis
and the corresponding chapters within the conceptual framework of the ‘leaky pipe’ as first proposed
by Firestone and Davidson (1989) and further adapted by Oenema et al. (2009). Nitrogen inputs
from fertilizer, biological nitrogen fixation, manure or deposition enter the pipe. Within the pipe,
transformation processes lead to the escape of different forms of nitrogen through various ‘holes’,
causing environmental impacts, while the remainder is taken up by crops. ‘Blocking’ one of the holes
may increase leakages from other holes, unless inputs are decreased or nitrogen uptake is increased. For
more information on the nitrogen impacts, see Box I.I.

nitrogen inputs (derived in Chapters 2 and 4) to assess possibilities for increasing nitrogen
inputs to close yield gaps in regions where environmental thresholds have not been exceeded.
To highlight the potential of improved nitrogen management to reconcile environmental and
crop production targets, this thesis presents an approach to calculate spatially explicit targets
for nitrogen use efficiency based on (i) safe limits for nitrogen losses and (ii) desired levels of

crop production.

To meet the third objective, this thesis uses meta-analysis of forest fertilization experiments
to quantify the nitrogen-induced carbon sink in aboveground tree woody biomass, a stable
carbon pool with long turnover times. Average C-N responses per forest biome derived from
the meta-analysis are combined with nitrogen deposition estimates to derive global nitrogen-
induced carbon storage (Chapter 5). Subsequently, meta-regression is used to disentangle
environmental drivers of forest C-N response (Chapter 6). Spatial variation in forest

biomass C-N response and nitrogen-induced forest carbon sink are estimated as a function

12



GENERAL INTRODUCTION

of climate, soil fertility and tree characteristics. Results are compared to spatial variability
in anthropogenic N,O emissions to assess how the net greenhouse gas impact of human

nitrogen use varies globally.

The Synthesis (Chapter 7) summarizes the main findings, reflects on the methodology used
to address the research questions and demonstrates two additional applications of the results
presented in this thesis. First, the relationship between calculated nitrogen boundaries
(Chapter 4) and the climatic impact of human nitrogen use (Chapter 6) is explored. Second,
to demonstrate a possible policy application, results from Chapters 2, 3 and 4 are used to
derive an indicator that can be used to measure countries’ progress towards meeting

nitrogen-related Sustainable Development Goals.
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Abstract

Agricultural production in the EU has increased strongly since the 1940s, partly driven
by increased nitrogen (N) fertilizer and manure inputs. Increased N inputs and associated
losses, however, adversely affect air and water quality, with widespread impacts on terrestrial
and aquatic ecosystems and human health. Managing these impacts requires knowledge on
‘safe boundaries' for N inputs, i.e., N flows that do not exceed environmental thresholds. We
used a spatially explicit N balance model for the EU to derive boundaries for N losses and
associated N inputs for three environmental thresholds: (i) N deposition onto natural areas
to protect terrestrial biodiversity (critical N loads), (ii) N concentration in runoff to surface
water (2.5 mg N I'!) to protect aquatic ecosystems and (iii) nitrate (NO5) concentration in
leachate to groundwater (50 mg NO; 1) to meet the EU drinking water standard. Critical
N losses and inputs were calculated for ~40,000 unique soil-slope-climate combinations and
then aggregated at country- and EU-level. To respect thresholds for N deposition, N inputs in
the EU need to be reduced by 31% on average, ranging from 0% in several countries to 59%
in Ireland and Denmark. The strongest reductions are required in intensive livestock regions,
such as Benelux, Brittany and the Po valley. To respect thresholds for N concentration in
runoff to surface water, N inputs need to be reduced by 43% on average, ranging from 2%
in Estonia to 74% in the Netherlands. Average critical N inputs in view of the threshold for
NO; concentration in leachate to groundwater are close to actual (year 2010) inputs, even
though leaching thresholds are exceeded in 18% of agricultural land. Critical N inputs and
their exceedances presented in this paper can inform more targeted mitigation policies than

flat-rate targets for N loss reductions currently mentioned in EU policies.

2.1. Introduction

Nitrogen (N) is an essential nutrient for plant growth. Since the late nineteenth century,
human activities have approximately doubled reactive N inputs to the environment (Galloway
et al., 2004). This increase has been driven by growing production of mineral N fertilizer
(called fertilizer’ hereafter), the cultivation of N-fixing crops and the use of fossil fuels
(Erisman et al., 2008; Fowler et al., 2013; Galloway et al., 2008; Smil, 2001). In Europe, crop
production and livestock farming have increased rapidly since the early 1940s, associated
with an increase in N fertilizer and manure inputs. Nitrogen inputs to EU agriculture
reached a maximum around 1988 and decreased by 28% between 1988 and 2010 while yields
continued to increase (FAOSTAT, 2021). This decoupling of N inputs and yields was achieved

through adoption of better farming practices stimulated by national implementation and
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enforcement of European legislation (e.g., Sutton et al., 2011). The number of dairy cattle
in the EU, for example, decreased by about 1% per year since the implementation of the EU
milk quota in 1984 until 2010, while milk production increased by 1% per year over the same
period (FAOSTAT, 2021).

Only 60% of the N applied to agricultural land in Europe is taken up by crops, while much
of the remainder is lost to the environment (Leip et al., 2011). Since the 1990s, the N use
efficiency (NUE) of European agriculture has increased (van Grinsven et al., 2014) but by far
not enough to reduce N losses sufficiently to meet environmental targets. Nitrogen that is lost
to the environment leads to unwanted side-effects including: (i) ammonia (NH;) emission,
causing nutrient enrichment and decreases in plant species diversity through re-deposition
onto terrestrial ecosystems (e.g., Spranger et al., 2008; De Vries et al., 2010) and affecting air
quality by contributing to particulate matter (e.g., Pozzer et al., 2017); (ii) N runoff, causing
eutrophication of surface waters (e.g., Camargo and Alonso, 2006); (iii) nitrate (NO;’)
leaching to groundwater, affecting drinking water quality (e.g., Powlson et al., 2008; van
Grinsven et al., 2006) and (iv) nitrous oxide (N,O) emissions, contributing to climate change
(e.g., Freibauer, 2003). Nitrogen losses to air and water increased in Europe up to the late
1980s and decreased thereafter, due to overall reductions in N inputs as well as improved

farming practices, such as better manure management in grasslands (Sutton et al., 2011).

Several policies at the international, European and national level have been implemented
to reduce negative side-effects of excess N since 1990, including (i) the National Emission
Ceilings Directive (EC, 2001) with emission targets for NH; and nitrogen oxide (NOy), (ii)
the Habitats Directive (EC, 1992), which indirectly regulates N emissions, (iii) the Nitrates
Directive (EC, 1991) and Water Framework Directive (EC, 2000) with limits for N and
phosphorus (P) concentrations in waterbodies and (iv) the Paris Agreement (UN, 2015)
with targets for reducing emissions of greenhouse gases, such as N,O (Figure 2.1). However,
integrated information on required reductions in agricultural N losses and related N inputs
to meet policy targets is currently lacking. Such information is needed, for example, for
evidence-based evaluation of targets stated in the recently released ‘Farm to Fork® strategy
(FES) of the European Green Deal. The FFS aims for a sustainable food production system
by reducing food waste, enhancing circularity (recycling of plant, animal and human waste)
and improving nutrient use efficiency to ‘protect the environment, preserve biodiversity and
tackle climate change’ (European Commission, 2020). One of targets of the FES, linked to
integrated nutrient management actions plans, is to reduce nutrient losses by at least 50%
and fertilizer use by at least 20% in 2030. Such generic targets for overall reductions in N
inputs and losses link to the concept of a (planetary) boundary that defines a ‘safe operating

space’ for human disturbance of the N cycle.




Rockstrom et al. (2009a, 2009b) first proposed a planetary boundary for human N
fixation (next to eight other Earth System processes), and claimed that avoiding the risk of
transgressing tipping points requires drastic reductions in anthropogenic N inputs. A later
assessment by De Vries et al. (2013), further elaborated by Steffen et al. (2015), improved the
quantification of the planetary N boundary by accounting for several impacts on terrestrial
and aquatic ecosystems (biodiversity loss and eutrophication) and for spatial variation in
N inputs and related impacts, although only in a very approximate way. Various studies
have downscaled the published planetary N boundary to estimate boundaries for countries
or continents (e.g., Cole et al., 2014; Dao et al.,, 2018; EEA and FOEN, 2020; Nykvist et al.,
2013), despite clear methodological drawbacks. Most importantly, regional boundaries
derived in these studies do not reflect regional variation in agricultural N inputs and losses
or the sensitivity of receiving ecosystems. Moreover, the current N boundary only considers
required N input reductions to respect environmental thresholds, while strategies to balance
benefits and threats of N should also consider possibilities to increase N inputs in areas where
crop production is N-limited and where N thresholds have not been exceeded (De Vries et
al., 2013).

Moving from generic targets for reductions in total N inputs and N losses towards
targeted mitigation actions in European policy requires identifying regional hotspots for
N-related impacts, i.e., areas where current N inputs and related N losses (strongly) exceed
environmental thresholds. This requires a spatially explicit assessment of (i) N concentrations
in environmental compartments that should not be exceeded to achieve environmental
targets (called ‘critical limits’ hereafter), (ii) N losses at which critical limits are reached
but not exceeded (called ‘critical N losses’ hereafter) and (iii) agricultural N inputs that
correspond to these critical N losses (called ‘critical N inputs’ hereafter). Such an approach
allows to derive N boundaries at EU- or country-level by aggregating local critical N inputs,
rather than by downscaling a planetary N boundary based on per-capita shares (e.g., EEA
and FOEN, 2020; Lucas et al., 2020) or other approaches.

This chapter presents spatially explicit critical N losses to air and water and related critical
agricultural N inputs for the EU. Critical losses and inputs were calculated from thresholds to
avoid (i) biodiversity loss due to NH; emissions and re-deposition onto terrestrial ecosystems,
(ii) eutrophication of surface water due to N runoff and (iii) NO; pollution of drinking water
due to leaching. Regional risks for N impacts were identified by assessing where N inputs and
losses in the reference year (2010) exceed critical levels. All calculations were performed for
the year 2010, but as N inputs in the EU have remained relatively constant since then, results
still apply to the current situation. Critical N inputs were derived while assuming that the

relations between inputs, losses and uptake remain unchanged. For example, NUE (defined
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Figure 2.1 | lllustration of agricultural N losses (arrows) and related impacts (illustrated by photographs),

and European directives and agreements aiming to reduce these impacts (yellow boxes) (modified after
Oenema et al., 2009).

as crop N removal divided by total N input) was assumed constant, thus implying that
reducing N inputs to respect thresholds leads to reduced crop production. Opportunities to
respect thresholds without crop production losses (or even while increasing yields) through

improved agricultural management are explored Chapter 3.

2.2. Methods and data

Actual (year 2010) and critical N inputs and losses were calculated with the model
INTEGRATOR (De Vries et al., 2011b), which is based on the MITERRA-Europe approach
(Velthof et al., 2009). INTEGRATOR calculates N excretion in housing systems and N inputs
to agricultural soils and uses empirical linear models to predict resulting N (NH;, N,0, NO,,
and N,) emissions, runoff and leaching (see Figure 2.2). INTEGRATOR calculates N balances
for ca. 40,000 Nitrogen Calculation Units (NCUs), which are clusters of 1 km x 1 km pixels
with identical soil type, slope class and altitude class within a NUTS 3 region (De Vries et al.,
2011b, 2011c; EC, 2017). Results thus obtained were aggregated at the level of member states
(called ‘countries’ hereafter) and the EU. The following sections present an overview of the

calculations and input data; details are provided in the Supplementary Material.




2.2.1. Assessment of actual nitrogen inputs, offtake and losses
Data and approaches used to calculate N inputs, N offtake and N losses in INTEGRATOR are
summarized below (see also Table 2.1), while details are provided in Suppl. Text S2.1-52.2.

Nitrogen inputs to agricultural soils

Total N inputs to agricultural soils are calculated as the sum of N inputs from fertilizer,
manure (either excreted by grazing animals or excreted in housing systems and applied to
soils), biosolids, atmospheric deposition, biological fixation and net mineralisation (Figure
2.2).

Crop-specific fertilizer N inputs at NCU level were calculated using a ‘balanced N fertilization
approach’ Fertilizer input was estimated as the difference between crop N demand and non-
fertilizer N inputs, i.e., manure, biosolids, biological fixation and atmospheric deposition (see
Table 2.1). Fertilizer inputs thus derived were scaled to ensure that aggregated country-level
fertilizer inputs matched FAO data on total N fertilizer consumption for 2010. Further details

are provided in Supplementary Text S2.1.1.

Manure N inputs were calculated by multiplying livestock numbers with country-specific N
excretion rates for eight animal categories (Tables 2.1 & S2.1). Total N excreted was divided
over animals in housing systems and by grazing animals in pastures, based on country-level
data on the number of grazing days (Klimont and Brink, 2004; Table S2.2). Manure excreted
in housing systems was allocated to either arable land or grassland/fodder crops, based on
country-specific fractions that also vary by manure type (Table S2.2). Further details are
provided in Supplementary Text S2.1.2.

Biosolids N inputs, consisting of both sludge and compost, were calculated by multiplying
national biosolids application rates with estimated N contents (dry matter basis), using
national data for sludge and generic data (median values at EU level) for three compost types,
as described in Supplementary Text S2.1.3. National biosolids N inputs were downscaled to

NCUs based on the distribution of manure inputs.

Biological N fixation (BNF) by pulses and soybeans was calculated as 1.3 times the amount
of N in harvested products. For other arable crops, BNF by free-living soil bacteria was set
to 2 kg N ha' yr' (Paul and Clark, 1996). In grassland, BNF is determined by the clover
fraction, which in turn is influenced by N inputs. At annual N input rates near 250 kg N
ha”, the contribution of BNF by clover is negligible and N is only fixed by free-living soil
bacteria (van der Meer, 2002; van der Meer and Baan Hofman, 1989). As no information on
grassland clover fraction was available, we assumed an average BNF rate of 5 kg N ha! yr for
grasslands, similar to Velthof et al. (2009).
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Figure 2.2 | Schematic presentation of the calculated N flows in INTEGRATOR, adapted after the
MITERRA-EUROPE model (Velthof et al., 2009); see main text for explanation of abbreviations and
Supplementary Text S2.2 for description of calculation methods). At NCU level, the sum of total gross N
inputs (green boxes) equals the sum of all N outputs (blue boxes).

Atmospheric N deposition at 50 km x 50 km was derived from the EMEP model (Simpson et
al., 2012) for the year 2010 (Fagerli et al., 2012) and downscaled to NCUs.

Net N mineralization (loss of soil N pool) was only assumed to occur in peat soils (accounting
for ~2% of EU agricultural area). Nitrogen supply via mineralization was calculated by
dividing net C mineralization (derived as a function of groundwater level) by the soil C-N
ratio. Information on water table depths was related to land use. Soil C-N ratios were set to
30 for oligotrophic peat soils and to 15 for eutrophic peat soils, based on mean C-N ratios for
European peat soils from the WISE3 database (Batjes, 2009); see De Vries et al. (2021a) for
details.

Nitrogen offtake by crops

Cropland: Crop N removal by harvest (here denoted as N offtake, but often referred to as
N uptake or removal) was calculated by multiplying crop yields for approximately 30 major
crops with crop-specific N contents in harvested products. Crop N contents were allowed
to vary up to a maximum value (Table $2.3) depending on the availability of N input (see
Supplementary Text S2.1.1). Country-level average yields for arable crops (in kg fresh
weight) were derived from FAO statistics (FAOSTAT, 2018), and were downscaled to reflect
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Table 2.1 | Data and approaches used to assess N inputs, N offtake and N losses in INTEGRATOR.

Model input data

Assessment & data sources

N excretion

Livestock numbers

N fertilizer application

N grazing
N manure application
N biosolids application

Biological N fixation

N deposition

N mineralisation

Crop N offtake
Crop yield

Grassland yield

Crop N content

N emission fractions

& N leaching fraction
housing and manure
storage (fNHsem,hs;
fN>Oem,hs; fNO.em,hs;
fle,hs)

N emission fractions
soil (fNHsem(gr.fe,ap);
fN2Oem(gr,fe,ap);
fNOxem(gr.fe,ap))

N surface runoff
fraction (fsr)

N leaching fraction (fle)

N sub-surface runoff
fractions (fro)

Livestock numbers multiplied with country-specific N excretion rates for 8 animal
categories from Asman et al. (201 1) as used in GAINS model (Amann et al., 201 I).

Livestock numbers at NUTS 3 level from the EUROSTAT/EUROFARM database;
downscaled to Ikm x lkm and aggregated to NCU level

Country data from FAOSTAT (2018), downscaled to NCUs based on crop N demand
accounting for non-fertilizer N inputs and using a balanced N fertilization approach

N excreted by grazing animals multiplied by no. of grazing days (Klimont and Brink, 2004)
Total N excretion minus N grazing & N losses from housing and manure storage systems
Country-level data downscaled to NCU level based on distribution of manure inputs

1.3 times harvested N for pulses and legumes', 25 kg N ha' yr' for rice, 2 kg N ha' yr' for
all other arable crops and 5 kg N ha'' yr' for grassland

Data from EMEP model for 2010 (Fagerli et al., 2012), downscaled to NCU level

Calculated for peat soil only by dividing C mineralisation (estimated based on a
relationship with groundwater level) by soil C-N ratio

Crop (or grassland) yields multiplied with crop N content

Country-level data from FAOSTAT; downscaled to NCU level based on spatial variation in
actual wheat yield from the Global Yield Gap Atlas

Publication by Smit et al. (2008) on production at field level. Removal by grazing or mowing
for consumption of grass is calculated by multiplying the grassland production with a
consumption ratio of 0.8 for intensively managed grasslands and of 0.4 for extensively
managed grasslands. Grassland with yields lower than 4.5 t dry matter ha' yr' are
considered extensive grasslands, above 4.5 t dry matter ha'' yr' intensive grasslands.

Crop-specific N contents varying with N input up to a maximum value (see Table S2.3)

NHj3, N>O: Country-specific emission fractions for different housing systems based on
GAINS model (Amann et al.,,2011)

NO,:0.3% of N excretion

Leaching: Function of manure type, housing system and floor type (Velthof et al., 2009)

NHs: Country-specific data from GAINS model (Amann et al., 201 |). Grazing: country-
specific average emission fractions; Manure application: emission fractions for 8 animal
categories and 2 manure types (solid/liquid), further adjusted based on assumed
implementation of low-emission application techniques; Fertilizer application: country-
specific emission fractions for urea-based fertilizers and other fertilizers

N,O: Function of N source, application technique, soil type, land use and precipitation,
based on Lesschen et al. (2011)

NO: 0.6 x N,O emission, based on a review paper of Skiba et al. (1997)

Fraction of N input to soil by inorganic and organic fertilizers, calculated as a function of
slope class, land use, precipitation surplus, soil type and depth to rock (Velthof et al., 2009)

Fraction of soil N surplus, calculated as a function of soil type, land use, soil organic
content, precipitation surplus, temperature and rooting depth (Velthof et al., 2009)

Fraction of N leaching below root zone, calculated as a function of soil type, moisture class
and slope, derived from the IMAGE groundwater model (Keuskamp et al., 2012)

' The value of 1.3 for dry pulses and soy bean was calculated based on Herridge et al. (2008) as Nshoots/Ngrain X [/HI X SRratio X
frNfix; where Nsnoos and Ngrin is the N content in shoots and grain (%), Hl is harvest index, SRrso is the (shoot + root) / shoot
ratio to account for N fixation in roots and frNfix is a crop-specific fraction of N in the crop that is derived from N fixation.
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sub-national variation in crop yields using data from the Global Yield Gap Atlas (GYGA,
www.yieldgap.org). We used data on sub-national wheat yields from GYGA to introduce
sub-national variation in yields of all INTEGRATOR crops; see Supplementary Text S2.1.4

for details.

Grassland: Spatially explicit grassland yields were derived from European grassland
productivity estimates based on regional, national and international census statistics (Smit
et al., 2008). Three grassland types were distinguished: intensively managed grasslands,
extensively managed grasslands and rough grazing areas (the latter was not included in the
assessments of critical N inputs). This distinction is used for the allocation of manure to
these land use classes (see Supplementary Text S2.1.2). The total area of managed grassland
in INTEGRATOR was obtained from the CLUE model and includes the CLUE category
‘pasture’. Managed grasslands were classified as intensive (dry matter yield > 4.5 t ha'! yr') or
extensive (dry matter yield < 4.5 t ha' yr'). N removal by grass intake (grazing) or harvest
(mowing) was calculated by multiplying grassland production from Smit et al. (2008) with
a grass removal ratio of 0.8 for intensive and 0.4 for extensive grasslands. The resulting EU
average grass intake ratio (0.63) is comparable to the ratio of total EU grass N intake by beef
and dairy cattle and total grassland N production as derived with the GLEAM model for the
year 2010 (Gerber et al., 2013).

Nitrogen losses to air and water

The fate of N in the agricultural system was calculated as a sequence of occurrences, adapted
after the MITERRA-EUROPE model (Velthof et al., 2009; see Figure 2.2 for an overview and
Supplementary Text S2.2 for details). Nitrogen emissions and surface runoft were calculated
by multiplying N inputs with emission fractions (fem) and surface runoff fractions (fsr).
Country- and input-specific emissions fractions were used to calculate NH;, N,O, NO, and
N, emissions from animal housing and manure storage system, from manure excreted by
grazing animals and from manure and fertilizer application to soils (see Figure S2.1). The soil
N surplus (N inputs minus the sum of N ofttake, N emission and N surface runoff) is either
leached under the root zone (fle) or denitrified (1-fle). Leached N is divided over sub-surface
runoff (fro) and leaching to (deep) groundwater (1-fro). All N transformation processes

(emissions, offtake, leaching and runoft) are linear functions of N input.

N loss fractions are generally a function of the type of N management, climate, land use,
soil and/or slope (Table 2.1). More specifically, NH; emission fractions vary per fertilizer
type, animal category (mainly cattle, pig and poultry) and manure type (solid or liquid);
see Supplementary Text S2.2.1 for details. Emission fractions for N,O and runoff and

leaching fractions are a function of land use (grassland, arable land), climate (precipitation,
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temperature), slope and soil texture and/or soil organic carbon (SOC); see Supplementary
Text S2.2.2 for details. Soil properties were derived from the joint WISE, SPADE 1 and
EFSDB databases, which contain data from approximately 3,600 soil profiles. Soil properties
at NCU level were derived with a multivariate regression kriging model accounting for the
spatial structure of the soil properties and their dependency on explanatory variables such as

soil type and land cover (Heuvelink et al., 2016).

2.2.2. Calculation of critical nitrogen losses and inputs
Critical N inputs and N losses in view of thresholds for environmental impacts were derived

in three steps (Figure 2.3):
1. Identification of critical limits for indicators related to environmental impacts of N,
2. Calculation of critical N losses to air and water from critical limits,
3. Calculation of critical N inputs to agriculture from critical N losses.

Critical N inputs and losses were calculated for three critical limits: (i) atmospheric N
deposition levels onto terrestrial ecosystems (critical loads) to limit biodiversity loss; (ii) N
concentrations in runoff to surface water to limit eutrophication and (iii) NO; concentration
in leachate to groundwater to meet drinking water standards related to human health impacts
(Figure 2.3). The assessment of critical N inputs did not include (i) impacts of N,O emissions
on climate change and (ii) air quality impacts from particulate matter (PM) formation caused
by NH; emissions. For both impacts, deriving limits for agricultural emissions is somewhat
arbitrary as other pollutants are the main contributors, and ‘critical’ levels for N,O in view of
climate change or NH; in view of PM formation are thus not given in legislation or literature.
The contribution of NH; to PM formation also varies in time and space and depends on local
meteorological conditions, and an assessment would thus require detailed air quality models
that capture these processes. Regarding nitrogen's impact on climate change, at the European
level the cooling effect due to additional CO, sequestration resulting from deposition of
agricultural NH; emissions onto forests largely offsets the warming effect of N,O (De Vries et
al,, 2011a), though the magnitude of N-induced CO, sequestration is much more uncertain

than the magnitude N,O emissions.

Details on the approach to derive critical limits for N indicators and to calculate critical losses
and inputs from these limits are presented in the following sections; an overview of central

data and assumptions is shown in Table 2.2.
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Figure 2.3 | Schematic overview of steps for calculation of critical N inputs to respect thresholds for
three nitrogen impacts (a, terrestrial biodiversity loss, b, surface water eutrophication and c, nitrate
pollution of drinking water). Steps are (I) derive indicators for critical limits in the environment to avoid
impacts, (2) derive related critical N losses from agriculture and (3) derive associated critical N inputs to
agriculture. White boxes show variables used in each step of the calculations.

Critical limits for nitrogen indicators and related critical nitrogen losses

Critical ammonia emissions in view of nutrient enrichment of terrestrial ecosystems (biodiversity
effects)

Nitrogen deposition onto terrestrial ecosystems causes nutrient enrichment and shifts in
plant species composition, resulting in biodiversity decline. Ecosystems differ strongly in
their sensitivity to N deposition. To account for these differences, critical loads are derived
for different ecosystem types. Critical loads are defined as N deposition rates below which

risks for adverse effects on biodiversity are low.

Countries in Europe use different approaches to derive critical N loads, such as empirical
values (e.g., Bobbink et al., 2003) or model calculations (e.g., De Vries et al., 2007), each with
its own advantages and drawbacks (see De Vries et al., 2010). Spatially explicit critical N loads
for Europe reported by countries have been presented in various papers (e.g., Hettelingh et
al., 2014, 2015a), but as approaches vary between countries, differences in critical loads do
not only reflect variation in ecosystems' sensitivity to N but also differences in methodology

(as demonstrated by abrupt changes in critical loads at country borders).

Rather than using the country estimates, we derived critical N loads for Europe with a
consistent model-based approach, based on a critical N concentration in soil solution. A
critical concentration of 3 mg N 1" was used for forests and 3.5 mg N I"! for semi-natural
vegetation, which are values that indicate risks for vegetation shifts (De Vries et al., 2007).

Input data included data on land cover (Slootweg et al., 2005), soil type (from the European
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Table 2.2 |

Overview of data and assumptions that were used to calculate critical nitrogen losses

and related critical nitrogen inputs from defined critical limits for nitrogen indicators for impacts on
terrestrial biodiversity, surface water eutrophication and drinking water quality.

N indicators
& used critical
limits

Data affecting critical N loss
calculations

Important assumptions

Remarks on

relation between
indicator and risk

Critical N
deposition rates
onto terrestrial
ecosystems to
avoid biodiversity
loss

Critical N
concentration in
surface waters to
avoid eutrophi-
cation

Ceritical nitrate
concentration in
groundwater to
avoid exceeding
EU drinking
water norm

Critical NH; emissions from agri-
culture, based on (see Eq.2.1):

« Critical deposition threshold
(ecosystem-dependent critical
loads, from De Vries et al. 2007
and Hettelingh et al. 2014)

« Contribution of NHjs to total
(NH; + NO,) deposition

* Share of agricultural land
within a region

Critical N runoff from agricul-
ture, based on (see Eq. 2):

« Critical N concentration in
runoff =25 mg N I!

* Water volume of runoff

* N concentration in runoff from
natural land = 0.5 mg N I

* Share of agricultural runoff in

total runoff within a region
Critical N leaching from agricul-
ture, based on (see Eq. 3):

« Critical N concentration in
leachate = 1.3 mg NOs-N I

* Water volume of leaching

* Risk is related to the average critical
N deposition level in a NUTS region

* For each NCU within a NUTS
region, the NH3 emission, should
not cause exceedance of the NUTS
average critical N deposition level.

NOy emissions reduced proportion-
ally with agricultural NH; emissions

* N emission equals N deposition
within a NUTS region i.e. no trans-
port of emitted N across NUTS (see
Eq.52.3.19)

* Homogenous deposition rates
within a region (see Eq. $2.3.18)

N concentration in runoff as a proxy
for N concentration in surface water:

* N load from non-agricultural sources
not considered

* N removal / retention within surface
water not considered

N concentration in leachate as a proxy
for N concentration in groundwater:

* Effects of N accumulation and/
or N removal in groundwater not
considered

* Effects of lateral flow from neigh-
bouring regions not considered

Risk also depend
on the presence
of vulnerable

/ protected
ecosystems within
a NUTS region

Eutrophication
risk also depends
on phosphorus
load

Critical
concentrations
vary depending on
the type of water
body (e.g., Poikane
etal,2019)

Not all ground-
water is used for
drinking water

Soil Database v2; JRC, 2006) and climate (Mitchell et al., 2004). Only in high-rainfall areas
where our model-based approach lead to implausibly high critical N loads, we used critical N
loads from Hettelingh et al. (2014). Derived critical N loads follow a similar pattern as those
published in Hettelingh et al. (2014) but do not show abrupt changes at country borders.
Critical N loads were calculated for more than 500,000 polygons and then aggregated by

calculating area-weighted mean critical N loads at NUTS 3 resolution.

Critical levels of agricultural NH; emission for each NCU were derived from average critical
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N deposition rates (i.e., critical loads) in the NUTS 3 region in which the NCU is located,
accounting for dilution of agricultural NH; emissions and the contribution of NH; to total
N (NH; + NO,) deposition. We assumed that (i) all NH; emitted in a NUTS 3 region is also
deposited in the same NUTS region, (ii) N deposition rates on agricultural land and natural
land are similar (see Figure S2.3) and (iii) the contribution of NHj to total N (NH; plus NO,)
deposition remains constant (see also Table 2.2). Critical agricultural NH; emissions are thus
calculated as (see Supplementary Text $2.3.1 for details):

NH3emcriry = Ndepiot(crit) * ffNTI;B (Eq. 2.1)
Where:

NH3emiy = NHj; emissions leading to critical N deposition (‘critical NH; emission’) (kg N ha™
yr)

Ndepiry = area-weighted average critical N load at NUTS 3 level (kg N ha' yr)

S = fraction NH; in total N (NO,+NHj3) deposition (-)

fag = fraction agricultural land, i.e., the agricultural area divided by the total land area in
an NCU (-)

Critical nitrogen runoff in view of eutrophication of surface water (biodiversity and food chain effects)
Increased N concentrations in surface water lead to eutrophication, characterized by
excessive plant and algal growth and oxygen depletion, which negatively affects surface water
quality and aquatic biodiversity. Critical concentrations for dissolved total N in surface water
indicating eutrophication risk range between 1.0 and 2.5 mg N I"'. This range is based on
(i) an extensive study on the ecological and toxicological effects of inorganic N pollution
(Camargo and Alonso, 2006), (ii) an overview of maximum allowable N concentrations in
surface waters in national surface water quality standards (Liu et al., 2012), (iii) different
European objectives for N loads (Laane, 2005), and (iv) critical limits for total dissolved N
concentration in surface waters discharging into the North Sea and the Baltic Sea (Kunkel
et al.,, 2017). For this study, we used the less restrictive limit of 2.5 mg N I"! in line with
Mekonnen and Hoekstra (2015), who used a similar acceptable concentration in their

assessment of N water footprints.

As a proxy for N concentration in surface water, we used N concentration in runoff to surface
water (see also Table 2.2). Critical N concentration in agricultural runoft was derived from
the critical N concentration of 2.5 mg N 1! for total runoff, accounting for dilution with runoff
from non-agricultural land (Eq. 2.2a, see Supplementary Text S2.3.2 for the derivation). We

used an average value of 0.5 mg N I"' for N concentration in runoff from non-agricultural
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land, based on measurements of nitrate concentration in seepage water from >500 temperate
forest sites in Europe from the 1990s (Gundersen et al., 2006). On the basis of data from 128
forested plots, De Vries et al. (2007) calculated a median N output near 1 kg N ha! yr', which
equals an N concentration of 0.5 mg N 1, assuming a median precipitation surplus of 200

mm yr'.

Critical N runoff rates from agriculture were calculated by multiplying the critical N

concentration in agricultural runoff with the precipitation surplus, multiplied with runoft

fractions:
[N]water(cri _(1_f )*[N]

[N]ag(crit) = apertery fag X e (Eq 2.2a)

Nosw(criey = [N]ag(crit) * PS* (for + (1 = for) * fro) * CFep (Eq 2.2b)
Where:

[N]ageriy = Critical N concentration in agricultural runoff (mg N 1)

[N]waereriv =  Critical N concentration in surface water (mg N 1)

[N]uag = N concentration in runoff from non-agricultural land (mg N I'")

Nawerit = Critical N runoff to surface water (kg N ha! yr?)

PS = Precipitation surplus (m*> m?yr?)

for = Surface runoff fraction, see Table 2.1 (-)

fo = Sub-surface runoff fraction, see Table 2.1 (-)

cFy = Conversion factor from mg N 1" to kg N ha' / (m* m?), i.e. 10

Precipitation surplus was estimated as the difference between long-term (1960-1990)
average annual precipitation and evapotranspiration, also accounting for irrigation water
supply and requirement, based on Keuskamp et al. (2012). Total precipitation surplus was
divided over surface runoff, subsurface runoff (interflow through the shallow system) and
leaching (base flow through the deep system; Keuskamp et al., 2012). As with N runoff (see
Table 2.1), surface runoft fractions were derived as a function of slope, land use and soil type
(see further Keuskamp et al., 2012; Velthof et al., 2009). Subsurface runoff (interflow) was
assumed to occur in areas < 5 m above sea level and in grid cells containing natural surface
waters (Keuskamp et al., 2012), using data from the CCM2 River and Catchment database
(De Jager and Vogt, 2007). In other areas, precipitation surplus minus surface runoff was
assumed be leaching to groundwater. To avoid extremely low critical N inputs, we set the
minimum runoff to 10% of the rainfall (lowest value near 50 mm yr' occurring in the semi-
arid regions in the Southern and Eastern part of the EU) based on Haddeland et al. (2006).
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Critical nitrate/nitrogen leaching to groundwater in view of health effects

High NO; concentrations in drinking water are harmful to human health (Ward et al., 2018).
The critical NO; concentration in groundwater was set to the WHO drinking water limit
of 50 mg NO; I'' or 11.3 mg NO;-N I'!, which is also the threshold stated in the EU Nitrates
Directive (EC, 1991). This limit is based on epidemiological evidence for methemoglobinemia
in infants (WHO, 2011). As a proxy for NO; concentration in groundwater itself, we used the
concentration in water leached to groundwater as the critical limit. As with runoff, critical N
leaching rates from agriculture were calculated by multiplying the critical N concentration
in leachate to groundwater with the share of precipitation surplus leached to groundwater as

(see Table 2.2 for assumptions made and Supplementary Text S2.3.3 for details):

Ngw(crit) = [N03]gw(crit) * PS * (1 - fsr) * (1 - fro) * CFCNO3 (Eq 2.3)
Where:

Noweerin = Ciritical N leaching flux towards groundwater (kg N ha yr)

[NO3]yueriy = Critical nitrate concentration in leaching flux towards groundwater (mg NO; 1)

cFnos = Conversion factor from mg NO;1" to kg N ha! / (m® m?), i.e. (14/62)*10

Calculation of critical nitrogen inputs

Total critical N inputs were calculated from either critical NH; emissions, critical N runoft
to surface water or critical N leaching to groundwater (see Figure 2.3). A full mathematical
description of all steps to calculate critical N inputs is provided in Supplementary Text S2.3.
For the calculation of critical inputs, we lumped BNF and N fertilizer as well as N biosolids
and N excretion, assuming that the NUE of BNF is equal to N fertilizer and the NUE of N
biosolids is equal to N manure (Figure S2.2). Inputs from N deposition were assumed to be
a function of NH; emissions, and inputs from N mineralisation (only on peat soils) were
assumed constant (unaffected by changing N inputs). We further assumed that the relative
contribution of fertilizer plus BNF to total farmer-managed inputs (i.e., the sum of fertilizer,

BNE manure and biosolids) remains constant (at its 2010 value; see Eq. S2.3.2).

All fractions (uptake, emission, runoff and leaching) were assumed to remain constant (2010
values). We assumed that there is no accumulation of N in the soil, and that thus the sum of
critical N inputs (Eq. 2.4) equals the sum of N offtake and N losses (Eq. 2.5).

Nin(crit) = Nfe+fix(crit) + Nex+bs(crit) + Ndep(crit) + Nmin (Eq 2-4)

Nin(crit) = Noff(crit) + Nde(crit) + Nem(crit) + Nsw(crit) + Ngw(crit) (Eq 2-5)

29




Where:

Nin(erio = Critical N inputs (kg N ha! yr?)

Nesineiy =  Critical N inputs from fertilizers and biological N fixation (kg N ha yr')
Newbseip = Critical N inputs from manure and biosolids (kg N ha! yr)

Naeperi = N deposition at critical inputs (kg N ha' yr)

Ninin = N inputs from mineralisation (only on peat soils) (kg N ha' yr')

Nofiterity = N crop offtake (removal by harvest) at critical N input (kg N ha' yr')
Naeerity = N denitrification at critical N input (kg N ha! yr?)

Nem(erity = Critical N (NH;, N,O and NOj) emissions (kg N ha! yr?)

Nw(erit) = Critical N runoff (surface + sub-surface) to surface water (kg N ha! yr')
Niw(eriy = Ciritical N leaching to groundwater (kg N ha! yr')

Peatlands where calculated critical inputs were negative because net N mineralisation alone
led to runoft that exceeded critical limits (accounting for ca. 1% of the total agricultural area)
were excluded from the results. In areas where thresholds for NH; emissions, N runoff or
N leaching are not exceeded, critical N inputs can be higher than actual N inputs but were
constrained by a maximum value, defined as the N input at which the maximum crop N
content (Table S2.3) is reached.

2.3. Results

2.3.1. Actual nitrogen inputs, offtake and losses

Nitrogen inputs, offtake and losses vary strongly across Europe (Figure 2.4). On average, 145
kg N ha' is added to European soils each year (Table 2.3). Most N comes from fertilizer,
followed by manure deposition and BNF, and minor contributions from mineralization
and biosolids (Table 2.3). In high-input regions, such as the Netherlands and Belgium, total
N input rates exceed 300 kg N ha! yr! (Figure 2.4a). High input rates (between 200 and
300 kg N ha! yr') also occur in Ireland, Brittany in France, Northern Italy, Western UK,
parts of Denmark and most of Germany. These areas are generally characterized by high
livestock densities and thus high manure input (data not shown), which also leads to high
NH; emissions (Figure 2.4d). In contrast, N input rates in Spain, Romania, Baltic countries,

southern Italy and Greece are often below 100 or even below 50 kg N ha! yr.

The average crop N offtake in the EU for the year 2010 is 92 kg N ha' yr', which implies
an average NUE (defined as the ratio between crop offtake and total N input) of 0.63 and
an N surplus (defined as input minus ofttake) of 53 kg N ha! y' (Table 2.3). Overall, spatial
variations in N offtake (Figure 2.4b), surplus (Figure 2.4c) and losses (Figures 2.4d-f) follow
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N input [kg N ha! yr] N offtake [kg N ha' yr] N surplus [kg N ha' yr']
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Figure 2.4 | Spatial variation in different terms of the actual (year 2010) N balance for all agricultural
land in the EU at NCU level. a, Actual total N input (external N input plus net N mineralisation), b, N
offtake, ¢, N surplus (total N input minus N offtake), d, NH3-N emissions, e, N runoff to surface water
and f, N leaching to groundwater.

similar patterns as N inputs, with some notable differences. Across most of Poland, for
example, N input rates (100-200 kg N ha yr') are close to the European average (145 kg N
ha' yr') but N offtake rates are low (50-75 kg N ha yr, compared to EU average of 92 kg
N ha yr'). The low NUE (country average <0.5) in Poland thus leads to an above-average
N surplus (75-120 kg N ha! yr'). Central France, on the other hand, is characterized by
average N input rates but above-average N offtake and thus a relatively low surplus (Figure
2.4). Ireland and the UK are regions with high inputs, but comparatively low surpluses, due
to high NUEs. Despite moderate N inputs, leaching is high in most of Poland (Figure 2.4f),
due to a combination of high N surplus (Figure 2.4c) and high leaching fractions (data not

31



shown). For Germany and Italy, NH; emissions are concentrated in specific regions (Lower
Saxony for Germany and the Po Valley for Italy, both regions with very high livestock
densities; Figure 2.4d), while N runoft rates in these countries show much less spatial

variation (Figure 2.4e).

Average N budgets for different soil types (Table 2.3) illustrate differences in N loss processes
reflected in INTEGRATOR. Average NUE decreases from clay soils (0.64) to sandy soils
(0.61) to peat soils (0.55). The denitrification rate (fraction of N surplus transformed to N2)
is highest for wet soils, and thus despite having the lowest NUE, peat soils also have the lowest
share of N inputs lost to water (0.03), followed by clay soils (0.10) and sandy soils (0.16).

Table 2.3 | Average actual (year 2010) N budgets per soil type, and derived average N surplus, N use
efficiency and N loss fraction to water for sandy soils, clay soils, peat soils. Results shown are for all
agricultural land (cropland and grassland) in the EU for the year 2010.

N budget EU (kg N ha' yr')

All soils Clay soils Sandy soils Peat soils
Share of agricultural area 100% 82% 17% 1%
N inputs
Fertilizer 72 72 73 48
Biological N fixation 7 7 7 6
Excretion 54 51 67 98
Biosolids | | | |
Deposition 10 10 12 13
Mineralisation' | 0 0 92
Total N input 145 141 160 256
N output from land
Crop offtake? 92 91 97 140
Air emission (NH3, N,O, NO,) 19 18 23 29
Denitrification 17 17 14 78
Runoff to surface water 8 8 5 6
Leaching to groundwater 9 6 21 3
Total N output 145 141 160 256
N surplus® 53 50 63 116
N use efficiency* 0.63 0.64 0.61 0.55
N loss fraction to water® 0.11 0.10 0.16 0.03

' Organic N pool changes are only included for drained peat soils, where mineralisation rates are high. Because peat soils
account for only 1% of the agricultural area, the average N mineralisation rate across all soil types is low.

2 Crop offtake refers to the net removal (crop or grass) from agricultural land.
? Calculated as total N input minus crop offtake.
*# Calculated as the N offtake (crop N removal) divided by the total N input.

$ Calculated as the N runoff plus leaching divided by total N inputs
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2.3.2. Critical nitrogen inputs and losses and their exceedances

Spatial variation in critical nitrogen losses and nitrogen inputs

Critical N losses and associated critical N inputs and exceedances by current losses and inputs
vary strongly across the EU, and between different impacts (Figure 2.5). Variation in critical
NH; emissions in view of biodiversity impacts are mainly driven by variation in critical loads
(i.e., ecosystems’ sensitivity to N deposition), and to a smaller extent by variation in the share
of agricultural area and the contribution of NO, to N deposition. Critical NH; emissions
are lowest in Spain, Italy, Romania, Bulgaria and Greece (0-5 kg N ha! yr', Figure 2.5a). In
Spain and Greece, this is mainly due to low N deposition thresholds (< 7 kg N ha yr', data
not shown), while a high contribution of NO, to N emissions (especially in Italy where NO;
contributes >50%, data not shown) and a high share of agricultural land (especially Romania)
further reduce critical NH; emissions (cf. Eq. 2.1). Some regions, such as the UK and Central/
Northern France, display relatively high critical N inputs (Figure 2.5b) despite relatively low
critical NH; emissions (Figure 2.5a), indicating low average NH; emission fractions in these
regions. The largest exceedances of critical N inputs by actual inputs occur in regions with
high N manure inputs and/or low critical NH; emissions (Figure 2.5c). Despite relatively
high critical N inputs in the Netherlands, Belgium and Eastern Germany (150-200 kg N
ha' yr'), owing to higher critical loads, high actual inputs in these regions (Figure 2.4a) still
exceed critical inputs by > 100 kg N ha yr' (Figure 2.5¢).

Variation in critical N runoff and leaching are mainly driven by variation in precipitation
surplus, land use, soil type and slope. Critical N runoff and leaching rates are low (<2.5 kg
N ha yr') in Spain, Portugal, Italy and Greece (Figure 2.5d, g), because low runoff in these
areas leads to limited dilution of agricultural N losses. Critical N runoff rates are usually
lower than critical N leaching rates (Figure 2.5d, g), especially in Denmark, the Netherlands
and North-West Germany, where critical leaching rates often exceed critical runoft rates
by a factor 10. This is due to two reasons: first, shares of agricultural land in these regions
are high, leading to limited dilution of agricultural with non-agricultural runoff and thus a
lower critical N runoff (cf. Eq. 2.2a). Second, in these flat and low-lying areas a larger share of
precipitation surplus is allocated to base flow to groundwater rather than interflow to surface
water (i.e., surface and sub-surface runoff fractions are low, cf. Eq. 2.2a), leading to more

dilution of N leaching below the rooting zone and thus higher critical N leaching.

Low critical N runoft and N leaching generally also imply low critical N inputs for the surface
water and groundwater criteria (Figure 2.5e, h), but not always. For example, across large
areas of Ireland, critical N input rates exceed 200 kg N ha yr! despite low critical runoft

and leaching rates of 0-10 kg N ha™ yr'. This can be explained by a high share of grasslands
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in Ireland, with higher denitrification and lower N losses to water compared to arable land.
While critical N inputs for the surface water criterion are lowest in South-Eastern Europe
(Figure 2.5e), the highest exceedances occur in North-Western Europe (Figure 2.5f),
because actual inputs in these regions are much higher (Figure 2.4a). Critical N inputs for
both the groundwater criterion (Figure 2.5h) and the surface water criterion (Figure 2.5¢)
show a decreasing trend from Northern to Southern Europe, mainly driven by a decrease in
precipitation surplus. Due to the more stringent critical N concentration for runoff to surface
water (2.5 mg N I"') compared to leachate to groundwater (11.6 mg N 1*), the surface water
criterion is almost always more stringent, i.e., critical N inputs are lower for the surface water
threshold than for the groundwater threshold on ~95% of the agricultural area (Figure 2.5e,
h).

Aggregated critical N losses and inputs at EU- and country-level

Actual N inputs and losses exceed critical N inputs and losses for at least one of the three
impacts on most of the agricultural area in the EU. The share of agricultural area where
critical N losses are exceeded is highest for N runoff to surface water (74%), followed by NH,
emissions (66%) and lowest for N leaching to groundwater (18%) (Table 2.4). For grassland
and fodder crops, the highest exceedances occur for NH; emissions (Table 2.4), due to both
higher average manure inputs (with high NH; emission fractions) to grassland and fodder

crops, as well as lower runoff and leaching fractions (higher denitrification) in grassland.

Based on the derived spatially explicit critical N inputs, boundaries for N inputs and losses
were derived at country- and EU-level. Figure 2.6 shows mean actual and critical N inputs to
agriculture as well as mean actual and critical crop N offtake and N losses from agriculture
for the EU (detailed N budgets are given in Table S2.4, whereas critical inputs differentiated
by land use type are shown in Figure S2.4). Complying with thresholds for N runoft to surface
water requires the highest reductions in N inputs (43%), followed by thresholds for NH,
emissions (31%, Figure 2.6a). Average critical N inputs related to thresholds for N leaching
to groundwater (147 kg N ha! yr') are 1% higher than actual N inputs, which means that
on average, increases in N inputs in areas where thresholds are not exceeded are higher than

needed reductions in areas where thresholds are exceeded.

Comparing actual N budgets to critical N budgets reveals a few interesting things. For all
impacts, relative reductions needed to respect thresholds are higher for N losses than for
N inputs (Figure 2.6 & Figure S2.5). In order to respect thresholds for N runoft to surface
water, for example, N runoft needs to decrease by 50% (from 8 to 4 kg N ha™ yr!, Table S2.4)
while N inputs need to decrease by 43% (from 145 to 83 kg N ha! yr, Table S2.4 & Figure

2.6). This implies that on average, higher reductions in N losses are required in areas with
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Critical N loss [kg N ha™' yr'] Critical N input [kg N ha' yr'] Exceedance of critical N input [kg N ha! yr']
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Figure 2.5 | Spatial variation in critical N losses (left), critical N inputs (middle) and exceedance
of critical by actual (year 2010) N inputs (right) in view of a—c, critical N deposition rates to avoid
terrestrial biodiversity loss, d—f, critical N runoff to surface water to avoid eutrophication and g—i,
critical N leaching to groundwater to avoid exceedance of nitrate thresholds in drinking water.
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lower NUEs. While required reductions in N inputs are larger for the surface water threshold
than for the NH; emission / deposition threshold, associated reductions in N emissions are
similar in both cases (36 vs. 38%, Figure S2.5). This shows that needed N input reductions
to respect deposition thresholds are especially high in areas with disproportionately high
air emission fractions. For all thresholds, required reductions in manure inputs are higher
than required reductions in fertilizer inputs, with the difference being especially pronounced
for the deposition threshold (requiring a 48% reduction in manure inputs compared to a
20% reduction in fertilizer inputs, see Figures 2.6 & S2.5), due to the higher NH; emission

fraction of manure compared to fertilizer.

Figure 2.7 and Tables S2.5 and S2.6 show derived boundaries for N inputs and their
exceedances at the country level. On average, actual N inputs exceed critical N inputs for the
surface water and the N deposition criteria in almost all countries (Figure 2.7a,b). The lowest
critical N inputs in view of biodiversity impacts of N deposition (<70 kg N ha yr) are found
in Italy, Portugal, Romania and Slovakia (Figure 2.7 and Table S2.6). In these countries, low
critical loads are combined with high NH; emission fractions. The lowest critical N inputs in
view of surface water quality (< 50 kg N ha' yr') are found in Southern European countries
with low precipitation surplus (Spain, Greece, Bulgaria) as well as countries with a low NUE
(Poland). In order to respect thresholds for N runoft to surface water, country-level N inputs
need to be reduced between 2% (Estonia) and 74% (the Netherlands, Table S2.6). For the
groundwater criterion, actual N inputs exceed critical N inputs in only 9 countries, and
exceedances are usually low (<20%) except in Belgium, the Netherlands and Poland (Table
S2.6).

2.4. Discussion

2.4.1. Uncertainty in spatial variation of nitrogen inputs and losses

Uncertainty in the calculated spatial variation in actual N inputs and N losses is determined
by the uncertainty in input data and model assumptions, as discussed below. Uncertainty can
be assessed by comparing model outputs with independent estimates or measurements, as
done below for N fertilizer inputs and N losses (NH; emissions, N runoff and N leaching).

Uncertainty in spatial variation of N ofttake and NUE is discussed in Chapter 3.

Crop-specific nitrogen fertilizer inputs

Average country-level N fertilizer input rates for major crops as derived with INTEGRATOR
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Table 2.4 | Percentage of area where actual (year 2010) N inputs exceed critical N inputs in view of

critical NH; emissions to air, critical N runoff to surface water and critical N leaching to groundwater,
separated by land use type.

Critical N loss All agriculture Arable Fodder Grassland
NH; emissions to air 66% 62% 71% 72%
Runoff to surface water 74% 88% 64% 45%
Leaching to groundwater 18% 22% 6% 14%
a 175 b 175 50
150 145 147 (+1%) 150 53 (-6%)
T T
> 125 S 125 35
© 100 (-31%) & (-35%) 26
<
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Figure 2.6 | Average actual (year 2010) and critical a, N inputs and b, N output for all agricultural land
in the EU. In a, numbers above bars show total N inputs in kg N ha'' yr', in b, numbers above bars show
total N losses, while numbers for N offtake are shown within bars (both in kg N ha' yr'). Percentages
show difference between actual and critical N inputs, losses or offtake.

a. NH, emission threshold b. N surface water runoff threshold c. N groundwater leaching threshold
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Figure 2.7 | Exceedance of critical N inputs in view of three impacts by actual (year 2010) N inputs,
aggregated at country level. Wedges show total actual N inputs (in kg N ha' yr') per country, green
indicates the critical N input and red the exceedance of actual N inputs by critical N inputs.
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were compared to data from Fertilizers Europe, which are mainly based on expert judgment
(Figure S2.6). On average, estimates compare reasonably well for grain crops (despite large
variation for individual countries), while INTEGRATOR estimates structurally higher
inputs for sugar beet and sunflower/soy/linseed, and lower inputs for oilseed rape. Results
for potato, sugar beet and grain maize show large scatter. These crops receive relatively high
amounts of manure, of which the amount and availability is relatively uncertain. However,
the relative importance of these crops (in terms of area) is also much lower than for grain
crops. Crop areas used by INTEGRATOR and Fertilizers Europe for the various crops are
quite comparable and thus do not explain differences in N input rates (data not shown).
However, expert estimates for crop-specific fertilizer inputs by Fertilizers Europe are also

associated with considerable uncertainties.

Nitrogen losses (ammonia emissions and nitrogen runoff and leaching)

Uncertainties related to empirical approaches

Nitrogen losses in INTEGRATOR (e.g., NH; emissions, N runoff and N leaching) are
estimated using empirical fractions (export coefficients), which are functions of agricultural
practices and site factors. Such empirical approaches have been widely used to model
N emissions (e.g., Amann et al., 2011; van Grinsven et al., 2015a) and cropland N runoff
and leaching (e.g., Liu et al., 2010b; Wang et al., 2014). Ammonia emissions are affected by
housing and manure storage types, manure properties such as slurry dry matter content and
pH, manure application technique, meteorological conditions such as air temperature and
precipitation, and soil properties such as texture (e.g., Ge et al., 2020; Hafner et al., 2019).
Nitrogen runoff and leaching are affected by topography, land cover, climate, soil properties
and agricultural management (e.g., Zhang et al.,, 2016). Several of these site factors are
considered in deriving emission, runoft and leaching fractions in INTEGRATOR (see Section
2.2.1 and Supplementary Text S2.2.1 & S2.2.2 for details). With respect to NH; emission,
regional information on housing and manure storage types, manure properties and manure
application techniques is unfortunately missing and annual emission fractions are thus
averaged based on national data on housing types and application techniques. Regarding N
runoff and leaching, however, INTEGRATOR accounts for variation in e.g. slope class, land
use, precipitation surplus, soil type or soil organic carbon content, precipitation surplus and
temperature, based on Velthof et al. (2009).

An assessment of uncertainty propagation in INTEGRATOR using Monte Carlo analysis
(Kros et al., 2012) showed that uncertainties related to estimates of N leaching and runoff
(relative errors of ~19% at EU level) were larger than for emissions of NH;, N,O and NO,

(relative errors of ~12% at EU level). Uncertainties at EU level were much smaller than at the
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country-level, as errors canceled out due to spatial aggregation. At the country level, relative
errors ranged from 13 to 34% for NH; emissions, from 17 to 68% for N runoff and from 17 to
74% for N leaching, while relative errors at NCU level showed even wider ranges (see Tables
6 & 7 in Kros et al., 2012).

Modelling approaches based on linear functions, such as INTEGRATOR, have been criticized
as field observations regularly find non-linear responses of N losses to changing N inputs
or environmental parameters (e.g., Hou et al., 2016; Kim et al., 2013; Schaefer and Alber,
2007; Sobota et al., 2009). For example, an empirical model for N leaching based on NO5
concentration measurements at 51 sites across China showed a convex relationship between
leaching rate and N input for most crop types, with variation in air temperature and soil
organic carbon explaining most of the spatial variation (Gao et al., 2016). In INTEGRATOR,
N leaching is calculated as a linear function of N surplus (rather than of N inputs), thus

accounting for a convex relationship between N input and N leaching.

Comparison with other models and national statistics

A detailed comparison of INTEGRATOR results with other models of land N budgets in
European agriculture shows that NH; emissions estimates are quite comparable across
models, while estimates for N runoff and leaching can vary by a factor two at EU level (De
Vries et al., 2011b). The study also showed that these differences are mainly affected by

differences in estimated manure inputs.

Country-level NH; emissions from housing and from fertilizer and manure application
estimated by INTEGRATOR compare well with emission data submitted by the Parties to the
LRTAP Convention to the EMEP programme (Figure S2.7). Total agricultural NH; emission
from INTEGRATOR (2.5 Tg N yr') are 11% lower than those reported to EMEP (2.9 Tg N
yr!) for the year 2010. This difference is mainly caused by systematically lower NH; emissions
from manure storage and housing systems in INTEGRATOR compared to EMEP (1.1 vs. 1.5
Tg N yr'). Lower total NH; emissions in INTEGRATOR may lead to an underestimation of
the exceedance of critical NH; emissions, but the EMEP emission estimates are uncertain as

well.

Comparison with measurements

Most insight in model uncertainty is derived from comparing model results to measured
spatial data, based on, e.g., detailed national field surveys. Such studies have been performed
with INTEGRATOR by using more detailed national information on N inputs and comparing

model outputs with observations for NH; in air (Ge et al., 2020) and for NO; concentrations
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in groundwater and N concentrations in surface water (Kros et al., 2018). For example,
INTEGRATOR has been used to model NH; emissions for Germany and Benelux at hourly
time-scales, accounting for timing of manure application and sub-annual variation in rainfall
and temperature (Ge et al., 2020). Results were combined with an atmospheric transport
model to derive NH; concentrations, which were compared with observations from ground
measurements and satellite data. Results showed a reasonable correlation between modelled
and observed concentrations, although comparison with satellite measurements showed
that the model overestimated NH; total columns in southern Germany and underestimated
total columns in northern Germany (Ge et al., 2020). Kros et al. (2018) showed that spatial
distribution of manure distribution and N losses (e.g., NO; leaching) for Denmark were
closer to observed distributions when using detailed national statistics rather than Eurostat
data. For effective support of environmental policymaking, it would thus be of great help
when Member States both collect and submit high spatial resolution agricultural data to
Eurostat (Kros et al., 2018).

Comparing modelled NO; concentrations in leachate to groundwater to measured
groundwater NO; concentrations reported under the Nitrates Directive for the years 2008-
2011 (EC, 2013) shows that overall, values compare quite well (Figure S2.8). For individual
countries, however, differences are large: in the Netherlands, Belgium, Denmark and Poland,
predicted groundwater N concentrations are much higher than observed, while the reverse
is true for Germany. For N concentrations in runoft to surface water, values predicted by
INTEGRATOR tend to be higher than measured N concentrations in surface water (EC,
2013; data not shown). This implies that we may have overestimated the necessary reductions

in N inputs to protect surface water quality.

Differences in measured and modelled concentrations can occur due to several reasons.
First, measured concentrations are reported as ‘share of sampling points’ falling into different
concentration classes (see Figure S2.8). Comparing these values to the share of total area
where different concentrations are predicted by INTEGRATOR is only valid if sampling
points are distributed homogeneously, which is not the case, as sampling sites are often
concentrated in Nitrate Vulnerable Zones. Ideally, N concentrations at sampling locations
should be compared to N concentrations modelled by INTEGRATOR for the same locations,
however, data for individual sampling sites is not publicly available. Second, we used N
concentrations in water fluxes (runoff to surface water and water leaching from the root zone
to groundwater) as surrogates for N concentrations in water reservoirs (surface water and
groundwater), thus neglecting the role of N accumulation over time, N delivery from upstream
or via lateral transport, and N removal by denitrification and sedimentation. For surface

water, we also did not consider additional N load from point sources, such as wastewater.
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On average, neglecting N load from point sources (leading to higher concentrations) and
N removal processes (leading to lower concentrations) was assumed to cancel out, however,
this assumption leads to large uncertainty in calculated N concentrations and associated
critical N inputs at regional scales. An improvement of the approach may be expected if site-
specific data on measured N concentrations in ground- and surface water at EU level could
be used to develop a data-driven upscaling model (see e.g., Gao et al., 2016; Hou et al., 2018;
who developed such approaches for China), but the necessary data are currently not available

(see above).

2.4.2. Uncertainty in spatial variation of critical nitrogen inputs and losses
The reliability of critical N inputs and critical N losses is especially affected by the critical

limits used and the assumptions made in the various calculations.

Critical ammonia emissions

Critical N loads for terrestrial ecosystems used in this study are derived from critical N
concentrations in soil solution related to risks for plant species diversity decline in forests
and semi-natural vegetation (see Section 2.2.2). Resulting critical loads are comparable
to empirical critical loads based on observed plant species diversity shifts in response to
experimental N addition (Hettelingh et al., 2014).

Calculations of critical NH; emissions from critical N loads further assume that N deposition
rates on agricultural land and natural land are similar, which is substantiated by data (see
Figure $2.3), and that the contribution of NH; to total N deposition stays constant, implying
that NO; emissions are reduced in the same proportion as NH;. Achieving targets for NH,
and NO; in the National Emission Ceilings (NEC) Directive on average requires larger
reductions for NOy than for NH;. However, in regions with high NH; emissions it is likely
that NECs for NH; will be lowered in the future. For example, the Netherlands aims to reduce
both NH; and NO, emissions by 50% in 2035 as compared to 2019, which would reduce N
deposition to below critical loads on 75% of the area with N-sensitive habitats (Adviescollege
Stikstofproblematiek, 2020).

Another assumption is that NH; emitted in a NUTS 3 region is deposited in the same region,
while in fact only 50% of NH; emissions are deposited within a radius of ca. 75 km and the
remainder is transported over several hundreds of kilometers (Ferm, 1998). The size of NUTS
3 regions varies substantially (20-100,000 km?, with a median of 1,850 km?* and an average
of 3,800 km?). In smaller NUTS 3 regions with high NH; emissions relative to surrounding
regions (i.e., regions where the amount of NH; emissions exported to other regions exceeds
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the amount of NH; emissions received from other regions), needed reductions to respect N
deposition thresholds may have been over-estimated, while the reverse is true for regions

with low NH; emissions.

Critical nitrogen runoff to surface water

Critical N inputs to agriculture to avoid adverse impacts on surface water quality were based
on a uniform critical N concentration in runoft of 2.5 mg N I'". The approach accounts for
the dilution of agricultural with non-agricultural runoff, but neglects N load from point
sources and N removal from surface water that also determine surface water N concentration
(see Section 2.4.1). Several regional studies have used more detailed approaches to assess
critical N inputs in view of surface water quality. Groenendijk et al. (2016) calculated
required reductions in agricultural N load to comply with targets for the Water Framework
Directive in the Netherlands. The study explicitly accounted for non-agricultural sources,
which accounted for almost half of the total N load in the Netherlands. Kunkel et al.
(2017) calculated required reductions in agricultural N surplus to comply with critical
concentrations in surface water discharging into the North Sea (2.8 mg N I!) and the Baltic
Sea (2.6 mg N 1") for the German federal state Mecklenburg-Vorpommern, while accounting
for both agricultural and non-agricultural sources and river/lake N retention. However, the
data required for these more sophisticated approaches is not available at the European scale,
justifying the use of a more simplified approach. Such an approach has also been used in a
global study of safe N losses in relation to water quality (Gerten et al., 2020), which assumed
that 71% of the N in leaching and runoff reaches surface waters and also neglected N load

from point sources.

The uniform threshold value of 2.5 mg N I'! used in this study does not reflect variation
in ecological criteria for different surface water types (e.g., rivers, lakes, coastal waters).
The Water Framework Directive (WFD) does not provide targets for surface water N
concentrations itself, but requires countries to determine criteria for ‘good ecological status.
A recent review of nutrient criteria used by EU Member States to support good ecological
status under the WFD shows that used thresholds vary widely, even within shared water
body types (Poikane et al., 2019). partly due to different approaches used to determine
critical concentrations. Overall, median values for critical N concentrations in lakes and
rivers based on expert judgments or percentile distributions of N concentrations in water
bodies (2.5-4.0 mg N 1) are higher than median thresholds based on data-driven methods
related to biological criteria (0.68-1.5 mg N 1'') (Poikane et al., 2019). This indicates that the
used threshold of 2.5 mg N I"! might be too lenient and that an ecologically relevant criterion

may be closer to 1.0 mg N I''. However, as shown in Section 2.4.1, our model currently seems
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to overestimate actual N concentrations in surface water, and using a more lenient threshold

for the critical concentration may compensate for this.

Some countries do not set targets at all for N concentrations for certain water body types, but
focus only on P. Despite the widely held belief that P limits primary production in freshwaters
and N in coastal waters, ample evidence shows that N can equally limit primary production
in lakes and rivers (Conley et al., 2009; Poikane et al., 2019). Both critical N and P load thus
need to be considered when assessing surface water eutrophication risk.

Critical nitrate leaching to groundwater

Critical N inputs to agriculture to avoid adverse impacts on groundwater quality were
based on a critical NO;  concentration in leachate to groundwater equal to the drinking
water limit of the WHO, which is also a formal target under the EU Nitrates Directive. We
used this critical concentration on all agricultural land, while many countries only apply
it to Nitrate Vulnerable Zones where drinking water needs to be protected. Furthermore,
the NO; concentration in leachate to groundwater differs from the concentration in upper
groundwater. Kunkel et al. (2017) thus calculated required reductions in agricultural
N surplus to comply with the EU target value of 50 mg NO; I while also accounting for

denitrification in upper groundwater.

Critical nitrogen inputs

Critical N inputs to agriculture to avoid adverse impacts on terrestrial ecosystems, surface
water or groundwater quality were derived assuming the current NUE and the current
NH; emission fractions for manure and fertilizer. Reaching such critical N inputs implies a
decline in crop production when they are below current N inputs. In a Chapter 3, we assess
possibilities to respect thresholds without yield reductions (or even while closing yield gaps)
by increasing NUE and reducing NH; emission fractions through improved agricultural
management. Results show that technological improvements alone are not always sufficient
to respect thresholds and maintain current production levels in intensive crop or livestock
production areas (see Chapter 3). The political discussion in the Dutch Nitrogen crisis
(see for example Stokstad, 2019) thus focuses on the best combination of technology and a
decrease in livestock production to reduce NH; emissions by 50-70%. The European Green
Deal aims to reduce nutrient losses by 50% in 2030, and economic implications of possible
reductions in agricultural production that may be needed to achieve this goal are discussed
in several papers (Beckman et al., 2020; Fuchs et al., 2020). Critical N inputs based on current
N efficiency indicators (NUEs, NH; emission fractions) indicate the challenge to solve
N-related environmental problems and, ceteris paribus, the implications for agricultural

production.
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2.4.3. A new European N boundary

Until now, regional (continental or national) N boundaries have been derived by allocating
a share of the planetary N boundary to the region, based on different allocation principles.
For example, Lucas et al. (2020) allocated shares of the planetary boundary for intentional
N fixation to the EU, US, China and India, using both production- and consumption-based
approaches. A recent EEA study used various allocation principles, including equality, needs,
and the right for economic development, to allocate shares of the planetary N boundary
to the EU (EEA and FOEN, 2020). The study concluded that N losses caused by European
consumption exceed the European boundary by a factor 3.3, which means that N losses need
to be reduced by ca. 71%. This is substantially higher than the needed reductions to respect
thresholds derived by our study (which focuses on N losses in the EU, regardless of where

produced goods are consumed).

In the studies described above, allocation principles are based on the experience from climate
change negotiations, implementing notions of equity and fairness, such as current share in
contributing to global environmental pressure and ‘ability to pay’ to reduce environmental
pressure. However, these approaches all assume that the planetary N boundary by Steffen et
al. (2015) is an adequate approximation of the planetary risk, whereas this boundary is highly
uncertain, mainly because spatial variation is not well included. In addition, the planetary
boundary neglects possible reallocation of N from regions where critical limits are exceeded
to regions where losses can still increase without exceeding thresholds, as further explained
in De Vries et al. (2013) and Steffen et al. (2015).

The EEA study concludes by noting that regional boundaries should “be made spatially
explicit to account for local contexts and effects” (EEA and FOEN, 2020). In this study, we
responded to this call and derived a new European N boundary by upscaling local critical N
inputs. We thus acknowledge the large spatial variation in both agricultural systems affecting
the relationship between N inputs and N losses and in the sensitivity of the receiving

terrestrial ecosystems.

2.5. Conclusions

Protecting terrestrial and aquatic ecosystems requires reducing EU NH; emissions and N
runoff to surface water by 38% and 50%, respectively. These values are similar to the goal
to reduce nutrient losses by 50% stated in the ‘Farm to Fork’ strategy (FES) of the European
Green Deal. Required reductions in N inputs to protect terrestrial and aquatic ecosystems

(31% and 43%, respectively) are higher than the 20% reduction goal for fertilizer use in the
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FFS. In addition, respecting thresholds for NH; emissions specifically requires reductions of
manure N inputs. However, our results reflect required reductions at current NUE and NH,
emission fractions. Increasing NUE and/or reducing NH; emission fractions is necessary to
respect environmental thresholds without large reductions in crop and livestock production
(see Chapter 3).

Critical N inputs and their exceedances vary strongly across the EU. Highest exceedances are
found in regions with high total N inputs, such as Ireland, Benelux, Brittany in France and
the Po valley in Italy, while in other regions, thresholds for one or several impacts are not
exceeded. This highlights the need for region-specific mitigation policies based on regional
information on critical N inputs and their exceedances with related environmental and
health impacts. Results of this study could be used to develop such policies, while spatially
explicit calculations of differences in actual and critical N inputs and N losses would then
be relevant to evaluate the mitigation measures proposed. In addition, this study provides
an elaborate documentation of the methodology and calculation steps, thus allowing the
approach to calculate critical inputs to be applied in national or regional assessments based

on more detailed models and input data.
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Abstract

Meeting European policy targets for reducing nitrogen (N) pollution while maintaining
crop production is a large challenge. Strategies to tackle this dual challenge should assess
where reducing N losses is most needed while accounting for variation in agricultural
systems and ecosystems’ vulnerability to N loading. We used a spatially explicit N balance
model INTEGRATOR) to assess whether crop production targets and thresholds for N
impacts on biodiversity and water quality in the EU can be reconciled by (i) redistributing
N inputs from excess regions to regions where environmental thresholds are not exceeded
and (ii) improving N management to reduce ammonia (NH;) emissions from manure and
enhance field-level N use efficiency (NUE). At current NUE, reducing N inputs to comply
with three environmental thresholds (critical N deposition on terrestrial ecosystems and
critical N concentrations in surface water and groundwater) would reduce European crop
production by 50%. The widespread exceedance of thresholds does not provide much room
for redistribution: increasing inputs to close yield gaps on land where N thresholds are not
exceeded can only increase crop production by 3%. To achieve surface water quality targets
without crop production losses, average NUE needs to increase from 0.64 to 0.78, whereas
achieving groundwater targets requires a modest increase from 0.64 to 0.67. In hotspot
areas, however, crop production and N thresholds can only be reconciled at NUEs of > 0.90,
which is not feasible. Reducing manure NH; emission fractions to 0.10 by adopting best-
management practices reconciles current crop production and thresholds for agricultural
NH; emission (in view of critical deposition) on only half of the agricultural area. In some
regions, technologically feasible improvements in N management are thus insufficient to both
maintain crop production and respect environmental boundaries. Overall, the evaluated

measures could reconcile ~80% of current EU crop production with N thresholds.

3.1. Introduction

Europe is one of the most food secure regions worldwide (FAOSTAT), yet the intensive
agricultural systems that support European food production also harm ecosystems and
biodiversity (EEA, 2020). A quarter of Europe’s land area is dedicated to arable crops
(compared to a global average of 11%, FAOSTAT), and livestock densities are among the
highest in the world (Gilbert et al., 2018). Both crop and grassland production are supported
by high inputs of nitrogen (N), an essential nutrient for plant production. Only about
60-65% of N applied to Europe’s soils, however, is taken up by crops (De Vries et al.,, 2011;
EUROSTAT, 2020; Leip et al., 2011a, 2011b). Much of the excess N is lost to the environment,
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which adversely affects soil, air and water quality. This has resulted in widespread impacts
on ecosystems (Dise et al., 2011; Stevens et al., 2020) and human health (Pozzer et al., 2017),
causing substantial societal costs (van Grinsven et al., 2013). Reducing N losses is pivotal for

meeting several European targets related to water quality and biodiversity (EEA, 2019).

While reducing N losses is urgently needed to protect ecosystems, such reductions should
not lead to large reductions in crop and livestock production. Despite already ranking among
the world’s highest-producing regions, Europe’s agricultural production will probably need to
increase in the future for several reasons. The first reason is geopolitical: Since 1990, Europe
has shifted from food self-sufficiency to import dependency (Sadowski and Baer-Nawrocka,
2016). Many European countries currently produce less than 70% of their domestic demand
(FAO, 2012; Puma et al., 2015; Sadowski and Baer-Nawrocka, 2016). Europe is also a net
importer of plant proteins, mainly for animal feed (Lassaletta et al., 2014b). This import
dependency makes Europe vulnerable in case of scarcity on global crop markets (Puma et
al., 2015). The second reason is global food security: while Europe’s food demand is only
projected to increase by a few percent until 2050 (Bruinsma, 2012), a rapidly increasing global
population and shifts towards higher animal protein shares in diets as well as rising demands
for bioenergy feedstock (de Wit et al., 2011) are expected to increase global crop demand by
60% (FAO, 2017) to 100% (Tilman et al., 2011) between 2010 and 2050. Current crop yield
growth rates are likely insufficient to meet this demand (Ray et al., 2013, 2012), especially in
Sub-Saharan Africa (van Ittersum et al., 2016) and some regions in Asia and South America
(Fader et al., 2013). If growing demands cannot be met by domestic production and pressures
on global food markets increase, it is likely that trade with Europe will play a role in meeting
demands (Pradhan et al., 2014). The third reason is to avoid spill-over effects: at constant
global demand, a reduction in European food production would shift production to other
regions with potentially less strict environmental regulations, thus effectively relocating

environmental damage (Fuchs et al., 2020).

Increasing agricultural output can be achieved in two ways: by increasing agricultural area
(land expansion), or by enhancing productivity to close yield gaps on existing agricultural
land (land intensification) (Tilman et al., 2011). Land expansion often increases greenhouse
gas emissions and negatively affects biodiversity and ecosystem services (Foley et al., 2011;
Lambin et al., 2013), and suitable land for agricultural expansion is increasingly scarce
(Lambin and Meyfroidt, 2011). Closing yield gaps, on the other hand, usually requires
increasing inputs, such as water, N and other nutrients. Increasing N inputs, however, may
counteract efforts to reduce N pollution as mandated by several European Directives, such as
the Water Framework Directive (EC, 2000) or the Nitrates Directive (EC, 1991). It is also in

contradiction with the ambition of the European Green Deal to reduce agricultural nutrient
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losses by 50% in 2030 (European Commission, 2020). The challenge is therefore to maintain
or even increase European agricultural production while remaining within safe thresholds

for N pollution.

Two major options exist to remain within ‘safe boundaries’ for N losses without reducing
(or even while increasing) crop yields. First, by spatially redistributing crop and animal
production and associated N inputs and losses. This entails intensifying production (i.e.,
increasing N inputs) in regions where thresholds for N pollution are not yet exceeded,
thus compensating for yield losses in areas where N inputs need to be reduced to respect
those thresholds (Gerten et al., 2020; Mueller et al., 2012). Second, by improving N use
efficiency (NUE) in both crop and animal production systems to reduce N losses and thus
environmental impact while maintaining productivity levels. Crop production NUE can
be increased by better matching N inputs with crop demand through improved fertilizer
technologies and practices (Chen et al,, 2014; Ju et al,, 2009; Zhang et al., 2015), or by
using improved crop varieties or crop rotations (Cormier et al., 2016; Davidson et al., 2015;
Hirel et al., 2011). Nitrogen use efficiency in livestock production systems can be increased
through improved manure management and recycling, herd management, nutrition, or
technological adaptations to housing systems (Oenema et al., 2007; Uwizeye et al., 2020).
From a biophysical perspective, each strategy’s potential depends on the local characteristics
of both agricultural systems (determining the relationship between N inputs and N losses)
and the ecosystems receiving N losses (determining how much N inputs an ecosystem can
tolerate). Socio-economic factors that determine whether and at what costs these strategies

can be implemented are not considered here.

Given the large heterogeneity in agricultural production systems across Europe, developing
strategies to balance environmental and production targets requires spatially explicit
information on (i) ‘safe’ N losses to minimize environmental risks of N, (ii) the potential
to enhance crop production by increasing N inputs on existing agricultural land and (iii)
the NUE at which both environmental and crop production objectives can be met. Chapter
2 presents a first spatially explicit assessment of ‘safe’ N input levels (called ‘critical’ N
inputs hereafter) in the EU in view of thresholds for: (i) atmospheric N deposition onto
terrestrial ecosystems to limit biodiversity loss; (ii) N concentration in surface water to limit
eutrophication and (iii) nitrate (NO;") concentration in groundwater to meet drinking water
standards in view of human health impacts. Results showed that on 85% of EU agricultural
area, current N losses exceed at least one of the three thresholds (Table 3.1). More importantly,
results from Chapter 2 showed substantial spatial variation in the exceedance of N pollution
thresholds, due to large variations in agricultural N inputs, in the biogeochemical and

hydrological processes that determine N losses, as well as ecosystems’ vulnerability to these
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Table 3.1 | Thresholds for environmental impacts of nitrogen (N) and associated agricultural N losses,
and share of agricultural area where thresholds are exceeded in the current (2010) situation (see
Chapter 2).

Thresholds for environmental impacts Thresholds for Share of area
N losses from where threshold
agriculture is exceeded
Deposition: thresholds for N deposition onto terrestrial Critical NH; emissions 66 %

ecosystems in view of biodiversity impacts (ecosystem-
dependent critical loads)

Surface water: threshold for N concentration in runoff to Critical N runoff to 74 %
surface water in view of eutrophication impacts (2.5 mg N I')  surface water

Groundwater: threshold for nitrate concentration in Critical N leaching to 18 %
groundwater in view of health effects (50 mg NO; I'') groundwater
All thresholds respected simultaneously Minimum of above losses 85 %

losses. To maximise nitrogen’s benefits for EU food production while limiting its adverse

impacts, this variation needs to be considered when developing N management strategies.

The aim of this chapter is to explore to what extent thresholds for N losses to air and water
can be respected while maintaining (or even increasing) crop and grassland production in
the EU. The chapter builds on the approach developed in Chapter 2 and presents shares of
crop and grassland production that can be obtained within safe boundaries for N losses (i)
under 'baseline’ conditions, (ii) by increasing N inputs to close yield gaps in regions where
thresholds allow, and (iii) by improving N management (increase NUE and/or reduce NH,
emission fractions). In regions where improving N management is insufficient to fully
reconcile current crop production and N loss thresholds, environmental targets can only be
met at lower yields. The approach assumes that current properties of the agricultural system
are maintained, such as the agricultural area (no land expansion) and the mix of crop and
livestock production, while not considering possibilities to reduce demand for agricultural
produce through, e.g., avoiding food waste and reducing consumption of livestock products
(Grizzetti et al., 2013; Westhoek et al., 2014). Results indicate the technical potential of various
strategies to reconcile crop production with N thresholds, while not accounting for existing

socio-economic, cultural or institutional barriers that may impede their implementation.

3.2. Methods

3.2.1. Thresholds for nitrogen losses and inputs and their exceedances
Thresholds for N losses and N inputs were derived with INTEGRATOR, a spatially
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explicit, process-based model that calculates N balances for agricultural land in the EU at
a high spatial resolution for the year 2010. INTEGRATOR calculates manure excretion in
housing systems and pastures, and N inputs to agricultural soils from different sources, i.e.
manure, synthetic fertilizer, biosolids, biological fixation, atmospheric deposition, and net
mineralization (only on peat soils). Resulting emissions of ammonia (NH;), nitrous oxide
(N,O) and nitrogen oxide (NO,) to the atmosphere, as well as N leaching and N runoff to
groundwater and surface water are calculated empirically as a function of N input quantity
and source, N management, land use, climate, soil type and slope. Crop N uptake is
estimated based on national yield statistics for ~35 crops represented in INTEGRATOR from
FAOSTAT (downscaled to zones of similar climate), and N contents and harvest indices from
the literature. Grassland yields are estimated based on Smit et al. (2008). Calculations are
performed for approximately 40,000 Nitrogen Calculation Units (NCUs), which in turn are
sub-divisions of 1,244 NUTS 3 regions (administrative areas in the EU of 160-440 km?). For
a detailed description of the INTEGRATOR model, see Chaper 2.

‘Critical N inputs, defined as N inputs that cause N losses at exactly the environmental
threshold, were derived in three steps (Figure 3.1a). First, environmental thresholds to avoid
N impacts were defined for (i) N deposition to terrestrial ecosystems to avoid terrestrial
biodiversity loss (based on critical loads for nature areas), (ii) N concentration in runoff to
surface water to avoid eutrophication, and (iii) NO; concentration in leachate to groundwater
to avoid health risks (based on the EU drinking water norm) (step 1 in Figure 3.1a; see also
Figure 3.1b & Table 3.1). Second, critical N losses (NH; emissions, N runoff and N leaching)
were back-calculated from environmental thresholds (step 2 in Figure 3.1a) while also
accounting for N losses from other sectors (e.g., NO, emissions from traffic and industry)
and for dilution of agricultural N losses (e.g., dilution of agricultural runoft by runoft from
natural areas). Third, critical N inputs were back-calculated from critical N losses, based on
current N loss fractions and N uptake fractions (step 3 in Figure 3.1a). A full description of

the approach and used thresholds is given in Chapter 2.

Critical N inputs were compared with current (2010) N inputs to determine reductions
needed to respect environmental thresholds. Where thresholds are exceeded, reducing
N inputs to critical levels leads to lower crop production (step 4 in Figure 3.1a), unless N
management factors are improved (Figure 3.1b). A higher NUE leads to a lower soil surplus
and thus N runoft and/or leaching per unit of N input, while a lower NH; emission fraction
(EF) leads to lower NH; emissions per unit of N input (and thus indirectly also to a higher
NUE; Figure 3.1b). Consequently, it is possible to derive changes in management factors
needed to meet crop production targets while simultaneously respecting thresholds for N

losses (step 5 in see Figure 3.1a, see also Section 3.2.3).
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Figure 3.1 | a, Steps for back-calculating critical nitrogen (N) inputs from environmental thresholds for
N and related critical N losses, as well as the necessary nitrogen use efficiency (NUE) or NH; emission
fraction (EF) to reconcile environmental thresholds with crop production targets. Dashed boxes indicate
which steps are described in this chapter (blue) and in Chapter 2 (orange). b, Simplified representation
of relationships between critical N inputs, critical N losses, environmental thresholds (see also Table
3.1), crop production (crop N uptake) and N management factors.

3.2.2. Required nitrogen inputs to obtain target yields

Yield potentials and target yields

To determine target yields in regions where N inputs can safely increase without exceeding
environmental thresholds, we estimated spatially explicit, crop-specific yield potentials for
all crops included in INTEGRATOR. A crop’s ‘yield potential’ is defined as the maximum
possible yield for a given climate and soil under optimal management, and the ‘yield gap’
as the difference between yield potential and actual yield (van Ittersum et al., 2013). The
Global Yield Gap Atlas (GYGA, www.yieldgap.org) provides data on actual yields and yield
potentials (both under water-limited and irrigated conditions) for a variety of staple crops
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and countries. GYGA yield potentials are estimated by a bottom-up approach using crop
growth models calibrated for specific weather stations, and upscaled to the country-level
using zones of similar climate (Grassini et al., 2015; van Bussel et al., 2015). This approach
produces more accurate estimates than top-down approaches that rely on global datasets of

weather, soil and crop management (van Ittersum et al., 2013).

For the EU, GYGA currently reports actual yields (Ya), water-limited yield potentials (Yw)
and yield gaps only for wheat, barley and maize in most countries (Schils et al., 2018b; Table
S3.1). Data for other crops are not available (neither from GYGA nor from other sources)
and yield potentials for these crops were thus estimated by assuming that relative yield
gaps follow the same pattern as yield gaps for rainfed wheat (see Supplementary Text S3.1).
Rainfed wheat was used in the scaling approach as it is the most important arable crop in
Europe; accounting for about a quarter of the total cropland area. Yield potentials for all
crops were estimated by multiplying actual yields from INTEGRATOR by the ratio Yw/Ya
for rainfed wheat from GYGA. Resulting yield potentials were then corrected to account for
the fact that yield gaps for other crops may differ from yield gaps for wheat by multiplying
with the ratio of the ‘maximum yield ratios’ for the respective crop and wheat (see Eq. S3.1).
The ‘maximum yield ratio’ expresses the relation between the average crop yield in a given
country and the highest country-level crop yield in the EU. Country-level yield potentials
for barley and maize estimated with this procedure were compared to GYGA data, which
generally gave good results (Figure S3.1¢,d). Scaling with the maximum yield ratio improved
the fit compared to scaling with Yw/Ya for rainfed wheat only (Figure S3.1a,b). As data on
yield potentials for other crops in Europe are not available, we could not validate estimated

yield potentials for these crops.

The ‘target yield’ was set to 80% of the estimated water-limited yield potential. Eighty percent
of the biophysical potential is generally considered the economic optimum for farmers under
most conditions (Lobell et al., 2009; van Ittersum et al., 2013). For grassland, target yields
were only estimated for intensively managed grassland (defined as grasslands with dry matter
production >4,500 kg ha! yr'), as we assumed that extensive grasslands are not managed by

farmers to maximise yields.

Required nitrogen inputs to obtain target yields

Nitrogen inputs required to obtain target yields were calculated by multiplying actual
(year 2010) N inputs by the ratio of target yield and actual yield (i.e., assuming that NUE is
constant). On the one hand, the assumption of constant NUE may lead to an overestimation
of required N inputs, as additional input in the form of synthetic fertilizer generally has a

higher NUE than the current mix of N sources (which includes less-available N from
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manure). On the other hand, according to the law of diminishing returns, the yield response
to N inputs (and thus NUE) declines with increasing N input (Bodirsky and Miiller, 2014; de
Wit, 1992). The net effect of both mechanisms depends on local circumstances, such as the
presence of other yield-limiting factors; for this study we assumed that on average both effects
compensate each other. This approach is supported by studies showing that diminishing yield
responses to inputs mainly occur when yields approach 80% of their biophysical potential
(van Ittersum et al., 2013; Van Ittersum and Rabbinge, 1997).

3.2.3. Opportunities to achieve crop production goals while respecting
environmental thresholds for nitrogen

We explored possibilities for reconciling crop production goals with environmental

thresholds for N by redistributing N inputs from areas with excess N to areas where

thresholds are not exceeded, by improving N management, and by combining redistribution

and N management improvements.

Opportunities for redistributing nitrogen inputs

Possibilities for maximising crop production while respecting environmental thresholds for
N by redistributing N inputs were assessed as follows: First, in areas where environmental
thresholds are exceeded (Nin.; < Nin,,), N inputs were reduced to the critical input level
(Eq. 3.1, first row). Second, in areas where thresholds are not exceeded (Nin; > Nin,.), N
inputs were increased up to the critical input level (Eq. 3.1, second row), but no further than
the level required to obtain target yield at current NUE (in order to avoid unrealistically high
N inputs in areas where environmental constraints are not limiting, Eq. 3.1, third row).

Ning i if Ningi < Ning

Ninpegise = 4 Nilerie if Ninge < Ningip < Nigr (Eq 3.1)
Nlntar Lf Nlnact < Nlntar < Ncrit

Where:
Nityegist = N input after redistribution to maximise crop production while respecting
environmental thresholds (kg N ha yr)
Nitgis = Critical N input, i.e. maximum allowable input while respecting environmental
thresholds for deposition, surface water and groundwater -(kg N ha! yr')
Ning,, = Actual (year 2010) N inputs(kg N ha” yr')
Nittyg, = Ninput required to obtain target yield at current NUE (kg N ha yr"')

Possibilities for redistribution were assessed for each threshold individually, and for all
thresholds combined. Crop yield losses or gains from redistributing N inputs were calculated

assuming a constant NUE.
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Opportunities for improved nitrogen management

Opportunities to reconcile thresholds for N with crop production by improved N
management were assessed by deriving N management factors at which current or target crop
yields can be obtained without exceeding thresholds for N losses (Figure 3.1a, step 5). For the
thresholds for surface water and groundwater, we focused on NUE, while for the deposition
threshold we manipulated the NH; emission fraction (EF). The NH; EF is in fact one of the
factors determining overall NUE (a lower NH; EF implies a higher NUE, see Figure 3.1D).
However, as the overall NUE is also driven by other losses, the NH; EF is a more meaningful

indicator in the context of reducing NH; emissions to respect deposition thresholds.

Nitrogen use efficiency is defined here as the ratio of crop N removal (by harvest or grazing)
to total N input (sum of inputs from synthetic fertilizer, gross manure excretion, biosolids,
biological N fixation, deposition and mineralization). The NH; EF is defined as the ratio
of total NH; emissions to total N input for a defined N source. As 80% of European NH;
emissions stem from manure, we derived necessary reductions in manure NH; EF while
assuming a constant fertilizer NH; EF. The manure NH; EF was calculated by dividing
total NH; emissions from housing systems, manure deposited by grazing animals and
manure application by total N manure inputs to soils. This approach implicitly assumes
that excretion in housing systems occurs in the same region where the manure is applied.
While INTEGRATOR does consider manure export if application of all manure excreted
within a region exceeds maximum application rates (250 kg N ha' yr' for the Netherlands
and Denmark and 170 kg N ha™' yr for all other countries), this only occurs in 5% of the

agricultural area, and thus this simplification does not substantially affect results.

For areas where critical NH; emissions are exceeded, we calculated the ‘necessary’ NH; EF for
manure, i.e., the EF at which current or target yields can be obtained at critical NH; emissions
(see Supplementary Text S3.2 for details on calculations). Low-emission manure application
and adaptations to manure storage and housing systems can reduce NH; emissions by
20-80% (Oenema et al., 2009; Velthof et al., 2009). We assumed a ‘feasible’ minimum NH;
EF of 0.15, based on a 40% reduction from the current average value of ~0.25, and a ‘possible’
minimum NH; EF of 0.10, based on a 80% reduction in NH; emissions from housing and
manure application, and animal grazing during most of the year (grazing emissions vary
mostly between 0.06 and 0.10, see Chapter 2).

For areas where critical N runoft to surface water or critical N leaching to groundwater are
exceeded, we calculated the ‘necessary’ NUE, i.e., the NUE at which current or target yields
can be obtained at critical N runoft or N leaching rates (see Supplementary Text S3.3 for

details on calculations). At increased NUE, a given yield can be obtained at a lower N input,
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while the critical N input increases because a smaller fraction of N is lost to the environment.
We assumed a ‘feasible’ maximum NUE of 0.75, which can be achieved by adopting well-
proven mostly low-cost measures such as balanced N fertilization and precision farming,
such as N application in the right amount, at the right time and right place (Bodirsky et al.,
2014; Zhang et al., 2015). As some N losses to air and water are unavoidable, the ‘possible’
maximum NUE was set to 0.90 (EU Nitrogen Expert Panel, 2015).

3.3. Results

3.3.1. Required nitrogen inputs to obtain target yields

Averaged over all crops grown in the EU, derived target yields exceed actual (year 2010) yields
by 26% (Table S3.2). The estimated gap between actual and target yield varies substantially
between crop groups, with target yields exceeding actual yields by 16% for roots & tubers
and by 34% for cereals (Table S3.2). The largest gaps are found in Baltic countries, Romania,
Bulgaria and Portugal (Figure 3.2b and Table S3.3).

Required N input for target yield [kg N ha™' yr'] Gap between current & required N input [kg N ha' yr']
0 100 200 300 >400 0 25 50 75 >100

Figure 3.2 | a, Regional variation in required nitrogen (N) input to obtain target yields (i.e., 80% of
estimated water-limited crop yield potential, see Tables S3.2 & S3.3) for arable crops (all agricultural
crops excluding grassland and fodder crops); b, regional variation in the gap between actual (year 2010)
N inputs and required N inputs. White = no arable crops.
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For cereal crops, closing the gap between actual and target yields everywhere in the EU at
current NUE would require a 36% increase in N inputs (from an average input rate of 131
to 179 kg N ha' yr'; Table S3.3). Considering all crops, closing yield gaps requires a 27%
increase in N inputs (from 145 to 185 kg N yr, data not shown). Total required N input
increases to achieve target yields for the three most important cereals (wheat, barley and rice)
is 2.3 Mt N yr', which is close to the N uptake gap of 3.0 Mt N yr! for these crops estimated
by Schils et al. (2018b). For most countries, N inputs need to increase by roughly the same
ratio as the ratio of target yield to actual yield, though small differences occur due to regional
variations in NUE (Table $3.3). For Portugal, for example, increasing cereal yields by 72%
on average requires N inputs to increase by 89%, showing that the largest yield increases are
projected in areas with below-average NUE (Table S3.3). The largest N input gaps occur in
Poland, Romania, Baltic states, Northern Spain and Portugal (Figure 3.2b and Table $3.3).
Required N inputs to obtain target yields are highest in the Netherlands and Belgium (Figure
3.2a & Table $3.3), but as input rates in these countries are already very high, the N input gap
is small (Figure 3.2b).

3.3.2. Reconciling environmental thresholds for nitrogen and crop production
goals

Opportunities for spatially redistributing nitrogen inputs

At 2010 inputs, one or more N loss thresholds are exceeded on 85% of agricultural land,
with stronger exceedances on arable land than on grassland (except for the NH; emission
threshold in view of critical N deposition on natural areas, see Table S3.4). Increasing N
inputs to levels required to obtain target yields would increase the area with exceedances
to 89% (Table $3.4). Respecting N thresholds under current management requires reducing
annual N inputs by 7.6 Mt N (35%) for the deposition threshold, 10.1 Mt N (46%) for the
surface water threshold, 2.1 Mt N (10%) for the groundwater threshold, and 11.8 Mt N
(54%) to respect all thresholds simultaneously (Figure 3.3 & Table S3.5). At constant NUE,
these N inputs reductions would reduce annual crop production by 7-50%, depending on
the threshold considered (Table S3.6). Crop production losses vary between crop groups:
reducing N inputs to respect thresholds for N runoff to surface water, for example, leads
to production losses of 74% for roots and tubers and only 19% for grass and fodder (Table
S3.6b). For all criteria, relative reductions in N inputs to respect thresholds (Table S3.5) are
slightly higher than associated relative reductions in crop yields (Table $3.6), indicating that

crops and regions where the strongest reductions are required have a below-average NUE.

For most thresholds, increasing N inputs in areas where thresholds allow can only compensate

a small share of the required N input reductions in excess regions. Only for the groundwater
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¥ -10.1 Mt N yr' (-46%)
+0.9 Mt N yr' (+4%) &£

a

7.6 Mt N yr (-35%)
+1.3 Mt N yr' (+6%)

21 MtNyr' (-10%)

B -11.8 Mt N yr' (-54%)
+3.8 Mt N yr' (+18%) &£ g

+0.5 Mt N yr' (+4%)

Net impact of reductions and increases of N inputs within environmental thresholds [kg N ha yr']

0 <-100 -50 0 +50 >+100

Figure 3.2 | Restrictions and opportunities for redistributing nitrogen (N) inputs on current agricultural
land while respecting thresholds for a, NH; emissions, b, N runoff to surface water, ¢, N leaching to
groundwater and d, all thresholds simultaneously. Red areas show required N input reductions to
respect thresholds; green areas show allowable N input increases within thresholds. Numbers above
maps show total required reductions (red) and allowable increases (green), percentages show change
relative to current total N input (21.8 Mt N yr'' in 2010). White = no agricultural land.
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threshold, allowable increases (3.8 Mt N yr') exceed required reductions (2.1 Mt N yr),
leading to a small net increase in N inputs of 8% (Figure 3.3¢c & Table S3.5¢). The net impact
of redistributing N inputs also varies per crop group: while average N inputs increase for
cereals and grass & forage, they decrease for roots & tubers, oil crops and other crops (Table
§3.5¢). For the deposition threshold the net impact of redistribution on N inputs is -29%, and
for the surface water threshold -42% (Figure 3.3a,b & Table S5a,b). If all thresholds need to
be respected, the options are even more limited: N inputs can safely increase by only 0.5 Mt
N yr! (2%), hardly compensating for the needed reductions of 11.8 Mt N yr* (54%) (Figure
3.3d & Table S3.5d). At current NUE, crop production that can be obtained while remaining
within environmental thresholds is thus only 172 Mt yr! (-56%) for grains, 123 Mt yr (-75%)
for roots & tubers, and 283 Mt yr' (-37%) for grass and fodder crops (Table S3.6d).

The spatial pattern in reductions needed to respect thresholds varies between the three
thresholds (Figure 3.3), though all thresholds require strong reductions (>100 kg N ha™
yr') in hotspot regions with high inputs such as Germany, Benelux, the UK, Ireland, and
Brittany in France. For Ireland, large reductions are required to respect critical NH; emission
thresholds (Figure 3.3a), but N inputs can increase while still respecting thresholds for N
runoff and N leaching (Figure 3.3b,c), whereas the opposite is true for large parts of the UK.
The highest potential for increasing N inputs within thresholds is found in Estonia, Latvia
and Portugal (Figure 3.3d).

Opportunities for improved nitrogen management

On about a third of agricultural land, NH; emission thresholds are respected at current
N inputs (Table 3.2, a-i), while an additional 13% of agricultural land can remain within
thresholds without yield losses by reducing the NH; EF for manure, assuming a minimum
of 0.15 (‘beast feasible) Table 3.2, a-ii). Assuming a possible reduction of manure NH; EF to
0.10 (‘best possible’), threshold exceedance can be reversed without yield losses on 26% of
the agricultural area (Table 3.2, a-ii). To respect thresholds, the average NH; EF for manure
needs to decrease from 0.27 to 0.20 (assuming a minimum EF of 0.15) or from 0.26 to 0.16
(assuming a minimum EF of 0.10; Table 3.2, a-ii). Conversely, this implies that in 41-54% of
the agricultural area, reducing NH; EF is not sufficient to respect NH; emission thresholds
without yield losses (Table 3.2, a-iii & Figure S3.2a). These areas are mainly situated in the
Netherlands, Northern Germany, Poland, Italy, Ireland, Brittany in France, and Spain (Figure
3.4a). Low necessary NH; EFs occur both in regions with vulnerable ecosystems (low critical
N loads) and/or in regions with high current N inputs, yields and livestock numbers. The
strongest absolute reductions in NH; EF (reductions by > 0.30) are needed in parts of Eastern

Germany, Poland, Italy and Spain (Figure 3.4d). In Ireland, despite low absolute needed
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Necessary NHs-EF manure [-] Necessary reduction NHs-EF manure [-]

<0.1 0.15 020 025 =>03 0 0.05 0.10 020 =>0.30

Necessary NUE [-] Necessary NUE increase [-]

<05 06 0.7 08 >0.9 0 0.05 0.10 0.20 >0.30

Necessary NUE [-] Necessary NUE increase [-]
<05 06 07 08 >09 0 005 010 020 >0.30

Figure 3.4 | Regional variation in necessary improvements in N management factors to obtain current
yields while respecting environmental thresholds. a, Necessary NH; EF for manure to obtain current
yields while respecting thresholds for NH; emissions, b, necessary NUE to obtain current yields while
respecting thresholds for N runoff to surface water, ¢, necessary NUE to obtain current yields while
respecting thresholds for N leaching to groundwater, d—f, necessary changes in NH; EF / NUE relative
to current (year 2010) values. Corresponding results for target yields are shown in Figure S3.3.
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Table 3.2 | Share of agricultural area and current / necessary N management factors for (i) land where
environmental threshold is not exceeded, (ii) land where threshold is exceeded but current crop production
can be obtained within thresholds by a, reducing NH; EF to minimum = 0.15 (best feasible) or 0.1 (best
possible) or by b,c, increasing NUE to a maximum of 0.75 (best feasible) or 0.90 (best possible); (iii) land
where current crop production and thresholds cannot be reconciled. Current and necessary NH; EF / NUE
for each of the three categories, and (iv) the average across all land.

(i) Thres- (ii) Threshold exceeded, (iii) Threshold exceeded, (iv)

hold not reconciliation possible at reconciliation not possible  Overall
exceeded improved management () by improved management
(a) Deposition EFin=0.15 EFyin=0.10 EFmin=0.15 EFmn=0.10
Share of area 33% 13% 26% 54% 41% 100%
Current NH; EF 0.22 0.27 0.26 0.25 0.25 0.24
Necessary NH; EF - 0.20 0.16 0.06 0.04 0.13
(b) Surface Water NUE»w=0.75  NUEn=0.90  NUE,»=0.75  NUE..=0.90
Share of area 26% 25% 59% 49% 15% 100%
Current NUE 0.74 0.50 0.58 0.65 0.68 0.64
Necessary NUE - 0.64 0.75 0.87 0.95 0.78
(c) Groundwater NUEn=0.75  NUE,»=0.90  NUE,=0.75  NUE,»=0.90
Share of area 82% 18% 18% 1% 0% 100%
Current NUE 0.69 0.49 0.49 0.49 n.a. 0.65
Necessary NUE - 0.57 0.58 0.78 n.a. 0.67

() For the deposition threshold, reconciliation is possible if the manure NH; emission fraction at which current crop production
can be obtained without exceeding critical NH; emissions is higher than 0.15 (for ‘best feasible’ N management) or 0.10 (for
‘best possible’ management). For the surface water and groundwater thresholds, reconciliation is possible if the NUE at which
current crop production can be obtained without exceeding critical N runoff or leaching is lower than 0.75 (for ‘best feasible’
N management) or 0.90 (for ‘best possible’ management).

reductions (~ 0.05, Figure 3.4d) the necessary NH; EF is mostly below the 'best possible'
minimum of 0.10 (Figure 3.4a), as current NH; EFs are only around 0.15 (due to high

prevalence of grazing systems with relatively low NH; EFs).

On a quarter of agricultural land, thresholds for N runoff to surface water are currently not
exceeded (Table 3.2, b-i), while on an additional 25% thresholds can be respected without
yield losses if NUE is increased to the ‘best feasible’ maximum of 0.75, and on an additional
and 59% if NUE is increased to the ‘best possible maximum of 0.90 (Table 3.2, b-ii). On
land where thresholds can be respected without yield losses by increasing NUE, average
NUE needs to increase from 0.50 to 0.64 (for a maximum of 0.75) or from 0.58 to 0.75
(for a maximum of 0.90; Table 3.2, b-ii). On 49% of the agricultural area, increasing NUE
to 0.75 is not sufficient to respect thresholds for N runoff while maintaining current crop
production, while this is only 15% at a maximum NUE of 0.90 (Table 3.2, a-iii & Figure
S3.2b). Areas where increasing NUE to 0.90 is not sufficient to reconcile environmental

goals and current production levels are mainly situated in Eastern Germany, Eastern UK and
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Figure 3.5 | Actual (year 2010) nitrogen use efficiency (NUE) of agricultural production in areas
where thresholds are exceeded (orange), and necessary NUE to respect thresholds without yield
losses (purple) for 25 EU countries. a, N runoff to surface water and b, N leaching to groundwater.
Percentages in brackets show share of agricultural area where threshold is exceeded (and for which
current and necessary NUEs are thus shown).

Northern France (Figure 3.4b). Those areas generally either have a low precipitation surplus
(low runoff volume), a high share of land used for agriculture (leading to limited dilution
of agricultural runoff by runoff from natural land) and/or high current N uptake (leading
to high absolute losses even at a high NUE). The highest absolute NUE increases necessary
to respect thresholds for N runoff without crop production losses occur in the Netherlands,

Belgium, Greece, and Poland (Figure 3.4e and Figure 3.5a).

For groundwater, small increases in average NUE (from 0.65 to 0.67) are sufficient to
respect thresholds for N leaching without yield losses on virtually all agricultural land
(Table 3.2, c-ii, Figure 3.4c & Figure S3.2c). Where increasing NUE is necessary to respect
leaching thresholds, these necessary increases are mostly <0.1, except for small areas in the
Netherlands, Belgium, South/Central France and Northern Italy (Figure 3.4f).

Average country-level NUEs necessary to reconcile current yields with N thresholds vary
from 0.61 for Estonia to 0.86 for Sweden for the surface water threshold (Figure 3.5a), and
from 0.17 for Bulgaria to 0.66 for the UK for the groundwater threshold (Figure 3.5b). For
all countries, average NUEs necessary to comply with the surface water threshold are higher
than for the groundwater threshold. Several countries where N leaching thresholds are
exceeded on only a small fraction of agricultural area have very low current average NUEs in
these areas (<0.30, Figure 3.5).
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Combining redistribution and improved nitrogen management

Figure 3.6 shows to what extent improved N management, alone or in combination with
spatially redistributing N inputs, can reconcile crop production with environmental
thresholds. At current NH; emission fractions, 68% of current crop production can be
obtained within safe limits for NH; emissions (Figure 3.6b & Table S3.6a). Gradually reducing
the manure NH; EF only slightly increases this share to 75% at the feasible’ minimum of 0.15
and 80% at the ‘possible’ minimum of 0.10 (Figure 3.6b, solid line). If both NH; EF is reduced
and N inputs are increased in regions where critical NH; emission rates are not exceeded,
this share increases to ~95% (Figure 3.6b, dashed line).

At current NUE, only 58% of current crop production can be obtained within safe limits
for N runoft to surface water, but almost 100% can be obtained if NUE is increased to 0.80
in combination with increasing N inputs and yields where this is possible within thresholds
(Figure 3.6¢). For groundwater, N inputs and crop production are not strongly constrained
by complying with thresholds for N leaching, and thus NUE improvements have limited
impact on the share of current crop yield that can safely be obtained (Figure 3.6d). At a NUE
of 0.75, N inputs can even be increased to the level required to obtain target yields without

exceeding N leaching thresholds almost everywhere in Europe (Figure 3.6d & Figure S3.4d)

The potential of different strategies to reconcile N thresholds with crop production varies
between countries (Figure S3.4). Most countries can obtain between 33 and 67% of current
crop production while respecting thresholds for N runoff to surface water at current NUE
(Figure S3.4a-i), whereas this percentage is between 67 and 100% for most countries if NUE
is increased to 0.75 (Figure S3.4b-i). All countries can obtain current yields while respecting
thresholds for N leaching to groundwater at a NUE of 0.75 (see Figure S3.4b-ii).

3.4. Discussion

3.4.1. Plausibility of the results
In this section, we discuss the plausibility of several assumptions underlying the calculations.
For an additional discussion of uncertainties related to N budgets in INTEGRATOR and the

assumptions used in the calculation of critical N inputs, see Chapter 2.

Plausibility of calculated nitrogen use efficiencies
Country-level NUE estimates from INTEGRATOR were compared to estimates from
Lassaletta et al. (2014a, for arable crops only) and EUROSTAT (2020) (Table S3.7). For most
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Figure 3.6 | Maximum crop production that can be obtained while respecting environmental thresholds
at current or gradually improved N management factors. Panel a illustrates the figure concept;
panels b—d show results for three thresholds. P, = current crop production, P, = crop production
at target yields. a, In this hypothetical example, only two thirds of P.. can safely be obtained within
threshold at current N management (point @), while this share increases to almost 100% at ‘best
possible management’ (®). If N inputs are redistributed to regions where this is possible within
thresholds (dashed line), ~80% of P... can be obtained within thresholds at current management (®).
If redistribution and improved management are combined, crop production can be increased to P
without exceeding thresholds (®). b—d, Maximum crop production (expressed as share of P, that can
be obtained while respecting thresholds at b, current and gradually reduced manure NH; EF and at c,d,
current and gradually increased NUE.

countries, values agree reasonably well (deviations between -8 to +18% for Lassaletta et al.
(2014a) and between -18 and +25% for EUROSTAT). For Bulgaria, Spain, the Netherlands
and Sweden, NUE estimates from Lassaletta are 32-47% lower than our estimates, mainly
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because Lassaletta uses higher N input rates for these countries. A possible explanation
is that they over-estimate manure application to cropland, as they only use one value for
the fraction of manure applied to croplands for the whole EU, while INTEGRATOR uses
country-specific values varying from 5-100% (see Chapter 2). EUROSTAT NUE estimates
are substantially (20-30%) lower for Finland, Greece, Luxembourg and UK, mainly because
estimated uptake is lower, and 48% higher for Romania due to both a lower estimated input
and a higher estimated uptake (Table S3.7).

Nitrogen use efliciencies needed to respect environmental thresholds for runoft to surface
water without yield losses are in good agreement with the ‘desired range’ for NUE defined
by the EU Nitrogen Expert Panel (2015), while the derived N output at target yields provides
support for the postulated minimum productivity target by the Expert Panel (Figure 3.7).
For the current (year 2010) situation, four out of 25 countries had average NUEs below the
minimum target of 0.50, while N removal by cereals was below the suggested minimum
productivity target of 80 kg N ha' yr' in more than half of all countries (Figure 3.7a).
Estimated necessary NUEs to reconcile crop production with environmental thresholds
are above the minimum NUE target of 0.50 for all countries (Figure 3.7b). Moreover, at our
estimated target level for N input for closing yield gaps and related N output, all countries
except one are above the minimum productivity target of 80 kg N ha! yr', while NUEs are
between 0.66 and 0.90 (Figure 3.7¢).

Uncertainties and limitations in calculating critical N inputs and required nitrogen
use efficiencies and ammonia emission fractions

In this study, we used a uniform threshold for N concentration in runoft to surface water,
similar to previous global studies that used critical N concentrations to assess N water
footprints (Mekonnen and Hoekstra, 2015, who used a threshold of 2.9 mg N I'!) or required
reductions in agricultural N loads (e.g., Gerten et al., 2020 and Yu et al., 2019; who both used
a threshold of 1 mg N I'"). However, such a uniform threshold does not reflect variation in
ecological criteria for different surface water types (e.g., highland or lowland lakes, calcareous
or siliceous rivers). Nutrient criteria for surface water used to support ‘good ecological status’
under the Water Framework Directive vary widely across water body types and across
Member States (Poikane et al.,, 2019). For example, median values for N concentration
thresholds in lakes and rivers range between 0.7 to 4.0 mg N 1"}, and vary substantially within
shared water body types due to different approaches used to set threshold N concentrations.
Some Member States do not define criteria for N concentrations in rivers of lakes at all
(Poikane et al., 2019), based on the widely held belief that phosphorus (P) is the primary

limiting nutrient in freshwater whereas N is most limiting in coastal waters (Schindler et
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Figure 3.7 | Country-average N inputs and N uptake for cereal crops in the EU from INTEGRATOR,
following the graphical representation proposed by the EU Nitrogen Expert Panel (2015), a, for the
current situation, b, at necessary NUE to remain within thresholds for N runoff to surface water and c,
at required N inputs to obtain target yields and necessary NUE to remain within thresholds for N runoff
to surface water. The white area delineates the desired range for NUE, N surplus and productivity.
In panel a, Belgium (N input = 356 kg N ha' yr'; N uptake =166 kg N ha"' yr'; NUE = 0.46) and the
Netherlands (N input = 328 kg N ha! yr'; N uptake =163 kg N ha' yr''; NUE = 0.50) fall off the scale.
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al., 2016). However, recent evidence shows that N often equally limits primary production
in lakes and that reducing both N and P is required to achieve good ecological status (e.g.,
Dolman et al., 2016; Elser et al., 2007; Paerl et al., 2016).

The threshold for N concentration in runoff to surface water used in this study is only a proxy
for N concentration in surface water itself, which is also affected by N inputs from other
sources (e.g., sewage), legacy N related to fertilization in the past (Bouraoui and Grizzetti,
2014; Van Meter et al., 2016), and removal and retention processes in groundwater, riparian
areas and surface waters. We assumed that the effect of ignoring N load from non-agricultural
sources roughly compensates for neglecting N removal processes in water bodies (see also
Chapter 2 for further discussion). Further improving the approach could entail using basin-
level targets for ‘good ecological status’ instead of one flat-rate target for all water bodies, as
well as including a more detailed representation of other sources contributing to freshwater
N pollution. Such detailed assessments have been performed for e.g., the Netherlands
(Groenendijk et al., 2016) and the German region of Mecklenburg-Vorpommern (Kunkel
et al., 2017). However, obtaining the required data at European level may prove challenging.

Similar to N concentrations in surface water, N deposition on terrestrial ecosystems is also
affected by non-agricultural emissions, mainly NO, emissions from transport and industry.
Our approach assumes that these emissions are reduced proportionally with agricultural
NH; emissions. In reality, mitigating N losses from other sources may in specific situations
be easier to achieve, thus reducing the need for changing agricultural practices (see also

Chapter 2 for further discussion).

Impacts of N input changes on yields in this study is assessed assuming a constant NUE,
i.e. NUE changes linearly with N inputs. Other studies proposed an asymptotic function to
describe the relationship between N inputs and yields (N uptake) (Lassaletta et al., 2016,
2014a; Mueller et al., 2014), where yields show a decreasing response to N inputs at increasing
fertilization rates. Compared to these studies, our study may underestimate marginal
reductions in N losses from input reductions at high inputs as well as N losses caused by
increasing current to target N inputs. NUE response to N inputs also strongly depends on
other yield-limiting factors (de Wit, 1992), and alleviating these factors may increase NUE
without affecting N inputs.

Finally, the assumed values for ‘best feasible’ and ‘best possible® NUE and NH; EF used
to estimate crop production shares that can be reconciled with N thresholds through
improved management are rough estimates. Opportunities to increase NUE or reduce NH;
EF are affected strongly by local circumstances, such as climate, soil and crop type, manure

management system and the availability of technologies such as manure processing. Where
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reducing the NH; EF of manure is not sufficient to comply with NH; emission thresholds,
farmers may also substitute manure by nitrate fertilizers, however, this implies that livestock

numbers need to be reduced or excess manure needs to be disposed of.

3.4.2. Redistributing nitrogen inputs

Several studies showed that redistributing N inputs from excess areas to areas where
thresholds are not exceeded can reduce N losses substantially while maintaining crop and
livestock production. Liu et al. (2016) used a global crop growth model at high spatial and
temporal resolution to assess N losses and yields for wheat, rice and maize under different
fertilization schemes. They found that distributing global N inputs homogeneously over
all cropland would decrease N losses by 11% and increase yields by 7%. If, in addition to
this redistribution, N was applied continuously throughout the growing season, global N
losses decreased by 23% (21% for Europe) and crop production increased by 10% (16% for
Europe). Mueller et al. (2012) used regression-based nutrient-yield response curves to assess
the global potential for closing yield gaps while reducing nutrient overuse, and found that
global N input could be reduced by 28% without yield losses for major cereals. In a follow-up
study, Mueller et al. (2014) used a trade-off frontier to reallocate global N inputs to maximize
crop production and minimize losses. They found that under optimal allocation, 50% less N
fertilizer would be needed to achieve production levels for major cereal crops. For Europe,

such an ‘optimal’ allocation implied redistributing N inputs from Western to Eastern Europe.

All previous studies, however, optimize for overall reductions in N losses without considering
region-specific environmental vulnerabilities. While in line with previous studies (see
also e.g. Pradhan et al.,, 2015) we found large potentials to close yield gaps by increasing
N fertilization in Eastern Europe, respecting environmental boundaries does not allow for
such increases at current NUE. In large regions of Poland, Czech Republic and Romania, for
example, thresholds for N pollution are already exceeded and increasing N inputs to close

yield gaps would further exacerbate N-related problems (e.g., Figure 3.3 & Figure 3.4).

For the livestock sector, van Grinsven et al. (2018) showed that relocating pig production
in the EU could reduce external costs of N pollution and the exceedance of critical N
deposition, especially when combined with best-management practices. They also note that
such relocations may meet socio-economic barriers, such as national economic interests,
stakeholder objections or a lack of infrastructure (van Grinsven et al., 2018). While this
equally applies to a redistribution of crop production and associated N inputs, the need to
comply with targets set under the Green Deal and other EU directives will likely provide
strong policy incentives to reduce N pollution and may stimulate investments that are

necessary to overcome such barriers.
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3.4.3. Nitrogen use efficiency targets in policies and scientific literature

Partially as a result of European and national policies aimed at reducing N pollution, average
farm-level NUE in European has increased since the 1990s (van Grinsven et al., 2014;
Velthof et al., 2014), though not sufficiently to meet environmental targets (EEA, 2019). To
date, however, most policies lacked integration and generally regulated only one type of N
compound (Brink et al., 2011), for example nitrate in the Nitrates Directive (EC, 1991) or
NO, and NH; emissions in the National Emission Ceilings Directive (EC, 2001). The recently
launched “Farm to Fork Strategy” (FFS) as part of the European Green Deal represents a
shift away from single-issue policies towards a more holistic approach aimed at reducing all
adverse N impacts simultaneously. The FFS has set the Europe-wide target to reduce nutrient
losses by 50% and fertilizer use by 20% (European Commission, 2020). Achieving these
targets while maintaining current crop production implies an increase in average NUE from
currently 0.63 to 0.77 (own calculations). Zhang et al. (2015) estimated target NUEs per world
region to meet 2050 food demand while remaining within safe planetary boundaries for N
losses, and derived an NUE target of 0.75 for the EU, while Sutton et al. (2013) proposed 0.70
as a long-term target for crop-system NUE. These values agree well with our derived average
‘necessary’ NUEs to achieve water quality targets at current or target crop production of 0.67

(groundwater) or 0.78 (surface water), see Table 3.2.

However, no previous study has differentiated the goals by region by accounting for variation
in current agricultural systems and in environmental vulnerabilities. By doing this, we
show that necessary improvements in management vary greatly between regions, and
that averaged targets have limited usefulness. Even if all regions achieve an average target
NUE of 0.75, thresholds for N runoff to surface water would still be exceeded on half of all
agricultural land (Figure S$3.2b). Average necessary NUEs vary between countries (Figure
3.5) as well as within countries (Figure 3.4). In some regions, necessary NUEs exceed 0.90, a
level that is likely difficult to obtain (see also Section 3.4.4). Very high needed NUEs to avoid
N impacts were also found for China, where respecting critical N loads to surface water while
maintaining crop production required NUE to increase to ~87% (from currently 36%) for

the whole of China, and to >95% for several provinces (Yu et al., 2019).

3.4.4. Approaches to increase nitrogen use efficiency

The most practical way to improve NUE is by tuning the rate, timing, method and type of N
application (Snyder, 2017), with the goal to improve matching of N supply with crop demand.
Measures to increase NUE can be taken by farmers voluntarily (e.g., to save costs on fertilizers,
Houlton et al., 2019), but are often legally required through policies. Policy measures such

as maximum N manure application rates (EC, 1991), mandatory incorporation of manure
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(e.g. in Denmark; Kronvang et al., 2008) or prohibiting manure application during the winter

period (Liu et al., 2018) have greatly increased NUE in many European countries.

Several studies have assessed possibilities to increase cropping system NUEs. However,
comparison of achievable NUEs with required NUEs reported in this study is complicated
by different definitions of NUE in the literature. An assessment of options to increase NUE
in European farming systems found that implementation of a multitude of technical options
can increase NUE to max. 82% (Northern Europe) and 92% (Southern Europe), but the
study only considered inputs of ‘virgin' N from outside the agricultural system (Hutchings
et al., 2020). Nitrogen use efliciencies reported in field trials are often expressed as partial
factor productivity (PFPN), defined as crop uptake divided by fertilizer inputs, which means
that for a given situation PFPN is lower than NUE that also consider non-fertilizer N sources
(Balasubramanian et al., 2004). Extensive field trials in China have shown that integrated soil
management strategies can increase PFPN of grain cropping systems by 30-45%, to levels of
60% (rice), 78% (wheat) and 67% (maize) (Chen et al., 2014). The PFPN achieved by the best-
performing farmers in a certain region can also be seen as a target value for PFPN increases.
Cui et al. (2014) for example found that grain farmers in China achieved PFPN of ~40%
on average, while best-performing farmers achieved 68-80%. Achievable NUEs also depend
on the mix of input sources, e.g. for manure, only 50% of the N is immediately available for
crop uptake on average (Webb et al., 2013), though manure use can also increase NUE by
improving soil organic carbon content and structure and reducing soil acidification (Duan
etal., 2011).

Approaches to increase NUE which are targeted on industry are potentially easier to
implement as a smaller number of actors is involved (Kanter and Searchinger, 2018).
Increasing sale shares of enhanced-efficiency fertilizers, such as fertilizers amended with N
inhibitors or slow-release fertilizers could on average increase NUE while maintaining yields
(Abalos et al., 2014; Chen et al., 2018; Krol et al., 2020). Mandatory targets for the fertilizer
industry regarding the production, efficiency and sales of enhanced-efficiency fertilizers
could thus increase NUE while avoiding high transaction costs associated with regulating

millions of farmers (Kanter and Searchinger, 2018).

3.4.5. Beyond farm-level nitrogen use efficiency

In regions where best possible improvements in N management are insuflicient to respect
N pollution thresholds (red areas in Figure 3.4), environmental targets can only be achieved
at reduced N inputs, even if this leads to lower agricultural output. For example, our results

show that even with technological improvements, N deposition cannot be reduced to critical
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loads while maintaining current agricultural production levels everywhere, which implies
that livestock numbers need to be reduced. This discussion is also at the core of the Dutch
‘nitrogen crisis’ (Stokstad, 2019), where a high court ruled that the Dutch government needs
to take immediate action to reduce NH; and NO, emissions to reverse widespread exceedance
of critical loads on terrestrial ecosystems, and to comply with the requirements of the Birds
and Habitat Directive. De Vries et al. (2020) estimated that N emissions have to be reduced
by 25%, 50% and 80%, respectively, to protect 50%, 75% and 95% of all Dutch Natura 2000
sites (i.e., reach critical N loads), although required emission reductions are slightly lower
if reductions focus specifically on NH; sources near sensitive terrestrial ecosystems. While
reducing NH; emission by 25% may be possible with technical measures, more ambitious
targets can only be met by also reducing the numbers of cows, pigs and chicken (livestock-

related emissions alone account for 75% of Dutch NH; emissions, Oenema, 2019).

The avoided costs to society by reducing N pollution by extensification could outweigh the
lost income from reduced crop production (van Grinsven et al., 2015b). Farmers could be
compensated for losses in crop production through price premiums or receive compensation
for farm closure. Removing N from the environment in areas with excess N runoft where
NUE increases cannot sufficiently mitigate agricultural losses is another way of reducing
environmental pressure (Houlton et al., 2019). Examples are wetland and riparian restoration

projects aimed at filtering N runoff and leaching flows in landscapes.

This study only analysed the potential to restore a safe operating space for N without losing
crop production by increasing NUE and redistributing N inputs on existing agricultural
land. However, further reductions in N losses without affecting agricultural output may
be possible by also allowing for a redistribution of cropland within certain constraints, as
shown by previous studies (e.g., Gerten et al., 2020; Heck et al., 2018b). Land conversion does
not always have adverse effects, for example in the case of restoring abandoned croplands
with a low value for biodiversity, which is widespread in Eastern Europe (Alcantara et al.,
2013). In each case, negative impacts of land conversion in Europe always have to be weighed
against potential impacts of land conversion in high-biodiversity areas in other world regions
that might indirectly be triggered by sparing land in Europe as long as global demands
remain unchanged (Fuchs et al., 2020). Concerns have been raised that reductions in the
use of agricultural input and land proposed by the European Farm to Fork and Biodiversity
Strategies may lead to reductions in crop production, possibly driving up global good prices
(Beckman et al., 2020). This may in turn drive expansion of agricultural production in
other regions, possibly resulting in impacts that outweigh the benefits of more sustainable

production in Europe from a global conservation perspective (Fuchs et al., 2020).
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As measures taken at the farm level are not sufficient to respect N thresholds and maintain
production everywhere, targeting other levels of the food chain to improve overall food-
chain NUE is needed to reduce N losses, as has been pointed out by other studies (e.g.,
Bodirsky et al., 2014; Grizzetti et al., 2013; Springmann et al., 2018; Westhoek et al., 2014).
Such strategies include reducing food waste and the share of animal protein in diets, and
have in common that they reduce the need for crop production and thus associated N inputs
and losses. This is also recognized in the FFS, which includes commitments to reduce food
waste and inform consumers to support sustainable food choices (European Commission,
2020). The FFS, however, does not explicitly mention targets for reducing consumption of
animal products, even though two thirds of EU cereal production (Kelly, 2019) and 80%
vegetal protein (Lassaletta et al., 2016) is used as feed for livestock. Reducing consumption of
animal products in Europe has many co-benefits next to reducing N losses, such as reducing
greenhouse gas emissions (Leip et al., 2015), reducing Europe’s reliance on imported N in
feedstuffs (Lassaletta et al., 2014b) and health benefits (Willett et al., 2019).

3.5. Conclusions

Maintaining or increasing Europe’s crop producing while meeting targets to improve water
quality and halt biodiversity loss requires a mix of strategies. We found that increasing N
inputs to close yield gaps (ignoring environmental constraints) could increase European
crop production by about 30%. However, as critical N losses are already exceeded on
most agricultural land, little of this additional crop production can be realized within
safe environmental limits for N losses. Remaining within thresholds for N deposition on
terrestrial (semi)natural ecosystems and N concentrations in surface water and groundwater
at current NUE requires a reduction in N inputs of ~50%, with large regional differences.
Reducing manure NH; EFs or increasing NUE to best possible values (0.10 for NH; EF for
manure and 0.90 for NUE) can reduce N pollution below thresholds without yield losses in
44% of the area where one or more thresholds are exceeded, and can reconcile approximately
80% of current crop production with N thresholds. Increases in NUE and reductions
in NH; EF can be achieved by improved agricultural management, such as applying 4R
strategies for fertilizer and manure application, better manure management, or by crop and
livestock breeding. In hotspot regions, however, required improvements in N management
to avoid environmental impacts at current production levels are beyond what is considered
technologically feasible. Therefore, to conserve our environment, redistribution of N inputs
and improved N management need to be complemented by other strategies, such as reducing

crop demand by cutting food waste and animal protein consumption.
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Abstract

Excessive agricultural nitrogen (N) use causes serious environmental problems globally, to
an extent that scientists have claimed that the safe planetary boundary has been exceeded.
Earlier estimates for the planetary N boundary, however, did not account for spatial variability
in both ecosystem’s sensitivity to nitrogen pollution and agricultural nitrogen losses. Here
we used a spatially explicit model to establish regional boundaries for agricultural N inputs
from thresholds for eutrophication of terrestrial and aquatic ecosystems and nitrate in
groundwater. We show that regional boundaries for agricultural nitrogen pollution reveal
both overuse and room for intensification. The aggregated global boundary to respect
all thresholds is 110 Mt N yr’, 57% lower than current (2010) N inputs (255 Mt N yr*).
Allowing N inputs to increase to close yield gaps in regions where environmental thresholds
are not exceeded lifts the planetary N boundary to 145 Mt N yr'. Feeding the world without
trespassing the planetary N boundary requires large increases in nitrogen use efficiencies
accompanied by mitigation of non-agricultural N sources such as sewage water. This asks for
coordinated action, recognizing the heterogeneity of agricultural systems, non-agricultural

N losses, and environmental vulnerabilities.

4.]. Introduction

Nitrogen (N) is at the core of several Sustainable Development Goals related to both food
security and a clean environment (Dobermann, 2016; Kanter et al., 2016). Food production
depends on inputs of reactive N (Erisman et al., 2008). In order make N available for crop
growth, it is ‘fixed’ from the atmosphere during fertilizer production and through biological
fixation by leguminous crops, such as soybean (Galloway et al., 2008). With inherent
inefliciencies in crop and livestock production, however, much of the reactive N inputs to
food production are lost to the environment, resulting in multiple pollution threats, such
as dead zones in coastal oceans (Diaz and Rosenberg, 2008), harmful algal blooms (Glibert,
2017), terrestrial and aquatic biodiversity loss (Bleeker et al., 2011; Bobbink et al., 2010;
Erisman et al., 2013), nitrate contamination of drinking water (Ward et al., 2018) and climate
change (Davidson, 2012; Davidson and Kanter, 2014). Therefore, intentional N fixation has
been proposed as one of the control variables to monitor whether humanity transgresses
‘planetary boundaries’ (Rockstrom et al., 2009b, 2009a; Steffen et al, 2015) for human

disturbance of Earth System processes.
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A planetary boundary for intentional N fixation (i.e., N fixed during synthetic fertilizer
production and by leguminous crops) has first been presented by Rockstrém et al. (2009b)
and later revised to an upper limit of 62-82 Tg N per year (De Vries et al., 2013; Steffen et al.,
2015), about half the current rate. Many studies assessed whether global food security can be
achieved without transgressing this planetary boundary under both current conditions and
future scenarios (Bodirsky et al., 2014; Conijn et al., 2018; Gerten et al., 2020; Heck et al,,
2018a; Springmann et al., 2018; Uwizeye et al., 2020; Willett et al., 2019). The usefulness of
a planetary N boundary for evaluating regional problems such as N pollution has, however,
been questioned due to the large spatial variation in N losses and related impacts (Brook et
al., 2013; Heistermann, 2017; Lewis, 2012). Several studies have inferred N boundaries for
countries and regions (Cole et al., 2014; Dao et al.,, 2018; EEA and FOEN, 2020; Kahiluoto
et al., 2015; Nykvist et al.,, 2013), generally by allocating an equal share of the planetary
boundary to each global inhabitant. Planetary boundaries were, however, ‘not designed to
be downscaled or disaggregated’ (Steffen et al., 2015) and such approaches ignore regional
differences in agricultural systems, soils and ecosystems affecting both N losses and resulting

impacts.

In addition, the current quantification approach for the planetary N boundary (De Vries et al.,
2013; Steffen et al., 2015) has several limitations. First, it defines limits for ‘intentional human
N fixation, which does not account for regional impacts of N losses from recycled N sources,
such as animal manure. Second, the planetary N boundary only considered reductions
needed to respect environmental thresholds (De Vries et al., 2013), but should also allow for
increases in N inputs where possible within thresholds, given that low N inputs constrain
yields in large parts of the world (Mueller et al., 2012). Third, the boundary was derived for
agricultural N inputs while not considering N pollution from other sources, such as NO;
emissions from traffic and industry and N discharge in wastewater. Fourth, boundaries were
derived for several N-related impacts individually (De Vries et al., 2013), while a safe limit
should avoid all N-related problems simultaneously. Finally, the approach did not consider
differences between crop and grazing systems, which require different approaches to relate N

levels, pollution and productivity.

Here we present a new approach for estimating regional and planetary boundaries for
agricultural N inputs, based on spatially explicit environmental thresholds. Thresholds
were defined for (i) N deposition rates (to avoid or limit terrestrial biodiversity loss), (ii)
N concentrations in surface water (to limit eutrophication) and (iii) N concentrations in
groundwater (to meet drinking water standards). Nitrogen’s contribution to climate change
through N,O emissions as well as health impacts of air pollution from NH; emissions were

not considered (see Section 4.7). We mapped where one or several of these thresholds
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are transgressed, and where N inputs can safely increase to close yield gaps. To this end,
we configured the Integrated Model to Assess the Global Environment (IMAGE) - Global
Nutrient Model (GNM) (Beusen et al., 2015) to calculate ‘critical’ agricultural N inputs (input
levels at which thresholds are reached) at a 0.5°x 0.5 resolution for the year 2010.

Our N boundary covers all agricultural N inputs (rather than ‘intended human N fixation’),
including ‘new’ inputs from fertilizer and biological fixation as well as ‘recycled’ inputs from
manure and deposition. Non-agricultural N pollution (e.g. NO, emissions from transport
and industry, N load to surface water from wastewater and erosion) was assumed constant.
The critical N input limit in each grid cell thus depends on the sensitivity of the ecosystem
(acceptable losses), the properties of the agricultural system (e.g. yields, N management and
efficiency), and N loading caused by non-agricultural sources. Critical N inputs for each
grid cell were aggregated to derive regional and planetary N boundaries. We also tested how

varying assumptions regarding reductions of non-agricultural N losses affected our results.

4.2. Planetary nitrogen boundary

Reductions in agricultural N inputs required to respect thresholds for deposition levels,
surface water quality and groundwater quality differ strongly. In line with Steffen et al.
(2015), we find that surface water quality is the most stringent criterion and requires the
highest reductions in global N inputs: from 255 to 138 Mt N yr' (Figure 4.1c). In contrast,
N input boundaries to avoid deposition rates that threaten terrestrial biodiversity (174 Mt
N yr, Figure 4.1b) and to avoid exceedance of health-impacting nitrate concentrations in
groundwater (179 Mt N yr?, Figure 4.1d) are about 30% lower than current (2010) N inputs.
The boundary for all impacts combined is even lower (110 Mt N yr”, Figure 4.1a), revealing

that in many places of the world individual thresholds amplify each other.

Unlike the earlier planetary N boundary (Steffen et al., 2015), we not only considered
required reductions in N inputs where thresholds are transgressed, but also production
gains from potential increases in N inputs. In regions where thresholds are not transgressed,
N inputs were increased up to the level needed to reach yield potentials at current N use
efficiency (see Section 4.7). To respect all three N-related thresholds, N inputs would need to
decrease by 74% (from 197 to 52 Mt N yr') in land where thresholds are exceeded, but can
increase by 59% (from 58 to 93 Mt N yr) in land where thresholds are not exceeded (Figure
4.1a), lifting the global N boundary to 145 Mt N yr'. For individual thresholds, increasing
N inputs to close yield gaps on land where thresholds have not been transgressed increases
global boundaries to 214-266 Mt N yr! (Figure 4.1b-d).
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Figure 4.1 | Current (2010) and critical nitrogen (N) inputs to agricultural land for a, all thresholds
combined, b, critical N deposition to limit terrestrial biodiversity loss, ¢, critical N load to surface water
to limit eutrophication and d, critical N leaching to groundwater to meet drinking water standards. Red
edges for current input bars indicate current inputs to land where thresholds are exceeded, green edges
indicate current inputs to land where thresholds are not exceeded. Numbers right of critical input bars
indicate global N boundaries when only reducing N inputs where thresholds are exceeded (orange) and
when also allowing N inputs to increase where possible within thresholds (blue). Values are in Mt N yr-'.

Even considering allowable increases in N inputs in regions where thresholds have not yet
been transgressed, global critical inputs are still lower than actual (2010) N inputs, except
for the groundwater criterion. For all criteria, N fertilizer inputs need to be reduced more
strongly than N manure inputs (Figure E4.1). This is because areas with a high share of N
fertilizer in general also show a large exceedance of the thresholds (Figure E4.2). As our
approach reduces inputs from fertilizer and manure in the same proportion until thresholds
are no longer exceeded, absolute reductions of fertilizer inputs are larger than those of

manure.

4.3. Spatial variation in risk areas

Exceedances of critical inputs for all impacts show strong regional variation (Figure 4.2a and
Figure E4.3) and are remarkably similar in croplands and grasslands (Figure E4.4). The spatial
variation in exceedances results from heterogeneity in both current N losses and sensitivity of
ecosystems to N losses (Figure E4.5). Exceedances are most severe in North-Western Europe
(especially Germany + BENELUX), India/Pakistan and Eastern China. Smaller regions with
high exceedances include the Nile Basin, areas in Saudi-Arabia and along the Peruvian Coast.

In these regions often reductions of > 100 kg N ha yr* would be needed in order to comply
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with all three thresholds. In 66% of the global agricultural land area (accounting for as much
as 77% of global N inputs), at least one of the thresholds has been exceeded (i.e., critical
inputs are lower than current inputs). These widespread required reductions result from
combining the spatially distinct transgression patterns for the individual thresholds (Figure
E4.6). China, Western Europe and the Eastern US are primarily affected by transgressions of
surface water limits and/or deposition limits, while the US Midwest and Central Europe are
dominated by transgression of surface- and / or groundwater limits (Figure 4.2b). Parts of the
eastern United States, Northern India, northeast China and eastern Europe face transgression
of the three critical limits simultaneously (Figure 4.2b). In many regions where thresholds
for N load to surface water are exceeded, thresholds for N leaching to groundwater are
also exceeded, and vice versa (Figure 4.2b), while the threshold for N deposition is often
transgressed in areas where water-related thresholds are not. Groundwater thresholds are

exceeded more frequently on arable land than on grassland (Figure E4.6).

In contrast to the surplus regions, thresholds have not yet been exceeded for any of the three
criteria in 34% of all agricultural land, situated mostly in Sub-Saharan Africa, Central and
South America and South-East Asia (Figure 4.2b). N inputs in these regions could safely
increase without exceeding environmental limits, potentially allowing for increases in food

production.

4.4. Option space for agriculture

Reducing agricultural inputs alone not always suffices to avoid N-related impacts. Previous
assessments of planetary N boundaries focused exclusively on the agricultural sector (Conijn
et al.,, 2018; De Vries et al., 2013; Gerten et al., 2020; Steffen et al., 2015), while our new
approach explicitly accounts for N loss contributions from non-agricultural sources. Half of
all agricultural land is located in areas where at least one of the three thresholds is exceeded
even without any losses from agriculture (Figure 4.3a), with similar patterns in croplands and
intensively managed grasslands (Figure E4.7). This phenomenon is especially widespread for
the surface water criterion, where thresholds are exceeded even assuming zero agricultural N
inputs in 44% of all agricultural land (Figure 4.3c). In these areas, N discharge from sewage
or runoff from natural land alone leads to exceedance of critical N concentrations (Figure
E4.6a,b). For deposition onto terrestrial systems, NO, emissions from industry and traffic
alone exceed thresholds in areas containing 9% of all agricultural land, mainly situated in
China, Eastern US and Western Europe (Figure 4.3b and Figure E4.6d). Total N deposition

in these areas is almost three times the average deposition rate (25 kg N ha'!, compared to 9
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Figure 4.2 | a, Spatial variation in reductions of agricultural N inputs that are required to respect all
three environmental thresholds. Positive values (red) indicate needed reductions, negative values (green)
indicate possible increases within thresholds. Needed reductions to respect individual thresholds are
shown in Figure E4.2. b, Spatial variation in the type of N-related impact (critical N deposition, critical
N load to surface water and critical N leaching to groundwater) for which thresholds are exceeded.
Exceedance of thresholds for none (white), one, two or all three impacts (see legend). Areas with no
agricultural land are light grey, areas where critical inputs could not be calculated are dark grey.
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Figure 4.3 | Possibilities for respecting environmental thresholds by reducing agricultural N inputs
alone for a, all thresholds combined, b, critical N deposition to limit terrestrial biodiversity loss, c,
critical N load to surface water to limit eutrophication and d, critical N leaching to groundwater to meet
drinking water standards. Bars show the share of global agricultural land within each category. Areas
with no agricultural land are shown in grey.

kg N ha'! for all grid cells with agricultural land) and NO, on average accounts for 78% of the
deposition. The critical N load to groundwater is exceeded at zero inputs to agriculture in
17% of the total agricultural area (Figure 4.3d). We tested how varying assumptions regarding
reductions of non-agricultural N losses affected our results and found a notable impact on
global N boundaries. Fully reducing other N losses, for example, lifts the boundary for all
impacts by ca. 42% (to 219 Mt N yr) (Figure E4.9).

4.5. Food Security Implications

Feeding a future population of ~10 billion people while remaining within the safe operating
space for N is only possible through drastic changes to both food production systems and

consumption patterns. Assessments that have attempted to model a world where sufficient
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Figure 4.4 | Exceedance of environmental boundaries and possibility for food self-sufficiency within
boundaries per world regions. Bar charts show current (2010) N input, critical N input (to avoid all
impacts) and required N input to meet domestic protein demand (based on a protein intake of 3 kg N
person’' year'! and food chain N use efficiencies from the literature, see Section 4.7). Colours indicate
whether a region is currently within environmental boundaries (current input < critical input), patterns
indicate whether a region can be food self-sufficient while respecting boundaries at current efficiencies
(required input < critical input).

food can be supplied within environmental thresholds found that this can only be achieved
by combining efficiency improvements, dietary changes, re-distributing N inputs and
cropland, reducing food waste and recycling nutrients (Conijn et al., 2018; Springmann et al.,
2018; Willett et al., 2019). Optimizing the distribution of cropland, production and N inputs
could contribute substantially to producing more crops with less N pollution (Folberth et
al,, 2020; Gerten et al., 2020; Mueller et al., 2012), but may clash with goals of regional and
national food self-sufficiency (Heck et al., 2018b). We find that under current production
conditions, only two out of seven world regions (Latin America and Sub-Saharan Africa) can
safely increase N inputs (critical inputs > current inputs, Figure 4.4). However, even if Sub-
Saharan Africa were to increase N inputs up to the regional boundary, this level would not
be enough to achieve food self-sufficiency (critical inputs < required inputs, Figure 4.4). For
five out of seven regions, agricultural N inputs need to be reduced in order to stay within safe

limits for N pollution (critical inputs < current inputs).
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Reducing agricultural N implies loss of crop production, unless NUE (the share of N applied
that is taken up by crops) is increased. Globally, maintaining current (year 2010) yields
without exceeding thresholds for groundwater N leaching requires NUE to increase from
currently 47% to 74% (Table E4.1). On ca. half of the agricultural land, the NUE at which
losses are reduced to critical values without reductions in crop and grass production is higher
than 80%. For surface water N load (currently transgressed on 50% of the agricultural area),
NUE has to increase on average from currently 48% to 95% (Table E4.1). Such high increases
are beyond what is considered feasible (Zhang et al., 2015) and far from trajectories that

countries are currently on (Lassaletta et al., 2014a).

4.6. From planetary to regional boundaries

Aggregating our spatially explicit N input thresholds for protecting air, surface water and
groundwater quality results in a planetary boundary for N inputs in croplands and grasslands.
The most important result, however, is the insight in the spatial distribution of acceptable
environmental N losses for different N impacts as well as N pollution from non-agricultural
sources. Results can be used to derive bottom-up national and regional boundaries (Figure
E4.10 and Table E4.2) and can thus replace current top-down N boundaries based on equal

per capita shares that ignore environmental heterogeneity (e.g., Cole et al., 2014).

The N boundaries presented in this paper represent thresholds for the current agricultural
system, but the approach in theory allows for a dynamic assessment of N boundaries
under changing conditions and practices, for example using scenarios such as the shared
socioeconomic pathways (Riahi et al., 2017). If agricultural systems become more efficient in
the future, the planetary boundary for N inputs increases, as a lower share of inputs is lost to
the environment. Similarly, mitigation of N pollution from other sectors affects the boundary

for agricultural N inputs as more ‘space’ becomes available for agricultural N losses.

The Sustainable Development Goals adopted by the UN aim to improve human well-being
while protecting ecosystems. Our results highlight the magnitude of this challenge with
regards to agricultural N use. Fixation of reactive N will remain vital for sustaining crop
production, but the costs to the environment are high, with thresholds for several N-related
problems already exceeded on most of the agricultural land. Producing more food with less
pollution will require targeted strategies, with increases in efficiency and/or extensification in
areas with vulnerable ecosystems, and increases in N inputs in areas where additional losses
are acceptable from an environmental perspective. Feeding the world without trespassing a
planetary N boundary thus requires a coordinated action that has to recognize the regional

diversity of agricultural systems and multiple environmental impacts.
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4.7. Methods

Spatially explicit boundaries for agricultural nitrogen (N) inputs were derived in three steps
(see Figure 4.5a): Step 1; establish thresholds for N concentrations at which unacceptable
impacts occur (‘critical concentration’), Step 2; derive N losses at which critical concentrations
are reached but not exceeded (‘critical losses’) and Step 3; calculate agricultural N inputs that

correspond to critical losses (‘critical inputs), step 3).

Thresholds for nitrogen impacts

Critical agricultural N inputs are for N impacts, using thresholds for: (i) N deposition in
natural ecosystems (related to biodiversity and acidification in terrestrial systems), (ii) N
concentrations in surface water (related to eutrophication impacts on aquatic biodiversity)

and (iii) N concentrations in groundwater (related to drinking water norms).

Critical N deposition rates to limit terrestrial biodiversity loss were derived for each of the
14 biomes represented in the IMAGE model (Stehfest et al., 2014), mainly based on Bobbink
et al. (2010). Critical deposition rates vary from 5 to 20 kg N ha" yr! for the most and least

sensitive biomes, respectively (see Supplementary Text S4.1.1).

Critical N concentration in surface water to limit eutrophication impacts was set to 2.5 mg N
(total dissolved N) per litre, based on (i) an extensive study on the ecological and toxicological
effects of inorganic N pollution (Camargo and Alonso, 2006), (ii) an overview of maximum
allowable surface water N concentrations in national surface water quality standards (Laane,
2005) and (iii) different European objectives for N compounds. Rather than imposing limits
for N concentrations in surface water itself, we used a threshold for N concentration in
runoff to surface water. This threshold was set to 5.0 mg N 1, based on the assumption that
on average 50% of N entering surface water is removed through retention and sedimentation

(see Supplementary Text S4.1.2).

Critical N concentration in groundwater to limit health effects was set to 50 mg NO; I (11.3
mg NO;-N 1), based on WHO guidelines for drinking water (WHO, 2011). We imposed this

threshold concentration for excess water leached from agricultural land.

Two other impacts of N were not considered: the climate impact of N,O emissions and
health effects of air pollution by NHj, either directly or by contributing to particulate matter
(PM) formation. These impacts were not considered for several reasons: First, N,O is not
the major contributor to climate warming, and deriving a critical limit for N,emissions
thus requires making assumptions on reductions in other greenhouse gases. Second, N,O

concentrations only show slight interhemispheric and seasonal variations, making a spatially
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explicit calculation of critical inputs irrelevant. Third, at the global scale, part of the warming
effect from N,O emissions may be compensated by additional carbon sequestration induced
by enhanced N deposition, mainly in forests (De Vries et al., 2017; Schulte-Uebbing and
De Vries, 2018). For air pollution impacts of NHs, critical limits could be derived based on
thresholds for PM10 and PM2.5 and the relative contribution of NH; to PM formation. The
contribution of NH; and NO, to overall PM concentrations varies considerably between
population centres and is estimated to be on average 30% in urban areas and 15% in rural
areas for PM2.5 (Putaud et al., 2004). However, the effects of NH; on PM formation strongly
depend on meteorological conditions that vary in time in space, and such an assessment

would thus require detailed air quality models that capture these processes.

IMAGE-GNM model

All calculations are performed for the year 2010 at a spatial resolution of 0.5x0.5 degrees,
based on output files from the Global Nutrient Model (GNM), a sub-model of the Integrated
Model to Assess the Global Environment (IMAGE). IMAGE is a comprehensive integrated
modelling framework that allows to analyse interactions between human development and
global change (Stehfest et al., 2014). IMAGE-GNM simulates the fate of N and phosphorus
(P) in the soil-hydrological system (for a comprehensive description of IMAGE-GNM, see
Beusen et al., 2015). Total N load to surface water in IMAGE-GNM consists of (also see
Figure 4.5b):

i. N load from point sources that enter surface water directly, including wastewater,

aquaculture, allochthonous organic matter and direct deposition to surface water,
ii. Nload from soil erosion (both from agricultural and natural land) and

iii. N load from soil N budgets that are susceptible to surface runoff and leaching.
Nitrogen leached from the root zone travels through the soil profile and is eventually
delivered to surface water via sub-surface runoff. Sub-surface delivery of N to
surface water is calculated while accounting for travel times, historical N inflows

and N removal through denitrification in soils and riparian zones.

Surface water N concentration is derived from total N load, transport of N from upstream

grid cells and in-stream nutrient retention (Beusen et al., 2015).

Major assumptions in calculating critical nitrogen losses and inputs
Spatially explicit boundaries were derived for total N inputs from fertilizer, manure, biological

N fixation and deposition, rather than for ‘intentional N fixation, used as an indicator
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Figure 4.5 | Schematic illustrations of the modelling approach. a, Schematic representation of the
steps for back-calculating critical N inputs from critical impacts as well as required NUEs to reconcile
environmental and crop production targets. b, Simplified schematic representation of the calculations of
N losses in the IMAGE-GNM model used in the back-calculation of critical agricultural N inputs. Boxes

represent different land use types (I = arable land, = intensively managed grassland, 3 = extensively
managed grassland, 4 = natural land).

previous assessments of planetary N boundaries (Steffen et al., 2015). While intentionally
fixed N is a good indicator for the degree of human appropriation of the global N cycle, the
sum of both new and recycled N inputs to agricultural systems is a more relevant indicator
for assessing spatial patterns in the transgression of environmental limits. For example, N
fixation is high in South American soy production, whereas the adverse impacts of this newly
fixed N largely occur in other parts of the world where the N incorporated in soy is imported

as feed for intensive animal husbandry systems (Lassaletta et al., 2014b).

Critical N inputs were calculated using IMAGE-GNM (see Figure 4.5b) with several
assumptions (see below). All equations used for calculating critical N inputs, as well as an
overview of all gridded IMAGE data-files used as input in the calculations, can be found in
the Supplementary Text S4.1, Table S4.2 & Table $4.3.

87




Assumption 1: Changes in agricultural N inputs. Total N inputs to agriculture consist of N
inputs from mineral fertilizer, manure, biological N fixation and deposition (see Figure 4.5b).
Critical inputs are calculated by varying only those inputs directly managed by farmers, i.e.
mineral fertilizer and manure. Inputs from biological N fixation were assumed to be constant,
and inputs from deposition were calculated as a linear function of NH; and NO, emissions at
critical N inputs. Nitrogen inputs from fertilizer and manure were reduced (or increased) in

equal proportions until thresholds are no longer exceeded.

Assumption 2: Constant N losses from other sources. All N losses from non-agricultural
sources were assumed constant. This includes NO, emissions from stationary and mobile
combustion, as well as N load to surface water from point sources and erosion (see Figure
4.5b). Where N loss thresholds are exceeded, agriculture thus has to carry the full burden of
reductions. We also tested the impact of alternative assumptions regarding non-agricultural

loses on the results (see Section on ‘Scenarios’ under 4.7 and Figure E4.9).

Assumption 3: Constant properties of the agricultural system. N losses and uptake were
assumed to change linearly with N inputs. We assumed no changes in extent and distribution
of agricultural land. Land use classes in IMAGE were aggregated to four land-use types: 1.
arable land, 2. intensively managed grassland, 3. extensively managed grassland (pastoral
land) and 4. natural land (see Figure 4.5b). Critical N inputs were calculated only for land-
use types 1 and 2, while N inputs to (and N losses from) 3 and 4 were assumed constant
(except for inputs from deposition related to NH3 emissions from manure and fertilizer

inputs to 1 and 2).

Assumption 4: N emissions and N deposition. Nitrogen deposition within a grid cell was
assumed to be homogeneously distributed (i.e., same deposition rates for all land use types
within a grid cell). Total N (NH;+NOy) emissions were assumed equal to total N deposition
within a grid cell, i.e., we assumed no inter-grid transport of N emissions. NO, emissions were
calculated as the difference between N deposition and NH; emissions. Spatial distribution of
N deposition in IMAGE is derived from the TM5 model (Dentener et al., 2006), corrected for
the difference in emission estimate between TM5 and IMAGE at the level of world regions.
If NH; emissions exceeded N deposition in a grid cell, N deposition was set equal to NH;
emissions. This increased total global N deposition by ~10% (from 82 to 90 Mt N yr'), a
figure that is well within the uncertainty range for global N deposition estimates (Dentener
etal., 2014).

Assumption 5: Legacy N delivery. Depending on the travel time distribution for the lateral
flow, a part of N delivered to surface water via groundwater (“N groundwater delivery” in

Figure 4.5b) is caused by N inputs in the past. To reflect this time-lag in our calculations,
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N groundwater delivery was split into a variable component (assumed to change linearly
with N inputs) and a fixed component (assumed constant). The fraction of the variable
component was derived as a function of precipitation surplus, and increases linearly from 0

at no precipitation surplus to 0.95 at a precipitation surplus of 2000 mm yr and higher.

Cut-off value for critical inputs

In areas where N losses are (far) below environmental thresholds, critical N inputs need to
be constrained by a maximum value in order to avoid unrealistically high N inputs. Such a
maximum value should reflect that farmers will not apply more N than required for crop
production, but also that current N inputs constrain yields in many regions (Mueller et al.,
2014). We thus set the maximum level for critical N inputs, Nini,may, to the input required

to obtain crop yield potentials at current nitrogen use efficiency (NUE):

Nin(crit,max) = Nup(Yp)/NUE (Eq 4.1)

Nup(yp) = Nup *Yp/Ya (Eq. 4.2)

Where Yp is the yield potential (either for arable land or intensively managed grassland), Ya
is the current yield, Nupy,) is the N uptake at crop yield potential, and NUE is calculated as N
uptake divided by total N inputs. As high NUEs occur in regions where N is mined from the

soil, we capped the NUE for the calculation of maximum N input at 0.8.

Yield potentials for arable land were derived based on attainable yields for 17 crops and 155
countries presented in Mueller et al. (2012), and yield potentials for intensively managed
grassland were derived based on maximum livestock densities and feed requirements from

Rolinski et al. (2018), see Supplementary Text S4.1 for details.

Aggregation to regional and planetary boundaries

Regional and planetary boundaries for agricultural N inputs were calculated as the sum of
critical N inputs for all grid cells within a region. Boundaries were calculated for each of the
three thresholds individually, and for all thresholds simultaneously (based on the minimum
of the individual boundaries in each grid cell). Where N losses from non-agricultural sources

alone exceeded thresholds, critical N inputs from fertilizer and manure were set to zero.
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Scenarios for non-agricultural nitrogen losses

Non-agricultural N losses contribute substantially to the exceedance of critical thresholds
(see Figure E4.8). In the standard calculation of critical N inputs, these losses were assumed
constant (year 2010 values). To test the impact of alternative assumptions regarding non-
agricultural N losses on agricultural N input boundaries, critical N inputs were calculated
for two scenarios. In the Scenario “Mitigation”, NO; emissions and N load to surface water
from wastewater were reduced by 50% in each grid cell. In the Scenario “Agriculture First’, all
non-agricultural N losses were set to zero, and all N delivery to groundwater was assumed to

occur due to recent inputs (i.e., the scenario does not account for ‘legacy N load’).

Required nitrogen input for food self-sufficiency
The required agricultural N input for food self-sufficiency in each IMAGE region was

calculated as:

0D ("N demand*(§gmsl—+rran
Nin,reqqy = —— dl\fggiﬁ’;ldn() g (Eq. 4.3)
Where:

Nin,req = Ninput required to produce enough protein to be food self-sufficient for region
i [kg N'yr]

pope = population for region i for the year 2019 [# persons] (obtained from World
Bank, 2020)

Nemand = per capita N intake requirement [kg N person™ year']; set to 3 kg N person™
yr! (based on Westhoek et al., 2011)

Ny = average share of vegetal protein in total protein intake [-], set to 2/3 (based on
Westhoek et al., 2011)

A = average share of animal protein in total protein intake [-], set to 1/3 (based on
Westhoek et al., 2011)

NUE,chain,,; = average food chain NUE for vegetal protein, i.e., the share of N in harvested
crops that is ingested by humans [-]; estimated at 45% (based on Galloway and
Cowling, 2002)

NUE,chain,,; = average food chain NUE for animal protein, i.e., the share of N in harvested

crops that is converted into animal protein and ingested by humans [-];
estimated at 13% (based on Gallo-way and Cowling, 2002)

NUE field; = field-level NUE for region i [-]; calculated as the ratio of total crop N uptake
and total N input for the year 2010 per IMAGE region

Results at the level of 26 IMAGE regions were then aggregated to seven World Bank regions.
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Required nutrient use efficiency to reconcile nitrogen thresholds and food
production

In areas where N loss thresholds are exceeded, respecting thresholds without crop yield
losses is only possible at a higher nitrogen use efficiency (NUE). The required NUE to respect
thresholds for N load to surface water or N leaching to groundwater without yield reductions
was estimated for each grid cell by dividing current (year 2010) N uptake by the sum of

current N uptake and critical N losses, as:

Nup2010)
Nup(2010)+N10SS(2010)

NUE(req) = (Eq 4.4)
This based on the assumption that in each grid cell critical N input equals the sum

of current uptake and critical losses (N input = N output). Critical N losses are the sum of
NH3 emissions, N runoff, N leaching and N denitrification at critical N inputs. Results thus
derived represent an approximation of actual required NUEs, as calculations do not account

for the fact that at higher NUE less inputs are required for obtaining the same uptake.

Required NUEs were calculated for (i) all agricultural land where N loss thresholds are
exceeded and (ii) only for regions where both thresholds are exceeded and thresholds are not
exceeded by non-agricultural losses alone (where this is the case, critical N losses are zero
and the required NUE is thus 1).
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Figure E4.1 | Current & critical inputs by source and land use type. Global current (year 2010) N
inputs and critical N inputs related to three thresholds (N deposition to limit terrestrial biodiversity
loss, N load to surface water to limit eutrophication, and N leaching to groundwater to meet drinking
water standards), and for all thresholds combined. Inputs are disaggregated by source and shown for a,
all agricultural land, b, arable land and c, intensively managed grassland. To convert inputs in Mt N yr'
to input rates in kg N ha' yr', divide by 2.3 for all agricultural land, by 1.5 for arable land and by 0.8 for
intensively managed grassland.
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Figure E4.2 | Average N input rate (kg N ha' yr') for different classes of N fertilizer share in total
N inputs (fertilizer and manure). Global average current (year 2010) N input rates from manure and
fertilizer for and critical N input rates from manure and fertilizer related to different impacts.
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Figure E4.3 | Exceedance of critical nitrogen inputs per impact. Spatial variation of the exceedance
of critical N inputs in agricultural production by current inputs related to a, all impacts combined,
b, critical deposition to limit terrestrial biodiversity loss, ¢, critical N load to surface water to limit
eutrophication, and d, critical N leaching to groundwater to meet drinking water standards. Positive
values indicate by how much N inputs to agriculture need to decrease in order to avoid exceeding
environmental thresholds. Negative values indicate by how much N inputs to agriculture can increase to
close yield gaps without exceeding environmental thresholds.
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Figure E4.4 | Spatial variation of the exceedance of critical N inputs in agricultural production by current
inputs on a—d, arable land and e—h, intensively managed grassland; related to a+e, all impacts combined,
b+f, critical deposition to limit terrestrial biodiversity loss, c+g, critical N load to surface water to
limit eutrophication, and d+h , critical N leaching to groundwater to meet drinking water standards.
Positive values indicate that N inputs to agriculture need to decrease in order to avoid exceeding the
environmental thresholds. Negative values indicate that N inputs to agriculture can increase without
exceeding thresholds.

94



FROM PLANETARY TO REGIONAL NITROGEN BOUNDARIES FOR TARGETED POLICY SUPPORT

A48 ul uUMOYs 3JB pug| |BaNINDIISE OU YIIM S[|9D PLIL) “I93BMpUno.d
01 3uiydes| N [e21140 AQ JUBIIND JO SDUEBPIIIXD ‘I PUB ‘SPIBPUEIS JIBM SUDJULIP 199W O J3IBMpUNOJS 01 Sulydes| N [ed114d ‘Y ‘4arempunous o1 3uiyoes|
N 8303 3ua44n?) ‘8 U9JBM 3dk)Ins 01 peo| N [B2114d AqQ JUSLIND JO 3DUBPIIIXD ‘} pue ‘s3dedwl uoned1ydoaina 01 pale|ad J31em dDBLINS O3 PEO| N [Ed1LID ‘D
‘(s924n0s JaY10 pue [edn3ndLide Y10q) S92UNOS ||B WO} J9IBM 9DBJINS O) PEO| N [€103 JUS.LIND) ‘P "SUOISSIWS N [B131ID AQ JUSIIND JO SOUBPIIIXD ‘D pUE ‘SSO|
A11SJSAIPOIQ [B113S9..49] JIWI| O SUOISSIWD N [BINIID ‘q ‘suoIssiwd (EHN + *ON) N [B202 3ua.4inD) ‘B 's9ssO| N [B21142 AQ JUS.IND JO 9OUBPIIIXD ‘I—8 puE U91BM
PUE e 01 S3SSO| N| [BI121ID ‘y—P “J9IBM PUEB Ul 01 $3SSO| N 2USJJIND ‘D= Ul UONIELIBA [B1edS "S9OUBPIIIXD PUB SISSO| N| [BI1I1ID @ JUdLIND) | §'pg 94n314

%06< %0L %0S %08 %0k %0L- %0¢€- %05~ %0L- %06~ >

1a1empunolb o} Buiyoes| N 3ouepasax3 | .__m.m. SUOISSIWS *ON + "HN 22uepasox] B
0z ot 0 i4'e'o'q sjeued

0 :p‘e sjeued

A ey N B 06< 08 0L 09 0
JA By N B 9g< 43

JIE 0} SUOISSIW "ON + *HN uaung b

7 e E . :
1zempunolf o) Buiyoes| N JUsLNY | JBJEM SIEBLNS 0) PEO| N JUBLIND Y

95



Figure E4.6 | Threshold exceedance per impact type. Exceedance of thresholds for three N-related
environmental impacts (critical deposition to limit terrestrial biodiversity loss, critical N load to surface
water to limit eutrophication, and critical N leaching to groundwater to meet drinking water standards)
for a, arable land and b, intensively managed grassland. Colours indicate how many and which of the
thresholds is exceeded: none (white), one threshold (magenta, cyan, yellow), two thresholds (red, blue,
green) or all thresholds (black); see legend for impact type per colour. Grey = areas with no arable land
/ intensively managed grassland.
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Figure E4.7 | Option space for agricultural N loss reductions. Possibilities for respecting environmental
thresholds by reducing agricultural N inputs alone on a—d, arable land and e-h, intensively managed
grassland. a,e, all thresholds combined, b,f, critical deposition to limit terrestrial biodiversity loss, c,g,
critical N load to surface water to limit eutrophication and d,h, critical N leaching to groundwater to
meet drinking water standards. Bars show the share of land within each category. Grey = no arable land
/ intensively managed grassland.
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Figure E4.8 | Critical vs. current N losses from different sources. Ratio between current (year 2010)
N losses from non-agricultural sources and total critical N losses. a, Ratio between current N load from
wastewater and critical N load to surface water (to avoid eutrophication impacts). b, Ratio between
current N load from erosion (both from agricultural land and natural land) and critical N load to surface
water. ¢, Ratio between current N load from allochthonous organic matter and total critical N load to
surface water. d, Ratio between current NO, emissions and total critical N emissions to limit deposition
on terrestrial ecosystems and resulting biodiversity loss. A ratio > | indicates that N losses from an
individual source alone exceeds thresholds, and thus that thresholds for surface water N concentrations
or N deposition are exceeded even at zero inputs to agriculture. Grey = no agricultural land.
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Figure E4.9 | Scenarios for non-agricultural nitrogen losses. Current (year 2010) N inputs and critical
N inputs for three thresholds under different assumptions regarding non-agricultural N losses. In the
scenario “Mitigation”, NOy emissions and wastewater N load to surface water are reduced by 50%. In
the Scenario “Agriculture First”, all sources contributing to N losses (i.e., NO, emissions as well as N
load from natural areas, point sources and erosion) are reduced to zero, meaning that agriculture can
‘claim’ the full environmental space. Numbers above bars show the absolute difference between critical

and current inputs (in Mt N yr™').
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Figure E4.10 | Exceedance of current by critical N inputs by region. Exceedance of current (year
2010) N inputs by critical N inputs, for all agricultural land, aggregated to the level of 26 world regions
represented in the IMAGE model. Percentages indicate by how much current inputs need to decrease
(red) in order to respect environmental thresholds or may increase (green) to close yield gaps while still
respecting thresholds for a, all impacts combined, b, critical deposition to limit terrestrial biodiversity
loss, ¢, critical N load to surface water to limit eutrophication and d, critical N leaching to groundwater
to meet drinking water standards. Current and critical N inputs for each world region are shown in
Table E4.2.

Table E4.1 | Required nitrogen use efficiencies to reconcile environmental and crop production targets.
Current nitrogen use efficiency (NUE) and required NUE to respect environmental thresholds while
maintaining crop yields for a, N concentration in runoff to surface water and b, N concentration in leaching
to groundwater. Current and required NUEs are shown for i, all agricultural land where thresholds for either
surface water or groundwater are exceeded and ii, only agricultural land where thresholds are exceeded
and reducing agricultural inputs is sufficient to reduce N losses to the threshold value (i.e., thresholds are
not exceeded by N losses from non-agricultural sources alone).

a. Surface Water b. Groundwater
Share of Current Required  Share of Current Required
ag.land NUE NUE ag. land NUE NUE
i.All land where thresholds are 50% 0.48 0.95 38% 0.47 0.74
exceeded
ii. Only land where thresholds are 6% 0.49 0.59 22% 0.43 0.56

exceeded but reducing agricultural
inputs is sufficient to reduce N losses
to the threshold value

100



FROM PLANETARY TO REGIONAL NITROGEN BOUNDARIES FOR TARGETED POLICY SUPPORT

Table E4.2 | Current (year 2010) and critical N input rates to all agricultural land in view of thresholds
related to three environmental impacts, and for all impacts combined. Both current and critical N inputs
are given as rates (kg N ha'' yr') rather than totals, for easier comparison between regions with different
agricultural areas. Percentages in brackets show relative difference between critical and current N input.

N input to all agricultural land (kg N ha'' yr')

IMAGE region Current  Critical N input: Critical N input: Critical N input: Critical N input:
N input  Deposition Surface Water Groundwater All impacts

Canada 79 83 (+4%) 38 (-53%) 40 (-49%) 32 (-59%)
USA 101 89 (-12%) 66 (-34%) 74 (-26%) 42 (-58%)
Mexico 77 116 (+49%) 93 (+20%) 125 (+62%) 8l (+4%)
Central America 95 160 (+69%) 168 (+77%) 189 (+99%) 140 (+47%)
Brazil 98 151 (+54%) 179 (+83%) 185 (+89%) 145 (+48%)
Rest of South Am. 101 141 (+40%) 195 (+94%) 177 (+75%) I (+10%)
Northern Africa 100 73 (-28%) 42 (-58%) 100 (-1%) 24 (-76%)
Western Africa 42 93 (+124%) 90 (+116%) 93 (+123%) 75 (+79%)
Eastern Africa 65 108 (+66%) 71 (+9%) 96 (+47%) 60 (-8%)
South Africa 73 83 (+13%) 88 (+20%) 100 (+37%) 6l (-16%)
Western Europe 151 98 (-36%) 108 (-28%) 150 (-1%) 65 (-57%)
Central Europe 16 98 (-15%) 53 (-55%) 75 (-35%) 31 (-73%)
Turkey 87 142 (+63%) 38 (-57%) 8l (-7%) 32 (-63%)
Ukraine region 66 17 (+76%) 30 (-55%) 33 (-50%) 21 (-68%)
Central Asia 58 106 (+81%) 33 (-44%) 36 (-39%) 19 (-68%)
Russia region 37 79 (+116%) 32 (-12%) 38 (+4%) 26 (-29%)
Middle East 94 106 (+13%) 35 (-63%) 60 (-36%) 23 (-75%)
India 184 95 (-48%) 108 (-41%) 171 (-7%) 49 (-73%)
Korea region 148 112 (-24%) 110 (-26%) 149 (+1%) 82 (-45%)
China region 167 79 (-52%) 65 (-61%) 118 (-29%) 31 (-81%)
South-eastern Asia 144 168 (+16%) 202 (+40%) 221 (+53%) 158 (+10%)
Indonesia region 131 159 (+22%) 165 (+26%) 170 (+30%) 156 (+19%)
Japan 254 266 (+4%) 244 (-4%) 271 (+7%) 220 (-13%)
Oceania 48 63 (+33%) 48 (+0%) 49 (+2%) 40 (-15%)
Rest of South Asia 274 97 (-65%) 154 (-44%) 201 (-27%) 6l (-78%)
Rest of Southern Afr. 29 77 (+161%) 67 (+128%) 65 (+122%) 60 (+105%)
World 110 103 (-7%) 93 (-16%) 15 (+4%) 63 (-43%)
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Abstract

Elevated nitrogen (N) deposition may increase net primary productivity in N-limited
terrestrial ecosystems and thus enhance the terrestrial carbon (C) sink. To assess the
magnitude of this N-induced C sink, we performed a meta-analysis on data from forest
fertilization experiments to estimate N-induced C sequestration in aboveground tree
woody biomass, a stable C pool with long turnover times. Our results show that boreal and
temperate forests responded strongly to N addition and sequestered on average an additional
14 and 13 kg C per kg N in aboveground woody biomass, respectively. Tropical forests,
however, did not respond significantly to N addition. The common hypothesis that tropical
forests do not respond to N because they are phosphorus-limited could not be confirmed,
as we found no significant response to phosphorus addition in tropical forests. Across
climate zones, we found that young forests responded more strongly to N addition, which
is important as many previous meta-analyses of N addition experiments rely heavily on data
from experiments on seedlings and young trees. Furthermore, the C-N response (defined as
additional mass unit of C sequestered per additional mass unit of N addition) was affected
by forest productivity, experimental N addition rate, and rate of ambient N deposition. The
estimated C-N responses from our meta-analysis were generally lower that those derived
with stoichiometric scaling, dynamic global vegetation models, and forest growth inventories
along N deposition gradients. We estimated N-induced global C sequestration in tree
aboveground woody biomass by multiplying the C-N responses obtained from the meta-
analysis with N deposition estimates per biome. We thus derived an N-induced global C sink
of about 177 (112-243) Tg C yr! in above- and below-ground woody biomass, which would
account for about 12 % of the forest biomass C sink (1,400 Tg C yr).

5.1. Introduction

The terrestrial biosphere takes up a substantial share of the carbon dioxide (CO,) emitted
by human activities, thereby mitigating climate change (Le Quéré et al., 2015; Myneni et al.,
2001; Pan et al., 2011a). The amount of CO, absorbed by the terrestrial biosphere is driven
by, amongst others, changes in climate, land use, CO, concentrations and nitrogen (N)
deposition (Sitch et al., 2015). Atmospheric N deposition on forests has increased strongly
over the last decades as a result of N use in agriculture and the emission of N compounds
from combustion processes (Fowler et al., 2013; Galloway et al., 2008). The terrestrial carbon
(C) and N cycles are closely linked: most terrestrial ecosystems are N limited, and increased

N deposition thus stimulates biomass production and potentially terrestrial C sequestration
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(Bala et al., 2013; LeBauer and Treseder, 2008; Thomas et al., 2010; Zaehle, 2013). Only
few global earth system models, however, include a representation of the N cycle and can
assess impacts of N limitation and N deposition on the global C sink. The size of nitrogen’s
contribution to the global terrestrial C sink is still debated, and estimates ranging from as low
as 220 Tg C yr' up to 740 Tg C yr' have been published in recent years (De Vries et al., 2014;
Fleischer et al., 2015; Jain et al., 2009; Zaehle et al., 2011).

Forests account for about 82% of the terrestrial C sink (2.3 Gt C yr of the total terrestrial
sink of 2.8 Gt C yr! for the period 2000-2009; Pan et al., 2011a; Le Quéré et al., 2015). At
the global scale, forest soils and forest biomass both contain roughly equal amounts of C,
but living biomass and dead wood accounts for about 75% of the C sequestered in forests
(Ciais et al., 2008; Pan et al., 2011a). Even in regions where most C is contained in soils (i.e.
where the soils is the largest C pool), biomass often still accounts for most of the additional
sequestered C (i.e., biomass is the largest C sink). For example, for Europe it is estimated that
while tree biomass accounts for only 35% of the forest C pool, 70% of the forest C sink can be
ascribed to C sequestered in tree biomass and 30% to C sequestered in the soil (Janssens et
al., 2003; Nabuurs et al., 2003). Naturally, this distribution varies between biomes (Luyssaert
et al., 2007) and over time (Nabuurs et al., 2013).

The stimulating effect of N deposition on forest C sequestration can be estimated by
multiplying total N deposition on forests with the C-N response ratio of each forest ecosystem
compartment. The C-N response ratio (hereafter referred to as C-N response) is defined as
the additional mass unit of C sequestered per additional mass unit of N deposition. It is thus
a measure of the efficiency with which forests use the additional N. The size of the N-induced
C sink is mainly determined by N-induced changes in C sequestration in pools with long
turnover times: the tree C pool (wood) and the soil C pool (soil organic matter) (De Vries et
al., 2014; Luyssaert et al., 2007; Nabuurs et al., 2003) (Figure 5.1). At decadal time scales (not
accounting for large disturbances such as forest fires or harvest), N-induced C sequestration
in the tree C pool is determined by additional above- and below-ground woody biomass
production (stem, branches and coarse roots). Nitrogen-induced C sequestration in the soil
C pool is determined by inputs from additional above- and below-ground litter production
(leaves and fine roots), and losses from soil respiration (Figure 5.1). The Net Ecosystem
Production (NEP) is defined as the sum of the tree C pool and the soil C pool and thus
reflects the total amount of C sequestered in an undisturbed forest ecosystem. The Net Biome
Production (NBP) is defined as NEP minus C losses through disturbances such as harvest
and fires and thus reflects long-term net C sequestration in the tree and soil pools. In this

study, we focus on the tree C pool and how it responds to N addition.
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The forest C-N response, sometimes also referred to as N use efficiency, has been estimated
by several approaches, each with its own strength and weaknesses. A relatively simple
approach to estimating the C-N response is stoichiometric scaling. In this approach, an
estimate of the fraction of deposited N retained in the forest ecosystem (retention fraction) is
multiplied with N allocation fractions and C:N ratios of each ecosystem compartment (e.g.,
de Vries et al., 2014; Nadelhoffer et al., 1999). The approach thus can account for variations
in N retention, N allocation, and C:N ratios between ecosystems, but relies on accurate
estimates of these parameters, which are not always available at the global scale. Also, the
stoichiometric scaling approach assumes that N retention and allocation fractions and C:N
ratios remain constant while these parameters might change over time under increasing
levels of N deposition. Dynamic global vegetation models (DGVMs) have also been used
to estimate C-N responses (e.g., Jain et al., 2009; Zaehle et al., 2011; Fleischer et al.,, 2015).
The advantage of these models is that they can account for spatial and temporal variation
in factors driving forest productivity (such as tree species, climate, CO, concentration or
soil texture). However, models do not capture all relevant processes, such as soil biological
processes (Wieder et al.,, 2015) or limitations by other nutrients affecting C-N responses.
For example, hardly any of the current DGVMs include phosphorus (P) cycle dynamics,
while P limitation of the terrestrial C sink can be important in the tropics and becomes
increasingly important in regions with high N deposition rates (Braun et al., 2010; Peniuelas
et al.,, 2013; Sitch et al.,, 2015). Finally, gradient studies assess C-N responses using large
datasets, for example from growth observations at forest monitoring plots or eddy correlation
measurements, to correlate forest productivity changes to environmental variables, including
N deposition (e.g., de Vries et al., 2008; Fleischer et al., 2013; Laubhann et al., 2009; Magnani
et al., 2007; Solberg et al., 2009; Thomas et al., 2010). The advantage of these studies is that
they rely on actually observed changes and thus include all other factors affecting forest
productivity. However, isolating the effect of N deposition is tricky as N deposition may co-
vary with other environmental drivers such as climate and ozone exposure (Fleischer et al.,
2013; Sutton et al., 2008).

Fertilization experiments are the most direct way to assess forest C-N responses. In those
experiments, N is added to an experimental forest plot and changes in ecosystem response
parameters are measured over a period of time. Forest fertilization experiments have been
conducted in many parts of the world and can provide powerful insights in the isolated effects
of N deposition on forest C sequestration, and potential co-limitation by other nutrients,
such as P (Vadeboncoeur, 2010). However, their results are only valid for the conditions at
the specific location where the experiment has been performed. While some experiments

show a strong stimulation of tree C sequestration resulting from N addition (e.g., Liu et al.,
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Figure 5.1 | Conceptualization of the allocation of carbon assimilated through gross primary production
(GPP) to the tree and the soil forest carbon pools. All circles and squares represent carbon fluxes (e.g.,
in g C yr'). Net primary production (NPP) is GPP minus autotrophic (plant) respiration (Ra). NPP can be
split up in aboveground NPP (ANPP) and belowground NPP (BNPP). Both ANPP and BNPP can be split
up in a litter component (aboveground litter production (ALP) = leaves, belowground litter production
(BLP) = fine roots) and a woody component (aboveground woody biomass production (AGWP) = stem
and branches; belowground woody biomass production (BGWP) = coarse roots). Together, AGWP and
BGWP form the inputs to the tree carbon pool (Tree C). ALP and BLP form inputs to the soil carbon
pool (Soil C), from which carbon is lost through heterotrophic respiration (Rh). Based on De Vries et
al,, 2014.

2010a; Tanner et al., 1990), others find that N addition does not significantly affect tree C
sequestration (e.g., Lovett et al., 2013).

Meta-analysis is a powerful tool to synthesize quantitative information from a large number
of N addition experiments performed under different environmental and experimental
conditions (Knorr et al., 2005) and thus allows to derive more general statements on the
forest C sink response to N deposition from fertilization experiments. Several meta-analyses
have assessed N addition effects on forest C fluxes and pools (see Table S5.1 for an overview).
However, several limitations impede using results of these meta-analyses for estimating forest
C-N responses and thus the global N-induced forest C sink. A first limitation is that many
meta-analyses assess the effect of N addition on C fluxes, and thus results from these studies
cannot be used to assess effect of N addition on the forest C pool, that is, the tree C pool and
soil C pool. For example, many meta-analyses focus on N effects on aboveground or total net
primary production (ANPP or NPP), and include observations of N addition effects on litter
production, fine root production and woody biomass production (LeBauer and Treseder,
2008; Maynard et al., 2014; Tian et al., 2016; Vadeboncoeur, 2010; Xia and Wan, 2008).
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Furthermore, several meta-analyses have focused on N addition effects on (components of)
soil respiration (Janssens et al., 2010; Knorr et al., 2005; Liu and Greaver, 2010; Lu et al., 2011;
Zhou et al., 2014), but it is not possible to directly infer N addition effects on forest soil C
sequestration from these studies as these studies generally do not look at the net effect of N

on C inputs (above- and below-ground litter production) and losses.

A second limitation of previous meta-analyses is that nearly all of them report response ratios
(for example, a 30% productivity increase after N addition) instead of absolute responses
(e.g., kg C ha! yr'). This is true for several studies that focused on impacts of N addition
on aboveground woody biomass production (AGWP) (Newton and Amponsah, 2006), tree
C pool changes (Janssens et al., 2010) and soil C pool changes (Janssens et al., 2010; Lu et
al., 2011; Nave et al., 2009). Using relative responses (ratios) as effect size in meta-analyses
has the advantage that observations of fluxes of different magnitudes (for example, changes
in litter production of tree seedlings in the order of tens of kg C ha" yr' and changes in
total biomass production in a mature tropical humid forest in the order of thousands of kg C
ha' yr'), as well as observations of responses measured in different units (for example, stem
diameter increment in cm yr' and fine root production in g C m? yr') can be grouped, as
all responses are normalized to % increase. However, as those meta-analyses neither report
absolute responses nor give information on sensitivity of the response parameters to the
amount of N added (i.e., % NPP increase or kg C sequestered per kg N added), their results
cannot be used to estimate C-N responses and thus the global N-induced forest C sink.
The few meta-analyses that report absolute C pool changes per kg N addition are limited to
certain regions or based on a limited amount of studies. For example, Liu and Greaver (2009)
estimated that forests sequester 24.5 + 8.7 kg C per kg N in tree biomass and soils, but their
meta-analysis is based on only 9 experimental studies in the US and does not distinguish

N-induced C fluxes changes in forest compartments with short and long turnover times.

Another limitation of previous meta-analyses is that they hardly ever consider the effect of
stand age on N-induced changes in C fluxes. This is especially important as most published
N fertilization experiments are performed on seedlings or very young trees, which can
be assumed to respond more strongly to N due to lower N recycling rates and high N
requirements per unit of biomass production (Sun et al., 2016). The only meta-analysis on N
addition effects on forests that assessed the influence of stand age did indeed find a decrease
in N response with increasing stand age (Vadeboncoeur, 2010), though the effect was not
significant when including other factors in a multiple regression. A global-scale meta-analysis
of the effect of N addition on C sequestration in woody biomass and the factors affecting
this response, which is crucial for predicting the long-term response of the terrestrial C sink

based on results from forest fertilization experiments, is currently lacking.
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While N is generally assumed to be the most limiting nutrient in most forest ecosystems
(LeBauer and Treseder, 2008; Vitousek et al., 1997), forests also require other elements for
growth, such as P. High levels of N deposition over the last decades have not been matched by
equal increases in P inputs, and resulting nutritional imbalances may ultimately limit forest
growth (Braun et al.,, 2010; Jonard et al., 2015; Pefiuelas et al., 2013). Growth enhancement
following N additions has been shown to increase P demand and decrease plant P
concentrations and N:P ratios (Li et al., 2016). A global meta-analysis of nutrient limitations
in terrestrial, freshwater and marine systems found strong evidence for co-limitation by
N and P in all ecosystems (stronger response to N and P addition than to either one of
these nutrients applied in isolation) (Elser et al., 2007), while a meta-analysis in northern
hardwood forests found some evidence for co-limitation by P and calcium (Vadeboncoeur,
2010). In general, tropical forests are considered to be less responsive to N addition, as their

old and weathered soils are thought to cause P limitation (Vitousek et al., 1993).

In this paper, we present for the first time a meta-analysis of the effects of N and P addition
on C sequestration in tree woody biomass in boreal, temperate and tropical forests and
assess factors affecting the variation in this effect. In order to test whether P limitation can
explain a lack of response to N addition in tropical forests (due to inherent P limitation) and
in temperate and boreal forests (due to high N inputs), we also included experiments that
assess P addition effects on tree woody biomass. Our major aim is to answer the following
questions: (1) How does woody biomass production respond to N and P addition (both
absolute response per unit of N or P addition and relative response)? (2) How is the C-N
(or C-P) affected by stand characteristics (biome, forest net primary production (NPP),
stand age, ambient N deposition) and experimental factors (N or P addition level, form of N
fertilizer)? and (3) What is the contribution of N deposition to the global forest C sink?

5.2. Materials and methods

Meta-analysis is a method that quantitatively synthesizes results from many studies (Hedges

etal., 1999). We followed the steps for meta-analysis described in Borenstein et al. (2009).

5.2.1. Identification of literature, data selection and data extraction

An initial search in Scopus using a specific search string (see Table S5.2) led to 2,115 results.
From these initial search results, we selected publications that met the following criteria: (i)
the experiment was performed on natural forests or forest plantations older than 10 years

at the start of the experiment (ii) the experiment included a control treatment, (iii) the
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publication reported above- or below-ground woody biomass production (AGWP or BGWP)
in kg C ha'! yr', or a response that could be used to estimate AGWP or BGWP in kg C ha!
yr, (iv) the publication reported a measure of variance of the response, (v) the response
variables were measured for at least one year after the first fertilization, (vi) response variables
were measured on plants that represent 90% or more of ecosystem biomass. We identified
25 publications containing 70 observations for N addition experiments and 9 publications
containing 28 observations for P addition experiments for use in our meta-analysis. As

hardly any of the studies reported BGWP, we restricted our analysis to AGWP.

Data on woody biomass increment in the fertilized and control plots were extracted from
the selected publications, either directly from tables and/or text or from figures using Plot
Digitizer 2.6.6 (http://plotdigitizer.sourceforge.net). If required data were not reported in the

publication, we e-mailed authors and asked them to provide us with additional data.

Several publications did not provide data on woody biomass production directly, but reported
data that could be used to estimate it. If publications provided data on volumetric increments
(e.g., m*ha' yr'), we multiplied those values with species-specific wood densities obtained
from a global wood density database (http://db.worldagroforestry.org//wd) and a C content
of 50% to calculate AGWP in kg C ha™. If publications provided data on AGWP at tree level,

we multiplied those values with plot-specific tree densities to obtain a per-area estimate.

If a publication reported data for several treatments (e.g., several levels of N addition) or
for several study sites (e.g., several sites along an elevation gradient), those treatments were
included as independent observations (in accordance with other meta-analyses, see e.g.
Zhou et al., 2014). If data on woody biomass increment from several years were reported, we

calculated the average annual response over the longest period for which data were available.

For each observation, we included additional information on characteristics of the
experimental plot (latitude and longitude, tree species, age) and the experiment (N addition
level, experimental duration, form of N fertilizer, etc.). Table S5.3 provides additional
information on the experimental sites (including country, location, forest type, etc.) while
Tables S5.4 and S5.5 provide additional information on the experimental treatments for the
70 N addition experiments and 28 P addition experiments, respectively. We classified each
forest as either “young” (10-20 years), “intermediate” (20-50 years) or “old” (> 50 years),
based on information on stand age provided in the publication. If stand age was not given,
we classified a forest as belonging to one of the three age classes based on the available
information (e.g., a ‘mature’ forest was considered old). Information on background N
deposition was assessed at each plot by an overlay with NH,and NO, deposition simulated
with the TM5 atmospheric model on a 1°x1° grid for the year 2000 (Dentener et al., 2006).
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Each experimental location was categorized as either “tropical and subtropical forest’,
“temperate forest” or “boreal forest” by overlaying coordinates of experimental plots with a
map of terrestrial ecoregions (Olson et al., 2001; see Figure S5.1). For more information on

classification of ecoregions, see Supplementary Text.

5.2.2. Meta-analysis
For each individual observation, we calculated three different effect sizes and their variances
(see (Borenstein et al., 2009; Hedges et al., 1999). For simplicity we refer to the effects of N

addition in the following only; P addition effects were calculated in exactly the same way.
(1) The absolute effect of N addition (AE) as:

where Xy and X are the mean aboveground woody biomass C increments for the N addition

and control plot, respectively (in g C m? yr'), and its variance as:

ny+nc

V= ——% Spooled (Eq 5.2)

nn*ne

_|(ny=1)sf+(nc-1)s2
Spooted = [ (Eq. 5.3)

where ny and nc are the number of replicates for the N addition and the control
treatment, respectively and sy and sc are the sample standard deviations for the N addition

and the control treatment, respectively.
(2) The absolute sensitivity to N addition (AS) as:

45 = $u=¥0 (Eq. 5.4)

Nada

where N, is the average amount of N fertilizer addition over the experimental period in kg
N ha' yr', calculated as the total amount of N added to the treated plots divided by the
duration of the observation period.

(3) The relative response to N addition, calculated as the log response ratio:
X
In.RR = In (}?_IZ (Eq. 5.5)
and its variance as:

VlnRR = S;Eooled (;) + (;) (Eq 5.6)
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Meta-analysis was performed in R 3.1.3 (R Core Team, 2019) with the metafor package
(Viechtbauer, 2010). We fitted both random- and mixed-effects models using climate
zone, productivity (NPP), stand age, N addition rate, source of N fertilizer and ambient
N deposition as moderators. As we did not have data on NPP for most plots, we used
aboveground woody biomass production (AGWP) in the control plot as a proxy for NPP.
The random effects model calculates the mean effect size as the weighted mean of individual
effect sizes, using the inverse of the sum of the within-study variance (due to sampling
error) and between-study variance (due to variation in experimental conditions) as weights
(Borenstein et al., 2009). The Der Simonian and Laird method was used to calculate between-
study variances. The 95% confidence interval for each mean effect size was calculated as the
effect size + 1.96 times the standard error. The effect of N on woody biomass increment was
considered significant if the 95% confidence interval did not overlap with 1 (for the absolute

effect and absolute sensitivity) or with 0 (for the response ratio).

5.2.3. Estimation of the global nitrogen-induced carbon sink

To calculate global C sequestration in forests’ woody biomass resulting from N deposition,
we multiplied average C-N responses of (sub-)tropical, temperate and boreal forests with the
amount of total ambient N (NH,+NO,) deposition on these forest types. Total N deposition
per forest biome was estimated by first overlaying a land cover map (GLC, 2003) with a map of
terrestrial ecoregions (Olson et al., 2001) to obtain a global map of forest classified into (sub-)
tropical, temperate and boreal forests. We then made an overlay with gridded TM5 model
estimates of total NH,+NO, deposition for the year 2000 (Dentener et al., 2006) to estimate

average N deposition rates per forest biome. For more information, see Supplementary Text.

5.3. Results

5.3.1. Effects of nitrogen addition on aboveground woody biomass production
Across all studies, N addition significantly increased AGWP by about 11 kg C per kg N (p
< 0.0001, see Figure 5.2a). The effect of N addition on AGWP differed per climate zone. In
boreal and temperature forests, average AGWP increased significantly by about 14 and 12
kg C per kg N, respectively. Contrarily, AGWP in tropical forests did not show a significant
response to N addition (p=0.6). The relative increase in AGWP in response to N addition
showed a similar pattern, with N addition increasing AGWP in boreal and temperate forests
by 20 and 17% respectively, while tropical forests showed a non-significant increase of 5%
(Figure 5.2b).
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Figure 5.2 | Nitrogen addition effects on forest aboveground woody biomass increment, expressed as
a, the absolute sensitivity to nitrogen (N) addition in kg carbon (C) per kg N and, b, the response ratio.
Dots show mean effect sizes, bars are 95% confidence intervals. The last column shows mean effect sizes

and the number of observations in parentheses.
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Figure 5.3 | Phosphorus addition effects on forest aboveground woody biomass increment, expressed
as a, the absolute sensitivity to phosphorus (P) addition in kg carbon (C) per kg P and b, the response
ratio. Dots show mean effect sizes, bars are 95% confidence intervals. The last column shows mean
effect sizes and the number of observations in parentheses.
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N addition led to a significantly stronger relative increase in AGWP in forests with a lower
productivity (24%) than in forests with a higher productivity (7%). The absolute sensitivity
to N addition was also higher in low-productivity forests (11.9 kg C per kg N) than in high-
productivity forests (5.8 kg C per kg N), but here the difference was not significant (p=0.07).

Forest age had a strong effect on forests” absolute sensitivity to N addition, with AGWP in
young forests (stand age < 20 years) responding significantly stronger to N addition (19.7
kg C per kg N) than AGWP in intermediate and old forests (6.5 and 4.4 kg C per kg N,
respectively). This difference is also apparent in the relative sensitivity: N addition increased
AGWP in young forest stands by 27% versus 8 and 12 % in intermediate and old forest
stands, respectively (Figure 5.2b).

Nitrogen addition increased AGWP at all rates of N addition, but the efficiency with which
additional N was converted to woody biomass decreased with increasing rates of N addition.
While N addition rates below 30 kg ha' increased AGWP by about 23 kg C per kg N, N
addition rates between 30 and 70 kg N ha™ yr' only increased AGWP by 10 kg C per kg N,
and N addition rates above 70 kg N ha™ yr' increased AGWP by 5 kg C per kg N on average
(Figure 5.2a). The relative increase in AGWP in response to N addition, however, was equal
for N addition rates below 30 kg N ha!' yr' and between 30 and 70 kg N ha! yr! (an increase
of 20%), while higher levels of N addition only led to a 10% increase in AGWP on average
(Figure 5.2b).

Most of the experiments in the database used either ammonium nitrate (NH,NO;) or urea
as a source of N. Fertilization with urea increased AGWP by about 11 kg C per kg N while
fertilization with NH,NO; increased AGWP by about 4 kg C per kg N, but this difference
was not significant (p=0.08) (Figure 5.2). In terms of response ratios, there was hardly a

difference.

Forest AGWP response to N addition was significantly lower at high rates of ambient N
deposition (> 15 kg ha! yr') than at ambient N deposition levels between 5 and 15 kg N
ha' yr' (Figure 5.2). At even lower rates of ambient N deposition (< 5 kg N ha yr') forest
AGWP response seemed to decline again, however, the difference with AGWP response at
intermediate levels of N deposition was not significant. The response ratio follows a pattern
similar to that of the absolute sensitivity; however, differences between groups are not

significant here.
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Figure 5.4 | Observed absolute changes in aboveground woody biomass production (AGWP) in
response to nitrogen (N) + phosphorus (P) addition, and predicted AGWP response to NP addition,
calculated as the sum of the individual response of AGWP to N and P addition. Dots below the I:I line
indicate an antagonistic effect (the effect of NP addition is smaller than the sum of the individual effects
of N and P addition), while dots on or close to the line indicate an additive effect (the effect of NP
addition is equal to the sum of the individual effects of N and P addition) and dots above the line indicate
synergistic effects (the effect of NP addition is larger than the sum of the individual effects of N and P
addition)

5.3.2. Effects of phosphorus addition on aboveground woody biomass
production
Across all studies, P addition did not significantly increase AGWP production (p=0.1, see
Figure 5.3a). The mean response for tropical forests was higher (6.7 kg C per kg P) than for
temperate forests (1.6 kg C per kg P), but both responses were not significant. Similar to N,
the C-P response, also denoted as P use efficiency, seems to decrease with increasing rates
of P addition (from 5.5 kg C per kg P at P addition levels below 50 kg P ha! yr' to 1.9 kg C
per kg P at P addition levels above 50 kg P ha" yr'). However, again this difference was not

significant.

The fact that tropical forests show no significant response to either N addition or P addition
led to the question whether co-limitation by both nutrients could explain this lack of a
response. We selected experiments from the database that included N, P and N+P (NP)
treatments to test whether the effects of N and P are synergistic. In case of a synergistic effect,
the effect of NP addition would be larger than the sum of the individual effects of N and P
addition. Results are shown in Figure 5.4. Indeed, most sites seemed to be co-limited by N
and P as the response to NP addition was higher than the combined responses to N and P

addition. However, three plots also showed antagonistic effects.
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5.3.3. Global nitrogen-induced forest carbon sink

Based on an overlay with a global land cover map and spatially explicit estimates of N
deposition for the year 2000, we estimated a global N-induced C sequestration in AGWP
of 148 (93-202) Tg C yr' (Table 5.1). Temperate forests accounted for two thirds of
the N-induced C sink (101 Tg C yr'), due to both a high C-N response and high levels
of atmospheric N deposition (ca. 7.8 kg N ha! yr'). Boreal and tropical forests together
accounted for one third of global N-induced C sequestration (Table 5.1). Global C
sequestration in tropical forests was limited by a very low (non-significant) C-N response in
aboveground woody biomass. N-induced C sequestration in boreal forests was limited as N

deposition levels in this region are relatively low (ca. 1.8 kg N ha yr).

Our estimate of N-induced C sequestration in woody biomass only includes aboveground
woody biomass, as hardly any of the studies in our meta-analysis reported BGWP. The
amount of C allocated to coarse roots is typically 20% of the C allocation to aboveground
woody biomass, with little variation between biomes (Cleveland et al., 2013). If we assume
that fertilization does not change biomass allocation fractions to tree compartments and thus
the belowground woody biomass pool responds to N deposition in a similar manner (which
is supported by several fertilization experiments, see for example livonen et al., 2006), we can
calculate total woody biomass C increment due to N deposition by multiplying the AGWP
estimate by 1.2. Our estimate of the total global N-induced C sink in woody biomass thus
obtained is 177 (112-243) Tg C yr' (see Table S5.6). This would account for about 12 % of
the forest biomass C sink (1,400 Tg C yr' according to Pan et al., 2011a).

5.4. Discussion

5.4.1. Limitations of the research

While meta-analysis attempts to infer conclusions from individual experimental results to
a larger population, there are several limitations in doing this. First of all our database lacks
geographical balance: while most forests are situated in boreal and tropical regions (FAO,
2016; see Table 5.1), by far the most observations in our database (41 out of 70) are from
temperate forests (see Figure S5.1). Another limitation in extrapolating results from our
meta-analysis to global forests is that the N addition rates used in the experiments in our
database are generally much higher (between 30 and 300 kg N ha! yr') than atmospheric N
addition rates that forests currently experience (between 2 and 35 kg N ha! yr'). In addition,

atmospheric N deposition occurs continuously throughout the year, while in the experiments
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Table 5.1 | Summary effect sizes for C—N responses per forest biome obtained from the meta-analysis (1),
estimates of total N (NH,+NO,) deposition per forest biome (2), total forest area per forest biome (3) and
the calculated nitrogen-induced carbon sink (4).Values shown are means; values in brackets are confidence
intervals ( | standard error).

(1) C-N response  (2) Average (3) Forest (4) N-induced C sink
AGWP NH. + NO, area AGWP = (1) *(2)
deposition” *(3)
[kg C kg N'] [kg N ha' yr'] [ha * 107] [Tg Cyr']
Tropical forests (n=17) 1.3 (.3-3.9) 6.4 1.79 15 ('5—44)
Temperate forests (n=41) 12.7 (10.6—-14.9) 7.8 1.02 101 (84-119)
Boreal forests (n=12) 14.1 (10.6—17.5) 1.8 1.21 32 (24-39)
All (n=70) 11.3 (8.7-13.9) 5.4 4.02 148 (93-202)

('N deposition estimates are based on an overlay of the GLC 2000 and the total deposition of NH, and NOy at | x
| degree calculated with the TM5 model for the year 2000 (Dentener et al., 2006). Note that the C-N response for
“All” is the weighted mean response across all experiments, not an area-weighted mean of the C—N responses per
biome.

fertilizers are applied every few months to years. It is likely to assume that experiments with
high N addition rates and large time intervals (several years or more) between N applications
underestimate the response to N addition, as with continuous low N addition plant N
demand and supply are better matched. However, only very few studies were designed to
mimic atmospheric N deposition by adding N at low rates during a long time period. Those
studies, which have mostly been conducted in boreal forests, find C-N responses between 16
and 25 kg C kg per N, slightly higher than our estimate for boreal forests of 10.6-17.5 kg C per
kg N (see Table 5.1) (Gundale et al., 2014; Hogberg et al., 2006; Hyvonen et al., 2008; Magill
et al., 2004; Pregitzer et al., 2008). Similarly, another meta-analysis found no significant effect
of N addition frequency on ANPP response to N addition (Tian et al., 2016). Finally, about
half of the forest plots in our database were planted forests, while globally, planted forests
only account for 7% of the forest area (FAO, 2016).

In our analysis of the experimental data we implicitly assume that everything in the
experimental plots is equal, except for the added fertilizer. However, in some cases the pre-
treatment growth rate might have been different in fertilized and control plots. In these cases,
the difference in woody biomass accumulation between the fertilized and control plots does
not give an accurate indication of the effect of fertilizer addition. A comparison of the growth
rate in fertilized plots after fertilization compared to before fertilization might be a better

indicator, but these data were usually not available.

When determining the impact of nutrient additions on C sequestration in tree biomass, we

are interested in the C contained in the whole stand, rather than C contained in individual
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trees. However, many studies are based on measurements of a number of sample trees. If
tree mortality is not included, this can distort results. For example, Shryock et al. (2014)
found that while N fertilization led to a significant increase in the tree C pool (10% increase
on average), it did not lead to a significant increase in tree C sequestration at stand level,
because mortality was higher in fertilized trees. Shen et al. (2001) also found that mortality
in Douglas fir was about 1.4 and 2.1 times higher in stands fertilized with 224 and 448 kg N
ha' yr, respectively, than in unfertilized plots. On the other hand, such N inputs are much
higher than atmospheric N addition rates to forests, as mentioned above, and may thus have

less relevance for the field situation.

5.4.2. Factors affecting forest carbon response to nitrogen addition

Biome

The decrease in forest C sequestration in response to N addition with latitude that we observe
in our data is in line with the common hypothesis that boreal forest respond most strongly
to N addition because N mineralization is limited at low temperatures. Forests on tropical
soils are generally assumed to be less responsive to N addition because they are mainly P
limited. N-rich tropical forests are often characterized by high rates of N cycling, a high soil
N availability and high rates of N losses, both by air emissions and leaching. Nitrate leaching
is associated with leaching of aluminium and base cations and soil acidification (Fang et al.,
2009; Lu et al., 2014). Nitrogen deposition can thus contribute to soil acidification in tropical
ecosystems and thereby reduce rather than stimulate growth and C sequestration. Indeed,
we did not find a significant response of woody biomass increment to N addition in tropical
forests (neither for the response ratio nor for the C-N response). This contradicts the results
of LeBauer and Treseder (2008) who found a significant increase in NPP in response to N
addition in tropical forests of 20%, similar to the response that they found for temperate and

boreal forests.

Comparing our estimates for C-N responses for AGWP in different biomes to estimates
obtained by stoichiometric scaling (De Vries et al., 2014) and the global dynamic vegetation
model LPJ-GUESS (Fleischer et al., 2015) , we find that estimates from our meta-analysis are
generally lower (see Table 5.2). For tropical forests, our results for AGWP response are lower
than the estimate from stoichiometric scaling (5.0 kg C per kg N), and much lower than the
estimate for AGWP+BGWP from the DGVM (25.9 kg C per kg N). One reason for the much
higher response found by the DGVM might be that the model lacks a representation of the
P cycle, and also for tropical forests there are much fewer observations that can constrain the
model (Fleischer et al., 2015).
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Table 5.2 | Comparison of C—N responses for tree woody biomass obtained by our meta-analysis and
other approaches. Values shown are means * | standard error. AGWP = aboveground woody biomass
production, BGWP= belowground woody biomass production, DGVM = dynamic global vegetation model

Meta-analysis  Stoichiometric scaling (De Vries et al.,2014) DGVM! (Fleischer

(this study) et al., 2015)
Compartment AGWP AGWP BGWP AGWP+BGWP AGWP+ BGWP
Tropical forests 1.3£26 5017 1.1 £03 6.1 £2.0 259+ 108
Temperate forests 127 £2.2 144 +2.8 3.1 £0.6 175 %35 240+ 24
Boreal forests 14.1 £35 21.3+43 5010 263%53 175£52
All 11.3+26 23075

! Site-scale simulations calibrated with data from 68 forest FLUXNET sites

Table 5.3 | Response ratios for tree biomass response to nitrogen addition found in other meta-analyses.
AGBP = aboveground biomass production, AGWP = aboveground woody biomass production.

Xia &Wan  Newton &  Janssen etal. Vadeboncoeur LeBauer & This study
(2008) Amposah (2010) (2010) Treseder (2008)
Response parameter AGBP AGWP AGBP AGWP AGBP AGWP
All forest 1.61 .16
(1.09-1.23)
Tropical forests 1.20 1.05
(1.04-1.40) (0.94-1.18)
Temperate forests 1.36 1.51 1.19 1.17
(1.17-1.56) (1.16-1.97) (1.11-1.28) (1.10-1.25)
Boreal forests 1.06-1.23' 1.20
(1.08-1.33)

! Represents range of means across investigated species and site qualities

For temperate forests, the C-N response for AGWP estimated by the meta-analysis (12.7
kg C per kg N) is very similar to the estimate for AGWP from stoichiometric scaling (14.4
kg C per kg N) and lower than the estimate for AGWP+BGWP from the DGVM (24.0
kg C per kg N). Our estimate is lower than that from a meta-analysis by Liu and Greaver
(2009) that estimated a C-N response in of 24.5 £ 8.7 kg C per kg N based on fertilization
experiments in the US (mainly temperate forests). However, this analysis included N-induced
C sequestration in both the tree and the soil C pools. Assuming that the tree biomass pool
accounts for about half of total N-induced C sequestration (as supported by e.g. Janssens et
al,, 2010), their estimate can be considered similar to our results. A study using data from
forest inventories in the northeastern and north-central United States found that tree C

sequestration increased linearly over the observed range of N deposition and deduced an
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effect of 61 (51-82) kg C per kg N (Thomas et al., 2010). Two studies in Europe, using similar
methods, also found C-N responses between 19 and 26 kg C per kg N (Laubhann et al,,
2009; Solberg et al., 2009). However, isolating the effect of N deposition in these empirical
studies is tricky as it might co-vary with other environmental drivers such as climate and
ozone exposure (De Vries et al., 2008; Sutton et al., 2008).

For boreal forests, the C-N response for AGWP estimated by the meta-analysis (14.1 kg C
per kg N) is slightly lower than the estimate for AGWP+BGWP from the DGVM (17.5 kg
C per kg N), while the estimate from stoichiometric scaling for AGWP is about 50 % higher
(21.3 kg C per kg N). Our estimate is similar to a recent long-term fertilization experiment
in a boreal forest by Gundale et al. (2014) who estimate the C-N response of boreal forests
(AGWP+BGWP) at 16 kg C per kg N.

Productivity

None of the previous meta-analysis that assessed N fertilization effects on forest growth
response has assessed how the response to N addition is affected by the productivity of the
forest site. This is an important omission as most previous meta-analyses have reported
tree biomass response to N addition as relative responses (response ratios, see Table S5.1).
However, a certain relative response to N addition in a highly productive forest means a
much stronger stimulation of the forest C sink in absolute terms than the same response
in a low-productivity forest. Our results showed that N-induced relative AGWP increase
was about three times higher in forests with a low productivity than in forests with a higher
productivity (24% vs 7%). The absolute response to N addition (C-N response) was also
higher in low-productivity forests, although the difference was not significant. One possible
explanation is that highly productive forests are less likely to be limited by N. For the response
of soil respiration to N addition, a meta-analysis by Janssens et al. (2010) showed that the
reduction of soil respiration is stronger at sites with a higher productivity (meaning that N
has a stronger effect on soil C sequestration at sites with a higher productivity), probably
because at less productive, N-limited sites N immobilization is stronger and thus the effect of

N on respiration is less pronounced.

Age

The relevance of stand age for forest C flows has long been recognized (Pregitzer and
Euskirchen, 2004) and was confirmed by our results, as we found that AGWP in young
forests responded more strongly to N addition than in older forests. The absolute sensitivity
of AGWP to N addition was more than twice as high in young forests (stand age 10-20
years) than in forests 20 years or older. In young forest stands, high nutrient requirements

for growth and higher dependence on external N inputs might exacerbate nutrient limitation
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(Sun et al,, 2016), explaining the stronger response to N addition in these stands. The only
other meta-analysis on N addition effects on forests that assessed the influence of stand age
also found a decrease in N response with increasing stand age (Vadeboncoeur, 2010). Most
previous meta-analysis rely heavily on data from very young forest stands and/or seedlings.
In our analysis we attempted to reduce the bias by excluding experiments performed on
forest stands younger than 10 years. This might explain why our biome-level responses are

lower than those found in previous meta-analyses (see Table 5.3).

Nitrogen addition rate

We found a strong decrease in C-N response with increasing N inputs. These results confirm
results from a recent meta-analysis by Tian et al. (2016) that investigated N fertilization
experiments with multiple levels of N addition and also found a sharp decrease in ANPP
response to N addition at N addition levels above 40 kg N ha yr'. At high levels of N
addition, N leaching starts to increase and N retention starts to decrease (Templer et al.,
2012). For example, an N fertilization experiment in Sweden showed that long-term addition
of 34 kg N ha' yr! increased woody biomass increment in Norway spruce by 25 kg C per
kg N, while addition of 68 kg N ha' yr' only led to an increase of 6 kg C per kg N and
addition of 108 kg N ha' yr' led to no increase in woody biomass altogether (Hogberg et al.,
2006). Data from eddy flux measurements at 68 sites across the globe found that the increase
in photosynthetic capacity with increasing levels of N deposition levels off at an ambient N

deposition of 8 kg N ha™ yr' in evergreen needleleaf forests (Fleischer et al., 2013).

For the relative AGWP response to N addition (response ratio), we also found a decrease
with increasing level of N deposition. However, this decrease was not as clear as the decrease
in the absolute sensitivity to N addition. Similarly, other meta-analyses that used the response
ratio as effect size did not find a significant effect of N addition level on forest ecosystem C
content (Liu and Greaver, 2009) or on NPP (Xia and Wan, 2008).

Nitrogen source

AGWP response to N addition might vary between different N fertilizer types due to
differences in N losses and related N availability in time and space to the plants. In line
with previous meta-analyses (e.g., LeBauer and Treseder, 2008; Liu and Greaver, 2009;
Vadeboncoeur, 2010), we did not find N source to have a significant effect on biomass
response (in our case the absolute sensitivity or relative response of AGWP to N addition).
The absolute sensitivity was slightly higher in experiments that used urea, but this effect
was not significant. In a long-term fertilization experiment in a Swedish pine forests where
forest plots were fertilized with either NH,NO; or urea, no difference in needle N content,

N accumulation in the organic layer and extractable NO; in the soil solution were found
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(Hogberg et al., 2014). However, urea-fertilized plots showed a larger fractionation of N
in needle biomass, which shows that the pathways through which N becomes available are
different between these two N sources. Du et al. (2014) performed an experiment in which
NH,NO; and urea were used to fertilize temperate forest soils for two years, showing that
NH,NO; inhibited soil C cycle processes, such as soil respiration and enzymatic activities,
while urea promoted these processes. Similarly, Liu and Greaver (2010) found that fertilizer
type significantly influenced several below-ground responses to N addition, such as dissolved
organic C, microbial biomass C and soil respiration. Overall, N form seems to be an

important factor for N-induced changes in belowground C, but less so for biomass response.

Ambient nitrogen deposition

Forest stands that receive high rates of ambient N deposition are expected to slowly become
N saturated and thus show a lower response to N addition. We did indeed find that the
AGWP response to N addition was significantly lower at ambient N deposition rates above
15 kg N ha'! yr! (though it should be noted here that we used model estimates of ambient N
deposition that might not always accurately reflect actual ambient N deposition rates). Several
previous meta-analyses confirm the importance of ambient N deposition when interpreting
results from forest fertilization experiments. For example Knorr et al. (2005) found that N
addition only stimulated litter decay at plots with low levels of ambient N deposition, and
Vadeboncoeur (2010) found some indication that NPP response to N addition in north-
eastern deciduous forests was lower at high N addition rates. Tian et al. (2016) did not find
a significant effect of ambient N deposition level on N response efficiency, but their database
might include too few observations from plots with ambient N deposition exceeding 15 kg N
ha' yr' to detect an effect.

5.4.3. Comparison of response ratios with other meta-analyses of forest
nitrogen fertilization experiments

This study is the first to perform a meta-analysis on N fertilization experiments that uses the

absolute sensitivity of woody biomass to N addition (kg C per kg N) as response variable. As

mentioned in the introduction, several other meta-analyses have previously investigated the

impact of N addition on forest productivity (see Table S5.1 for an overview). However, those

meta-analyses have either not focused on the AGWP response or report only relative AGWP

responses rather than absolute C-N responses.

Comparing the response ratios from our meta-analysis with results from other studies
shows that our results are comparable, though they are at the low end of previous estimates

(Table 5.3). A possible explanation is that we applied more stringent criteria when selecting
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experiments to include in the analysis. For example, we only included observations from
forest plots that were at least ten years old, while other studies also include observations on
seedlings and young trees. In general, most published studies on fertilization experiments are
performed on seedlings, which means that if age is not a criterion in the selection of studies,
most observations on which a meta-analysis is based will come from studies on seedlings. For
example, the study by Xia and Wan (2008) contains 501 observations for N addition effects
on tree biomass of which more than 80% comes from experiments performed on seedlings
or juvenile trees. The meta-analysis by Janssens et al. (2010) contains 24 observations of N
addition effects on tree biomass, of which half are from experiments performed on seedlings
or trees younger than three years old. As our results show, young trees respond more strongly
to N addition than older trees, and thus the high prevalence of experiments on seedlings in
previous meta-analyses might explain the higher response found in these studies. In addition,
some of the other studies include observations on forest plots that received additional
treatments next to N addition. For example the study by Janssens et al. (2010) includes
several observations from plots that received warming and CO, fertilization treatments along
with N addition, and the study by Newton and Amposah (2006) includes observations from
plots that received additional micro-nutrients. This might also explain the higher responses

found in these studies as compared to our study.

5.4.4. Role of phosphorus

While N is generally assumed to be the primary limiting nutrient in forests, enhanced N
inputs over time may induce limitations of other nutrients, most importantly P. Observations
in forests plots across Europe show that foliar P concentrations are decreasing, while N:P
ratios are increasing (Braun et al., 2010; Jonard et al., 2015). Increasing N:P ratios under N
addition were also found in a meta-analysis of fertilization experiments by Yuan and Chen
(2015). This study also found that next to anthropogenic N deposition, other global changes
such as warming and drought also increase N:P ratios, which might lead to an additional
increase in P demand relative to N in the future. This deterioration in the P nutritional
status is expected to limit tree response to N deposition and thus the capacity of forests to
act as C sinks. N deposition can induce P limitation through two mechanisms: a) enhanced
nutrient requirements to maintain growth under N fertilization and b) reduced investment
in fine roots and mycorrhizal interactions (Jonard et al., 2015). In contrast to the increasing
availabilities of N to ecosystems in large parts of the world through deposition, P is an
earthbound element. Limited P availability will likely reduce the future forest C sink, as

increasing N inputs are not matched by increasing P inputs (Pefiuelas et al., 2013).

Despite evidence for increasing P limitation in terrestrial systems that are subjected to long-
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term N inputs, we did not find a significant response to P addition in our meta-analysis.
Specifically for tropical forests, this result was unexpected. We found some evidence for co-
limitation of N and P as in several plots AGWP responded more strongly to combined N and
P addition than the sum of the individual responses (Figure 5.4), but we have too little data to
be confident about this. Another recent meta-analysis of P addition effects, however, found
that P addition under ambient N significantly increased ANPP in tropical forests by 92% on
average (Li et al., 2016). One possible explanation for this much higher response is that the
study by Li et al. is based on many observations on seedlings and very young trees, which are

expected to show a much stronger relative response to nutrient addition than mature trees.

One possible explanation for the low response to P addition is that the added P is not
immediately available for plant uptake. Unlike N, P is adsorbed to soil particles and thus
added P replenishes the soil P pool, but only slowly becomes available to plants over time
(Shen et al., 2011). This is also shown in agricultural soils, where even in instances where P
application rates have declined, uptake and yields continued to increase due to the continued
supply of plant-available P from the residual soil P pool (Jungk et al., 1993; Sattari et al,,
2012). This means that while often no growth response to P addition is observed on the
short term, P could significantly enhance growth over the lifespan of a forest as the added
P slowly becomes available through adsorption/desorption. On the other hand, Markewitz
et al. (2012) found that fertilization of a secondary tropical forest with 100 kg P ha’ doubled
plant available P in the soil solution, indicating that at least a part of the added phosphorus is
immediately available to plants.

5.4.5. Global nitrogen-induced forest carbon sequestration

The contribution of N to global terrestrial C sequestration has been debated for decades, with
early estimates in the 1980s and 1990s ranging from less than 100 Tg C yr up to more than
2,000 Tg C yr! (Field et al., 1992; Hudson et al., 1994; Nadelhoffer et al., 1999; Peterson and
Melillo, 1985; Schindler and Bayley, 1993; Townsend et al., 1996). Estimates published in the
last decade show less variation and vary mostly between 220 and 720 Tg C yr! sequestered in
terrestrial ecosystems due to N deposition (De Vries et al., 2014; Fleischer et al., 2015; Jain et
al., 2009; Liu and Greaver, 2009; Thomas et al., 2010; Thornton et al., 2007; Zaehle et al., 2011).
Our estimate cannot be compared to these estimates directly as we only assessed N-induced
C sequestration in the tree C pool through increased woody biomass accumulation, while
other estimates also include N-induced C sequestration in the soil C pool through increased
litter inputs and/or reduced soil organic matter decomposition. The soil C-N response is
determined by N-induced changes in C input by litterfall and the N-induced changes in C

losses from respiration (see Figure 5.1). Several meta-analyses have found that N addition
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Table 5.4 | Overview of published estimates of nitrogen-induced forest carbon sequestration (Tg C yr').
Only estimates that specify the individual contributions of vegetation and soil to total nitrogen-induced
carbon sequestration are listed. The last row shows the relative contribution of the soil to total N-induced
C sequestration. DGVM = Dynamic global vegetation model.

Reference Peterson Townsend Nadelhoffer Jain etal. DeVries et Fleischer This study®
& Melillo etal. 1996 etal. 1999 2009 al.2014 etal.
1985 20150
Method® Stoichiom. DGVM Stoichiom. DGVM Stoichiom. DGVM Meta-analysis
scaling scaling scaling
Vegetation 52 607 144 130 200 (155-24¢6) 345 177 (112-243)
Tropical 42 (28-56) 155 18 ('8-53)
Temperate 124 (99-148) 136 121 (101-142)
Boreal 35 (28-42) 49 38 (28-47)
Soil 45 133 107 130 152 (121-202) 214 -
Total 97 740 251 260 352 (276-448) 560 -
% Soil 47% 18% 43% 50% 43% 38% -

! Estimates from the global-scale simulations.

2 Estimate includes aboveground woody biomass presented in Table 5.1 multiplied by a factor 1.2 to account for additional
N-induced carbon sequestration in belowground woody biomass, see Table S5.3.

? Estimates presented in this table do not only vary due to differences in methodologies and C-N response ratios, but

also due to differences in the underlying N deposition estimates. For all estimates, N deposition refers to total (natural +
anthropogenic) N deposition. Duce et al. (2008) estimated that 77% of the N deposited on land comes from anthropogenic
sources. Multiplying our estimate with this fraction, we estimated that carbon sequestration in woody biomass induced by
anthropogenic N deposition is about 136 Tg C yr' (114Tg C yr' in aboveground woody biomass).

reduces forest soil respiration and increases soil C sequestration (Janssens et al., 2010; Nave
et al,, 2009; Zhou et al., 2014), others found no effect of N on soil respiration but an increase
in aboveground litter inputs (Liu and Greaver, 2010). Several mechanisms through which
N affects soil respiration have been proposed, such as an increase in litter quality, decrease
in belowground C allocation, shifts in microbial community composition, alterations in
mycorrhizal interactions and SOM stabilization following N addition (see for example

Janssens et al. 2010 for an overview).

Table 5.4 presents published estimates of the global N-induced forest C sink split up into the
contributions of the tree (vegetation) and soil C sinks. While estimates of the magnitude of
the total N-induced forest C sink vary between 97 and 740 Tg C yr, the relative contribution
of soil C sequestration to total N-induced C sequestration is rather constant between 38
and 50%. Stoichiometric scaling studies have estimated that the soil accounts for 43-47%
of the additional N-induced C sequestration (Peterson & Melillo, 1985; Nadelhoffer et al.,
1999; de Vries et al., 2014; see Table 5.4). These studies generally assume that 50-70% of
the deposited N is allocated to the soil (vs. only 5-8% to woody biomass), however, the soil
C:N ratio (ca. 20:1-30:1) is much lower than the woody biomass C:N ratio (ca. 150:1-500:1).
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Estimates of global N-induced C sequestration derived by DGVMs vary between 260 and
740 Tg C per year (Townsend et al., 1996; Jain et al., 2009; Fleischer et al., 2015; see Table
5.4). Also here, the soil accounts for about 38-50% of the total N-induced C sequestration,
with the exception of Townsend et al. (1996), where the soil only contributes 18%. A long-
term fertilization experiment in a boreal forest found that about 38% of the N-induced C
sequestration effect is due to enhanced C soil organic horizon (Gundale et al., 2014; Maaroufi
etal., 2015). A similar experiment at four temperate forest sites found that the soil accounted
for 58% of N-induced C sequestration on average, with large variations between the four sites
in the study (14-77%) (Pregitzer et al., 2008). A recent meta-analysis also concluded that
the size of the N-induced C sequestration effect in the soil is equivalent in magnitude to the

effect of N deposition on tree C sequestration (Janssens et al., 2010).

Our estimate for total N-induced C sequestration in trees’ woody biomass of 177 (112-243)
Tg C yr is slightly higher than estimates by Nadelhoffer et al. (1999) and Jain et al. (2009),
slightly lower than recent estimates by de Vries et al. (2014), and about half of the estimate
by the DGVM of Fleischer et al. (2015). Notably, the difference with the estimate from
Fleischer et al. is mainly because their model predicted that N deposition greatly enhances
C sequestration in tropical forests, while we found no evidence for a response of the tree C
pool to N addition in tropical forests. Based on our results we conclude that DGVMs likely
overestimate N-induced C sequestration in the tropics.

5.4.6. Considerations for up-scaling C-N responses to estimate global
nitrogen-induced forest carbon sequestration
We used average C-N responses per biome to scale-up our estimates of N-induced C
sequestration based on plot-level observations to the global scale, in line with previous
studies (De Vries et al., 2014; Nadelhoffer et al., 1999; Thomas et al., 2010). However, our
meta-analysis revealed that factors other than biome, such as forest productivity, stand
age, and N addition rate, also affect the C-N response. For some of these variables it is not
possible to use them in upscaling. The decline in forest C-N response with increasing rates
of N addition, for example, cannot be reflected in an upscaling approach, as N deposition
rates that forests currently experience almost all fall into the lowest rate used in N addition
experiments — most forest plots in our database receive somewhere between 2 and 35 kg
N ha' yr' (mean: 5.4 kg N ha' yr') while experimental N additions rates in our database
varied between 30 and 300 kg N ha yr! (mean: 71 kg N ha yr'). The difference in response
to N addition between young and old forest stands can also not be used for upscaling C-N
responses, as there are currently no global maps of forest stand age (though there is data

available at the continental scale, for example for North American forests; Pan et al., 2011b).

126



NITROGEN IMPACTS ON TREE CARBON SEQUESTRATION IN GLOBAL FORESTS:A META-ANALYSIS

If there had been clear correlations between the climate zone (biome) and other determinants
of forests’ response to N addition, this might have affected the upscaling procedures as it
would have influenced the observed differences in AGWP response between the climate
zones. For example, climate zone might be correlated with stand age (tropical and boreal
forests might be older than temperate forests) and ambient N deposition rate (temperate
forests might receive higher rates of ambient N deposition than boreal and tropical forests).
It was not the aim of this paper to disentangle all possible interactions between variables, but
we did check for correlations (see Table S5.7). Results showed that boreal forest plots in our
database on average had a lower productivity and received lower experimental N addition
rates than temperate and tropical forest plots. This will have affected the higher C-N response
of boreal forests. For productivity, it is plausible to assume that the differences between
experimental plots reflect actual differences in the field, which makes upscaling based on
climate zones an adequate first rough approach. However, for experimental N addition
rate, differences between climate zones do not reflect real-life variation and thus this effect
of cannot be adequately reflected in an upscaling approach. The decrease in C-N response
with increasing N inputs that we found also implies that C-N responses in temperate and
tropical forests might have been underestimated, as experimental N addition rates for these
biomes received vastly exceeded typical ambient N deposition rates. In addition, we found
that average N deposition in boreal forest plots in our database (7.8 kg N ha! yr’, see Table
S5.7) was much higher than the model-derived average for all boreal forests (1.8 kg N ha!
yr', see Table 5.1). Given the decline in C-N response with increasing levels of ambient N
deposition, this might mean that the C-N response for boreal forests that we derived is an

underestimation.

Another caveat when upscaling results from fertilization experiments is that responses at
very low rates of N addition might be lower than mean response rates from experiments
suggest. Previous studies show that forests hardly respond to N deposition at levels below
approximately 3-5 kg N ha! yr! because of microbial competition with plant (tree) uptake
(Kaye and Hart, 1997) and reduced biological N fixation due to enhanced N deposition
(Gundale et al., 2011). This might have led to an overestimation of the global N-induced C
sink in boreal forests, where ambient N deposition rates are low. On the other hand, response
rates may be underestimated in the range from 3-5 up to 10-15 kg N ha! yr! where N
deposition may stimulate growth quite strongly (e.g., Thomas et al., 2010). Overall, it is not
clear whether use of a mean C-N response over the whole N deposition range leads to an

over- or underestimation of the N deposition impact on global forest C sequestration.

While this study has focused on C-N responses in (aboveground) biomass, soils also account

for a substantial share of the N-induced C sequestration response. While several studies

127




have estimated N-induced soil C sequestration (see for example Table S5.1 and Table 5.4),
disentangling the various mechanisms through which N affects soil biological processes is
still a puzzle that needs to be solved in order to improve predictions of future N-induced
soil C sequestration. Improving estimates of global N-induced forest C sequestration from
empirical data furthermore requires more quantitative insight in the factors affecting forests’
response to N addition at different N input levels. This includes factors related to site fertility,
such as nutrient concentrations and/or ratios in foliage and soil (e.g., Fernandez-Martinez et
al., 2014), climatic factors, such as temperature (e.g., Sigurdsson et al., 2013) and precipitation
(e.g., Lim et al., 2015), as well as variations in C-N responses between tree species in view
of different symbiotic relations with mycorrhizal fungi (e.g., Chalot & Brun, 1998; Thomas
et al., 2010; Averill et al., 2014). Scaling up plot-level results to the global scale also depends

on the availability of global datasets with information on factors governing C-N responses.
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Abstract

Human activities have drastically increased nitrogen (N) deposition onto forests. This may
have alleviated N limitation and stimulated carbon (C) sequestration in aboveground woody
biomass (AGWB), a stable C pool with long turn-over times. Nitrogen deposition-induced
forest C sequestration partly offsets the climate impact of N,O emissions caused by human
N use, but its magnitude and spatial variation are uncertain. Here we use a meta-regression
approach to identify sources of heterogeneity in tree biomass C-N responses (additional C
stored per unit of N) based on data from forest fertilization experiments across the globe. We
estimate forest biomass C-N response as a function of climate (potential evapotranspiration),
soil fertility (N content) and tree characteristics (stand age). Based on this relation, we
quantify global spatial variation in N-induced forest biomass C sequestration. Results show
that N increases forest biomass C sequestration in only one third of global forests, mainly in
boreal regions, while N reduces C sequestration in 5% of forests, mainly in tropical regions. In
the remaining 59% of global forests, N addition had no impact on biomass C sequestration.
Average C-N responses were 11 (4 to 21) kg C per kg N for boreal, 4 (0 to 8) kg C per kg N
for temperate and 0 (-4 to 5) kg C per kg N for tropical forests. Our global estimate of the
N-induced forest C sink of 41 (-53 to 159) Tg C yr! is substantially lower than previous
estimates, mainly due to the absence of any response in tropical forest (accounting for 58% of
the global forest area). Overall, the N-induced C sink in AGWB is negligible when compared

to either the climate impact of N,O emissions or the overall size of the forest C sink.

6.1. Introduction

Human acceleration and disturbance of the nitrogen (N) cycle have drastically increased
emissions of reactive N to the environment, resulting in adverse impacts on water, air and
soil quality, ecosystems and biodiversity (Fowler et al., 2013; Galloway et al., 2008; Sutton et
al,, 2011a; Vitousek et al., 1997). Reactive N emissions also alter radiative forcing by directly
or indirectly affecting emissions of several greenhouse gases (N,O, CH,, CO, and O;) as well
as aerosol formation (Butterbach-Bahl et al., 2011; de Vries et al., 2017, 2011; Erisman et
al., 2011). The two strongest influences of reactive N on radiative forcing are the warming
impact of increased N,O emissions (Reay et al., 2012; Tian et al., 2020; UNEP, 2013) and the
cooling impact of increased carbon (C) sequestration in terrestrial and marine ecosystems
that occurs when N deposition stimulates productivity in N-limited systems (De Vries et
al., 2017, 2011a; LeBauer and Treseder, 2008; Vitousek and Howarth, 1991; Xia and Wan,
2008). This ‘carbon bonus’ is considered an unintended benefit of human disturbance of the
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N cycle (Janssens and Luyssaert, 2009) and should be accounted for when balancing threats

and benefits of N for sustainable development (Zhang et al., 2015).

The largest N-induced C sink likely occurs in forests (De Vries et al, 2017; Liu and
Greaver, 2009). Despite rapid deforestation and adverse effects of multiple global change
drivers on forest growth, forests represented a net C sink of 2,100 Tg C per year over the
period 2001-2019 (Harris et al., 2021), absorbing about 18% of global fossil fuel emissions
(Friedlingstein et al., 2020). Regional N deposition has increased by a factor 1.5-7 since
pre-industrial times, particularly in Europe and Asia (Wang et al., 2017). In 2010, forests
received 23 Tg N yr' via atmospheric deposition or 6 kg N ha! yr' on average (Schwede
et al,, 2018). Although the amount of N supplied by deposition is small compared to the
rate of internal N cycling (Cleveland et al., 2013; Du and De Vries, 2018; Hogberg, 2012), it
might substantially increase forest C sequestration if this N is retained in stable C pools with
long turnover times. Nitrogen deposition can increase forest C sequestration by increasing
net primary productivity (C assimilation through photosynthesis, NPP), by increasing the
share of C allocated to wood (with higher C:N ratios than other tree compartments), or by
increasing litter inputs and/or reducing soil respiration and thereby increasing C storage in
soils (Janssens et al., 2010; Janssens and Luyssaert, 2009). The size of the global N-induced C
sink is thus determined by total N deposition onto forests and the amount of C sequestered

per unit of N deposition (‘C-N response’ from hereon).

The magnitude and spatial variation of the N-induced forest C sink and its contribution
to ‘offsetting’ global N-induced N,O emissions is highly uncertain. Nitrogen-induced C
sequestration has been estimated with different approaches: (i) dynamic global vegetation
models (DGVMs) (Fleischer et al., 2015, 2013; Jain et al., 2009; Lu and Tian, 2013; Zaehle
et al,, 2011), (ii) stoichiometric scaling (Du and De Vries, 2018; Nadelhoffer et al., 1999;
Wang et al., 2017; Zhu et al., 2017), (iii) observational studies along deposition gradients
(Flechard et al., 2020; Magnani et al., 2007; Solberg et al., 2009; Thomas et al., 2010) and (iv)
meta-analyses of data from forest fertilization experiments (Liu and Greaver, 2010; Schulte-
Uebbing and De Vries, 2018; Vadeboncoeur, 2010). While early studies put the upper limit
for N-induced C sequestration as high as 2,500-3,000 Tg C yr' (Field et al., 1992; Holland et
al., 1997; Hudson et al., 1994; Schindler and Bayley, 1993), more recent estimates have been
constrained to a relatively narrow range from 250 to 560 Tg C yr' for both forest biomass
and soils and from 130 to 345 Tg C yr' for forest biomass only (based on estimates published
by de Vries et al., 2014; Du and de Vries, 2018; Fleischer et al., 2015; Jain et al., 2009; Liu and
Greaver, 2009; Nadelhoffer et al., 1999; Schulte-Uebbing and de Vries, 2018; Thomas et al.,
2010; Thornton et al., 2007; Wang et al., 2017; Zaehle et al., 2011).
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Current approaches to estimating the global N-induced C sink hardly consider site factors
affecting variation in C-N response. Most empirical studies simply multiply a global average
C-N response with global N deposition (e.g., Nadelhoffer et al., 1999b; Thomas et al., 2010)
or at most distinguish average C-N responses for major biomes (e.g., Du and de Vries, 2018;
Schulte-Uebbing and de Vries, 2018). However, forest fertilization experiments show that the
C-N response varies strongly even within biomes. For example, the reported response to N
addition in temperate forest sites ranges from a strong stimulation (e.g., Gentilesca et al.,
2013) to no response (e.g., Finzi, 2009) or even a reduction (e.g., Lovett et al., 2013) of the
forest biomass C sink. Site factors potentially affecting variation in C-N response include

biome, tree and stand characteristics, nutrient and water availability, and N saturation.

First, the forest C sink response to N addition decreases from boreal to tropical regions. In
boreal regions, low temperatures constrain N mineralization, whereas tropical forests are
characterized by high N inputs from both mineralization and biological N, fixation (BNF)
as well as high N losses through leaching and denitrification (Bai et al., 2012; Brookshire et
al.,, 2012; Cleveland et al., 1999; Vitousek et al., 2013). Both symbiotic and asymbiotic BNF
strongly decline with latitude (Menge et al., 2014; Wang and Houlton, 2009), and average
rates of BNF across tropical forests are a factor 2-20 higher than in temperate and boreal
forests (Cleveland et al., 1999; Du and De Vries, 2018; Vitousek et al., 2013).

Second, findings from fertilization experiments and forest growth inventories reveal that
C-N response is affected by stand characteristics and tree species (Allen et al., 2010; Lovett et
al., 2013; Solberg et al., 2009), potentially moderated by preferential associations with either
arbuscular (AM) or ectomycorrhizal (EM) fungi (Thomas et al., 2010). While both fungi
provide trees with N in exchange for C from root exudates, AM fungi obtain this N mainly
from inorganic N, while EM fungi can access N from soil organic matter (Bradford, 2014).
Hence, trees associated with AM fungi may benefit more from N addition (Thomas et al.,
2010). Association with EM fungi might also increase soil C storage by limiting available N
to free-living composers (Averill et al., 2014). Young stands have been found to respond more
strongly to N addition than old stands (Schulte-Uebbing and De Vries, 2018; Vadeboncoeur,
2010), possibly because N increases NPP through an increase in canopy leaf area index,
which has less benefits in older forests where the canopy is already closed (De Vries and
Posch, 2011; McCarthy et al., 2006). In addition, younger forests have a higher nutrient
demand and their growth is less limited by light availability (Sun et al., 2016), and soil pH
declines as forest stands mature even under natural conditions (Binkley and Hogberg, 2016),

which reduces availability of micro-nutrients.

Third, according to the Liebig’s law of the minimum (Liebig, 1840), N only stimulates forest
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growth if growth is not limited by the availability of other nutrients or water. Phosphorus
(P) limitation in tropical forests might constrain the C sink response to N addition
(Cusack et al.,, 2011; Tanner et al., 1998), a hypothesis supported by observed increases in
forest biomass production after P addition (Jiang et al., 2020; Li et al., 2016). The absence
of a growth response to N in forest fertilization experiments has often been explained by
(micro)nutrient deficiency such as calcium (Ca), as evidenced by low foliar Ca:N ratios
(Baribault et al., 2010; Lovett et al., 2013; Mainwaring et al., 2014). Forests on fertile soils
also display a higher ratio of net ecosystem productivity (NEP) to gross primary productivity
(GPP) (Fernandez-Martinez et al., 2014) and allocate more C to wood production (Vicca
et al,, 2012). This suggests that these forests are more efficient in sequestering C assimilated
through photosynthesis compared to forests on less fertile soils, ultimately resulting in larger
C-N responses (Janssens and Luyssaert, 2009). Finally, NPP response to N has been shown
to increase with precipitation rates in arid and semi-arid regions (Yahdjian et al., 2011),

showing the relevance of water availability.

Lastly, at high levels of N addition, N leaching increases and N retention decreases (Aber
et al., 1989; Templer et al., 2012), evidenced by a decreasing response to N with increasing
levels of N application in fertilization experiments (Hogberg et al., 2006; Schulte-Uebbing
and De Vries, 2018; Tian et al,, 2016). Forest C-N response may thus be smaller in sites with
high current or historical (cumulative) rates of N deposition.

A better understanding of site factors determining variation in C-N response is key
to improving estimates of the global N-induced forest C sink and its spatial variation
under current and future reactive N deposition. The main aim of this study is to derive
spatially explicit estimates of C-N responses and total N-induced C sequestration in forest
aboveground woody biomass (AGWB). This study focused on N-induced C sequestration
in AGWB only, neglecting N-induced C sequestration in belowground biomass and soil.
Belowground woody biomass production is typically around 20% of AGWB (Cleveland et
al., 2013), and thus assuming a similar response to N addition as for AGWB, the effect of
neglecting this sink is likely small. Nitrogen addition can also increase soil C sequestration
either by increasing litter inputs and/or by reducing soil respiration (Janssens et al., 2010).
Soil C sequestration was not included in our meta-analysis because very few long-term
fertilization experiments have measured changes in soil C. We used multiple regression
to disentangle the drivers of variation in C-N response and to quantify spatial variation in
C-N response and N-induced forest C sequestration, based on data from forest fertilization
experiments as presented in Chapter 5. We also quantify the net contribution of human N
use on greenhouse gas (GHG) emissions by comparing N-induced C sequestration in AGWB

to anthropogenic N,O emissions.
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6.2. Methods

6.2.1. Meta-regression

Estimation of effect sizes and variances

We used meta-regression based on data from forest N fertilization experiments to test
hypotheses on drivers affecting C-N response and to predict global variation in C-N
response. Data on forest AGWB production in response to N fertilization were collected from
original studies. The steps for the literature search, criteria for the inclusion of experiments,
data extraction, calculation of effect sizes and their variances and characteristics of the study
plots have been described in detail in Chapter 5. In summary, the effect size (C-N response)
for each experiment was calculated by subtracting total AGWB increment (expressed in kg
C) in unfertilized plots from total AGWB increment in fertilized plots, and dividing this by
the total amount of N added over the course of the experiment. Both mean responses of
fertilized and unfertilized plots and their variances were extracted, and the variance of the
effect size was calculated as the sum of the squared standard errors of the mean response in
the fertilized and unfertilized plot (Borenstein et al., 2009; Hedges et al., 1999).

For the analysis, we slightly modified the original dataset described in Chapter 5. C-N
responses were log-transformed to better fit a normal distribution. In addition, five
observations with unusually high C-N responses (between 60 and 160 kg C per kg N) from a
single study in Scotland (Gentilesca et al., 2013) were adapted. Due to high leverage of these
observations, we constrained these to a maximum of 60 kg C per kg N, in line with previous
studies that indicate that C-N responses mostly range between 5-35 kg C per kg N with a
maximum near 50 (30-70) kg C per kg N (De Vries et al., 2014, 2009; Sutton et al., 2008).

Deriving data on site factors

We hypothesized that C-N response increases with water availability (precipitation and
precipitation excess) and with soil fertility (cation exchange capacity, clay content, organic
C, N content, pH), and decreases with tree age, N saturation (cumulative N deposition
or N addition rate, N addition rate, soil C:N ratio), and from boreal to tropical regions
(temperature, potential evapotranspiration, latitude). Data on site factors were obtained from
the original publications for tree age, N addition rate and latitude or derived from global

datasets (for climate, soil parameters and N deposition, see Table 6.1).

Climate data were obtained from WorldClim 2.1 (Fick and Hijmans, 2017) and CRU
TS4.04 (Harris et al., 2020). As an indicator for water availability, precipitation excess was
calculated as the difference between potential evapotranspiration (from CRU) and actual

evapotranspiration derived from precipitation and potential evapotranspiration following
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Zhang et al. (2001). Soil properties (soil N content, organic C content, cation exchange
capacity, clay content and soil pH) were retrieved at depth intervals of 0-5cm, 5-15cm and
15-30cm from ISRIC soil grids (Hengl et al., 2017). The weighted mean for the 0-30 cm
soil layer was calculated given the relevance for trees’ growing conditions. Soil C:N ratio
was derived by dividing soil organic C by soil N. Ambient N deposition rates to forests were
obtained from Schwede et al. (2018) who estimate forest-specific N deposition rates for
the year 2010 based on results from the EMEP model (Simpson et al., 2012). Cumulative
N deposition was estimated for each experiment by summing annual deposition values for
the 50 years prior to start of the fertilization experiment. Annual N deposition for the years
1950-2010 was estimated based on data for the years 1900-2050 from Rao et al. (2017). As
the spatial resolution of this dataset is coarse, we interpolated between available years based
on deposition trends from decadal data from Galloway et al. (2004), and finally derived
annual values by linear interpolation. In addition, information on tree species was extracted
from the original studies, and all species were classified according to preferential association
with either AM or EM fungi (Brundrett, 2009). However, as many study plots contained
both trees with AM and EM associations (or with unclear associations), plots could not be
unambiguously classified as either AM’ or ‘EM;, and therefore mycorrhizal interaction was

not included in the analysis.

Model development

To explore the controls of forest C-N response, we built linear mixed-effects regression
models based on hypotheses regarding factors driving C-N response (Viechtbauer et al.,
2015) as follows:

yi: [30+ [31 *Xil + ﬁz *Xil + ...+ E)p*xip +U; + & Eq. (6.1)

where x; denotes the value of the j* explanatory variable in the i study, p; represents the
corresponding model coeflicient indicating how the size of the effect changes as x; increases
by one unit, B, stands for the model intercept, u; denotes a random effect and e; the within-

study error.

Meta-analytical regression models assume that observed effects among studies are
independent. However, in practice dependencies exist, for example when a study reports
results from multiple treatments (which are compared with the same control plot) or when
a study reports observations from several locations (Gleser and Olkin, 2009). We accounted
for this non-independence by using multivariate meta-modelling with restricted maximum-
likelihood estimation, as implemented in metafor (Viechtbauer, 2017, 2010), and used “Paper

ID” to specify the random-effects structure of the model.
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Table 6.1 | Global datasets used to derive data on site factors for experimental plots used in the meta-

regression and for estimating global spatial variation in C-N responses.

Variable Data source & explanation Spatial Reference
resolution

Mean annual temperature WorldClim 2.1 (1970-2000) 0.16°x0.16°  (Fick and Hijmans,

(MAT) 2017)

Precipitation (PREC) idem idem idem

Potential CRUTS 4.04 (2011-2019) 0.5°x0.5° (Harris et al., 2020)

evapotranspiration (PET)

Precipitation excess (PE) Calculated as precipitation (PREC) minus actual 0.5°x0.5° Own calculations
evapotranspiration (AET)

Soil N content (SoilN) ISRIC soil grids (weighted average 0-30 cm) 250xm250m  (Hengl et al., 2017)

Soil clay content (CLAY) idem idem idem

Soil organic C content (OC) idem idem idem

Soil pH (pH) idem idem idem

Ambient N deposition Forest-specific N deposition rates based on the 1°x1° (Schwede et al,,

(DEP) EMEP model for the year 2010 2018)

Cumulative N deposition N deposition data for 1900, 1950 & 2000, and 1°x1° (Galloway et al.,

(DEPcum) projections for 2050 based on SSP scenarios; 2004; Rao et al.,,
interpolation based on decadal emission estimates 2017)
from Galloway et al. (2004)

Tree age (AGE) For regression: extracted from original studies

Tree age For global upscaling: Global Tree age database 0.5°x0.5° (Poulter et al.,

(GFADV1.1); tree age was calculated as weighted

mean based on forest cover fraction per plant
functional type and age class

2019)

Table 6.2 | Global datasets used for estimating N-induced forest C sequestration and net GHG emissions

from human N use.

Variable Data source & explanation Spatial Reference
resolution
Fraction forest cover Global Forest Monitoring Project 20kmx20km  (Hansen et al.,
2013)

Forest biome WWEF ecoregions aggregated to 4 classes (see -- (vector) (FAO/IIASA, 2012;
Table SI) combined with FAO Global Ecological Olson et al., 2001)
Zones (GEZ) (see Figure S6.1b) where WWF
regions are classified as ‘other’

N2O from cropland soils Multi-model mean from six dynamic global 0.5°x0.5 (Tian et al., 2020,
vegetation models for the years 2007-2016 2019)

N2O due to N deposition idem idem idem

on land

Regional N>O emissions Average emission estimates from several models 10 world (Tian et al., 2020)
and datasets for the years 20072016 regions
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We first tested our hypotheses by regressing individual predictors and combinations of
predictors against the log-transformed C-N response (kg C kg N'). We investigated co-
linearity among explanatory variables to ensure independence. Most explanatory variables
followed a log-normal distribution and were thus log-transformed. McFadden’s pseudo R?
values and Akaike’s Information Criterion (AIC) were used to compare regression models,

where the best model is characterised by high R? and low AIC values.

6.2.2. Spatial variation in nitrogen-induced forest carbon sink and climate
footprint of human nitrogen use

Spatial variation in nitrogen-induced forest carbon sink

To make spatial predictions for C-N response, global datasets for site-factors best explaining
variation in C-N response (PET, soil N and tree age) were re-projected to a common
resolution of 0.5° x 0.5°. Mean tree age class was obtained from the Global Forest Age
Dataset (GFAD) V1.1 (Poulter et al., 2019), which provides fractions of tree cover for 15 age
classes and four plant functional types (Table 6.2). Spatial variation in forest C-N response
was predicted from variation in site factors based on the regression model (Section 6.2.1).
Uncertainty in the predicted C-N responses assessed by calculating the 95% confidence

interval.

Total N-induced C sequestration in forest AGWB was calculated by multiplying C-N
responses with forest-specific N deposition rates from the EMEP model (Table 6.1). Total
N deposition was calculated by multiplying forest-specific N deposition rates (in mg N
m-2) with forest area, derived by multiplying the fraction forest cover from Hansen et al.
(2013) with grid cell area (Table 6.2). To summarize the effect per biome we delineated global
biomes based on a combination of WWF ecoregions and FAO Global ecological zones (Table
6.2 & Table S6.1). Mean C-N responses were calculated as weighted means of predictions

using grid cell forest area as weights.

Climate footprint of human nitrogen use

Both natural and anthropogenic sources contribute to N deposition. Anthropogenic
emissions have been estimated to contribute 78% to total N deposition onto oceans (Duce
et al., 2008) and 84% to terrestrial N deposition in the US (Zhang et al., 2012). The relative
contribution of natural emission sources to total N deposition declines with the total N
deposition rate and rarely exceeds 2 kg N ha! yr'! (Zhang et al., 2012). We thus estimated
the anthropogenic share in total N deposition onto forests (Ndep) as Ndep x 0.8 for regions
where Ndep< 10 kg N ha™ yr', and as Ndep - 2 for regions where Ndep> 10 kg N ha yr.

This resulted in a global average contribution of anthropogenic sources to total N deposition
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of 85%. Nitrogen-induced C sequestration in forest AGWB attributable to human N use was

calculated by multiplying anthropogenic deposition with mean C-N responses.

Human N use leads to emissions of N,O, which absorbs ~300 times as much energy as CO,
over a 100-year time span (Stocker et al., 2013). As greenhouse gasses are well-mixed in
the atmosphere, their climate impact is global, independent on the location of the source.
However, as N-induced forest C sequestration varies in space, the net climate impact of
N use (i.e., the net result of the warming effect of N,O emissions and the cooling effect of
N-induced forest C sequestration) does depend on its spatial pattern (assuming that the same
activities cause both N,O emissions and N deposition). The spatial variation in the net GHG
footprint of human N use was calculated by estimating the proportion of anthropogenic N,O
emissions (converted to C-equivalents ) that is ‘offset’ by forest C sequestration induced by

anthropogenic N deposition.

Spatially explicit direct and indirect anthropogenic N,O emissions were estimated based on
data presented in Tian et al. (2020), who distinguish three sources of anthropogenic N,O: (i)
agriculture (including the sub-categories cropland soils, pastures, manure management and
aquaculture), (ii) other anthropogenic sources (fossil fuels, industry, wastewater and biomass
burning), (iii) indirect emissions from anthropogenic N additions (emissions from inland
waters and due to N deposition on land and oceans). Emissions of N,O from ‘perturbed
fluxes” (due to changes in climate, CO, and land cover) were not included. Spatially explicit
anthropogenic N,O emissions were estimated by combining estimates for N,O emissions
from cropland soils and due to deposition on land from the multi-model mean of six
terrestrial biosphere models (NMIP; Tian et al., 2019) with regional estimates for the other
sub-categories (Table 6.2). Regional emission estimates were allocated to a grid assuming
that emissions from pastures, manure management and aquaculture follow the same spatial
pattern as cropland N,O emissions, while the remaining anthropogenic emissions were

distributed homogeneously within a region.

6.3. Results

6.3.1. Predictors of C-N response and model selection

Across all studies, N addition enhanced forest AGWB C sequestration (p<0.01), but the
direction and strength of the response was affected by site factors (Figure S6.2 & Table S6.2).
Forest C-N response increased with decreasing absolute latitude (from tropical to boreal

regions, p<0.01) and also with decreasing temperature (p=0.06) and PET (p<0.01). As
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expected, these variables showed a strong correlation (R2>0.7; Figure S6.3). Furthermore,
C-N response decreased with tree age (p<0.01; Table S6.2). Neither N deposition rate nor
cumulative N deposition explained variation in C-N response, but the response tends to
decrease with N addition level (p=0.06; Table S6.2). The C-N response strongly increased
with soil N content (p<0.01), tends to increase with soil organic C content (p=0.15) and
tends to decline with soil pH (p=0.16). The variability in C-N response could be described
by soil N content, PET and tree age (Table 6.3) where these site factors explained 68% of the

observed variance in C-N responses.

6.3.2. Forest carbon-to-nitrogen response

Spatial variation in mean C-N response for forest AGWB is shown in Figure 6.1. Overall,
C-N response decreases with latitude, from around 8-16 kg C per kg N in boreal regions to
small negative responses from 0 to -4 kg C per kg N in the tropics (Figure 6.1a and Figure
S6.4). The global (forest-area weighted) average C-N response was 2 kg C per kg N (Table
). This low average is largely driven by the negligible response of tropical forests of 0 kg C
per kg N (ranging from -4 up to 5), which account for 58% of the global forest area. Average
responses for temperate and boreal forests are 4 and 11 kg C per kg N, respectively (Table
6.4).

For 59% of the global forest area we found no significant response of forest AGWB C
sequestration to N addition (Figure 6.1, Table 6.5 & Figure S6.5). This includes almost 90%
of tropical forests (Table S6.3), but also temperate regions in the US and Southern Europe
(Figure 6.1). About one third of global forests responded to N addition by increasing AGWB
C sequestration (p<0.05; Table 6.5), of which the majority is situated in the boreal region
(Figure 6.1 and Table S6.3). Only 5% of global forests responded to N addition by decreasing
AGWB C sequestration (p<0.05), particularly in the tropics (Figure 6.1 and Table S6.3) and
on average receive the lowest rates of N deposition (4.9 kg N ha yr, Table 6.5).

Table 6.3 | Summary of selected model for predicting (log-transformed) forest AGWB C-N response

Coefficient Lower bound Clss  Upper bound Clys p-value
Intercept 6.10 3.25 8.95 <0.0001
log(SoilN) 0.20 0.03 0.37 0.0257
log(PET) -0.51 -0.87 -0.14 0.0063
log(Age) -0.15 -0.27 -0.03 0.0139
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6.3.3. Global nitrogen-induced forest carbon sink

Globally, we estimate that N deposition on forest increases the forest AGWB C sink by 41
Tg C yr' (Table 6.4). This C sequestration is realized in only one third of the global forest
area where N significantly increased C sequestration (Table 6.5). The largest N-induced C
sink occurs in temperate forests of Central Europe, Southern China, Southern Korea, Japan,
New Zealand and the Northeast of North America (Figure 6.2a). While C-N response was
largest in boreal forests, N-induced stimulation of the forest C sink was about twice as large
in temperate forests compared to boreal forests (Table 6.4 & Figure 6.2b), due to higher levels
of N deposition in temperate regions (Table 6.4 & Figure S6.6).

The largest negative N-induced C sink (i.e., C release) is found for tropical rain-forests
(Amazon and the Congolian rainforest; Figure 6.2a). However, in 95% of forests where mean
C-N response was negative, the direction of this response was uncertain (p>0.05, Figure 6.1),
leading to a mean N-induced C release of 20 Tg C yr™' in tropical forests that might vary from
a Crelease of 40 Tg C yr' up to a C sequestration rate of +18 Tg C yr' (Figure 6.2b). Overall,
the uncertainty associated with the estimated N-induced forest C sequestration increases
from boreal to temperate to tropical areas, showing that forests can act as C sink as well as C

source (Figure 6.2b).

6.3.4. Climate footprint of human nitrogen use

Comparing spatial variation in anthropogenic N,O emissions to forest C sequestration
induced by anthropogenic N deposition shows that the warming effect of N,O outweighs the
cooling effect of C sequestration almost everywhere (Figure 6.3). In most regions where N
deposition increases forest AGWB C sequestration, this effect compensates less than 20% of
the warming effect of N,O. The only exception are regions in Russia, where the warming N,O
effect is fully offset by N-induced C sequestration, but this is mainly because N,O emissions
in this region are low (Figure 6.3). For the whole boreal region, which has both the highest
anthropogenic N-induced C sequestration and the lowest N,O emissions, the share of N,O
warming compensated is 23%, while this is only 5% in the temperate region and 1% in the
tropics (Table 6.6).

6.4. Discussion & Conclusion

6.4.1. Site factors explaining variation in C-N response

Biome: In line with previous studies, we found a decrease in C-N response from boreal to
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Figure 6.1 | Spatial variation in mean C-N response in forest aboveground woody biomass predicted
by the regression model based on spatial variation soil N content, mean tree age and potential
evapotranspiration (PET). Maps showing spatial variation in the upper and lower confidence limits for
the C-N response are shown in Figure $6.5. Dots indicate regions where the predicted response was
not significant (p>0.05). Grid cells with forest cover <5% are masked.

Boreal Temperate Tropical

<-4 -3 -2 -1 0 1 2 3 >4 60
N-induced C sequestration in aboveground woody biomass (10° kg C yr')

Figure 6.2 | a, Spatial variation in the N-induced forest C sink in aboveground woody biomass estimated
by multiplying mean C-N responses (Figure 6.1) with N deposition to forests. Maps showing estimated
N-induced forest C sink using the upper and lower prediction limits for C-N response are shown in
Figure S6.7. b, Total N-induced C sink on forest aboveground woody biomass in boreal, temperate and
tropical forests, shown separately for grid cells where the mean predicted C-N response was positive
(green bars) or negative (brown bars). Error bars show 95% CI.
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Table 6.4 | Total forest area, total and mean N deposition rates, mean C-N response predicted by the
model, and total and mean N-induced C sequestration for each biome. For the last three columns, upper
and lower 95% confidence limits shown in brackets.

Forest area N deposition N deposition N-ind. C seq. N-ind. C seq. C-N response

(10%ha)’ (Tg Nyr')? (kg N ha'yr')> (TgCyr')* (kgCha'yr')® (kgCkgN')*
Boreal 6.8 1.1 1.7 13 (5-23) 19 (7-35) I (4-21)
Temperate 6.8 6.7 9.8 25 (0-55) 37 (0-82) 4 (0-8)
Tropical 18.3 15.3 84 3 (-58-81) 2 (-33-46) 0 (-4-5)
World 31.9 23.1 73 41 (-53-159) 13 (-17-51) 2 (-2-7)

! Derived from an overlay of fraction forest cover at 20x20km? from Hansen et al. (2013) with biome map (see Figure Sé6.1a).
2 Derived by multiplying forest-specific N deposition rates for 2010 from Schwede et al. (2018) with total forest area.
3Total N deposition divided by total forest area.

* Calculated by multiplying the mean predicted C-N response in each grid cell with total N deposition to forests. Lower and
upper limits of the range are derived by multiplying the lower and upper 95% confidence limits of predicted C-N responses
with N deposition to forests.

*Total C sequestration divided by total forest area

¢ Forest-area-weighed C-N responses, calculated by dividing mean total C sequestration by total N deposition. Lower and
upper limits of the range are derived by dividing the lower/upper confidence limit for total C sequestration by total N
deposition.

Table 6.5 | Share of global forests in regions where the regression model predicts a positive C-N response
(CI195,Ib>0, p<0.05), negative C-N response (CI95,ub<0, p<0.05), or no significant C-N response (dotted
areas in Figure 6.1). For each region, the table presents mean C-N response, mean N deposition rates and
total N-induced C sequestration.

Share of global N deposition N-induced C sequestr. C-N response

forest area (kg N ha'' yr') (TgCyr') (kg C kg N')
Positive C-N response (p<0.05) 36% 5.4 45 (16 to 81) 7(3to13)
Negative C-N response (p<0.05) 5% 4.9 -4 (-7 to -1) -5 (-8 to -1)
Insignificant C-N response 59% 85 3 (-65 to 85) 0(-4to5)

tropical regions, represented by a negative correlation of C-N response with PET, temperature
and latitude (Figure S6.2). PET, temperature and latitude were strongly correlated (Figure
S6.3) whereas PET explained slightly more of the variation in C-N response than temperature
and latitude. This might be because PET (in contrast to latitude) captures differences between
tropical lowland and highland forests, supporting the hypothesis that N limitation increases
with elevation due to temperature and moisture effects on mineralization rates (Dalling et
al., 2016) whereas P limitation decreases with elevation (Fisher et al., 2013) and thus high-

elevation sites (with lower PET) respond more strongly to N addition.

Tree and stand characteristics: As expected, young forests responded more strongly to N

addition than old stands, with age alone explained 33% of the variance in C-N response.
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Figure 6.3 | Spatial variation in the ratio of N-induced forest C sequestration in forest aboveground
woody biomass (considering anthropogenic N deposition only) to anthropogenic N,O emissions
(expressed in C-equivalents). Green areas indicate a reduction of N,O's climate impact by N-induced
C sequestration, red areas an amplification the climate impact of N,O by N-induced C release. Data on
anthropogenic N,O emissions are derived from Tian et al. (2020); see Table 6.2. Grid cells with forest
cover <5% are masked; though note that N,O emissions also occur in grid cells without forest.

Table 6.6 | Anthropogenic N,O emissions, N-induced forest C sequestration in forest aboveground woody
biomass (considering anthropogenic N deposition only) and net climate impact of both fluxes (expressed
in Tg C-equivalents per year). Positive fluxes represent a flux leading to an increase in atmospheric GHG
concentrations, negative fluxes represent a removal from the atmosphere. Percentages in columns (B)
and (C) show ratio between C sequestration or release to anthropogenic N,O emissions in column (A)
(analogue to percentages shown in Figure 6.3).

Anthr. N:O C seq. in forest C release from forest Net climate impact
emissions AGWSB due to anthr. AGWSB due to anthr.N  of anthr. N;O & net
(TgC-eyr')' N deposition (Tg C deposition (Tg Cyr')*  N-induced C sink (Tg
yr')? C-eyr')
A B C A+B+C
Boreal 45 -10 (-22%) 0 (+0%) 35
Temperate 404 -23 (-6%) 2 (+0%) 383
Tropical 432 -20 (-5%) 16 (+4%) 427
World 882 -53 (-6%) 17 (+2%) 846

! Obtained from an overlay of biomes with spatially explicit anthropogenic N2O emissions for the years 2007-2016 estimated
based on data presented in Tian et al. (2020), see "Climate footprint of human nitrogen use" in Section 6.2.2.

2 Obtained by multiplying predicted C-N responses with anthropogenic N deposition to forests only for grid cells where mean
predicted C-N response > 0 (i.e., where N was estimated to increase C sequestration)

? Obtained by multiplying predicted C-N responses with anthropogenic N deposition to forests only for grid cells where mean
predicted C-N response <0 (i.e., where N was estimated to reduce C sequestration)
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Nutrient and water availability: We hypothesized that forests on fertile soils respond more
strongly to N addition because they convert more GPP to woody biomass (Ferndndez-
Martinez et al., 2014; Vicca et al., 2012) and response to N addition is not constrained
by availability of other nutrients (such as P, Ca and Mg). From all soil fertility indicators
(organic C content, soil pH, CEC, clay content and N content), only N content explained a
substantial share of variation in C-N response, which was somewhat unexpected as forests
with high N availability would be expected less sensitive to N addition. On the other hand,
N immobilization may occur in soils with low N contents, meaning that less of the added
N is available for growth (Schimel and Weintraub, 2003). This possibility agrees with the
finding that C-N response tends to decrease with C:N ratio (though the relation was not
significant). Water availability (precipitation and precipitation excess) had no effect on C-N
response, possibly because of the low number of experimental fields located in semi-arid
regions where growth is water-limited, or because annual PET or PE are poor indicators
for (seasonal) water stress on local sites. Using soil moisture in the rootzone as a proxy for
water availability, Baribault et al. (2010) found that NPP in northern hardwood forests was
equally limited by N and water availability. This suggests that more site specific indicators for
water availability (possibly derived from remote sensing) might help to unravel its impact on
global scale. Similarly, accurate information of soil properties across forests soils might lead

to additional spatial variation in soil-induced variation in C-N responses.

N saturation: Decreasing C-N responses at higher levels of N addition have been reported
by both long-term fertilization experiments (Binkley and Hogberg, 2016) and meta-analyses
(Schulte-Uebbing and De Vries, 2018; Tian et al., 2016). At high levels of N addition, other
nutrients (P, Ca, Mg) become increasingly limiting, and N saturation may leads to negative
impacts on growth (Aber et al., 1989). However, we found no negative interaction between
C-N response and either ambient or cumulative N deposition, likely because N deposition
rates are lower than N addition rates at which C-N response decline (>40 kg N ha! yr')
(Schulte-Uebbing and De Vries, 2018; Tian et al., 2016). The C-N response was indeed
lower in experiments with high N addition rates, but spatial correlation between N addition
and other site properties confound the impact of N addition on the variation in observed
C-N responses. For example, tropical forests received significantly higher N addition rates
than boreal forests (see Table S5.1), showing that additional experimental data is needed to

disentangle this effect.

6.4.2. Comparison with previous studies

Strength and weaknesses of approaches to estimate forest C-N response

Each of the approaches to estimate C-N responses and N-induced C sequestration has its
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own strengths and limitations, generally balancing between two opposing goals: observing
N effects on forest growth under realistic conditions, and isolating the effect of N from other
drivers of forest growth. Process-based C-N cycle models and growth observations along
deposition gradients are at two opposite ends of this spectrum: Models can clearly isolate
the effect of N by simulating forest C sink changes with and without N deposition, while
accounting for interactions with changing CO,, temperature or land use . However, current
models might overlook the impact of site properties because they do not include all relevant
biochemical processes related to N cycling (Thomas et al., 2015), for example, many coupled
C-N models do not account for co-limitation by phosphorus (P) (Esser et al., 2011; Zaehle,
2013), important in tropical forests. In contrast, growth observation studies strongly rely on
actual observations at sites with different N deposition rates but disentangling drivers of N
induced forest growth is challenging due to its collinearity with undetermined site properties
as well as climatic variables (De Vries et al., 2008; Magnani et al., 2007; Sutton et al., 2008).

Fertilization experiments fall between these two extremes: they observe responses based
on measured observations and can isolate the effect of N addition by comparing growth
responses in fertilized and unfertilized plots. However, both treated and control plots also
receive ambient N deposition, and thus any fertilizer-induced response is additional to the
forest’s response to deposition. More importantly, experimental N rates are often a factor
5-10 higher than ambient levels of N deposition, which leads to an underestimation of C-N
response if C-N response declines with N input rates (Binkley and Hogberg, 2016). Also,
representativeness is an issue as fertilization experiments are concentrated in a few regions
only (see Section 6.4.2). Finally, fertilization experiments conducted for several years only
cannot provide information in changes in C-N response over a forests’ lifetime. These
limitations of fertilizer experiments are also applicable for stoichiometric scaling approaches,
which rely on experimental-derived N retention and allocation fractions (Nadelhoffer et
al., 1999). Stoichiometric scaling approaches also assume constant C:N rations even under
elevated N, while N concentrations in stem wood have been shown to increase substantially
in stands exposed to elevated N deposition due to luxury consumption (De Vries et al.,
2021c).

C-N responses in temperate and boreal forests

Our estimates for average C-N responses for boreal and temperate are lower than results from
forest growth inventories along deposition gradients which range from 20 to 30 (De Vries et
al., 2008; Fleischer et al., 2013; Solberg et al., 2009) or even up to 50 kg C per kg N (Flechard
et al., 2020). They are, however, similar to results from stoichiometric scaling (Du and De

Vries, 2018) for temperate forests (4 vs. 5 kg C per kg N) and only slightly lower for boreal

147




forests (11 vs. 14 kg C per kg N; Table S6.5). The estimated C-N response for temperate forests
derived in Chapter 5 is substantially higher (13 kg C per kg N) due to differences in statistical
approach (see Section 6.2.1) and site properties accounted for (Figure S$6.8): while in Chapter
5, C-N responses were derived as weighted means from all observations, this study accounts
for spatially explicit drivers controlling C-N response. Temperate forests on average have a
higher PET, lower soil N content and higher age than the forest plots where observations
derived from fertilizer experiments (Figure 6.4), all leading to lower C-N responses. This
highlights the relevance of robust and sound upscaling procedures from experimental fields

to global scale.

We found no significant C response to N addition in one third of temperate forests (Table
$6.3), which is consistent with multiple forest fertilization experiments (e.g., Lovett and
Goodale, 2011; McNulty et al., 2005). Possible causes of a lack of N induced C sequestration
include (i) foliar nutrient imbalances following N addition leading to increased susceptibility
to pests and pathogens; (ii) N induced soil pH changes lowering P availability due to enhanced
sorption to iron oxides, (iii) increased soil acidity leading to a depletion of base cations, and
(iv) increased solubility of potentially toxic elements. For example, Mainwaring et al. (2014)
found that Douglas fir stands only responded to N fertilization at soil Ca:N ratios above 0.06,
indicating that Ca availability limits tree growth below this threshold. Lovett et al. (2013) also
found no significant response to N addition for six tree species, possible caused by low cation
availability (<2%; Templer et al., 2005) and secondary effects of long-term excess inputs of
N such as soil acidification and base cation leaching. Analyses of long-term trends in foliar
nutrients in Europe (Jonard et al., 2015) also show that many trees are not N limited but

increasingly P-limited.

C-N responses in tropical forests

Tropical forest account for almost two thirds of the global forest area, and N deposition
levels are almost as high as for temperature forests (8.4 vs 9.8 kg N ha! yr'), and thus even
a small difference in C-N response substantially impacts the size of the estimated global
N-induced forest C sink. At least two recent estimates of the global N-induced forest C sink
predict an N-induced C sink in the tropics of 260 Tg C yr! (Fleischer et al., 2015, based
on a DGVM) and 80 Tg C yr' (Du and de Vries, 2018, based on stoichiometric scaling).
In contrast, we found no substantial N-induced C sequestration in the tropics. Nitrogen
addition experiments generally found no effect of N addition on productivity (Cusack et al.,
2011; Homeier et al., 2012), confirming the hypothesis that tree growth is mainly P-limited
on N-rich, highly weathered tropical soils with high levels of N availability. N addition has
even been shown to reduce stimulating effect of P addition on biomass in tropical forests (Li
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Figure 6.4 | Density plots showing the distribution of the three variables included in the model used
to predict C-N response in temperate forest locations in the database (yellow) and in global temperate
forests (grey). For the density plots for global forests, frequency of each occurrence was weighted by
forest area (i.e., can be read as “frequency for km2 forest”). Distributions for other forest biomes and
for all forest biomes combined are shown in Figure S6.8.

et al., 2016), potentially due to detrimental effects on growth through soil acidification (Tian
and Niu, 2015). N deposition also may reduce BNF and thus not lead to more N availability
at the tree level (Esser et al., 2011). A negligible effect of N deposition on C sequestration in
the tropical region has also been found by another DGVM (Zaehle et al., 2011).

6.4.3. Uncertainties in data used in upscaling of C-N responses to estimate
nitrogen -induced forest carbon sink

Upscaling C-N responses from experimental locations to the global scale might lead to
substantial variation not only due to differences in C-N responses, but also uncertainty in
input data used for upscaling, including forest cover, biomes and N deposition. For example,
differences in estimated forest area explain 34% of the difference between our estimate for
global N-induced forest biomass C sequestration (41 Tg C yr') and the value of 144 Tg C
yr' by Du and de Vries (2018; see Table S6.5). Estimates for global forest area vary widely,
due to differences in technologies, approaches and definition of what constitutes a ‘forest’
Our estimate for global forest area is based on fraction forest cover data derived from high-
resolution Landsat imagery (Hansen et al., 2013) resulting in an area being 25% lower than
the value reported in the Global Forest Resources Assessment (FAO, 2020) as used by de
Vries & Du (2018). While the FAO estimate is based on self-reported values by participating
countries and uses a definition based on land use (according to which a recently cut-down
forest plantation is still considered a ‘forest, while a tree patch on agricultural land is not),
satellite images detect actual land cover and are therefore considered more relevant for
studying forest C dynamics (Sexton et al., 2016). However, even satellite-based estimates of
tree and forest cover show discrepancies, especially in regions with low tree density (Sexton
etal., 2016, 2015).
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Delineation of biomes also varies between studies, with some studies including ‘sub-tropical’
as an additional category (De Vries et al., 2014; Du and De Vries, 2018; Esser et al,, 2011;
Fleischer et al., 2015; Schwede et al., 2018). Not all studies clearly report criteria used to
delineate biomes, while this can seriously affect upscaling results. For our results, delineating
biomes based on FAO Global Ecological Zones leads to substantially lower N deposition
rates for temperate and tropical forests, while the additional category ‘sub-tropical forests’

receives by far the highest rates of N deposition (see Table S6.4).

Finally, estimates of N deposition vary substantially between studies estimating global
N-induced C sequestration. Our estimate is based on forest-specific deposition rates, which
leads to higher deposition values than using grid-cell averages, as factors such as surface
roughness and canopy height exert a great influence on N deposition rates (Schwede et al.,
2018). The use of forest-specific deposition rates compared to grid average values increased
the estimate for total N deposition to forest by 12% (from 20.6 to 23 Tg N yr, with the largest
relative increase in temperate forest), however, for certain regions the difference can be up to
a factor two. As long as modelled N deposition rates strongly vary and often deviate from

measurements (Tan et al., 2018), accurate N induced C sink in forests is still challenging.

6.4.4. Nitrogen deposition as driver of the terrestrial carbon sink

The terrestrial biosphere acts as a C sink absorbing between 18 and 25% of global CO,
emissions (Friedlingstein et al., 2020). Forests account for a substantial part of this C sink,
and drivers that have been proposed to account for increased forest growth include CO,
fertilization, increasing temperatures (leading to longer growing seasons in high latitude
forests), forest management and N deposition (De Vries and Posch, 2011; Hyvonen et al.,
2007). The contribution of N to forest C sequestration has been disputed, with some studies
claiming that N deposition controls a large part of the forest C sink (Magnani et al., 2007),
while others find a minor role (Du and De Vries, 2018). Our results show that N-induced
C sequestration is negligible compared to either the gross or net forest C sink (Figure 6.5),

especially in tropical forests.

In this study we focus on AGWB and ignore the impact of N on soil C sequestration. The
impact of N addition on soil C is often estimated indirectly via respiration measurements or
tracer experiments and stoichiometric scaling. Most studies find that N addition increases soil
C sequestration (Janssens et al., 2010; Nave et al., 2009; Zhou et al., 2014), either by increasing
litter inputs or by reducing respiration through interactions with SOM stabilisation and
microbial community (see e.g., Janssens et al., 2010 for an overview). Overall, the magnitude
of N-induced soil C sequestration is likely in the same order of magnitude or smaller than

the C sequestered in forest biomass (also see Table 5.4).
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Gross C sink (NEP)
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N-induced C sink

Tropical forest Temperate forest Boreal forest

Figure 6.5 | Size of the gross forest C sink (total C removal in above- and belowground biomass),
net forest C sink (gross forest C sink minus C emissions due to deforestation, forestry, urbanization
and wildfires), and N-induced C sink estimated by this study per forest biome. Area of the squares
is proportional to size of C sink. Estimates for gross and net C sink per biome were obtained from
high-resolution maps of the global gross and net forest C sink for the years 2001-2019 estimated by
combining ground and earth observation data (Harris et al., 2021).

Results from studies assessing N-induced C sequestration alone do not allow to draw
conclusions on the long-term fate of C sequestered in forests, as they assess N impacts on Net
Ecosystem Productivity (C uptake by photosynthesis minus respiration losses) rather than
Net Biome Productivity (accounting for C removal from disturbances and harvest). Whether
the additional C sequestered in forests will be removed from the atmosphere over the course
of decades or centuries (policy-relevant time-scales for climate change mitigation) depends
on its persistence in biomass and soil. It has been proposed, for example, that trees that grow
faster (due to N deposition, CO, fertilization or warming) also die younger (Biintgen et
al., 2019), which would reduce the residence time of carbon in wood (Koérner, 2017). For
managed forests, increased woody biomass growth may also lead to earlier harvesting and
the fate of sequestered C depends on how the harvested wood is used (i.e., burned or used
in products with a long life-span). For natural forests, faster growth may just imply that
forests reach their steady-state C pool faster, thus not increasing net C sequestration over the
forests’ lifetime (K6rner, 2017). On the other hand, even old-growth forests might continue
to accumulate C (Luyssaert et al., 2008). Finally, actual C sequestration strongly depends on
anthropogenic or natural disturbances that are not related to N deposition, such as forest

fires, deforestation and forest degradation.

We conclude that the contribution of N deposition to forest biomass C sequestration likely
is small, and negligible when compared to the overall size of the forest C sink. Nitrogen-
induced C sequestration in forests is not sufficient to balance the warming impact of
anthropogenic N,O emissions, even assuming N-induced C sequestration in soils in the

same order of magnitude as for biomass. While N may also lead to cooling by increasing CH,
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consumption and by increasing formation of aerosols that reflect sunlight, available evidence
shows that this effect is likely small compared to the warming effect of N,O (De Vries et al.,
2017; Erisman et al., 2011). Therefore, reducing reactive N losses is likely to benefit climate

mitigation.
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The aim of this thesis was to increase our knowledge on the spatial distribution of
environmental impacts of agricultural nitrogen use, as well as trade-offs between these
impacts and the benefits of nitrogen for crop production. I used spatially explicit modelling
to derive indicators that can be used to support policy making for sustainable nitrogen
management in Europe and globally. The following three objectives have been addressed in

five scientific papers:

Objective 1: To estimate spatially explicit critical agricultural nitrogen losses, surpluses and
inputs related to targets for air and water quality, and aggregate spatially explicit thresholds to

derive nitrogen boundaries at the regional, continental, and global level. (Chapters 2 and 4)

Objective 2: To assess to what degree redistributing nitrogen inputs and increasing
nitrogen use efficiency can contribute to meeting food demand while remaining within safe

boundaries for nitrogen losses to air and water. (Chapters 3 and 4)

Objective 3: To quantify global variability in the net climate impact of human nitrogen use by
empirically modelling the effect of nitrogen deposition on forest carbon sequestration based
on meta-analysis of forest fertilization experiments, and by comparing nitrogen-induced

carbon sequestration to human N,O emissions. (Chapters 5 and 6)

Figure 7.1 presents a summary of the main findings related to each objective. In this
Synthesis chapter, I summarize the main findings in the context of the overall objective
(providing information on policy-relevant nitrogen indicators to support policies on
sustainable nitrogen management), and critically discuss the approaches chosen to answer
the research questions (Sections 7.1-7.3). In addition, I address the relationship between
nitrogen boundaries estimated in Chapter 4 and the climatic impact of human nitrogen use
estimated in Chapter 6 (Section 7.4.1), and show how results from Chapters 2-4 can improve
calculations of a key indicator used to track countries’ progress towards sustainable nitrogen

management (Section 7.4.2).

7.1. Safe boundaries for agricultural nitrogen inputs

The extensive threats of nitrogen to ecosystems and human health in the EU and worldwide
have led scientists to conclude that human nitrogen use has exceeded its safe planetary
boundary (Rockstrom et al., 2009b; Steffen et al., 2015). In this thesis, I presented a modelling
framework to establish regional and global boundaries for agricultural nitrogen losses,
surpluses and inputs from spatially explicit thresholds. The approach accounts for spatial

variability in both ecosystem’s sensitivity to nitrogen pollution and in features of agricultural

156



SYNTHESIS

Main findings on net climate impact of N (Obj. 3):

+ Derived carbon sequestration response per unit of N
addition smaller than proposed in previous studies

Main findings on safe boundaries for N impacts (Obj. 1):

« Safe environmental limits for agricultural N inputs are exceeded
on 85% of agricultural land in the EU and 66% globally

* N does not lead to additional C sequestration in 97% of
tropical forests and in 38% of temperate forests

« Targets for N runoff to surface water require stronger reductions
of N inputs than targets for deposition & groundwater leaching

« Safe boundaries for annual N inputs are 10 Tg N (EU) and 110 Tg N

(world), requiring average input reductions of 54% (EU) and 57%

(world), though with large geographical variation

* Overall, N-induced C sequestration makes a minor
contribution to global forest C sequestration (40-150
TgCyrt)

* The warming effect of N,O

Non-agricultural
anthropogenic N

* Globally, non-agricultural N

dominates the climate eﬂ Safe boundaries for N losses alone exceed thresholds in
impact of human N use in all ./ impacts 50% of all land

world regions « Complying with thresholds would

greatly reduce crop
production,
unless NUE is
increased

Ch.5

it

Net climate impact

Ch.6
!

N uptake

Main findings on NUE to reconcile crop production with

* Accounting for opportunities to increase N inputs to close yield gaps in regions where thresholds have not been
exceeded increases the planetary boundary for nitrogen inputs from 110 to 145 Tg N yr*!

safe limits for N impacts (Obj. 2):

« For Europe, options for increasing N inputs within thresholds are limited due to widespread exceedances of at least one threshold

* Increasing average NUE in the EU to 0.78 can protect surface water while maintaining crop production, but target NUEs vary greatly
* Even at best management, only 80% of current EU crop production can be obtained within environmental thresholds for nitrogen

* In hotspot regions, extensification is required to respect thresholds

Figure 7.1 | Summary of the main findings of this thesis related to the three research objectives
addressed in Chapters 2—6 within the conceptual framework of the ‘leaky pipe’ (cf. Figure 1.2).

systems (e.g., nitrogen use efficiency or contribution or mix of nitrogen sources). I used two
nitrogen balance models (INTEGRATOR and IMAGE-GNM) to estimate spatially explicit
critical nitrogen losses, surpluses and inputs from thresholds for eutrophication of terrestrial
and aquatic ecosystems and nitrate in groundwater for the EU and the world. These spatially
explicit critical inputs were aggregated to derive a first quantitative, bottom-up estimate of

safe boundaries for agricultural nitrogen inputs at the country, regional and global level.

7.1.3. Main findings

Current agricultural nitrogen inputs exceed safe thresholds in most agricultural land: at least
one of the three nitrogen thresholds is exceeded in 85% of all agricultural land in the EU,
and 66% of all agricultural land globally. Avoiding risks of surface water eutrophication from
nitrogen runoff generally requires the largest nitrogen input reductions both in the EU and

globally, followed by thresholds for ammonia emissions to avoid risks of eutrophication from
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deposition and thresholds for nitrate leaching to avoid exceeding drinking water standards
(Figures 2.6 & 4.1).

In Europe, regions with intensive livestock farming, such as the Netherlands, Brittany in
France and the Po valley in Italy are hotspots for exceedance of critical inputs (Figure 2.5).
Globally, hotspots include Western Europe, India, China, North America and the Middle East
(Figure 4.2a). In these regions, thresholds for several nitrogen-related impacts are usually
exceeded simultaneously (Figure 4.2b), highlighting the need for an integrated approach to
avoid pollution swapping. Thresholds are often exceeded most in regions with large nitrogen
surpluses, such as the Netherlands and South China. However, results also highlight regions
with substantial nitrogen surplus but small threshold exceedances, and vice versa, reflecting
heterogeneity in ecosystem risk. Consequently, I argue that the exceedance of critical nitrogen
thresholds (where thresholds may refer to either inputs, losses or surpluses) presented in this
thesis is a more relevant indicator for informing decision-making than absolute nitrogen
surplus, which is currently used for reporting on nitrogen management by, for example, the
EEA (EEA, 2019).

The aggregated boundary for agricultural nitrogen inputs to respect all thresholds for
Europe (10 Tg N yr') is 54% lower than current inputs (22 Tg N yr'), while the aggregated
boundary for nitrogen losses (3.3 Tg N yr') is 59% lower than current losses (7.9 Tg N
yr'). The boundary for nitrogen losses estimated in this thesis provides evidence-based
support for the target set by the Farm to Fork-strategy of the European Green Deal to reduce
nutrient losses by 50% by 2030 (European Commission, 2020). At the same time, results also
highlight that needed reductions in some regions are substantially higher than in others. The
boundary for nitrogen losses estimated in this thesis is 60% higher than the boundary of
2.1 Tg N yr' proposed in a recent EEA report (EEA and FOEN, 2020), which was derived
by disaggregating the global planetary boundary by Steffen et al. (2015) based on different

(mainly economic) allocation principles.

The planetary boundary for agricultural nitrogen inputs to respect all thresholds (110 Mt yr*)
is 57% lower than current inputs (255 Mt yr'). The magnitude of needed reductions is thus in
line with the goal stated in the UN Colombo Declaration to “halve nitrogen waste by 2030”.
Considering newly fixed nitrogen from synthetic fertilizer and biological nitrogen fixation
only, the boundary (55 Tg N yr') is at the low end of the range for a planetary boundary
for human nitrogen fixation presented by Steffen et al. (62-82 Tg N yr'). However, in this
thesis I also derive a boundary that accounts for possibilities to increase nitrogen inputs to
benefit crop production where thresholds are not exceeded, which leads to higher estimates

(see Section 7.2.).
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Despite more widespread exceedances of thresholds in the EU than globally (exceedance in
85% vs. 66% of all land), required reductions in nitrogen inputs to respect thresholds are
similar (54% for EU and 57% globally). This is mainly because the global nitrogen boundary
was calculated while assuming constant nitrogen losses from other sources, which contribute
considerably to the exceedance of nitrogen thresholds in air and water. Non-agricultural
nitrogen losses include both nitrogen load to surface water from anthropogenic sources (e.g.
wastewater and aquaculture) and from natural sources (e.g., allochthonous organic matter),
as well as NO, emissions to air from traffic and industry (see Figure 4.5b). Globally, these
losses alone exceed one or several thresholds in >50% of all land (Figure 4.3). This emphasizes
that a boundary for agricultural nitrogen use needs to account for (spatial variability in)

contribution of other sectors to thresholds exceedance.

7.1.2. Methodological reflections

The strength of the approach presented in this thesis is its consideration of the spatial
variability in both ecosystems’ sensitivity to nitrogen pollution and agricultural nitrogen
losses. Safe thresholds presented in this thesis combine several nitrogen-related problems,
and can be derived for either nitrogen inputs, surpluses or losses (or even for specific nitrogen
compounds, such as ammonia), and aggregated at the desired scale to derive national or

global nitrogen boundaries.

Use of large scale nitrogen budget models in relation to thesis objective. Nitrogen balance
models, similar to the models used in this thesis have been widely applied in regional and
global nitrogen assessments (e.g., GLOBIOM; Mosnier et al., 2013 or MAgPIE; Popp et al,,
2010). Estimates for nitrogen budget terms and their spatial variation differ considerably
between models, reflecting global uncertainties in the quantification of activity data related
to several nitrogen budget terms (Zhang et al., 2020). Both models used in this thesis
(INTEGRATOR and IMAGE-GNM) have been validated by comparing nitrogen inputs and
losses with available measurements and independent statistics (Beusen et al., 2015; Bouwman
et al., 2017, 2009; Kros et al., 2012; van Grinsven et al., 2014). Results from Monte Carlo
analyses showed that uncertainty associated with INTEGRATOR results decreased from
smaller to larger spatial scales, because errors partly cancel out through spatial aggregation
(Kros et al., 2012). Comparison of surface water N concentration in IMAGE GNM with
observed concentrations for several river basins produced acceptable results (Beusen et al.,
2015). This underpins that despite uncertainties, the models used in this thesis are suitable
for presenting large scale variability in nitrogen budgets, thus allowing support of large-scale

polices.
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Assumptions on non-agricultural nitrogen sources. While this thesis derived boundaries for
agricultural nitrogen inputs and losses, non-agricultural sources contributes substantially to
global nitrogen pollution. Estimating agricultural nitrogen boundaries thus requires making
assumptions on these losses. For the European assessment (Chapter 2), I assumed that non-
agricultural nitrogen emissions to air decrease proportionally with agricultural emissions,
whereas I made no explicit assumptions regarding the contribution of other sectors to
surface water nitrogen load. For the global assessment (Chapter 4), I explicitly accounted for
non-agricultural nitrogen losses, and assumed that these remain constant (while also testing
the impact of alternative assumptions on agricultural nitrogen boundaries, see Figure E4.9).
Assuming constant non-agricultural nitrogen losses may place an unreasonable burden on
the agricultural sector. An alternative would be to allocate reductions of different nitrogen
sources based on cost-effectiveness, such as implemented for greenhouse gas mitigation in
the GAINS model (Amann et al., 2011) or for abatement of agricultural nitrogen losses in
Europe (Oenema et al., 2009). However, data on costs related to different nitrogen abatement

options at the global scale are currently scarce.

Critical limits and considered pathways for surface water eutrophication. As nitrogen
concentration in surface water emerged as the most stringent criterion (requiring the largest
reductions in nitrogen inputs), further improvement of the methodology should focus on
refining the assessment of nitrogen impacts on aquatic eutrophication. Current calculations
use nitrogen concentration in runoff to surface water as a proxy for nitrogen concentration
in surface water. This may be too stringent in regions where ‘clean’ water delivered from up-
stream grid cells dilutes nitrogen concentrations in runoff. In addition, I used a global average
fraction to estimate nitrogen removal from surface water by retention, thus not accounting
for variation in this fraction between and within river basins. Accounting for inter-grid
transport, as well as nitrogen retention processes in surface water, is theoretically possible
within the current approach, as these processes are captured by IMAGE-GNM. However,
this introduces new challenges, such as the allocation of required reductions to different grid
cells within a watershed. In addition, a substantial part of nitrogen load to surface water is
from nitrogen ‘legacies’ due to slow transport through the vadose zone (Ascott et al., 2017;
Bouraoui and Grizzetti, 2014; Van Meter et al., 2016). This is reflected in the global-scale
approach by keeping a fraction of groundwater nitrogen delivery constant, which neglects
that, on the long term, reductions in nitrogen inputs would eventually translate into reduced
loads. Finally, assessing eutrophication risk should also account for phosphorus loads, as
reductions in phosphorus are often equally important in improving water quality (Schindler
etal., 2016). Eutrophication risk is related to nutrient imbalances (stoichiometry) rather than

to enrichment per se (Conley et al., 2009), and to better reflect this, phosphorus (and possibly
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Si, such as in the ICEP ratio; Garnier et al., 2010) should be included in future versions.

Linear relationship between nitrogen inputs and losses. Nitrogen losses in INTEGRATOR
and IMAGE-GNM are generally linearly related to nitrogen input or nitrogen surplus, with
nitrogen loss fractions being a function of climate, soil type, nitrogen source, and other factors.
In calculating critical nitrogen inputs I assumed that these loss fractions remain constant at
changing inputs. Although linear relationships have been reported (e.g. for ammonia, Cui
et al,, 2014), many field studies provide evidence for non-linear relations between nitrogen
inputs and losses, such as an exponential increase in N2O emission rate with nitrogen
addition (Bouwman et al., 2002; Hoben et al., 2011; Kim et al., 2013), or a decrease in nitrate
removal rates by denitrification with increasing nitrogen concentrations (Alexander et al.,
2009). Furthermore, climate change may affect loss fractions, such as ammonia emission
fractions, in the future (e.g., Sutton et al., 2013b). Overall, the uncertainty introduced by
assuming a linear relation between nitrogen inputs and losses and by neglecting impacts of
climate change on loss fraction is likely small compared to the uncertainty related to nitrogen

budgets and thresholds discussed above.

7.1.3. Outlook

The notion that the planetary nitrogen boundary has been exceeded has further helped to
put nitrogen on the (international) policy agenda. Approaches to derive critical nitrogen
inputs presented in this thesis further operationalize the concept of a ‘nitrogen boundary,
and improve its relevance for informing targeted mitigation policies based on regional
information. To further increase its relevance, the approach should be adopted in the future
to include region-specific environmental thresholds. For example in Europe, the generic
target for surface water nitrogen concentration (2.5 mg N I"") could be replaced by basin-

specific targets as specified under the Water Framework Directive (Poikane et al., 2019).

The approaches presented in this thesis allow for establishing ‘bottom-up’ regional and
planetary nitrogen boundaries based on aggregated spatially explicit boundaries, reflecting
variation ecosystems” vulnerability to environmental risk. Quantification of other planetary
boundaries with a strong spatial component, such as the phosphorus boundary or the water
boundary, could benefit from a similar approach. This is supported by the work of Gleeson et
al. (2020), who present seven criteria for defining a useful water planetary boundary, most of

which are fulfilled by the approach presented in this thesis.

161




7.2. Reconciling crop production with environmental thresholds

The conclusion that safe thresholds for nitrogen inputs have already been exceeded in
most agricultural land both in the EU and globally raises an important question: can food
demands be met while returning to a ‘safe operating space’ for nitrogen pollution? To answer
this question, I investigated the potential of two strategies to respect thresholds for nitrogen
concentrations in air and water while maximizing crop production. First, I estimated the
potential for realizing additional crop production in regions where thresholds are not
exceeded by increasing nitrogen inputs to close yield gaps. Second, I quantified the nitrogen
use efficiency (NUE) at which nitrogen losses comply with critical thresholds without
affecting crop production. For the EU, I further distinguished required reductions in manure
NH; emission fractions to respect deposition thresholds without crop production losses, and
required increases in NUE to respect thresholds for runoff and leaching. Given limits to what
is technically feasible in terms of reducing NH; emission fractions and increasing NUE, I
estimated the crop production volume that can be obtained without exceeding thresholds

under best management practices for the EU.

7.2.1. Main findings

Returning to a safe operating space for nitrogen pollution by reducing nitrogen inputs
at current NUE would decrease EU crop production by 50%. Due to the widespread
transgression of thresholds, options for increasing nitrogen inputs to close yield gaps on land
where thresholds are not transgressed are limited, only allowing for a small increase crop
production of 4% (Figure 3.3d). Globally, reducing nitrogen inputs to respect thresholds
leads to a similar loss in crop production volume (57%). However, there is more room for
intensification: increasing nitrogen inputs in regions where thresholds are not exceeded,
mainly in Latin America and Sub-Saharan Africa, would increase global crop production
by 14%. Leaving room to maximize food production within environmental limits when
calculating the planetary boundary leads to a substantially higher boundary for nitrogen
inputs (145 Mt N yr' ) than when considering required reductions only (110 Mt N yr,
Figure 4.1) .

Achieving surface water targets in the EU without crop production losses requires substantial
increases in cropping-system NUE, from currently 0.64 to 0.78 (Table 3.2). Achieving
groundwater targets requires a modest increase in average NUE to 0.67 (Table 3.2). Most
countries can achieve surface water targets at a NUE of 0.70-0.80, and groundwater targets
at an average NUE of 0.50-0.60 (Figure 2.5). Increasing NUE to 0.75-0.80, a target indicated

in the Farm to Fork Strategy as part of the European Green Deal, is sufficient to reconcile
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environmental thresholds and current crop production on most, but not all agricultural
land in the EU. In hotspot regions, crop production and nitrogen thresholds can only be
reconciled at NUEs of > 0.90 (Figure 3.4), which is not feasible. Even at best management,
I estimate that only 80% of current crop production in Europe can be obtained without

exceeding nitrogen thresholds.

Globally, nitrogen inputs can increase while respecting thresholds on one third of all
agricultural land, potentially allowing to compensate part of the crop yield losses from
reducing nitrogen inputs in regions where thresholds are exceeded. However, I estimated
that out of seven world regions, only Latin America can achieve regional food self-sufficiency
in terms of nitrogen without exceeding thresholds at current NUE (Figure 4.4). Required
NUE increases to reconcile crop production and nitrogen thresholds are substantial and
strongly depend on assumptions regarding mitigation of non-agricultural nitrogen losses
(Table E4.1).

7.2.2. Methodological reflections

This thesis presents the first backward-calculation of needed changes in nitrogen
management, starting from spatially explicit environmental and crop production targets and
quantifying the management factor at which both can be achieved. Results can be used to
establish performance targets for the agricultural sector, and are thus a valuable addition to
‘forward-calculations” assessing the effect of mitigation measures on nitrogen losses (e.g.,
Bodirsky et al., 2014). In addition, I quantified the potential for realizing additional crop
production by increasing nitrogen inputs while only allowing for increases in nitrogen inputs
where environmental thresholds are not exceeded. This is an important complementary
approach to earlier studies that assessed the potential of redistributing nitrogen inputs to
minimize total nitrogen losses (Mueller et al., 2012) or to maximize NUE (Mueller et al.,

2017) without considering geographical variation environmental vulnerabilities.

Uncertainties in crop yield gaps. Quantification of the potential to increase crop production
in regions where thresholds are not exceeded would greatly benefit from better information
on yield potentials, as well as factors constraining yields. For the European assessment, we
used data on yield potentials for wheat from the Global Yield Gap Atlas, which are generally
considered reliable (Grassini et al., 2015), but assessing yield potentials for other crops based
on spatial variation in wheat yield potentials introduces high uncertainty (see e.g. Figure
S3.1). However, due to widespread exceedances of thresholds in Europe, uncertainties in

yield potentials have a small effect on uncertainty in the estimated nitrogen boundaries.
Estimates for crop yield potentials with a global coverage are very limited and highly

163




uncertain (van Ittersum et al., 2013). For the global calculations in Chapter 4, I derived
regional target yields based on highest-observed yields within zones of similar climate from
Mueller et al. (2012). However, these yields likely underestimate biophysical yield potentials,
especially as observed yields are for the year 2000. Finally, as we lacked information on
factors constraining yields at the global scale, we assumed that target yields can be obtained
by increasing nitrogen inputs, while in many regions crops are equally constrained by
availability of phosphorus or water (Mueller et al., 2012).

Uncertainties in maximum achievable NUEs. Several recent studies have shown that NUE
increases can contribute greatly to reducing N losses (Bodirsky et al., 2014; Zhang et al,,
2015), and different targets for NUE have been proposed in the scientific literature (e.g.,
Sutton et al., 2013a; Zhang et al., 2015). However, improving targets for NUEs or quantifying
levels of crop production that can be realized within environmental boundaries would benefit
from information on limits to the maximum NUEs that can be achieved. Maximum NUEs
have been reported to vary between cropping systems (Cui et al., 2014) and climatic regions
(Hutchings et al., 2020). Future research should assess ‘NUE potentials’ (in analogy to the
concept of yield potentials), for example by combining data on NUEs achieved in field trials

for different crops and under different conditions and crop modelling.

Linear relation between nitrogen inputs and uptake. Estimation of critical nitrogen inputs
as well as required nitrogen inputs to obtain target yields in this thesis assumes a linear
relation between nitrogen input and crop uptake. Other global nitrogen assessments (e.g.,
Mueller et al., 2017) have assumed that yield response declines with increasing nitrogen
input, according to the law of diminishing returns (Spillman, 1923). Historical relationships
between yields and nitrogen fertilizer input at the country level indeed show a decline in
NUE with increasing nitrogen inputs (Bodirsky and Miiller, 2014; Lassaletta et al., 2014a),
although a linear trend (de Wit, 1992) or even an reversal of the relationship due to improved
technologies (Zhang et al., 2015) has also been reported. At the farm level, diminishing
returns to inputs may only occur when yields approach 80% of their biophysical potential
(van Ittersum et al., 2013), and thus assuming a linear response may be reasonable under a

wide range of conditions.

7.2.3. Outlook

Improving nitrogen management, for example by better matching nitrogen inputs and
crop demand, is indispensable for agricultural sustainability. However, improved crop
management is not a panacea for solving the nitrogen challenge. As this thesis shows,

increasing NUE alone is likely not sufficient to achieve environmental targets everywhere.
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This underpins that feeding a future population of ~10 billion people while remaining within
the safe operating space for nitrogen is only possible through drastic changes to both food
production systems and consumption patterns, as well as mitigation of non-agricultural

nitrogen sources.

While numerous scientific studies have pointed out the potential of food-chain mitigation
strategies, such as reducing consumption of animal protein and food waste (Bodirsky et al.,
2014; Corrado et al., 2020; Grizzetti et al., 2013; Lassaletta et al., 2016; Springmann et al.,
2018), there is a discrepancy with the apparent lack of attention to this issue in policy. The
European Green Deal, for example mentions ‘sustainable consumption’ but does not explicitly
mention livestock production (and thus meat and dairy consumption) as an important lever
to reduce agricultural pollution. Aiming to substantially reduce nitrogen losses in Europe
without also focusing on reducing consumption, however, might just increase Europe’s
reliance on other regions to fulfill nitrogen demands even further, effectively outsourcing

environmental damage to these regions.

7.3. Nitrogen-induced enhancement of forest carbon sink

The climatic impact of human nitrogen use is mainly determined by the warming impact
of nitrogen-induced N,O emissions on the one hand and the cooling impact of nitrogen-
induced carbon sequestration in forests on the other. While estimates for N,O emissions
are relatively well constrained, the contribution of nitrogen to carbon sequestration is more
uncertain. The contribution of nitrogen to carbon sequestration in forest biomass has been
estimated with several approaches (see Chapter 5 for a discussion), however, the use of data
from forest fertilization has been under-explored. This thesis presents the first global estimate
of spatial variation in nitrogen-induced forest carbon sequestration based on a meta-analysis

of forest fertilization experiments.

7.3.1. Main findings

Nitrogen-induced carbon sequestration is quantified by estimating additional carbon
sequestered in forest aboveground woody biomass per unit of nitrogen deposition (‘C-N
response’). Results presented in Chapters 5 and 6 confirm the general pattern of a decrease
in C-N response from boreal forests (mean estimated C-N response between 11-14 kg C per
kg N) to temperate forests (mean estimated C-N response between 4-13 kg C per kg N) to
tropical forests (no significant C-N response) (Tables 5.1 & 6.4). Across biomes, variability

C-N response was explained by factors related to stand characteristics (old forests responded

165




less than young forests), climate (C-N response decreased with PET) and soil (C-N response

increased with soil nitrogen content).

Results from upscaling C-N responses by combining meta-regression with global datasets for
drivers of C-N response showed no significant response to nitrogen addition for two thirds
of the world’s forest, mainly in the tropical region (Figure 6.1). Although tropical forests
account for by far the largest area of forests, the estimated C-N response is based on only few
experimental data. However, our results confirm the well-established hypothesis that tropical
forests are not nitrogen limited due to high mineralization rates and high rates of biological

nitrogen fixation.

Estimates for global nitrogen-induced carbon sequestration in tree aboveground woody
biomass presented in this thesis (40-150 Tg C yr') are substantially lower than other recent
estimates based on various approaches (130-345 Tg C, see Section 6.1). However, they
confirm the general picture that nitrogen-induced carbon sequestration makes a minor
contribution to the global carbon sink, and hardly offsets the warming impact of offsets N,O
emissions (~880 Tg C-eq yr', Table 6.6). A regional exception is northern Russia, where

nitrogen-induced carbon sequestration fully offsets the climatic impact of N,O (Figure 6.3).

7.3.2. Methodological reflections

This thesis presents the first estimate of global forest biomass C-N response and nitrogen-
induced carbon sequestration based on a meta-analysis of data from forest fertilization
experiments. While several meta-analyses have investigated ecosystem response to nitrogen
addition from fertilization experiments (see Table S5.1), most of these studies focused on
relative responses and no previous study has estimated the carbon to nitrogen response
in woody biomass. Previous meta-analyses also commonly neglect important drivers of

variation in C-N response, such as tree age (see Section 5.4.2).

Saturation of C-N response. Compared to other approaches used for estimating forest C-N
response, fertilization experiments have several advantages (see Section 6.4.2), but also
limitations. Experimental nitrogen addition rates are often a factor 5-10 higher than ambient
nitrogen deposition rates. While high nitrogen addition rates may still increase biomass
carbon sequestration, the C-N response might saturate at high nitrogen input levels, as
illustrated in Figure 7.2. The nitrogen-saturation-hypothesis is supported by evidence from
long-term forest fertilization experiments (Binkley and Hogberg, 2016), meta-analyses of
NPP response in different ecosystems (Tian et al., 2016 and Figure 5.2 in this thesis) and
long-term growth observation studies (Etzold et al.,, 2020). Forests’ response to nitrogen

inputs may decrease at high input levels because other nutrients become increasingly liming
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Figure 7.2 | Schematic representation of C-N response following hypothesis of a saturating response of
forest carbon sequestration (y-axis) with increasing levels of nitrogen (N) input (x-axis). Nitrogen inputs
are shown for total inputs from deposition and fertilizer (green) and for fertilizer only (blue). Calculations
for C-N response are shown for ambient level of nitrogen deposition (A), and at experimental nitrogen
addition rates of 10 kg N ha' yr' (B) and 40 kg N ha"' yr'' (C). Responses are calculated both for total
nitrogen inputs (‘CN’, including ambient nitrogen deposition) and only fertilizer nitrogen inputs (‘CN.,’),
which is equivalent to C-N response detected in fertilization experiments.

and/or excess nitrogen negatively affects growth, with the threshold generally believed to
occur between 20 and 30 kg N ha"! yr' (De Vries and Schulte-Uebbing, 2019). Following
this hypothesis, fertilization experiments would underestimate forests’ response to ambient
nitrogen deposition levels (illustrated in Figure 7.2 by CN, > CNj > CN). In addition, as
both fertilized plots and control plots receive nitrogen from ambient deposition, experiments
can only detect the additional effect of nitrogen fertilizer, also leading to lower C-N responses
(illustrated in Figure 7.2 by CNp > CN,,, 5 and CN¢ > CNy, ).

Nitrogen-induced soil carbon sequestration. A complete picture of nitrogen-induced carbon
sequestration would also include soils, where nitrogen might increase carbon storage through
either increasing carbon inputs or reducing respiration losses through different mechanisms.
Studies assessing the global nitrogen-induced carbon sink have attributed between 40 and
50% to soils (see Table 5.4), which are proportions also found in long-term nitrogen addition
experiments (Hyvonen et al., 2008; Pregitzer et al., 2008). Overall, the nitrogen-induced

carbon sink in soils is likely either similar or smaller than the nitrogen-induced biomass sink.
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7.3.3. Outlook

Evidence presented in this thesis shows that the contribution of anthropogenic nitrogen
deposition to the forest biomass carbon sink is small and only offsets a small fraction of
anthropogenic N,O emissions. For the future, the contribution of nitrogen deposition to
forest carbon sequestration is likely to decline due to several reasons. First, evidence shows
that forests increasingly shift towards phosphorus limitation in regions with high nitrogen
deposition (Du et al., 2021; Jonard et al., 2015). Second, I showed that the largest nitrogen-
induced forest carbon sink occurs in boreal forests, where future climate warming will likely
increase nitrogen mineralization (Melillo et al., 2011), alleviating nitrogen limitation. Finally,
increasing CO, concentrations are expected to stimulate biological nitrogen fixation (Esser et
al., 2011), thereby increasing nitrogen availability to forests and potentially reducing the role

of deposition in nitrogen supply.

The lower or even insignificant C-N responses reported in this thesis compared to earlier
studies may in part be attributable to saturation of the forest C-N response at high
experimental nitrogen addition rates. However, even considering the highest estimates
for nitrogen-induced carbon sequestration in forest biomass from recent studies that also
include carbon sequestration in soils (up to 560 Tg C yr”, Table 5.4), the share of global N,O
emissions offset by nitrogen-induced carbon sequestration would at most be ~60%. Overall,
this shows that the net climatic impact of reactive nitrogen is likely a warming effect, further

stressing the need to mitigate nitrogen losses.

7.4. Trade-offs in sustainable nitrogen management

The approaches developed in this thesis contribute to informing decision making on
nitrogen management by using spatially explicit modelling to provide quantitative insights
on trade-offs between benefits of agricultural nitrogen use for crop production and threats to
the environment, as well as the net climatic impact of nitrogen use. In this section, I combine
results from Chapters 4 and 6 to assess links between critical nitrogen inputs and the climatic
impact of nitrogen (Section 7.4.1). I also illustrate how the developed indicators could be
used to improve the calculation of the Sustainable Nitrogen Management Index, one of the
indicators currently used to measure countries' progress towards achieving SDG 2 (Section
7.4.2).

7.4.1. Implications of nitrogen boundaries for nitrogen's climate footprint

Spatially explicit thresholds for safe agricultural nitrogen inputs (critical nitrogen inputs)
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Table 7.1 | Anthropogenic N,O emissions (including emissions from agriculture and other sectors, based on
Tian et al., 2020) and nitrogen-induced carbon (C) sink in forest aboveground biomass (estimated based on
the approach described in Chapter 6) for the baseline situation (year 2010), and after (i) reducing nitrogen
(N) inputs to critical levels in areas where thresholds are currently exceeded, (ii) increasing nitrogen inputs
where possible within thresholds and (iii) both reductions and increases. Percentages in brackets indicate
relative change compared to emissions in the Baseline scenario.

Baseline  After reducing  After After both reducing
(2010) N inputs increasing N N inputs to respect
to respect inputs within  thresholds and increasing
thresholds thresholds N inputs within thresholds
A.N;O emissions [Tg C-eqyr'] 869 551 (-37%) 973 (+12%) 654 (-25%)
B.N-induced Csink [TgCyr'] 43 36 (-16%) 44 (+4%) 37 (-12%)
C.Net effect A-B [Tg C-eqyr'] 827 515 (-38%) 929 (+12%) 617 (-25%)

presented in Chapters 2 and 4 are based on thresholds to avoid three environmental impacts:
terrestrial eutrophication due to nitrogen emissions and subsequent re-deposition, surface
water eutrophication due to nitrogen runoff, and groundwater pollution due to nitrate
leaching. A threshold for impacts of nitrogen use on climate change is not included, as
emissions of long-lived, well-mixed greenhouse gasses (GHGs) affect the climate everywhere,
and thus spatially explicit thresholds become irrelevant. While in theory, a global GHG
emission threshold to limit temperature increase to below 1.5 or 2 degrees (e.g., Rogelj et al.,
2011) could be distributed spatially based on various allocation principles, resulting emission
thresholds would not reflect sensitivity of ecosystems in regions where emissions occur, and

thus be fundamentally different from the approach presented in this thesis.

While nitrogen boundaries presented in this thesis do not include a threshold for climate
change, the impact of reducing inputs to critical limits on nitrogen-related GHG emissions
can be estimated. To this end, I combined results from Chapter 4 and 6 to assess how global
anthropogenic N,O emissions and nitrogen-induced carbon sequestration in forest biomass
change when agricultural nitrogen inputs are (i) reduced to respect thresholds in regions
where thresholds are exceeded, (ii) increased to close yield gaps in regions where thresholds

are not exceeded and (iii) a combination of (i) and (ii).

Reducing nitrogen inputs to respect thresholds leads to a 37% reduction in anthropogenic
N,O emissions and a 16% reduction in nitrogen-induced forest carbon sequestration (Table
7.1). Increasing nitrogen inputs to close yield gaps in regions where thresholds are not
exceeded increases N,O emissions by 12% but hardly affects the nitrogen-induced carbon
sink, as increases in nitrogen inputs mainly occur in tropical regions (see Figure 4.2a) where
C-N responses are low (see Figure 6.1). As shown in Chapter 6, the net climate footprint of

human nitrogen use is dominated by the warming impact of N,O, which is about a factor
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Figure 7.3 | Change in net GHG footprint of anthropogenic nitrogen when agricultural nitrogen
inputs are changed from current inputs (year 2010) to critical nitrogen inputs as assessed in Chapter 4
(considering both reducing nitrogen inputs to respect thresholds and increasing nitrogen inputs within
thresholds). Net GHG footprint includes the combined effect of N,O emissions and nitrogen-induced
forest carbon sequestration (expressed in Tg C-eq yr').

35-50 higher than the estimated cooling impact of nitrogen-induced carbon sequestration
in forest biomass under all scenarios (Table 7.1). Spatial patterns in the change in net GHG
footprint from current to critical inputs depend on the conditions in regions where required
reductions to respect thresholds lead to decreasing N,O emissions, and where increases in

nitrogen inputs within thresholds lead to increasing N,O emissions (Figure 7.3).

7.4.2. An indicator for sustainable nitrogen management

Harnessing nitrogen’s benefits for food production while reducing its negative externalities
is a complex challenge and requires a spatially explicit approach, as demonstrated in this
thesis. However, aggregate indicators are nevertheless useful to reduce complexity for the
sake of benchmarking, a quick comparison of performance across countries and regions, and
tracking progress in meeting targets over time. Two commonly used indicators to illustrate
the two sides of the coin of the dual nitrogen management challenge are crop nitrogen yield
(reflecting benefits of nitrogen) and NUE (reflecting pollution risk). Individually, however,
both indicators do not provide a holistic picture of sustainable nitrogen management. High
NUEs are often achieved in cropping systems with low yields and soil nitrogen mining

(Figure 7.4a, red box), while high yields often come at the expense of severe nitrogen
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Figure 7.4 | a, Correlation between country-level cropland NUE and yield (expressed in harvested
nitrogen) for the year 2011. Each dot represents a country, data are from Zhang et al. 2015. b, Scheme
demonstrating calculation of Sustainable Nitrogen Management Index (SNMI) based on the distance of
normalized yield (Y*) and NUE (NUE*) to target values, as proposed by Zhang and Davidson (2019). “B”
= baseline, “T” = target.

pollution (Figure 7.4a, yellow box). The “Sustainable Nitrogen Management Index” (SNMI)
has been proposed as a new indicator to reflect performance on both aspects of the dual

nitrogen management challenge.

The SNMI (Zhang and Davidson, 2019) is a one-dimensional ranking score calculated
based on the combined distance-to-target for NUE and yield (see Figure 7.4b); a favourable
SNMI rating thus requires good performance on both aspects. The SNMI is currently one
of the indicators for monitoring progress towards meeting SDG 2 (“End Hunger, achieve
food security and improved nutrition and promote sustainable agriculture®). However, an
important issue that remains underexposed is which benchmarks (targets) for yields and
NUEs should be used to calculate the SNMI. Country-scores for SNMI in the current SDG
Index (Sachs et al., 2019, www.sdgindex.org) are based on a universal target yield of 90 kg
N ha'! yr' (equal to the average global required nitrogen yield to meet demands in 2050
without land expansion; Zhang et al., 2015), and a universal target NUE of 1, while regions

with NUEs > 1 are ‘penalized’ for potential soil mining (Figure 7.5, left column).
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However, as I demonstrate in this thesis, large regional variation occurs in both achievable
yields and in environmental sensitivities to nitrogen losses, which makes universal targets
less suitable to rank country performance on nitrogen management. Based on the approaches
developed in this thesis, I propose a revised method to calculate the SNMI using regional
maximum attainable yields as a benchmark for yields, and ‘necessary NUE’ (NUE at which
yields can be obtained without transgressing environmental thresholds) as a benchmark
for NUE (Figure 7.5, right column). Using both approaches, I calculated normalized yield,
normalized NUE and SNMI at a 0.5x0.5 degree resolution using data from IMAGE-GNM
for the year 2010 (results shown in Figure 7.5). Average SNMI scores were calculated for 26

world regions.

Performance scores for SNMI calculated with approach B were structurally lower (= better)
than scores calculated with approach A (cf. Figure 7.5a-iii & 7.5b-iii), mostly because using
‘required NUE’ as a benchmark (being always <1) always leads to higher score than using 1
as a benchmark (cf. Figure 7.5a-ii & 7.5b-ii). When comparing the two approaches, relative
difference in countries’ ranking are more interesting than absolute differences, and thus
regional SNMI scores derived with approach B (as shown in Figure 7.6) were normalized

based on the global average SNMI score from approach A.

The new approach yields lower (= better) SNMI scores for most regions, with differences
being especially pronounced for Japan, Oceania, Canada, and Korea (Figure 7.6a). For
Oceania, for example, using target yields rather than a universal benchmark of 90 kg N ha™'
yr' leads to more favourable scores for normalized yield (cf. Figure 7.5a-i & 7.5b-1), probably
because attainable yields are limited by water availability. For Central Europe, on the other
hand, the new approach yields a higher (= worse) SNMI score, because estimated target

yields exceed 90 kg N ha™' yr in this region.

Regional SNMI scores derived with the new approach (Figure 7.6b) indicate that ‘major
challenges’ remain for most of Africa, Central and Eastern Europe, Middle East and much of
Asia, and that ‘significant challenges’ remain for South Africa, Oceania, Mexico and Central

America. Only Western Europe and Indonesia obtain the designation ‘SDG achieved.

A high SNMI score for Western Europe seems to contradict results presented in Chapters 2
and 3, where I show that current nitrogen inputs exceed thresholds for nitrogen pollution
across much of Europe (Figure 2.5), and that large NUE increases are required to reconcile
crop production with thresholds (Figure 3.4). The high SNMI score for Western Europe is
explained by two factors: First, across regions, yield performance has a larger impact on
SNMI scores than NUE performance. Target yields can exceed actual yields by a factor 2-3
in some regions, while target NUEs only exceed actual NUEs by a factor 1-1.7, thus leading
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Figure 7.5 | Approaches to calculating normalized yield, normalized NUE and SNMI as proposed by
A: Zhang and Davidson (2019, left) and B: this thesis (right). Yact = actual yield, Ytar = target yield (see
Supplementary Text 4.1 for how target yields were derived), NUEact = actual NUE, NUEreq = required
NUE to obtain target yield without exceeding threshold for nitrogen runoff to surface water (see Section
4.7. for description how required NUEs were derived). Maps show spatial variation in normalized yield,
normalized NUE and SNMI at a resolution of 0.5x0.5 degrees calculated with IMAGE (data for 2010).
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Figure 7.6 | a, SNMI score per IMAGE region calculated based on benchmarks for yield and NUE
as currently used in SDG reporting (“approach A”, Zhang & Davidson) versus normalized SNMI score
calculated based on new proposed benchmarks for yield and NUE (“approach B”, this thesis). For
explanation of region abbreviations, see Table S7.1. b, Normalized SNMI score as calculated with our
approach per IMAGE region, colour classification follows SDG dashboard (www.sdgindex.org).

to wider ranges for normalized yield than for normalized NUE (cf. Figures 7.5b-i & 7.5b-ii).
Yield gaps in Western Europe are small compared to the global average (Table S4.4), which
explains high performance on SNMI. Second, the average SNMI calculated for Western
Europe as a whole obscures performance differences between countries. To show this, I used
target yields and required NUEs for Europe derived with INTEGRATOR (Chapter 3) to
calculate SNMI scores for European countries, using the approach described above. Results
(Figure S7.1) show that while many Western European countries indeed receive the rating
‘SDG achieved, challenges remain in the Netherlands, Belgium, Finland, Spain, Greece and
Italy, and significant challenges remain in Portugal. Central European countries obtain lower
scores than Western European countries (all countries receive yellow or orange rating); which
is in line with the lower SNMI for Central Europe calculated with IMAGE (Figure 7.6b).
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Opverall, the advantage of the SNMI is that it captures progress towards both harnessing the
benefits of nitrogen and reducing environmental nitrogen losses. However, the downside is
that resulting scores are difficult to interpret, and that the contribution of each component to
the final score is not transparent. Nevertheless, using the SNMI to assess countries' progress
towards sustainable nitrogen management as one indicator for progress towards the SDGs is
useful, but benchmarks used in the calculations should better reflect regional differences in

target yields and NUEs, as argued above.

7.5. Integrated assessment modelling for sustainable nitrogen
management

Nitrogen management faces several complex challenges: nitrogen affects different
environmental compartments, losses are caused by many different sectors, and we depend
on its abundant availability for producing food while we must also limit its negative impacts
to remain within a safe operating space. Despite - or perhaps, due to - these inherent
complexities, nitrogen still receives far less attention than issues like climate change or
biodiversity loss in national and international policy arenas. However, recently an increasing
number of policies recognizes the need for an integrated approach to the nitrogen challenge
and include goals for overall reductions in nitrogen losses (e.g. the Farm to Fork Strategy
or the UN Colombo Declaration) rather than for a specific nitrogen compound only.
Information presented in this thesis supports integrated policies on nitrogen by providing
insights into the magnitude of the nitrogen problem and, importantly, its geographical
variation. The quantitative assessment of trade-offs between nitrogen’s adverse impacts and
benefits presents in this thesis can help decision makers identify opportunities as well as

threats, and highlight hot-spot regions for both.

Our scientific understanding of the nitrogen cycle is far from complete. Partially,
understanding is still hampered by fragmentation of nitrogen research between different
scientific disciplines, each focusing on their own piece of the nitrogen puzzle (e.g.,
agronomists focusing on modelling yield response and aquatic ecologists trying to
understand lakes’ response to nitrogen enrichment). Currently, UN-sponsored efforts
towards an ‘International Nitrogen Management System (INMS)’ aim to bring stakeholders
from both science and policy together to synthesize evidence in support of international
policy development on nitrogen management. This and other initiatives will contribute
towards increasing integration of scientific disciplines as well as information exchange

between scientist and other stakeholders, thereby hopefully increasing visibility of the
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nitrogen problem and catalysing action.

During the final stages of working on this thesis, the Dutch nitrogen crisis unfolded
— suddenly, nitrogen was national front page news for months in a row. However, more
than a year after the Dutch State Council ruled that the policies in place did not sufficiently
guarantee progress towards emission reductions and nature protection, the government has
still taken little action, despite large economic damage caused by many projects that cannot
be realized in lack of nitrogen permits. The Dutch situation highlights the large complexity
of agricultural nitrogen emissions reductions: losses are diffuse and caused by many actors,
and farming is much more than a business operation: it provides vital commodities, shapes
landscapes, and is strongly connected with tradition and identity. Many of these complexities
cannot be captured by models. In the coming years, societal dialogue will reveal which
options for emission reductions, such as reducing livestock numbers, will receive support
from different actors and the general public. While understanding differences in values
and perceptions should be an integral part of such dialogues, so should an evidence-based
understanding of the (biophysical) realities of the nitrogen cycle. Therefore, integrated
nitrogen assessment models will continue to make valuable contributions to solving nitrogen

problems in the Netherlands, Europe, and globally.
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S2.1. Calculation of spatially explicit nitrogen manure and nitrogen
fertilizer application rates and nitrogen uptake

S2.1.1. Nitrogen fertilizer inputs

Nitrogen fertilizer inputs at NCU level were derived by a balanced N fertilization approach,
based on the total crop N demand, the available non-fertilizer N inputs (i.e., N inputs by
manure, biosolids, crop residues, N mineralization, N deposition and N fixation) and the N
use efficiency (NUE) of the effective N input. The fertilizer inputs thus derived were scaled to
national fertilizer consumption rates from FAOSTAT by multiplying the values with the ratio
of FAO country data and the aggregated country level data. The results thus obtained were
compared with N fertilizer input data at crop and country level by Fertilizers Europe for the
reference year (2010). These data were derived from expert judgments by country experts,

combining country N production figures with country information on relative use per crop.

For the balanced N fertilization approach, first total N demand of each crop is calculated as

the sum of N in harvested products and in N crop residues:

Nup = Nogg + (1+——) (Eq. S2.1.1)

Nindex
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Where:

N, = Total plant N uptake (above- and belowground parts) (kg N ha! yr?)
Ny = Nremoved in harvested crops (kg N ha' yr')
Nindex = Nremoved in harvested crop divided by N amount in crop residues; (Now/N..) (-)

The N offtake in harvested crops is calculated by multiplying crop yield (in terms of harvest)

with crop N content:

Nogr = Yield * Neope (Eq. 82.1.2)
Where:
Yield = dry matter yield (kg DM ha' yr')

Neont = crop N content (g N kg DM™)

The N content, in turn, is a function of the effective N input, according to:

(1= frNmin)*Ncontmax

Neont = fTNmin * Neontmax + Nie/max * Niners (Eq. 82.1.3)
Where:

JrNyin = afraction being equal to the ratio of the minimum/maximum crop N content (-)

Neontmax = maximum crop N content (g N kg DM')

Nisegmax = maximum effective N input, being the effective N input where the content in the

crop is at is maximum and does not increase anymore (kg N ha' yr)

The minimum N content, i.e. the content at negligible effective N input (N, .z has been set
at 0, as on the the long term, N uptake is negligible at no N fertilizer input (Lassaletta et al.,
2014a). In reality, this is due to combination of effects of reduced N inputs on both crop
yields and N contents, which we include in the N content only. This implies that frN,,;, is set
to 0 and Eq. (S2.1.3) thus simplifies to:

- N, contmax

Neont = * Ninerr (Eq. S2.1.4)

Nin,eff,max

The maximum effective N input is calculated as a function of the maximum N offtake

(defined as yield times maximum N content) and uptake efficiency, according to:

(Yield*Ncont,max)* (1+ ! )

Nin,eff,max = Friuy ~index (Eq S2. 15)
Where:
frN,, = efficiency factor of the effective N applied (-)
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The effective N input (total amount of plant-available N) is calculated by distinguishing
between organic nitrogen inputs by animal manure, crop residues and N mineralization, and
more readily available nitrogen inputs (mineral N) from animal manure, N deposition and N

fixation, according to:

Ninerr = Nre + Npinam + fav,am * Norgam + Nmingr + fav,gr * Norg,gr + fav,ps *(Eq $2.1.6)
Nbs + fav,cr * Ncr + fav,min * Nmin + fav,dep * Ndep + Nfix - Nem,ap ’ o

Where:

N = Input of N by fertilizer (kg N ha' yr?)

Noinam = Input of mineral (inorganic) N in applied animal manure (kg N ha’ yr')

Norgam = Input of organic N in applied animal manure (kg N ha! yr')

Noingr = Input of mineral (inorganic) N in manure excreted by grazing (kg N ha' yr')

Norger = Input of organic N in manure excreted by grazing (kg N ha! yr')

Nis = Input of N by biosolids (kg N ha' yr')

N, = N mineralized from crop residues (kg N ha* yr')

Nin = N mineralized from soil organic matter (change in soil N pool, which is only
included for peat soils) (kg N ha' yr?)

Naep = Input of N by deposition (kg N ha yr')

Njix = Input of N by fixation (kg N ha’ yr')

Nemap = Emission of N due to application of N by fertilizer, manure, grazing, biosolids
(NHs;, N,O and NO,), fixation and deposition (N,O and NO; only) (kg N ha! yr?)

Savam = Availability fraction of organic N in applied manure compared to N fertilizer (-)

Savgr = Availability fraction of organic N in manure excreted by grazing animals compared
to N fertilizer (-)

Saubs = Availability fraction of N in biosolids compared to N fertilizer (-)

Saver = Availability fraction of N in crop residues compared to N fertilizer (-)

Savmin = Availability fraction of N mineralized from soil compared to N fertilizer (-)

Javdep = Availability fraction of N deposition compared to N fertilizer (-)

Total N in applied animal manure was distributed over an inorganic fraction (N, .») and an
organic fraction (N,..), based on the ratio of total ammonium N (TAN) to total N content
in manure and slurry as derived in the RAMIRAN network (fray; Menzi, 2002). Values for

fran for liquid manure/slurry were set to:

« liquid manure/slurry: 0.58 (cattle), 0.71 (pig) and 0.47 (poultry),
o solid manure: 0.27 (cattle), 0.32 (pig) and 0.28 (poultry).

The N in crop residues is calculated by dividing N offtake by an N index, calculated as N
offtake divided by N crop residue (Njux = No/N,). Mineral N from both fertilizer and

manure was assumed fully available. Availability fractions for organic N sources and N
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deposition were set to:

o organic N in animal manure and mineralized N from (peat) soil: f,,., and fi,, . are 0.7
for arable land and 0.9 for grassland

« organic N from grazing and N from biosolids: f,,, and f,,, are 0.4.

« organic N from crop residues: f,,,, is 0.9

« N from deposition: f,,, is 0.75.

N fertilizer input is finally derived by subtracting the effective non-fertilizer N input from the

crop N demand according to:

Nyp

Nfe = erup - (Nmin,am + fav,am * Norg,am + Nmin,gr + fav,gr * Narg,gr + fav,bs *

(Eq. 82.1.7)
Nbs + fav,cr * Ncr + fav,min * Nipjn + fav,dep * Ndep + Nfix - Nem,ap)

Initially, a maximum N content (Nyumax) is used to assess Np. Fertilizer input estimates for

each location (NCU) are then aggregated at country-level and the resulting national fertilizer

application rates are compared with country-level N fertilizer consumption from FAOSTAT.

Finally, the fertilizer N input at NCU level are scaled (multiplied) with the ratio of the

national N fertilizer consumption from FAOSTAT and the aggregated calculated country-

level N fertilizer consumption based on the balanced N fertilization approach.

Input data to assess N uptake: Input data to assess N uptake include maximum N contents
in harvested products, crop residue ratios and uptake fractions. The maximum N content in
(intensively managed) grassland was set to 3%. Nitrogen contents of crop products and the N
index and C/N ratio of crop residues were based on a literature review by Velthof & Kuikman
(2000) (Table S2.3). Results presented in Table S2.3 were derived from Dutch studies of the
nineties. The uptake efficiency (fry,,) was set to 0.8 for arable land and to 1.0 for grassland
(Velthof et al., 2009).

S2.1.2. Nitrogen excretion and nitrogen manure inputs

Total manure production was calculated at NCU level from N excretion, correcting for losses
(gaseous emissions and leaching) in housing and manure storage systems (see Table 3.1 in
main text). Statistical data on livestock numbers for various animal categories at NUTS2
level were downscaled to 1x1 km? resolution using expert judgment combined with data on
land use, slope, altitude and soil characteristics influencing livestock carrying capacity (see
Neumann et al., 2009, for more details on the approach). Livestock numbers thus derived
were aggregated to NCU level, and total N excreted was calculated by multiplying animal

numbers with country-specific N excretion rates from Asman et al. (2011) for 8 animal
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categories (see Table S2.1). Total N excreted was then divided over excretion of animals in
housing systems and by grazing animals in pastures, based on country-level data on the
number of grazing days (Klimont and Brink, 2004).

Manure N excreted by grazing animals all enters grassland. Manure N excreted in housing
systems was distributed over arable land and grassland (after subtracting N emissions and
leaching from housing and manure storage systems). Manure produced in housing systems
by sheep and goats was completely applied to grassland. For other manure, a fraction was
applied to arable land and the remaining fraction was applied to grassland/fodder crops,

based on data of Menzi (2002) and distinguishing three types of manure (see Table S2.2).

For the distribution of manure application on arable land, three crop groups were
distinguished: group I with a high use of manure (sugar beet, barley, rape, and soft wheat),
group II with an intermediate use of manure (potatoes, durum wheat, rye, oats, grain maize,
other cereals including triticale, and sunflower), and group III with low use of manure (fruits,
citrus, olives, oil crops, citrus, grapes and other crops). No manure was allocated to dry pulses
and rice, fibre crops, other root crops and vegetables. First, the average manure application
rate (in kg N ha') over all arable crops was calculated. The application rate (kg N ha™) for the
three arable crop groups was then assessed by using weighing factors of 1.0 for group I, 0.5 for
group IT and 0.25 for group III, based on Velthof et al. (2009). For the distribution of manure
application on grassland, we distinguished intensive grassland (including fodder), extensive
grassland and rough grazing, using weighing factors of 1.0, 0.5 and 0.12, respectively. The
parameterization of weighing factors was based on comparison of calculated N fertilizer
input data per crop per country with those estimated by country experts of Fertilizers Europe

for the reference year 2010.

Maximum N manure application rates were set to 170 kg N ha' yr' for both arable land
and grassland, except for Denmark and the Netherland where the acceptable amounts for
grassland and fodder is 250 kg N ha' yr'. If N manure application based on the distribution
approach described above exceeds these amounts, excess manure was distributed over nearby
NCUs within a NUTS region, or over nearby NUTS regions within a country if application
rates were still exceeded. Manure was distributed over NCUs (and NUTS) regions using an
inverse distance method with closer NCUs receiving relatively more manure (the weighted
centre of an NCU is used for the distance calculations). Excess manure on grassland was first
distributed over grassland in neighbouring NCUs (NUTS regions), and only on arable land
if maximum application rates in the receiving NCU (NUTS region) were also exceeded (and

vice versa). No manure transport between countries was assumed.
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S2.1.3. Nitrogen biosolid inputs

Nitrogen inputs by biosolids (being the sum of inputs of sludge and compost) were first
derived at country level by multiplying country-specific biosolid application rates (t yr')
with N contents in biosolids (g kg, equivalent to kg t'). As biosolid inputs are derived from
national application data, results were downscaled to NCU level using the distribution of
manure N inputs as scaling factors. Country-level data on production and application rates
for sludge were based on data compiled by Milieu Ltd (2009). Country-level data on total
compost production and the percentage of compost applied in agriculture (on average 48
% in EU) were taken from Barth et al. (2008), while distinguishing between green waste
compost (organic waste from gardens and parks), bio-waste compost (a mixture of kitchen
and garden waste), and mixed waste compost (compost derived from refuse). Data on the N
content of compost and sludge were based on the Working Document Sludge and Biowaste
(EC, 2010), a screening of various national databases and information from composting
organizations (e.g. VLACO, Attero) from the period 2000-2014. In the calculations, national
data were used for sludge N contents, whereas EU-wide median values were used for the N

content in each type of compost.

S2.1.4. Nitrogen offtake

N offtake is calculated as the product of crop yield and N content in the harvested product.
National yields per crop were derived from FAOSTAT (www.faostat.org; average of years
2008-2012). Sub-national variation in actual crop yields in INTEGRATOR was derived based
on sub-national wheat yields from the Global Yield Gap Atlas (GYGA) for 25 EU countries.
GYGA provides estimates of actual yields for a variety of staple crops at sub-country
(regional) level (for zones of similar climate). These sub-national estimates of actual yields are
multi-year average yields obtained by farmers under dominant management practices, and
are gathered from sub-national statistics, farm surveys and/or local agronomists. We used
sub-national variation in rainfed wheat yields from GYGA for 25 EU countries to estimate
sub-national variation in yields for all INTEGRATOR crops, assuming that: (i) the relative
differences in rainfed wheat yields also reflect differences in yields of other crops and (ii) the
total national crop yield should be equal to the yield estimate from FAOSTAT. According to
the first assumption, actual crop yields per climate zone were calculated as:

Yawheat,czij

Ya_pcropn,czij = Yacropn,col- * Yawneatco, (Eq $2.1.8)
Where:
Ya_p,crop,,cz; = preliminary scaled actual yield of crop n for climate zone i in country j (kg ha!
yr)
Ya,crop,,co; = average actual crop yield for country j from FAOSTAT (data in INTEGRATOR)
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(kg ha'yr?)
Ya,wheat,cz; = actual wheat yield for climate zone i in country j from GYGA (kg ha' yr')
Ya,wheatco; = area-weighted average actual wheat yield for country j from GYGA (kg ha'yr?)

Preliminary sub-national yields derived with Eq. (S2.1.8) were then corrected to ensure that
the total national crop production after scaling remains equal to FAOSTAT national crop
production:

Yacropn,coj* Acropn,ccaj

Yacropn,czij - Ya_pcropn,czij * Z(Ya_pcropn.clij*ACrOPn.CZii) (Eq 8219)
Where:
Ya,crop,,cz; = the final scaled actual yield of crop n for climate zone i in country j (kg ha™ yr*)
A,crop,,cz; = the crop area for crop n in climate zone i in country j, derived by an overlay of
climate zones in GYGA and crop areas per NCU in INTEGRATOR (based on
Eurostat data for crop areas per NUTS region). (ha)
A,crop,,co; = the country-level crop area for crop n in country j in INTEGRATOR. (ha)

The area of arable land in INTEGRATOR is derived from the CLUE model and includes the
CLUE categories non-irrigated arable land (1), irrigated arable land (6) and permanent crops
(8). The area of each crop in NUTS 2 regions are derived from CAPRI, by using the CAPRI
crop shares and multiplying these shares with the area of arable land as derived with CLUE.
Crop areas are derived from the Lucas survey. Crop area of each NCU are then scaled by
using data from Eurostat (derived from: http://ec.europa.eu/eurostat/data/database). For the
scaling procedure, each NCU is assigned to a climate zone with available data on wheat yield
(GYGA only provides actual wheat yields and yield potentials for climate zones containing
more than 5% of the national crop area). The method for assigning a climate zone with wheat
data to each NCU are presented in detail in De Vries et al. (2021a).

$2.2. Calculation of spatially explicit nitrogen losses to air and
water

S$2.2.1. Ammonia emissions

Figure S2.1 presents an overview of the calculation of NH; emissions from animal manure
(housing, storage, grazing, application) in INTEGRATOR. All ammonia emission fractions
(EFs) are obtained from the GAINS model (Amann et al., 2011). All EFs are country-specific;
manure emission fractions are further provided per animal category and manure type
(liquid/solid). GAINS provides ammonia EFs for:
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o Manure deposited by grazing animals per country (not further distinguished by
animal category). The average EF at EU level is 8%, country-level EFs vary between 5
and 10%.

e Manure in housing and manure storage systems per animal type (6 categories),
further subdivided in manure type (liquid vs. solid) for dairy cows, other cows and
pigs. For some countries, the basic EFs are modified based on assumptions on the
implementation of low-emission manure storage or housing systems. For these
countries, a new emission fraction is calculated based on the degree of implementation
of emission-reducing technologies, and the reduction efficiency of the technology.

o Manure application per animal type (cattle, pigs and poultry) and manure types
(liquid and solid manure; for cattle and pigs only). Manure application EFs are given
per country, in view of differences in dominant manure application techniques.

o Fertilizer application per fertilizer type (urea-based fertilizers and nitrate-based
fertilizers). The average EF is 15% (range: 12-20%) for urea-based fertilizers and
3% (range: 1-7%) for nitrate based fertilizers. Nitrate-based fertilizers are dominant
in almost all countries, and therefore the average emission fraction for fertilizer

application at EU-level is 4%.

Details on used EFs per country in combination with variations in housing systems, manure

application techniques and fertilizer types are given in De Vries et al (2021a).

S$2.2.2. Nitrogen leaching and runoff

Leaching and runoff in INTEGRATOR is distinguished in (i) N leaching from manure in
housing and/or manure storage systems (ii) N surface runoff, (iii) N leaching to surface
water or sub-surface runoff and (iv) N leaching to groundwater; as illustrated in Figure S2.2.
Nitrogen leaching from housing and manure storage systems is calculated as a fraction of
N excreted in housing systems (fi, ., which is a function of the type of animal, manure and
housing system). N leached from housing and storage systems is added to the N surplus in the
soil system. The N surplus is divided over leaching below the root zone [f,,] and denitrification
[1-fi]. N leached below the root zone is further divided between sub-surface runoff to surface
water [f,,] and leaching to deep groundwater [1-f,,]. Surface runoff is calculated as a fraction
of N inputs to soil from grazing, manure application and fertilizer [f,]. Surface runoff and

sub-surface runoff are added up to obtain total N runoff to surface water.

Leaching from stored manure
Leaching of N from manure in housing and/or manure storage systems is calculated as a

fraction of the amount of N excreted and stored in those systems according to:
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Nigns = fiens * Nns (Eq §2.2.1)
Where:

Nis = N excreted and stored in housing and manure storage systems (kg N ha' yr')

Siens = Leaching fraction for N in housing and manure storage systems (-)

N leaching fractions for housing and manure storage systems, f,, are based on expert
judgement (Velthof et al., 2009).

Surface runoff

Surface runoff (N,,) is calculated as:

Ngr = for * (Nfe + Nogm + Nbs) (Eq S§2.2.2)
Where:

N = Ninput by fertilizer (kg N ha' yr')

Nam = N input by manure application and excretion during grazing (kg N ha™ yr')

Nis = N input by biosolids (kg N ha! yr?)

for = Surface runoff fraction in % of the N applied via fertilizer, manure (including

grazing) and biosolids
As with MITERRA-EUROPE, the value of f, is calculated from a maximum surface runoft
and a set of reduction fractions according to Velthof et al. (2009):

for = fsrmax * fru * min(fp! fs ﬁ“c) (Eq $2.2.3)
Where:

Sormax = Maximum surface runoff fraction for different slope classes (-)

S = Reduction fraction for land use or crop (-)

1 = Reduction fraction for precipitation surplus (-)

f = Reduction fraction for soil type (-)

Jre = Reduction fraction for depth to rock (-)

The maximum surface runoff fraction (f,,,..) is determined as a function of slope:

o Level (dominant slope ranging from 0 to 8 %): formax = 10%
o Sloping (dominant slope ranging from 8 to 15 %): fimax = 20%
o Moderately steep (dominant slope ranging from 15 to 25 %): formax = 35%
o Steep (dominant slope over 25 %): fimax = 50%

The reduction fraction for precipitation, f,, is a function of precipitation surplus (PS):
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PS > 300mm: f,=1

PS 100-300 mm: f,=0.75
PS 50-100 mm: f,=0.50
PS < 50 mm: f,=025

The reduction fraction for land use, f,, is 0.25 for grassland and 1.0 for cropland.

The reduction fraction for soil type, f,, is included as a function of texture:

Very fine (clay > 60 %): f=10

Fine (35% < clay < 60%): £.=0.90
Medium (18% < clay < 35%): f:=0.75
Coarse (18% < clay): =025
Peat: =025

The reduction fraction for depth to rock, f,., is included as:

For a depth of less than 25 cm: fe=1.0
For a depth > 25 cm: f:=0.8

Soil nitrogen surplus, leaching below the root zone and denitrification

The soil N surplus available for subsurface runoff, leaching and denitrification is calculated

as:

Newr = Nip = Nup = Ny = Ny + N + Ny (Eq. S2.2.4)

Where:

Nsur
N;

N,
Nem

= N surplus available for subsurface runoff, leaching & denitrification (kg N ha” yr")

= Total N input via fertilizer, manure application, grazing, biosolids, atmospheric
deposition, and biological N fixation (kg N ha! yr)

= Total N uptake (both harvested crops and crop residues) (kg N ha' yr?)

= Total N (NH;, N,O, NO,) emission from soil applied fertilizer, manure, grazing,
atmospheric deposition and biological N fixation (kg N ha' yr')

= Nin surface runoff (kg N ha! yr?)

= Net N mineralisation (kg N ha! yr?)

= N input by crop residues (kg N ha' yr')

Subsequently, N leaching below the root zone, including leaching to groundwater (also

denote

d as leaching) and leaching to surface water (also denoted as subsurface runoff), and

denitrification are calculated as:

Nle
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Nge = (1= fie) * Ny (Eq $2.2.6)
Where:

N = N leaching below the root zone (kg N ha' yr')

N = N emission (totally included as N, emission) by denitrification (kg N ha’ yr)

fee = Leaching fraction of N surplus from the rooting zone (-)

As with MITERRA-EUROPE, the value of fle is calculated from a maximum leaching fraction
and a set of reduction fractions according to Velthof et al. (2009), where the fractions for land

use and precipitation surplus have (slightly) been adapted:

fie = fiemax * fru * min(fprftrfc) (Eq S$2.2.7)
o fiomar = Maximum leaching fraction for different soil types (-)

o fu = Reduction fraction for land use (-)

. f = Reduction fraction for precipitation surplus (-)

. fi = Reduction fraction for temperature (-)

o f = Reduction fraction for soil organic carbon content (-)

The following soil type dependent maximum leaching fractions (fi..) are used:

sandy soil:  fi e = 1.0

o loamysoil:  fi = 0.75
o clay soil: Siemax = 0.50
o peatsoil: Siomax = 0.20

The reduction fraction for land use, f,,, is 0.85 for grassland and 1.0 for cropland.

Denitrification increases and thus leaching decreases at lower precipitation surplus due
to longer residence times allowing enhanced denitrification The reduction fraction for
precipitation surplus, f,, is slightly adapted from Velthof et al. (2009) and calculated as a
continuous function based on soil type according to:

For sandy and loamy soils :

o PS <50 mm: f,=0.25
o 50 mm < PS <300 mm: f, = 1+(PS-300)*0.003
o PS>300 mm: f,=1

For peat and clay soils:
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o PS <50 mm: f,=0.25

e 50 mm < PS < 100 mm: f, = 1+(PS-100)*0.015
o 100mm<PS<300mm: f,=1

e 300 mm <PS<400 mm: f, =1-(PS-300)*0.005
o PS>400 mm: f,=0.5

Denitrification increases with increasing temperature and thus leaching decreases. The
following reduction fractions for temperature (f,) are used (assuming that denitrification at

15°C is twice as high as at 5°C; a general effect of temperature on microbial activity):

e <5°C: fi=1
° 5—15 OC: ﬁ = 075
e >15°C:  £,=0.50

Denitrification increases with increasing total soil organic carbon (SOC) content and thus

leaching decreases. The following reduction fractions for SOC content (f;) are used:

. SOC<1%: f=1

« SOC1-2%: f.=0.90
. SOC2-5%: f.=0.75
« SOC>5%: f.=0.50

Division of leaching over groundwater and surface water
The division of N leaching below the root zone to leaching to groundwater (also denoted as

leaching) and leaching to surface water (also denoted as subsurface runoff) is calculated as:

Npo = fro* Nie (Eq $2.2.8)

Ngy = (1= fro) = Npe (Eq §2.2.9)
Where:

N, = N subsurface runoff flux towards surface water (kg N ha! yr')

N

fro = Subsurface runoff fraction, being the fraction of leached N laterally transported to

N leaching flux towards ground water (kg N ha! yr)
surface water.

The value of f,, is calculated as function of lithology, area above sea level and the occurrence
of natural surface waters, derived from the IMAGE groundwater model, as described in

Keuskamp et al. (2012). Total N influx to surface water is calculated as:
Ngw = Ngr + Ny (Eq $2.2.10)
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Data on soil organic carbon (SOC) and clay contents were based on the joint WISE, SPADE
1 and EFSDB databases, which jointly contain approximately 3,600 soil profiles, irregularly
distributed over Europe. Data at NCU level were derived with a multivariate regression
kriging model accounting for the spatial structure of the soil properties and their dependency

on explanatory variables such as soil type and land cover (Heuvelink et al., 2016).

S$2.2.3 Nitrogen concentrations in leaching to groundwater and in runoff to
surface water

Nitrogen concentrations in leaching to groundwater

The NO;™ concentration in the leaching flux to groundwater is calculated as:

[NO3]gw = Z:%: * cFenos (Eq. $2.2.11)
Where:

[NO3],, = Nitrate concentration in the leaching flux towards groundwater (mg NO;1")

Ngw = N leaching flux towards groundwater (kg N ha! yr')

Qg = Water flux leaching towards groundwater (m’ ha! yr*)

cFonos = Conversion factor from (kg N ha') / (m® ha!') to mg NO; 1", i.e. (62/14)*1000

Furthermore, the following equations hold:

Qgw = Qtot = Qsr — Uro (Eq. $2.2.12)

Qsr = for * Qtot (Eq. $2.2.13)

Qro = fro * (Qrot = Qsr) = fro * (1 = for) * Qrot (Eq. $2.2.14)
Where:

Qur = The total precipitation surplus discharging towards groundwater and surface water

(including surface runoff and subsurface runoff) (m* ha yr*)

Q. = Water flux to surface water via surface runoff (m* ha' yr')
Q = Water flux to surface water via sub-surface runoff (m® ha yr')
for = The surface runoff fraction of precipitation surplus, being equal to the value used

for nitrogen (see Section S2.2.2) (-)
fo = Subsurface runoff fraction of precipitation surplus, being equal to the value used

for nitrogen (see Section S2.2.2) (-)
Combining the equations above leads to:

N w
[NO3]g, = m * CFenos (Eq. $2.2.15)

217




Nitrogen concentrations in runoff to surface water
The N concentration in agricultural runoff to surface water (including surface and subsurface
runoff) is calculated as:

— NST+NTU

[Nsw = %rtre * cFen (Eq. $2.2.16)

Combining with equations above leads to:

[N]sw = % * cFey (Eq S§2.2.17)
Where:

[N],, = N concentration in the total runoff flux (surface + subsurface runoff) towards
surface water (mg1")

N = N surface runoff flux (kg N ha! yr')

N = N leaching flux below the root zone (includes flux to groundwater and sub-surface
flux to surface water) (kg N ha' yr')

cFy = Conversion factor from kg N ha' / (m*ha') to mg N 1", i.e. 1000

The N concentration in total N runoff to ,surface waters is calculated by including the dilution
of N from non-agricultural areas according to:

Ngr+fro*Nie
[(Nlsw (1= fag) ¥ 0.5 + foq * m * CFey (Eq. $2.2.18)

S2.3.Back-calculation of critical nitrogen inputs and nitrogen losses

Critical N inputs to agriculture were calculated using a simplified version of the
INTEGRATOR model (see Figure S2.2). If not otherwise specified, all calculations are
performed at the level of crop-NCU combinations (each NCU is sub-divided into different
crops occurring in this NCU).

For the critical N input calculations, N inputs from fertilizer and fixation were lumped
together, and N inputs from manure and biosolids were lumped together. The relative
contribution of N fertilizer and N fixation (Np,z,) and N manure and N biosolids (N.s) to

total farmer-managed inputs was assumed constant:

Nfe+fix(crit) = foe * (Nfe+fix(crit) + Nex+bs(crit)) (Eq 52.3.1)
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Where:
Nk = Fraction N input from fertilizer & fixation in total N inputs from fertilizer, fixation,
manure & biosolids (-)
Niesiserip = Critical N inputs from fertilizer and biological N fixation (kg N ha yr)
Newivserip = Critical N inputs from manure and biosolids (kg N ha! yr)

The fraction N inputs from fertilizer and fixation in total critical N inputs (fN) is calculated
by dividing actual N inputs from fertilizer and fixation by actual N inputs from fertilizer,

fixation, manure and biosolids for each crop/NCU combination:

Nfe +Nix
fo e =N fe(z010) TN ffix((zzl:::)))+Nfam((zz(:)11(:)))+Nbs(zo1o) (Eq‘ §2.3.2)
Where:
Nizo10) = Ninputs from fertilizer for the year 2010 (kg N ha yr')
Namz010) = N inputs from manure (application & grazing) for the year 2010 (kg N ha'yr')
Nixzo10) = N inputs from biological N fixation for the year 2010 (kg N ha! yr?)
Niszo10) = N inputs from biosolids for the year 2010 (kg N ha! yr?)

Total critical N inputs are defined as the sum of N inputs from fertilizer, fixation, excretion,

biosolids, deposition and mineralisation (peat soils only) according to:

Ninceriey = Nexwps(erity T Nre+fix(erity ¥ Naep(erity + Nmin 2010) (Eq. $2.3.3)
Where:

Naeperiv = Ninputs from deposition at critical N inputs (kg N ha yr')

Nuincorg = N inputs from mineralization (assumed constant) (kg N ha' yr')

N ofttake by harvest at critical inputs (‘critical offtake’) is assumed to be a fixed fraction of

total N inputs minus surface runoff and emissions (see Figure S2.2):

Noff(crit) = eroff * (Nin(crit) - Nsr(crit) - Nem(crit)) (Eq 32.3.4)
Where:

frNy = N offtake fraction (constant) (kg N ha! yr?)

Nogierin = N offtake by harvest at critical N inputs (kg N ha! yr)

Nerity = N surface runoff at critical N inputs (kg N ha yr')

Nemerity = Total N (NH;+N,O+NOy) emissions at critical N inputs (kg N ha yr?)

The offtake fraction is assumed to be equal to the ofttake fraction for the year 2010 and

calculated as:
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N,,ff(2010)

frNosr = Nfe(2010)+Nam(2010)+N fix(2010)+Nbs(2010)+Nmin(2010)+ N aep(2010)—Nsr(2010) =N em(z010) (Eq. $2.3.5)
Where:

Nogo10) = N ofttake by harvest for the year 2010 (kg N ha' yr")

Nuinzog = N inputs from mineralization for the year 2010 (peat soils only) (kg N ha! yr')

Nugpeow = Ninputs from deposition for the year 2010 (kg N ha' yr!)

Na010) = N surface runoff for the year 2010 (kg N ha! yr)

Nemeo10) = Total N (NH3+N,O+NO,) emissions for the year 2010 (kg N ha' yr')

N emissions (NH;, N,O, NO,) at critical inputs (‘critical emissions’) are calculated as a
fraction of critical N inputs from fertilizer and fixation, and from excretion and biosolids (see
Figure 52.2):

NH?’em(crit) = Nfe+fix(crit) * fNH3em,fe + Nex+bs(crit) * FNH3 o ex (Eq $2.3.6)

Nzoem(crit) = Nfe+fix * fNZOem,fe + Nex+bs(crit) * fN20gm, ex (Eq §2.3.7)

Noxem(cn‘t) = Nfe+fix(crit) * fNoxem,fe + Nex+bs(crit) * fFNOXom,ex (Eq §$2.3.8)

Nem(crit) = Nfe+fix(crit) * fNem,fe + Nex+bs(crit) * [Nem,ex (Eq §2.3.9)
Where:

NH3.ueiy = NH; emissions from agriculture at critical N inputs (kg N ha yr)

N20.n@iy = N,O emissions from agriculture at critical N inputs (kg N ha! yr?)

NOXumeiy = NOyemissions from agriculture at critical N inputs (kg N ha™ yr')

Nem(erit) = Total N (NH;+N,O+NOjy) emissions at critical N inputs (kg N ha! yr?)

fNH3.pe/ fN20ewse / fNOxXempe = NH;/N,O / NO, emission fraction for fertilizer application (-)

fNH3.pe/ fN2Oemes / fNOXemex = NHs / N,O / NO; emission fraction for manure excretion (-)

fNemye = Total N (NH3+N,O+NO,) emission fraction for fertilizer application (-)

fNemex = Total N (NH;+N,O+NO,) emission fraction for manure excretion (-)

Values for fNH3.,,r (fN20,,,f, fNOX.,.r) were derived by dividing total NH; (N,O, NO,)
emissions from fertilizer by total N inputs from fertilizer per crop and NCU. Values for
fNH3,,..x (N20.eo fNOX,.x) were derived by dividing total NH; (N,O, NO,) emissions
from housing and manure storage, application and grazing by total N excretion at country

level.

N deposition at critical N inputs (‘critical deposition’) is assumed to be a fixed fraction of

NH; emissions at critical N inputs and the (constant) fraction agricultural land and the
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fraction NH, deposition in total deposition (also see section “Calculation of critical ammonia

emissions from critical nitrogen deposition on natural land”):

fa,
Ndep(crit) = NH?’em(crit) * fmi (Eq $2.3.10)
Where:
S = fraction NH; in total (NO+NHj3) deposition (-)
Jae = fraction agricultural land in an NCU (-)

N surface runoft at critical N inputs (‘critical surface runoft’) is calculated as a fixed fraction

of critical N inputs (see Figure S2.2):

Nsr(crit) = fsr * (Nfe+fix(crit) + Nex+bs(crit)) (Eq 82.3.11)
Where:
for = surface runoff fraction in % of N applied via fertilizer and manure (-)

N leaching below the rooting zone at critical N inputs (‘critical leaching’) is calculated as a
fixed fraction of the critical N surplus, which in turn is calculated as the sum of total critical
N inputs minus surface runoff, emissions and offtake (see Figure S2.2). Denitrification is

calculated by multiplying N surplus by 1 minus the leaching fraction.

Nieerity = fie * Nsur(crit) (Eq. S2.3.12)

Nde(crit) =1~ fie) * sur(crit) (Eq $2.3.13)

Nsur(crit) = Nin(crit) - Nsr(crit) - Nem(crit) - Noff(crit) (Eq 82.3.14)
Where:

Nieterit = N leaching below the rooting zone at critical N inputs (kg N ha” yr')

fee = Leaching fraction (equal to 1 minus denitrification fraction) (-)

Nar(erity = N surplus at critical N inputs (kg N ha' yr)

Ne(eriny = N denitrification at critical N inputs (kg N ha! yr?)

N subsurface runoff to surface water (‘critical subsurface runoff’) is calculated as critical

leaching times a subsurface runoff fraction (see Figure S2.2):

Nro(crit) = fro * Nle(crit) (Eq $2.3.15)
Where:

Nroerit) = N subsurface runoff to surface water at critical N inputs (kg N ha' yr')

fro = Subsurface runoff fraction as % of N leaching below rooting zone (-)
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The remainder of leaching (N,-N,,) is assumed to be N flux to groundwater (N,,) (see Figure
$2.2):

Ngw(crit) =1 - fro) * Nle(crit) (Eq $2.3.16)
Where:
Nawierin = N flux to groundwater at critical N inputs (kg N ha! yr')

Total N inputs to surface water (Nj,,) are the sum of N surface runoff and N subsurface runoft
(see Figure §2.2):

Nsw(crit) = Nsr(crit) + Nro(crit) (Eq $2.3.17)
Where:
Nawierit) = N delivery to surface water via surface and subsurface runoff at critical N inputs (kg
N ha'yr?)

S§2.3.1. Critical ammonia emissions and associated critical nitrogen inputs in
view of nitrogen deposition thresholds

Calculation of critical ammonia emissions from critical nitrogen deposition on
natural land

Critical NH; emissions are calculated assuming that within an NCU (i) the average N
deposition rate on agricultural land equals the average N deposition rate on non-agricultural
land (both in kg N ha'), (ii) the amount of NH; that is emitted (coming from agriculture) is
deposited in the same region, but then on all (agricultural land and non-agricultural) land
(both in kg N) and (iii) the current shares of NH; and NOy in total N deposition stay constant
(and thus NO, emissions/deposition increase or decrease in the same proportion as NH;

emissions/deposition). All assumptions are discussed in more detail below.

Assumption (i) that N deposition rates on agricultural land and natural land are similar
within a region holds specifically in areas where the surface roughness of non-agricultural
land is comparable to that of arable land, which is true for low vegetation (grasslands,
heathlands etc.) but not for forests. Overall, however, the assumption is reasonable, as
illustrated by comparing average N deposition on agriculture and N deposition on nature at

country level (see Figure S2.3). In formula:

NH3dep(ag) + NOxyep(ag) = NH3dep(non—ag) + NOXdep(non—ag) (Eq $2.3.18)
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Where:
NH34p9 = N deposition due to NH; emissions on agricultural land (kg N ha! yr)
NOxupayg = N deposition due to NO, emissions on agricultural land (kg N ha! yr')
NH3upmonag = N deposition due to NH; emissions on non-agricultural land (kg N ha! yr*)
NOXupmonag = N deposition due to NO, emissions on non-agricultural land (kg N ha'! yr?)

Following assumption (ii), N deposition due to agricultural NH; emissions within a region is

calculated as:

NH3dep(all) = fag * NH3em(ag) (Eq $2.3.19)
Where:
NH3up@y = N deposition due to NH; emissions on all (agricultural and non-agricultural) land
(kg N'ha'yr?)
Jag = Fraction agricultural land (-)
NH3..ay = NHj;emissions from agriculture (kg N ha' yr')

Total N deposition is the sum of deposition due to NH; and due to NO, emissions. Following
assumption (iii), the relative contribution of NO, and NHj to total deposition is assumed

constant, and thus:

Naep,totary = NH3gepaury + NOXgep(airy (Eq. $2.3.20)

NH3dep(all) = fNH3 * Ndep,tot(all) (Eq 82.3.21)

Noxdep(all) = (1 - fNHS) * Ndep,tot(all) (Eq 52.3.22)
Where:

Nugptoray = Average total N deposition (kg N ha' yr')

Sws = Fraction NH; in total (NO, + NHj;) deposition (-)

Combining Eq. (52.3.19), (S2.3.20) and (S2.3.22) gives:

fNH;3
fag

fa
Ndep,tot(all) = jTIgJ3 * NH3em(ag) or NH3em(ag) = Ndep,tot(all) * (Eq $2.3.23)

As we assumed (see Eq. $2.3.18) that Nygorg = Naeprottnon-ag» EQ. (52.3.23) can be written as:

fi
NH3emriry = Ndepiot(criry * }VTI: (Eq. S2.3.24)
Where:
NH3emy = NH; emissions leading to critical N deposition (‘critical NH; emission’) (kg N ha™
yr')
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Ndepiery = Critical N deposition on non-agricultural terrestrial ecosystems, calculated as the

area-weighted average critical N load for those ecosystems (kg N ha! yr)

Calculation of critical nitrogen inputs from critical ammonia emissions

As shown in Equation (52.3.6), critical NH; emissions are a function of critical N inputs from
fertilizer (+ fixation) and from excretion (+ biosolids), and (constant) emission fractions
for both inputs. Once critical NH; emissions are calculated with Eq. (S2.3.24), Eq. (52.3.6)
contains two unknowns, i.e. N sy a0d Newspserin. By assuming that the relative contribution
of N fertilizer and N fixation (Np.) and N manure excretion and N biosolids (N...ss) is equal

to the 2010 value (see Eq. $2.3.1), we can express N, g as a function of Ney.pserin:
_ foe
Nretfix(erity = 175y * Nexsbs(erity (Eq. $2.3.25)

The value for Ny, is derived in Eq. (S2.3.2). By replacing Ny s in Eq. (S2.3.6) with the
right-hand side of Eq. (S2.3.25) and solving the equation for N,y critical N inputs from

excretion in view of critical NH; emission can be derived as:

NH3emcrit)

N, . =

XHDS(CTIENHS) fNH3gm,ex+fNH39m,fe*—1f%; (Eq. $2.3.26)
The related critical N input from fertilizer and fixation was calculated with Eq. (52.3.25), while
total critical N input (including inputs from deposition and - for peat soils — mineralisation)

was calculated with Eq. (52.3.3).

Equation (S2.3.26) implies that the critical nitrogen input in view of critical NH; emissions
depends on (i) the critical deposition load, the fraction agricultural area and the contribution
of NO, to total N deposition (determining NH3,,,.), (i) the NH; emission fractions for
fertilizer (fNH3,,,s.) and excretion (fNH3,,,..) and (iii) the share of N fertilizer + fixation in
total critical inputs (fNy). The related offtake N,gi,nus) Was calculated with Eq. (S2.3.4), while
related N flux to groundwater N, irnusz) and surface water Ny, innz were calculated with
Egs. (§2.3.16) and (S2.3.17).

Equations for estimating N (NH;, N,O and NOy) emissions were parameterized in such
a way that emission fractions include all losses, including those from animal housing and
manure storage systems and from the application of animal manure, fertilizers and dung and
urine from grazing animals to the soil. The approach implicitly assumes that manure applied
to the soil in a given grid cell (external data) comes from the farms in the same grid cell
(which is not always true, as manure excreted in housing systems is sometimes allocated for

application in neighbouring NCUs if otherwise maximum application rates are exceeded).
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S§2.3.2. Critical nitrogen runoff and associated critical nitrogen inputs from
critical nitrogen concentration thresholds in surface water

Nitrogen inputs from fertilizer and manure are susceptible to runoff. Total runoft consists of

two components: (i) surface runoff (or direct runoff) (Nj,), being a fraction of N inputs and

(ii) subsurface runoff (N,,), being a fraction of N leaching below the root zone (see Figure

§2.2). Similarly, total precipitation surplus (Q,,) is distributed over surface runoff (Q,),

subsurface runoff (Q,,) and leaching to groundwater (Q,,).

Runoff from non-agricultural land usually has a lower N concentration and thus dilutes the
N concentration in runoff from agricultural land. As with critical NH; emissions, we thus

account for differences in the fraction agricultural land in a region, according to:

[Nwater = fag * [N]ag + (1 - fag) * [N]nag (Eq $2.3.27)
Where:

[NTvater = N concentrations in total runoff to surface water (mg N 1)

[N]a = N concentrations in runoff from agricultural land (mg N 17)

[N g = N concentrations in runoff from natural land (mg N 1")

The critical N concentration in runoff from agricultural land, [N/ui, was thus calculated as:

[N]wuter(cn‘t)_(1_fag)*[N]nug
fag

[N]ag(crit) = (Eq 52.3.28)

For the critical N concentration in runoff to surface water, we used a value of 2.5 mg N I* (see
main text). When using a critical concentration for total runoff to surface water of 2.5 mg N
It and concentration of 0.5 mg N I'! for runoff from natural land, equation (52.3.28) becomes:

240.5%f,,

[NMag(eriey ==~ (Eq. $2.3.29)

The total critical N runoff flux towards surface water, N, is the sum of surface and sub-
surface runoff (Eq. S2.3.17), and was derived from the critical N concentration in runoff
from agricultural land by multiplying the critical N concentration with the total water runoft

volume and a correction factor:

Nsw(crit) = [N]ag(crit) * (Qgsr + Qro) * CFy (Eq $2.3.30)
Where:

Qs = Water flux to surface water via surface runoff (m* m? yr')

Qo = Water flux to surface water via sub-surface runoff (m* m?yr*)

CFoy = Conversion factor from mg N 1"* to kg N ha' / (m®* m?), i.e. 10
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[N] ey is given from Eq. (52.2.28); Q.. Q. and cf.y are also given. By combining Egs.
(S2.3.12), (S2.3.14) and (S2.3.15), subsurface runoff is calculated as:
Nro(crit) = (Nfe+fix(crit) + Nex+bs(crit) + Ndep(crit) + Nmin - Nem(crit) -
(Eq. $2.3.31)
Nsr(crit) - Noff(crit)) * fle * fro
By substituting Eq. (52.3.10) into Eq. (52.3.31) for Ny, Eq. (52.3.9) for N, Eq.
(52.3.11) for Ny and Eq. (52.3.4) for Nge, critical N inputs in view of critical N runoff to
surface water were calculated as a function of the leaching fraction (f,.), the N mineralization
rate (N, for peat soils), the N offtake fraction (frN,z), N emission fractions for fertilizer
and manure (fN.,, and fN.,,..), NH; emission fractions for fertilizer and manure (fNH3,,, 5,
fNH3,,,..), the surface runoff fraction (f,), fraction agricultural land (f,,), the fraction NH;
deposition in total deposition (fyu;), the fraction of N fertilizer application compared to the

sum of N fertilizer application and N excretion (fNy) as:

Nsw(crity=Nmin *fle*fro*(l_eroff)

Nex+bs(critsw) = 78
¢ W) 1if_l\f,ie*(fsr"’fle"‘fro*fx)"’(fsr"’fle"‘fro*fy)

(Eq. $2.3.32)

Where ‘X’ and fy’ are defined as:

fx =1+ fNH3em,fe *% - fNem,fe _fsr + eraff * (fsr -1- fNH3em,fe * % + fNem,fe) (Eq 82333)

fy =1+ fNH3em,ex *fa_y_ fNem,ex - fsr + eroff * (fsr -1- fNH3em,ex * f):_li + fNem,ex) (Eq 82334)

fNH3

The related critical N input from fertilizer and fixation was calculated with Eq. (52.3.25), while
total critical N input (including inputs from deposition and - for peat soils — mineralisation)
was calculated with Eq. (S2.3.3).

§2.3.3. Critical nitrogen leaching and associated nitrogen inputs from critical
nitrogen concentration thresholds in groundwater

The critical N leaching rate to groundwater (N, ) is derived from a critical N concentration

in groundwater (set to 50 mg NO; 1" or 11.3 mg NO;-N 1") as:

_ Ngy(crit)

[Nog]gw(crit) - Qgw * CFCNO3 (Eq 82.3.35)
Or:
[N03] w(cri
Ngw(crit) = #‘;t) * ng (Eq $2.3.36)
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Where:
[NO3]guweriy =  Critical nitrate concentration in leaching flux towards groundwater (mg NO; 1)
Nowieriy = Ciritical N leaching flux towards groundwater (kg N ha yr")
Qg = Water flux leaching towards groundwater (m* m?yr?)
cFovos = Conversion factor from (kg N ha') / (m* m?) to mg NO; I}, i.e. (62/14) / 10

The critical N leaching flux towards groundwater is related to N inputs as:

Ngw(crit) = (Nfe+fix(crit) + Nex+bs(crit) + Ndep(crit) + Nmin - Nem(crit) -

Eg. $2.3.37
Nsr(crit) - Noff(crit)) * fie * (1= fro) ( 1 )

By substituting Eq. (S2.3.10) into Eq. (52.3.37) for Ny, Eq. (52.3.9) for N, Eq.
(52.3.11) for Ny iy and Eq. (S2.3.4) for Nge, critical N inputs in view of critical N leaching
to groundwater were calculated as a function of the leaching fraction (f;,), N mineralisation
(Noin» for peat soils), the N offtake fraction (frN,z), N emission fractions for fertilizer and
manure (fN,, and fN,,..), NH; emission fractions for fertilizer and manure (fNH3,,.,
fNH3,,,.), the surface runoft fraction (f,), the sub-surface runoft fraction (f,,), the fraction
agricultural land (f,,), the fraction NH; deposition in total deposition (fyz;), the fraction of N
fertilizer application compared to the sum of N fertilizer application and N excretion (fNy)

as:

N gw(crit)

—Nmin*(1=fTNoff)

fle*G~fro) ™ off

Nex+bs(crit,gw) == Ofoe (Eq 52.3.38)
1-mfe*fx+fy

The parameters f, and f, are defined in Eqs. (52.3.33) and (52.3.34), respectively.

The related critical N input from fertilizer and fixation was calculated with Eq. (52.3.25), while
total critical N input (including inputs from deposition and - for peat soils — mineralisation)
was calculated with Eq. (S2.3.3).
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Table S2.1 | Mean N excretion (kg N per animal per year) for dairy cows, other cattle, pigs, horses,
sheep and goats, laying hens, other poultry and fur animals, for the year 2010, according to the RAINS
database (after Asman et al., 2011).

Country Dairy Other Pigs Horses Sheep & Laying Other Fur
cows cattle goats hens poultry  animals

Austria 106 46 9 48 13 0.7 0.4 4.1
Belgium 118 50 I 50 7 0.7 0.5 4.1
Bulgaria 75 45 12 50 12 0.8 0.7 1.5
Cyprus 103 40 12 50 12 0.8 0.7 4.1
Czech Republic 131 45 12 50 12 0.8 0.6 1.5
Denmark 132 37 10 43 17 0.7 0.5 4.6
Estonia 113 45 12 50 14 0.8 0.5 4.1
Finland 121 53 10 50 16 0.8 0.4 1.9
France 112 50 12 50 12 0.8 0.9 4.1
Germany 130 40 15 48 8 0.8 0.6 4.1
Greece 11 45 12 50 12 0.8 0.7 4.1
Hungary 146 45 9 50 12 1.5 1.5 4.1
Ireland 105 69 12 50 8 0.8 0.5 4.1
Italy 112 47 12 50 16 0.7 0.5 4.1
Latvia 88 51 10 51 7 0.9 0.9 4.1
Lithuania 95 50 12 50 12 0.8 0.5 4.1
Luxembourg 114 42 10 50 12 0.8 0.7 4.1
Malta 98 40 12 50 12 0.8 0.7 0.7
Netherlands 147 40 9 50 12 0.7 0.6 22
Poland 8l 35 I 50 14 0.7 0.6 4.1
Portugal 102 50 9 39 7 0.6 0.9 0.7
Romania 67 45 12 50 12 0.8 0.7 4.1
Slovakia 135 45 12 50 12 0.8 0.7 4.1
Slovenia 110 40 12 50 I 0.7 0.5 4.1
Spain 71 52 9 40 5 0.8 0.6 4.1
Sweden 132 39 I 50 6 0.6 0.3 4.1
United Kingdom 133 49 12 50 6 0.9 0.7 4.1
Mean 11 46 I 49 I 0.8 0.6 35
St. Deviation 21 7 | 3 3 0.2 0.2 1.2
St. Deviation (% 19% 14% 13% 6% 29% 20% 35% 33%

of the Mean)

228



SUPPLEMENTARY MATERIAL CHAPTER 2

Table S2.2 | Share of total manure excreted in housing systems that is applied to arable land (%)
(remainder is applied to grassland and fodder crops) in European countries as used in INTEGRATOR
(after Menzi, 2002).

Share of total manure applied to arable land (%)

Liquid manure of dairy/ Solid manure of dairy/ Poultry manure

Country other cattle, pigs other cattle, pigs

Austria 40 60 95
Belgium 80 100 100
Bulgaria 80 80 80
Czech Republic 20 80 90
Germany 85 85 100
Denmark 75 75 97
Estonia 80 80 80
Spain 75 100 100
Finland 80 90 100
France 80 95 98
Greece 20 20 50
Hungary 63 95 75
Ireland 5 0 0
Italy 74 90 80
Latvia 80 80 80
Lithuania 10 90 100
Luxembourg 30 90 100
Netherlands 35 50 100
Poland 80 90 89
Portugal 100 100 100
Romania 80 80 80
Sweden 22 70 100
Slovenia 80 80 80
Slovakia 80 100 100
United Kingdom 25 50 56
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Table S2.3 | Maximum nitrogen contents of harvested crop products (fresh weight) and nitrogen
indices used in the uptake calculation for the crops distinguished by INTEGRATOR (source: Velthof and
Kuikman, 2000; Velthof et al., 2009), and total crop area for each crop. The table shows a categorization
of crops under arable land and fodder/grassland.

CAPRI CAPRI CAPRI description Max. N Nindex frNup (-) Area
CODE ID content  (Now/Ncr) (km?)
(gkg)
Arable land
SWHE | Common wheat 20 3.02 0.8 249,796
DWHE 2 Durum Wheat 20 3.02 0.8 36,812
BARL 3 Barley 17 2.37 0.8 139,898
RYEM 4 Rye 14 1.79 0.8 24,060
OATS 5 Oats 17 2.08 0.8 42,116
MAIZ 6 Maize (= grain maize) 14 1.53 0.8 87,980
PARI 7 Rice 20 3.02 0.8 4,853
OCER 8 Other cereals 15 2.02 0.8 31,823
POTA 9 Potatoes 35 3.3 0.8 16,262
SUGB 10 Sugar beet 1.8 0.67 0.8 16,371
SUNF 12 Sunflower 32 1.79 0.8 41,417
RAPE 13 Rape and turnip rape 35 1.79 0.8 76,525
SOYA 14 Soy 58 1.06' 0.8 3,849
TEXT 15 Fibre and oleaginous crops; Cotton 4.0 111 0.8 3,513
TOBA 16 Tobacco 30 2.05 0.8 960
PULS 18 Dry pulses 42 1.10' 0.8 15,993
OVEG 20 Other fresh vegetables 2.5 1.16 0.8 15,227
FRUI 24 Other Fruit 6.7 3.00 0.8 25,435
CITR 25 Citrus fruits: Oranges 2.7 2.05 0.8 5,342
OLIv 26 Olive groves 20 2.05 0.8 47,681
TWIN 27 Vineyards /table wine 4.6 2.05 0.8 22,645
OCRO 29 Other crops; Permanent industrial crops 5.0 2.05 0.8 1,680
OWIN 31 Other wine 0.5 2.10 0.8 9,917
TAGR 35 Table grapes 4.6 2.10 0.8 961
TABO 36 Table olives 20 2.10 0.8 2,848
OOIL 37 Other oil 34 1.30 0.8 2,048
Fodder + Grassland
OFAR 22 Fodder other on arable land; Temporary 5.8 243 1.0 153,833
grasslands
GRAS 33 Grassland 302 2.00 1.0 382,486
MAIF 34 Fodder maize 15 4.90 1.0 54,038

! Data on the N index for soy and pulses are based on Herridge et al (2008).

2N contents in grass are given in dry weight since grassland yields are in dry weight.
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Table S2.4 | Average annual actual (year 2010) and critical N inputs for all agricultural land in the EU for
different thresholds as calculated by INTEGRATOR

N budget EU (kg N ha'' yr')

Actual At critical NH; At critical N At critical N leaching
emission runoff to surface  to groundwater
water
N input to land
Fertilizer 72 58 41 76
Fixation 8 5 4 7
Excretion 54 28 29 48
Biosolids | | | |
Deposition I 8 7 13
Mineralisation' | | | |
Total N input 145 100 83 147
N output from land
Crop offtake? 92 66 56 97
Air emission (NH;s, N.O, NO,) 19 12 12 20
Denitrification 17 I 7 15
Runoff to surface water 8 113 4 8
Leaching to groundwater 9 3 7
Total N output 145 100 83 147

' Net N mineralisation is only calculated for (drained) peat soils. No change in soil N pool (neither mineralisation nor
accumulation) was assumed for mineral soils. Results shown in the table, however, only refer to part of the peat soils, as
approximately 2,500 crop-NCU combinations on peat soils were excluded. In these combinations, critical N inputs from
fertilizer and excretion were negative because mineralisation alone leads to the exceedance of critical limits for runoff and/or
leaching. This does not significantly affect results for critical N inputs, but does lower mean mineralisation rates from 5 kg N
ha'' yr' to | kg N ha' yr' (for all agricultural land).

2 Crop N offtake refers to the net removal (crop or grass) from agricultural land.

? For the N budget at critical NH; emissions, only the sum of the loss terms 'runoff to surface water’ and ‘leaching to
groundwater’ is provided.
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Table S2.5 | Actual (2010) N inputs (kton N yr') and critical N inputs for all agricultural land, in view
of critical thresholds for NH; emissions, N runoff to surface water and N leaching to groundwater, per
country.

N inputs (kton N yr')

Actual At critical NH; At critical N runoff At critical N leaching

Country emission to surface water to groundwater
Austria 325 338 255 371
Belgium 431 366 147 297
Bulgaria 304 267 185 341
Czech Republic 466 365 214 423
Germany 3,426 2,096 1,664 3,143
Denmark 453 185 175 476
Estonia 72 72 70 72
Spain 1,738 1,016 941 1,708
Finland 236 24| 246 272
France 4,299 3,109 2,500 4,869
Greece 316 220 128 259
Hungary 470 336 227 471
Ireland 955 389 869 1,132
Italy 1,527 756 715 1,440
Lithuania 261 194 202 271
Luxemburg 28 18 21 29
Latvia 90 113 115 120
Netherlands 695 378 182 467
Poland 1,869 1,023 628 1,415
Portugal 193 146 136 174
Romania 903 786 535 961
Sweden 326 365 366 511
Slovenia 69 51 64 69
Slovakia 192 121 109 194
United Kingdom 2,149 2,096 1,715 2,578
EU 21,791 15,045 12,409 22,062
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Table S2.6 | Actual N inputs and critical N inputs for all agricultural land, in view of critical NH3
emissions, critical runoff to surface water and critical leaching to groundwater, and difference between
actual and critical N inputs (as percentage of actual N inputs). Negative values thus indicate by how much
actual N inputs need to decrease in order to respect environmental thresholds, and positive values
indicate by how much actual N inputs are allowed to increase while respecting environmental thresholds.

Country N inputs (kg N ha' yr') Difference actual/critical (%)
Actual At critical At critical At critical N NH;3 Surface Ground-
NH; emission N runoff to leaching to water water
surface water ~ groundwater

Austria 140 146 110 160 4% -22% 14%
Belgium 319 272 109 220 -15% -66% -31%
Bulgaria 79 69 48 88 -12% -39% 12%
Czech Republic 135 105 62 122 -22% -54% -9%
Germany 214 131 104 197 -39% -51% -8%
Denmark 178 73 69 187 -59% -61% 5%
Estonia 90 9l 89 9l 1% -2% 1%
Spain 94 55 51 93 -42% -46% -2%
Finland 104 106 108 120 2% 4% 15%
France 168 122 98 190 -28% -42% 13%
Greece 106 74 43 87 -31% -60% -18%
Hungary 121 86 58 121 -29% -52% 0%
Ireland 231 94 210 274 -59% -9% 19%
Italy 132 65 62 124 -51% -53% -6%
Lithuania 98 73 76 102 -26% -22% 4%
Luxemburg 210 137 162 223 -35% -23% 6%
Latvia 72 90 91 95 25% 27% 33%
Netherlands 385 209 101 259 -46% -74% -33%
Poland 141 77 47 106 -45% -66% -24%
Portugal 88 66 6l 79 -24% -30% -10%
Romania 73 63 43 78 -13% -41% 6%
Sweden 108 121 121 169 12% 13% 57%
Slovenia 161 118 149 162 -26% -7% 1%
Slovakia 106 67 6l 108 -37% -43% 1%
United Kingdom 182 177 145 218 -2% -20% 20%
EU 145 100 83 147 -31% -43% 1%
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solid per animal animal category (hs) Excretion in burning
category housing (**already
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Storage 8
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application application storage

Figure S2.1 | Overview of the calculation of NH; emissions from animal manure in INTEGRATOR.
f(hs) = fraction manure excreted in housing systems; fNH3em,graz = NH; emission fraction for manure
excreted by grazing animals; fNH3em,hs = NH; emission fraction for manure excreted in housing
systems; fNH3em,stor = NH; emission fraction for manure storage; fNle,hs = N leaching fraction for
manure in storage systems; fNH3em,appl = NH; emission fraction for manure application.
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Figure S2.2 | lllustration of simplified model version used for calculating critical N input, showing
links between N inputs, N losses to air as N emissions (NH;, N,O and NO,) and denitrification (N
emissions) and N losses to groundwater and surface water due to N leaching and N runoff. All N flows
are expressed in kg N ha'! yr''. Grey box shows total N inputs, blue circles show total N outputs. Total
N inputs equal total N outputs (assuming no soil accumulation). Critical N inputs are calculated for
thresholds for NH; emissions, N runoff to surface water or NO; leaching to groundwater.
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Figure S2.3 | Relationship between total N (NH;-N and NO,-N) deposition on agricultural land and
total N deposition on non-agricultural land for the 27 EU Member States (year 2010), based on EMEP
data.
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Figure S2.4 | Average actual (year 2010) and critical N inputs in view of thresholds for NH; emissions,
N runoff to surface water and N leaching to groundwater for the EU on a, arable land, b, grassland +
fodder, c, wheat, d, barley, e, other C3 cereals and f, maize. ‘Other C3 cereals’ includes rye, oats, rice
and other cereals (see also Table 52.3).
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Figure S2.6 | Comparison of calculated N fertilizer application rates from INTEGRATOR with expert

estimates provided by Fertilizers Europe for major crops.
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Figure S2.7 | Comparison of country-level NH; emissions submitted by Parties to the LRTAP
Convention to the EMEP programme (officially reported level 2 emissions for 2010 obtained from EMEP
database) vs. country-level NH; emissions from INTEGRATOR for a, total agriculture, b, fertilizer
application, ¢, manure application & grazing and d, housing & storage. Scales of axes are logarithmic.
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Figure S2.8 | a, Share of sampling points in a given NOj3" concentration range reported by countries
under the Nitrates Directive (EC, 2013) and b, share of area in a given NO;™ concentration range in N
leachate to groundwater calculated with INTEGRATOR.
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S3.1. Method for deriving water-limited yield potentials per crop
and country

To estimate yield potentials for all INTEGRATOR crops and all EU countries, we multiplied
actual yields per climate zone with yield gaps per crop and climate zone for wheat obtained
from the Global Yield Gap Atlas (GYGA, www.yieldgap.org). To account for differences in
yield variability and performance between wheat and other crops, we then multiplied with
a ratio indicating the distance to the European maximum yield for the respective crop as

compared to the distance to the European maximum wheat yield.

YWcrop czii = Yacrop czi; * YRWyneatcz;; * <%) (Eq S3.1)
2y % %15\ YRMuneat.co;
Where:

chropn,czij = water-limited yield potential for crop n in climate zone i and country j [kg ha™
yr']

Yacrop,»cz; = actual yield for crop n in climate zone i and country j [kg ha’ yr'] (from
INTEGRATOR)

YRtheat,czij = ‘potential yield ratio’ for wheat [-], defined as Ytheat,czij/Yawheatn,czij: where

YWwheat,cz; IS the water-limited yield potential for wheat in climate zone i and

country j from GYGA [t ha! yr'] and Yayheat,cz; is the actual yield for wheat

24|




in climate zone i and country j from GYGA [t ha’ yr!].

YRmyheat,co; = ‘maximum yield ratio’ for wheat in country j [-], defined as Ymax,wheat,EU/
Yawheat,cop Where Ymax,wheat,EU is the is highest country-level yield for
wheat in the EU from INTEGRATOR [kg ha' yr'] and Yawheat,co; I the actual
yield for wheat in country j from INTEGRATOR [kg ha yr].

YRmerop,,coi = ‘maximum yield ratio” for crop n in country j [-], defined as Ymax,crop,,EU/
Yacrop,,cor where Ymax,crop,,EU is the highest country-level yield for crop n
in the EU from INTEGRATOR (kg ha" yr'] and Yacrop,,coj is the actual yield
for crop n in country j from INTEGRATOR [kg ha' yr'].

For grassland, we only applied the scaling to intensive grassland (dry matter production >
4,500 kg yr'), as we assumed that extensive grasslands will not be managed by farmers to
maximize yields. If 80% of the water-limited yield potential was lower than the actual yield
we set the target yield to the actual yield. The target yield for crop n in climate zone i of

country j was thus calculated as:
Ytargetcrop, cz; = max (0.8 * YWeropy ez Ya) (Eq. 83.2)

Certain crops in INTEGRATOR are actually ‘crop groups, such as ‘other fruit, containing
several types of fruit with very different yields (e.g. melons and strawberries). For these crop
groups, the ‘maximum vyield ratio’ is not a meaningful measure, because the type of crops
belonging to each group vary strongly per country. Therefore, for these crop groups yield

potentials were calculated by scaling with the potential yield ratio for wheat, as:

YWcropn,czij = Yacrop,czi]- * YRtheat,czi]- (Eq $3.3)

This exception applies to the following crop groups in INTEGRATOR: “Fibre and oleaginous

»

crops; cotton’,

» «

Other fresh vegetables”, “Fodder other on arable land, temporary grassland’,

» «

“Other fruit”, “Other crops’, “Permanent industrial crops” and “Other oil”.

$3.2. Calculation of necessary (reductions in) ammonia emission
fractions for manure

For all regions where actual NH; emissions exceeded critical NH; emissions, we calculated
‘necessary’ NH; emission fractions for manure. ‘Necessary” emission fractions are defined as
emission fraction at which current or target crop yields can be obtained without exceeding
N deposition thresholds. At constant N input, reducing NH; emission fractions also affects

N offtake (at lower NH; emissions, more N is available for uptake by the crop). We assumed
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that the fraction of effective N inputs (N inputs after subtraction of NH; emissions) that is

taken up by the crop remains constant. This fraction is calculated as:

NUEqy = s — (Eq. $3.4)
Where:

NUE,; = Nitrogen use efficiency of effective N inputs [-]

Noffzo9 = Total crop N offtake for the year 2010 [kg N ha! yr']

Nin010) = Total N inputs to the soil for the year 2010 [kg N ha! yr']

NH3,u010 = Total NH3 emissions for the year 2010 [kg N ha! yr']

By re-arranging Eq. (S3.4), the maximum safe N input level (‘critical’ input level) at constant
effective NUE was calculated from (i) the desired crop-uptake (either the current uptake or
uptake at target yield) and (ii) a critical value for NH; emissions (related to thresholds for N
deposition on terrestrial ecosystems):

Nof f(tar)

Nin(crit,max) = NUEqss + NH?’em(crit) (Eq $3.5)
Where:
Nitlimay = Maximum safe (i.e. ‘critical’) level of N inputs at target crop N offtake and critical
NHj; emissions [kg N ha! yr']
Noffuan) = Target crop N offtake (current N ofttake or N offtake at target yield) [kg N ha' yr']
NH3em,y = Critical NH; emissions in view of N deposition thresholds for terrestrial ecosystems

[kg N ha! yr']

The share of N fertilizer and N manure in derived maximum critical N inputs was calculated

assuming that the proportion of these two N sources stays constant (equal to 2010 values):

Nfe(crit,max) = foe * Nin(crit,max) (Eq $3.6)
Nman(crit,max) =(1- foe) * Nin(crit,max) (Eq S3.7)
Where:

Nfe(cn't,max)

Maximum critical level of N fertilizer inputs at target crop N offtake and critical
NH; emissions [kg N ha' yr']

Nmaneimsy = Maximum critical level of N manure inputs at target crop N offtake and critical

NH; emissions [kg N ha' yr']
Nk = Fraction N fertilizer in total inputs from manure + fertilizer for the year 2010

(-]
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As we assume the NH; emissions fraction for fertilizer to remain unchanged, NH; emissions

from fertilizer application was calculated as:

NH3emfe(CTit) = fNHSemfe * Nfe(crit'max) (Eq 838)
Where:
NH3emyip= NH; emissions from fertilizer corresponding to maximum critical N input [kg N
ha'yr!]
fNH3em, = NHj;emission fraction for fertilizer inputs [-]

Finally, the necessary NH; emission fraction for manure was derived by dividing the
‘allowable’ NH; emissions from manure, given the critical NH; emission level and the

constant NH; emissions from fertilizer, by maximum critical manure inputs:

NH3emcriy—=NH3emge(crit)

fNngmman(nec) = (Eq $3.9)

Nman critmax)

Because NH; emissions from fertilizer application alone can exceed critical NH; emission
thresholds, fNH3e,,4,(.) can become negative (this is also illustrated by Figure S2a, showing
that even at a manure NH; EF of zero, current crop yields cannot be reconciled with
thresholds for NH; emissions on ~11% of agricultural land). For these cases, we set

NH3em anme to zero before calculating the average.

S3.3. Calculation of necessary (increases in) nitrogen use efficiency

For all regions where actual N runoft to surface water or N leaching to groundwater exceeded
critical thresholds, we calculated the ‘necessary’ NUE, defined as NUEs at which current or

target crop yields can be obtained without exceeding thresholds for N runoft or N leaching.

The necessary NUE was derived through iteration. First, a preliminary necessary NUE was

calculated as:

* _ Noff(tar)
NUE ey = Nor r2010)+Nioss(erin (Eq. $3.10)
Where:
NUE'(.9 = Preliminary necessary nitrogen use efficiency [-]
Nogitar = Target crop N offtake (current N offtake or N offtake at target yield) [kg N ha' yr']
Niosseriy = N losses at critical N inputs, including denitrification, N runoff to surface water, N

leaching to groundwater and N emissions [kg N ha! yr?]
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Second, N inputs corresponding to NUE"., and the desired crop uptake were calculated by
dividing the actual (or target) offtake by the preliminary NUE. Third, associated N losses
were calculated based on current N loss fractions, and derived N runoff + N leaching were
compared to critical runoft or leaching. If the calculated value deviated more than 1% , we
lowered or increased the necessary NUE until critical runoff + leaching associated with the

‘necessary’ NUE were within 1% of critical runoft + leaching.

As N surface runoft is a function of N inputs (rather than N surplus), the necessary NUE
could become larger than one (this is also illustrated by Figure S2b, showing that even at a
NUE of one, current crop yields cannot be reconciled with thresholds for N runoff to surface
water on ~4% of agricultural land). For these cases, we set NUE,,, to one before calculating

the average.

Table S3.1 | Availability of yield gap estimates for EU countries from the Global Yield Gap Atlas (www.
yieldgap.org) as of October 2019.

Country Rainfed barley Irrigated Maize Rainfed Maize Rainfed wheat

Austria X X X
Belgium X
Bulgaria X
Czech Republic X
Denmark
Estonia

Finland

France

X X X X X X X
X X X X X X X X

Germany

X
X

Greece

X
X

Hungary X X

Ireland

X

Italy X
Latvia
Lithuania
Luxemburg
Netherlands
Poland

Portugal X

X X X X X

Romania
Slovakia
Slovenia
Spain

Sweden

X X X X X X X X X X X X X X X X

X X X X X X
X

United Kingdom
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Table S3.2 | Actual (year 2010) crop yields, estimated water-limited yield potentials and target yields for
different crop groups at EU level; relative difference between target yield and actual yield, and required
increase in nitrogen (N) inputs to obtain target yields.

Total area  Share of Actual N Share of N Actual crop  Crop prod.  Difference
area input (2010) input prod.(2010)  at target target /
yield actual

Crop group [Mha] [Mt N yr'] [Mtyr'] [Mtyr']

Cereals 61.2 41% 8.0 37% 307 412 34%
Roots & tubers 32 2% 0.7 3% 165 191 16%
Oil crops 12.3 8% 1.7 8% 31 37 19%
Grass & forage 58.1 39% 9.8 45% 765 952 24%
Other 15.2 10% 1.5 7% 131 175 33%
All crops 150.0 100% 21.8 100% 1,400 1,767 26%

Table $3.3 | (see p. 257)

Table S3.4 | Share of agricultural area where thresholds are exceeded (i) at current N input and (i) at
required N input to obtain target yields. Results are shown for all agricultural land and separately for arable

crops and grassland & fodder crops.

(i) at current N input

(ii) at required N input for target yields

All agricultural ~ Arable crops Grassland & All agricultural ~ Arable crops Grassland &

land fodder crops land fodder crops
N deposition 66% 62% 72% 76% 75% 77%
Surface water 74% 89% 51% 80% 94% 58%
Groundwater 18% 23% 11% 28% 37% 13%
All thresholds 85% 90% 76% 89% 95% 80%
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Table S3.3 | Actual (year 2010) crop yields, estimated water-limited yield potentials and target yields,
relative difference between target yield and actual yield, and required increase in nitrogen (N) inputs to
obtain target yields for cereal crops for 25 EU countries.

Actual Estimated Target Difference Actual N N inputs Difference
yield water- yield' target/ inputs (year required required/
(year limited actual 2010) to obtain actual N
2010) yield pot. yield target yields inputs
Country [tha'yr'] [tha'yr']l] [tha'yr'] [kg N ha'yr']  [kg N ha' yr']
Austria 6.6 8.7 7.6 15% 124 144 16%
Belgium 9.1 12.0 9.6 5% 356 373 5%
Bulgaria 39 8.7 6.9 79% 86 153 79%
Czechia 5.0 9.1 73 46% 154 224 46%
Germany 6.9 9.1 74 7% 206 220 7%
Denmark 6.3 7.7 6.5 3% 164 169 3%
Estonia 2.8 7.2 5.8 105% 85 175 105%
Greece 3.2 6.0 5.0 56% 85 136 59%
Spain 35 6.7 54 53% 84 128 53%
Finland 72 10.0 8.1 13% 158 179 13%
France 4.1 6.0 5.5 34% 16 161 39%
Hungary 5.0 82 6.6 33% 121 162 34%
Ireland 7.5 10.7 85 14% 139 158 14%
Italy 5.2 6.9 6.2 18% 149 177 19%
Lithuania 33 8.2 6.5 98% 95 188 97%
Luxembourg 5.7 83 6.6 16% 170 198 17%
Latvia 3.1 7.6 6.1 96% 68 135 98%
Netherlands 87 1.6 9.3 7% 328 351 7%
Poland 34 7.5 6.0 78% 129 230 78%
Portugal 33 6.7 5.6 72% 11 210 89%
Romania 32 8.0 6.4 104% 72 147 103%
Sweden 4.9 7.6 6.2 28% 77 99 27%
Slovenia 5.8 10.4 8.3 43% 176 254 45%
Slovakia 4.5 9.4 7.5 66% 122 207 69%
U. Kingdom 7.0 10.7 8.6 23% 140 173 23%
EU 5.0 82 6.7 34% 131 179 36%

! Target yield is set at 80% of estimated water-limited yield potentials. However, if this was lower than the actual yield,
target yield was set to actual yield. Area-weighted average target yields are thus between 80 and 91% of water-limited
yield potentials.
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Table S3.5 | Impacts of N input redistribution to maximise crop production within environmental
thresholds on total N inputs (Mt N yr') for different crop groups. Last column shows the net impact of both
reducing N inputs to respect thresholds and increasing N inputs where this is possible within thresholds.
Percentages in brackets show change relative to current total N inputs. Corresponding changes in crop
production are shown in Table S3.6.

Total N input on land where input Total N input on land where
reductions are required to respect input increases are possible
threshold [Mt N yr'] within threshold [Mt N yr']
Threshold Current After Total Current After Total Net impact
N input  reductions reduction Ninput  increases increase
a) Deposition
Cereals 5.69 3.1 -2.58 (-45%) 2.35 2.89 +0.55 (+23%)  -2.03 (-25%)
Roots & tubers 0.53 0.27 -0.26 (-49%) 0.14 0.15 +0.02 (+12%)  -0.24 (-36%)
Qil crops 1.14 0.60 -0.54 (-48%) 0.58 0.68 +0.10 (+18%)  -0.44 (-26%)
Grass & forage 7.76 3.84 -3.92 (-51%) 2.08 2.40 +0.32 (+15%)  -3.60 (-37%)
Other 0.64 0.38 -0.26 (-41%) 0.90 1.21 +0.31 (+35%)  +0.06 (+4%)
Total 15.76 8.19 -7.56 (-35%) 6.04 7.34 +1.30 (+6%) -6.26 (-29%)
b) Surface water
Cereals 7.55 2.8l -4.74 (-63%) 0.49 0.66 +0.17 (+34%)  -4.57 (-57%)
Roots & tubers 0.65 0.15 -0.49 (-76%) 0.02 0.02 +0.00 (+29%)  -0.49 (-74%)
Qil crops 1.64 0.54 -1.10 (-67%) 0.08 0.10 +0.02 (+30%)  -1.07 (-63%)
Grass & forage 5.71 2.84 -2.87 (-50%) 4.12 4.8l +0.68 (+17%)  -2.19 (-22%)
Other 1.35 0.45 -0.91 (-67%) 0.18 0.23 +0.05 (+29%)  -0.85 (-56%)
Total 16.90 6.79 -10.11 (-46%) 4.89 5.82 +0.93 (+4%) -9.18 (-42%)
c) Groundwater
Cereals 2.42 1.71 -0.71 (-29%) 5.6l 7.39 +1.78 (+32%)  +1.07 (+13%)
Roots & tubers 0.47 0.27 -0.19 (-41%) 0.20 0.23 +0.03 (+17%)  -0.16 (-24%)
Qil crops 0.75 0.43 -0.32 (-43%) 0.97 0.18 +0.21 (+22%) -0.11 (-7%)
Grass & forage 1.38 0.88 -0.48 (-35%) 847 10.08 +1.61 (+10%)  +1.13 (+11%)
Other 0.64 0.26 -0.38 (-59%) 0.90 1.09 +0.19 (+21%)  -0.19 (-12%)
Total 5.64 3.55 -2.09 (-10%) 16.15 19.97 +3.82 (+18%)  + 1.73 (+8%)
d) All thresholds
Cereals 7.63 2.80 -4.83 (-63%) 0.41 0.54 +0.14 (+34%)  -4.69 (-58%)
Roots & tubers 0.65 0.15 -0.50 (-76%) 0.01 0.01 +0.00 (+29%)  -0.49 (-75%)
Qil crops 1.65 0.54 =111 (-67%) 0.06 0.08 +0.02 (+27%)  -1.09 (-64%)
Grass & forage 8.16 3.70 -4.46 (-55%) 1.68 1.93 +0.25 (+15%)  -4.21 (-43%)
Other 1.37 0.44 -0.92 (-68%) 0.16 0.21 +0.04 (+27%)  -0.88 (-57%)
Total 19.46 7.64 -11.82 (-54%) 233 2.78 +0.45 (+2%)  -11.37 (-52%)
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Table S3.6 | Impacts of N input redistribution to maximise crop production within environmental
thresholds (as shown in Table S3.5) on total crop production (Mt yr') for different crop groups. Last column
shows the net impact of both reducing N inputs to respect thresholds and increasing N inputs where this is
possible within thresholds. Percentages in brackets show change relative to current total N inputs.

Total crop prod. on land where Total crop prod. on land where
input reductions are required to input increases are possible
respect threshold [Mt yr'] within threshold [Mt yr']
Threshold Current After Total Current After Total Net impact
Ninput  reductions reduction Ninput increases increase

a) Deposition
Cereals 204 115 -89 (-44%) 103 126 24 (+23%) -66 (-21%)
Roots & tubers 132 68 -64 (-48%) 33 37 +4 (+13%) -60 (-36%)
Qil crops 20 I -9 (-44%) I 13 +2 (+18%) -7 (-23%)
Grass & forage 568 304 -264 (-46%) 197 240 +42 (+21%) =221 (-29%)
Other 63 37 -26 (-41%) 68 87 19 (+27%) -7 (-6%)
Total 988 536 -452 (-32%) 412 502 +91 (+6%) -362 (-26%)
b) Surface water
Cereals 286 11 -175 (-61%) 21 28 +7 (+33%) -168 (-55%)
Roots & tubers 162 38 -123 (-76%) 3 4 +1 (+28%) -122 (-74%)
Qil crops 29 I -19 (-63%) 2 2 0 (+28%) -18 (-58%)
Grass & forage 467 258 -209 (-45%) 298 364 +66 (+22%) -143 (-19%)
Other 107 44 -62 (-58%) 24 31 +7 (+29%) -55 (-42%)
Total 1,051 462 -589 (-42%) 349 430 +81 (+6%) -507 (-36%)
c) Groundwater
Cereals 76 54 -22 (-28%) 231 303 +72 (+31%) +51 (+16%)
Roots & tubers 11 68 -42 (-38%) 54 6l +7 (+14%) -35 (-21%)
Qil crops 10 6 -4 (-38%) 21 25 +4 (+21%) +1 (+2%)
Grass & forage 44 30 =13 (-31%) 722 893 +172 (+24%)  +158 (+21%)
Other 31 19 -12 (-40%) 100 126 +26 (+26%) +13 (+10%)
Total 272 178 -94 (-7%) 1,128 1,409 +281 (+20%)  +188 (+13%)
d) All thresholds
Cereals 289 11 -178 (-62%) 18 24 +6 (+33%) -172 (-56%)
Roots & tubers 162 38 -124 (-76%) 3 3 +1 (+29%) -123 (-75%)
Qil crops 30 I -19 (-63%) | 2 +0 (+26%) -18 (-59%)
Grass & forage 619 303 -316 (-51%) 146 179 +33 (+23%) -283 (-37%)
Other 108 44 -64 (-59%) 23 29 +6 (+28%) -58 (-44%)
Total 1,208 507 -701 (-50%) 191 238 +46 (+3%) -655 (-47%)

249



%Ly~ 1€°0 090 %S" (440 990 %8¢- LI 68l %01~ 681 11T %81 (443 SlE %9- 9¢€ G98€  SPUBLBYIdN

eu 'U O G/0 %I 890 690 eu U IS %S 143 134 U e L9 %9 9L U eiAe
eu TU QL0 %6T-  6¥0  0L0 eu U 611 %LI- 44| yidl eu U 11 %81 6vT 01T  SanoquiaxnT
Tu TU 0L0 %b 090 €90 eu U 69  %ll- sS 9 eu e 66 %L- 16 86 BlUBNI
%91-  S§0  S90 %y LSO S50 %6" LL 8 %6l 98 U %8 orl o€l %S| 151 43| Ay
%8~ LLO €80  %El  ¥80  SLO %96 861 TSI %01- 9S1 €Ll %ENI 68€ 8l %0T 8l 1€2 pueja.|
%0 190 190 %€ 990  ¥90  %lI- 69 Ll %TT- 09 LL %" 201 SII %ST- 16 1zl AreSunp
%01 10 %90 %6T-  1¥0 LSO %9- 19 S9  %0€- W 09  %SI- 98 101 %T- %01 901 929949
%L- 190  €L0 %L 1L0 990  %0l- 901 8l %1~ 11 T %€ 8s1 €91 %L 951 891 aduely
%6T-  LS0 080 %0T- 850 €40  %O0I- 89 9L %lI- 89 9L %L ozl s6 %l 9l %01
%LE- €0 890 %EI-  SSO0 €90  %ST- 3% IS %LE- 8¢ 09  %0T 101 v8  %LT- 69 v6
eu 'U7L0 % 650 190 eu T Y9 %t 134 1 eu eu 68  %6l- €L 06 ®lUOlSy
%9-  0L0  ¥LO0  %SI- LSO £90 %k~ L1 1zl %0 8ll 8ll %T 891 991 %81 60 8Ll rewuaQ
%= 990 690 %k~ €90 990 %8" 8zl 8¢l %9- €€l I+ %€ s6l 20T %T- 1T yIT Auewwias
%6 650  S90  %ll- €50 090  %ClI- v8 % % €8 08 %E- 4 8yl %L1 81 sel eIy292)
%L~ 80  1L0  %lT  SLO0O  T90  %Sl- 8y 9 %L 143 6y  %ST 66 6L  %Ll- 0L 6L eled|ng
%8 0§50  S§0 %0l 950 IS0 %S¢ 9zl 691 %L €Ll W91 %6l- 15T 60€ %" 60€ 61€ wnigjeg
%= 690  0L0 %l 10 €90 %0 €6 6 %9 S6 68 %I vEl 431} %S- €€l orl eLasny
WP%  SVT ANl ¥P% 1SN ANl BP%  SV1 NI HP%  1SN3 ANl HP%  SVY1 NI BP%  1SN3 LNI Anunod
() anN (144 ey N 3)) axerdn N (144 ey N 3) sindur N

"91BWINSD YOLVYDILNI| O3 pasedwiod 21BWIISS JO SOUIYIP SAIE[D Yl SAIS  JIPY%,, YIM P3j|age| suwn|od (6007-S00T 404 A1nunod
Jad sanjea a8e.aAe (Sy1) (B107) [e 30 e19[esse] pue (7T]07-800T SIe2A 10y sanjea partodau jo a8elaAe) (1SN3) 1VLSOUNT (0107 “e24) (INI) YOLVYOILNI o

(Vo)

wouy salunod N3 Joy (andul N 7 eadn N se paiendjed) 3NN pue (4 ey N 83) sored aeadn N ‘(4 ey N B) soaed andul N o8essAy | £°€S 99L&



SUPPLEMENTARY MATERIAL CHAPTER 3

*3|qE|IeAR SJ9M SJBIA ISYIO 10} SIN|BA OU SB‘/ |(07—9 | 07 SJBIA 9Y2 01 J3jaJ BLIASNY U0} SAN[BA |V1SOYNT €

‘uonezieJauiw wouJy sandul N 9pnjaul 30U Op pue (UoPIdXD N SSOIS UBY JaYIe.) S|1os 01 sandul aunuew o) J9jed

243y umoys sansad ‘sandul | Jo4 *(Ajuo sdoud s|qeJe uo sndoj oym ‘(ef | 07) |& 30 B1I3[eSSET Yam uosiiedwod Joj) puejssess ausuew.aad 1dedxs sdoud ||e Joy sansad YOIVYOILNI T
*(pue| [ean3ndLISE |[e 01 SU9jR BIBP |V1SOYNT SB‘BIEp 1V1SOYNT Ym uosiiedwod oy) sdoud |je 4oy s3nsas YOLIVYOILNI |

%EE- 150 9L0  %9T-  SSO0 SO % €Tl 8l %t~ L0l 9el  %SS  wT 9§l % €6l 4] > paaun
Tu TU 890 %bI 1L0 790 U U 08 %8 ¥8 99 Tu 'Y L1 % 611 901 eD[EAO|S
T TU 990 %S 190  ¥90 U U L6 %0 ¥0I 0l U 'U 0S| % SSI 191 BIUBAO|S

%bb- 80  S80 %8l  S90 60 %Ol 06 w8 %It €L S8 %6 L8l 9% %S €1l 801 uapamg
%9~ S90 890 %8y 680 090 %L 9% 6  %SE 65 W %l- 1L U %6 99 €L BIUBWOY

%LT- 90 €90 % ¥S0 950  %9T 8¢ IS %8 St 6 %1 8 18 %S €8 88 [e3n.i0g
% 80 80  %ST 650 K0 %9 19 99 %bl 9L 99 %9~ 8l L£] %6 LTI I+ pue|od

WP%  SY1 NI WP% 1SN3 ANl HP%  SV1 NI HP% 1SN LNl HP%  SV1  JNI #P% 1SN (LNI Anunod

() anN (144 2y N 33) jerdn N (144 ey N 33) syndur N

(panunuod) /¢S a|qeL

251



a Rainfed barley — scaling with YW,heay) ONly b Rainfed barley — scaling with YW,y Only
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Figure S3.1 | Comparison of yield potential estimates derived with two scaling approaches with yield
potential estimates from GYGA for rainfed barley (left) and maize (right). Yield potentials were estimated
by a,b, scaling with the yield gap for rainfed wheat only and ¢,d, by scaling with both the yield gap for
rainfed wheat and the maximum yield ratios following Eq. S3.I. Red line is I:1 line, NRSME = Normalized
Root Square Mean Error.
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Figure S3.2 | Cumulative share of agricultural land where actual crop production (blue line) / target
crop production (orange line) can be reconciled with environmental thresholds by gradually improving
nitrogen management. Share of land where crop production can be reconciled with thresholds for a, N
deposition by decreasing NH; emission fraction for manure, b, N runoff to surface water by increasing
NUE, c, N leaching to groundwater by increasing NUE.
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Necessary NHs-EF manure [-] Necessary reduction NHs-EF manure [-]

<0.1 015 020 025 =>03 0 0.05 0.10 0.20 >0.30

Necessary NUE [-] Necessary NUE increase [-]

<05 06 07 08 >09 0 0.05 0.10 0.20 >0.30

Necessary NUE [-] Necessary NUE increase [-]
<05 0.6 0.7 08 >09 0 0.05 0.10 0.20 >0.30

Figure S3.3 | Regional variation in necessary improvements in N management factors to obtain
target yields while respecting environmental thresholds. a, Necessary NH; EF for manure to respect
thresholds for NH; emissions in view of N deposition, ¢, necessary NUE to respect thresholds for N
runoff to surface water, e, necessary NUE to respect thresholds for N leaching to groundwater, b,d.f,
necessary changes in NH; EF / NUE relative to current (year 2010) values.
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i at current NUE at improved NUE = 0.75 i at current NUE at improved NUE = 0.75

without input redistribution
without input redistribution

with input redistribution
with input redistribution

<33% 67% 100% PP, <33% 67% 100% PP,

Figure S3.4 | Share of actual (year 2010) crop production (P.:) that can be obtained within safe
thresholds for (i) nitrogen (N) runoff to surface water and (i) N leaching to groundwater in each
EU country a, for the current situation, b, assuming an improved NUE of 0.75, ¢, assuming N input
redistribution and d, assuming both an improved NUE of 0.75 and redistribution. P... = crop production
at target yield.
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Supplementary Material Chapter 4

Supplementary Methods (incl. Suppl. Figures S4.1-54.2 & Suppl. Tables S4.1-54.3) 257

S4.1.  Critical deposition on natural ecosystems
S4.2.  Critical concentration for N runoff in surface water
S4.3.  Full mathematical description of the model for calculating critical inputs

S4.4. Method to estimate yield potentials

Supplementary Discussion (incl. Suppl. Figures S4.3-S4.4 & Suppl. Tables $4.4-54.5) 268

S4.5. Results for yield potentials and maximum N uptake
S4.6. Plausibility of estimated yield potentials

S4.7. Results for cut-off at actual N inputs

S4.1. Critical deposition on natural ecosystems

Table S4.1 shows biome-specific critical deposition rates; Figure S4.1 shows the resulting

global spatial variation in critical N deposition rates.

Figure S4.1 | Spatial variation in critical N deposition rates (kg N ha"' yr"') used in the assessment of
critical N inputs to agriculture, based on thresholds presented in Table S4.1 and biome distribution from
the IMAGE model for the year 2010.
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Table S4.1 | Critical nitrogen (N) deposition threshold per IMAGE biome used in the calculation of critical
N inputs from critical deposition to limit terrestrial biodiversity loss, and source from which threshold was

obtained.
IMAGE Biome Critical threshold Source & explanation
[kg N ha' yr']

Ice na. -

Tundra 10.0 Mean value of the range of 5—15 kg N ha' yr' for alpine tundra,
alpine/ subalpine scrub, and grassland proposed by Bobbink et al.
(2010).

Wooded tundra 10.0 Same critical threshold as for “Tundra’.

Boreal forest 7.5 Mean value of the range of 510 kg N ha' yr' for boreal forests
proposed by Bobbink et al. (2010).

Cool coniferous forest 7.5 Same as for ‘boreal forest’

Temperate mixed forest 12.5 Mean value of the range of 10—15 kg N ha'! yr' for temperate
forests proposed by Bobbink et al. (2010).

Temperate deciduous 12.5 Same critical threshold as for ‘temperate mixed forest’.

forest

Warm mixed forest 10.0 Critical threshold assumed to be between the thresholds
proposed by Bobbink et al. (2010) for Mediterranean forest
(3—10 kg N ha' yr') and temperate forests (10—15 kg N ha' yr')

Tropical forest 20.0 The global assessment by Bobbink et al. (2010) does not provide
deposition thresholds for tropical ecosystems. However, critical
thresholds will likely be higher than for temperate forests, as
tropical forests (and savannahs) are mainly P limited. The value of
20 kg N ha' yr' is a rough estimate based on data presented by
Bobbink et al. (2010) as well as on Bouwman et al. (unpublished),
who propose a threshold of 15-35 kg N ha! yr' for tropical
forests and 13-26 kg N ha'' yr' for tropical woodland.

Tropical woodland 20.0 Same critical threshold as for ‘tropical forest’.

Scrubland 7.5 Mean value of the range of 5-10 kg N ha™' yr' for Mediterranean
grasslands proposed by Bobbink et al. (2010).

Grassland and steppe 17.5 Mean value of the range of 10-25 kg N ha' yr' for temperate
heathlands proposed by Bobbink et al. (2010).

Savanna 15.0 Based on Bouwman et al. (unpublished).

Hot desert 5.0 Critical threshold of 5 kg N ha'! yr' for semidesert and desert

proposed by Bobbink et al. (2010).

S4.2. Critical concentration for N runoff in surface water

IMAGE-GNM calculates surface water N concentration for each 0.5x0.5 degree grid cell

based on detailed modelling of water and N flows, removal and retention (Beusen et al.,

2015). Apart from total N load from within a grid cell, the surface water N concentration

in a specific location in a river basin is affected by N load from upstream grid cells. As these

dependencies complicate back-calculations of critical N loads and related N inputs per grid
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cell, we use the N concentration in runoff to surface water as a proxy for actual surface water
N concentration. This is based on the assumption that if in each grid cell the N concentration
in runoff to surface water does not exceeded a certain limit, this limit will also never be

exceeded in surface water itself.

Based on a critical N concentration in surface water of 2.5 mg N I and an estimated mean
global retention fraction of 0.5, we use a limit of 5 mg N I"! for runoff to surface water. The
choice of 5 mg N I"! as threshold value for N concentration in runoff to surface water was
further validated by comparing the extent and spatial distribution of agricultural land in grid
cells with surface water N concentration > 2.5 mg N I"! with that of agricultural land in grid
cells with runoff N concentrations > 5.0 mg N I (Figure S4.2). 48% of all agricultural land
is located in grid cells where surface water N concentration exceeds 2.5 mg 1", and 51% of
all agricultural land is located in grid cells where N concentration in runoff to surface water
exceeds 5 mg N 17, and the spatial distribution for grid cells exceeding the two criteria is
almost identical (Figure $4.2).

N concentration surf. water |

<= 2.5mg N I-1
> 2.5mg N 11

N concentration runoff

<= 5mg N I-1
> Smg N -1

Figure S4.2 | a, Current (year 2010) N concentration in surface water as dynamically calculated by
IMAGE-GNM, b, Current (year 2010) N concentration in runoff, calculated as total N load within a grid
cell divided by total runoff. Grid cells with no agricultural land or with no runoff are shown in grey.
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S4.3. Full mathematical description of the model for calculating
spatially explicit critical inputs

[see Table $4.2 and Table $4.3 for explanations of all variables used in the equations]

Formulas for the calculations of critical N inputs presented in the following sections apply
for those grid cells with only one agricultural land use types for which critical inputs are
calculated (“ag’, which could either refer to arable land or intensively managed grassland),
whether or not in combination with natural land (“nat”). For grid cells that contain either
a combination of arable land and extensively managed grassland (in which case critical N
inputs to arable land are calculated while keeping inputs to extensively managed grassland
constant), or a combination of arable land and intensively managed grassland (in which case
a certain share of the critical N load is first allocated to arable land and intensively managed
grassland, after which critical N inputs for both land use types are calculated), the formulas

are different, but the basic approach is the same.

Total critical N inputs are calculated as:
Ningriry = Nfercriey + Nmanip) + Nfix + Ndep(m-t) (Eq- §4.1)
Nitrogen inputs from deposition at critical N inputs are a linear function of NH; emissions

due to critical N inputs from fertilizer and manure within the same grid cell, and of constant

NO, emissions:

Ndepagierivy = (Nfereriy * fNH3, fer + Nman e * FNH3, man + NOx) « fo,  (Eq. $4.2)

N inputs from fertilizer and manure are assumed to change proportionally, i.e. the share of
N inputs from fertilizers in total N inputs from manure and fertilizer stays constant to the

current share (see also Table S4.3, rows 30-31):

Nfer(crit) = foer * (Nfer(crit) + Nman(crit)) (Eq 843)
and thus:
N
Nfer(pin = 1;)’;;; * Nman i) (Eq. $4.4)

N loss fractions (e.g. surface runoff fraction, leaching fraction, NH; emission fraction) are
calculated for each grid cell by dividing total losses by total inputs. To calculate NH; emission
fractions for manure for each land use type (see Table S4.3, rows 11-14), storage NH,
emissions were allocated to either arable land, intensively managed grassland or extensively
managed grassland based on the shares of (effective) manure inputs to each of these land use
types (see Table S4.3, rows 8-10).
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S4.3.1. Calculation of critical N inputs to limit terrestrial biodiversity loss
First, the total critical deposition per grid cell is calculated by multiplying critical N
deposition rates (see Table S4.1) by total grid cell area:

Ndep(crity = Ndep, ratecr;; * a_tot (Eq. $4.5)

As we assume that total deposition equals total N emissions within a grid cell, and that NO;
emissions are constant, critical NH; emissions for agriculture are calculated as the difference

between total critical deposition and NO; emissions:
NL'n(m-t) = Nfer(m-t) + Nman(m-t) + Nfix + Ndep(m-t) (Eq 54.6)

Critical emissions are written as a function of critical N inputs from fertilizer and critical N

inputs from manure, multiplied by emission fractions for manure and fertilizer:
NH3emgg(criry = Nmaniry * fNH3, man + Nferiy * fNH3, fer (Eq. $4.7)
Solving Eq. (S4.7) for Nman., while substituting Eq. (S4.4) for Nfer., results in:

NH3emqag(crit)
FNH3,man+fNH3,ferL (Eq. $4.8)

1-fNfer

Nmancriry =

Associated critical inputs from fertilizer are calculated with Eq. (54.4).

$4.3.2. Calculation of critical N inputs to limit surface water eutrophication
N concentration in runoff is calculated as the total N load to the river basin within a certain

grid cell divided by the total runoff:

Nload

Nconc, qtot =
qtot

(Eq. $4.9)

Following Eq. (S4.9), the ‘critical N load’ to surface water is calculated as critical N

concentration of 5 mg N I'' multiplied by total runoft:

Nload ey = Nconc, qtot e i) * qtot (Eq. $4.10)
The total critical N load to surface water is the sum of several sources contributing to total N
load (see Figure 4.5b):

Nload(crit) = NgW! TeCag(crit) + NgW’ T€Cnat(crit) + Nsroag(crit) +
NsT0pqe(crity + Nerogg + Neroy,, + Ngw, fixed,, + (Eq. $4.11)
Ngw, fixed, ,; + Nww + Nallo + Naqua + Ndep, sw

Several sources contributing to total N load are assumed to be constant in the calculations of

critical N inputs. These sources are summarized as ‘fixed’ N load:
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Nload, fixed = Nerogy + Nero,, + Ngw, fixed,g + Ngw, fixed,,; +

Nww + Nallo + Naqua + Ndep, sw (Eq. S4.12)
We thus can simplify Eq. (54.11) to:
Nload ity = Ngw,recagcrivy + NgW, T€Cnar(cricy + NST0qg(criey + (Eq. $4.13)

NsT0nq¢(criry + Nload, fixed

In order to back-calculate critical N inputs from the critical N load, we express all components

of the critical N load as functions of fertilizer and manure inputs to agriculture.
Critical N delivery to surface water via surface runoff is a fraction of critical N inputs:

NsT0gqg(crity = [ST04g * Nitgg(crir) (Eq. $4.14)

Nsronat(crit) = fST0pq * Ninnat(crit) (Eq $4.15)

Critical N inputs to agriculture are the sum of critical manure and fertilizer inputs, critical
N deposition and (constant) N fixation (see Eq. (54.1)). N withdrawal or uptake at critical N

inputs is calculated as
Nupag(crit) = (Ninag(crit) - Nsroag(crit)) * erupag (Eq 84-16)

N inputs to natural areas at critical inputs are the sum of N deposition at critical inputs and

constant N fixation:

Ninnat(crit) = Nfixyq + Ndepnat(crit) (Eq S$4.17)
N deposition on agricultural and natural land at critical N inputs is calculated as:

Ndepagcrity = fag * (NMan(ie) * FNH3, man + Nfer i) * fNH3, fer + NOx)  (Eq. $4.18)

Ndepnat(erity = frar * (NMan ey * fNH3, man + Nfer .y * fNH3, fer + NOx) (Eq. $4.19)
Critical N delivery to surface water via groundwater is a fraction of critical N leaching:

Ngw,recogcriry = fgw,rec,leqg * Nleggcriry (Eq. $4.20)

Ngw, reCpar(criry = FGW,rec, legqs * Nlengrcriny (Eq. $4.21)
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Critical N leaching is a fraction of the critical N inputs minus critical N uptake (only for

agricultural land) minus critical N surface runoft:

Nleag(crit) = fle,ag * (Ninag(crit) - Nupag(crit) - Nsroag(crit)) (Eq 8422)

Nlenat(crit) = flenat * (Ninnat(crit) - Nsronat(crit)) (Eq 34-23)

By combining Eqs. (S4.1), (S4.4) and (S4.13) to (S4.23), critical N inputs from manure are

calculated from the critical N load to surface water, Nload ., as:

Nload(cn-t)—Nload,fixed—Nfixag*v—Nfixmu*w—NOx*(fmu*w+fag*v)

N,
11+fNH3,man*(fug*v+fmu*w)+1{,[{]8;"*(v+fNH3,fer*(fag*v+fmu*w))

Nman iy = (Eq. $4.24)

Where the variables v’ and ‘w’ are defined as follows:

v = fST044 + flegy x fgw,Tec,legg * (1 — fNup.g + fNup,g * fsrogy — fsro,,g) (Eq. $4.25)

$4.3.3. Calculation of critical N inputs to limit groundwater nitrate pollution
Critical N leaching is calculated as the critical concentration in groundwater (i.e. 11.6 mg

NO;-N per liter) multiplied by the water flux leaching from the agricultural soil:

Nlegg(erity = (1 — fsT044) * qtot = f o4 * Nconc, leggcrir) (Eq. $4.27)

By combining Eq. (54.22) with Eqgs. (54.1), (S4.14), (S4.16) and (S4.18), we calculate critical
N inputs from manure related to a critical N leaching to groundwater as:

Meag(erit Nfixay-NOx<f,
fleag+(1—fNupag+fsroqgfNupag—fsroag) ag ag (Eq S4 28)
N . .
1+fNH3mansfu+-L fIC;:r*(1+fNH3,fer*fag)

Nmaniry =
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Table S4.2 | List of all input datasets used in the calculation of critical N inputs (all datasets are outputs
from the IMAGE model). Names in the first column are those used in the equations in this section. The
addition ‘ara’ refers to arable land, ‘igl’ refers to intensively managed grassland, ‘egl’ refers to extensively

managed grassland and ‘nat’ refers to natural land.

Variable name Description Unit

a_tot,a_ara,a_igl,a_egl,a_nat Area: total grid cell area (a_tot) and area of arable land, ha
intensively managed grassland, extensively managed grassland and
natural land

Nfix_ara, Nfix_igl, Nfix_egl, Nfix_nat N inputs from biological fixation on arable land, intensively kg N yr!
managed grassland, extensively managed grassland and natural
land

Nfer_ara, Nfer_igl N inputs from synthetic fertilizer on arable land and intensively kg N yr!
managed grassland

Nman_ara, Nman_igl, Nman_egl N inputs form manure on arable land, intensively managed kg N yr!
grassland and extensively managed grassland

NH3,fer_ara, NH3 fer_igl NH; emissions from fertilizer application on arable land and kg N yr!
intensively managed grassland

NH3,spr_ara, NH3,spr_igl, NHj; emissions from manure spreading on arable land, intensively kg N yr'

NH3,spr_egl managed grassland and extensively managed grassland

NH3,graz_igl, NH3,graz_egl NH; emissions from manure deposited during grazing for kg N yr!
intensively and extensively managed grassland

NH3,stor NH; emissions from manure storage kg N yr!

Ndep Total N Deposition kg N yr!

Nup_ara, Nup_igl, Nup_egl Crop N uptake kg N yr!

Nsro_ag, Nsro_nat N surface runoff on agricultural and natural soils kg N yr!

Nle_ag, Nle_nat N leaching from agricultural and natural soils kg N yr!

Ngw_ag, Ngw_nat N delivery to surface water via sub-surface runoff from kg N yr!
agricultural and natural soils

Nero_ag, Nero_nat N inputs from soil erosion on agricultural and natural soils kg N yr!

Nallo Direct N input to surface water from allochthonous organic kg N yr!
matter

Ndep,sw Direct N input to surface water from deposition on water bodies kg N yr'

Nww Direct N input to surface water from wastewater kg N yr!

Naqua Direct N input to surface water from aquaculture kg N yr!

qtot Total runoff (precipitation surplus), i.e. precipitation minus Litres
evapotranspiration

Biome identifying each grid cell as belonging to one of 14 global biomes -

fgw,rec_ag, fgw_rec,nat

Fraction of N delivered to surface water via groundwater (Ngw)
that is affected by recent inputs for agricultural and natural soils.
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Table S4.3 | Variable names, equations and units for intermediate variables in the calculation of critical
N inputs. Variables used in the calculations are either IMAGE input datasets listed from Table S4.2
(regular font), or from this table (italic font, number in superscript denotes the row number where
formula for the respective variable can be found).

Nr  Variable name Formula Unit

Land use fractions

| f_ara =a_ara/a_tot -
2 f_igl =a_igl/a_tot -
3 f_egl =a_egl/a_tot -
4 f_nat =a_nat/a_tot -

Total NH; emissions

= NH3,fer_ara + NH3,fer_igl + NH3,spr_ara + NH3,spr_igl + NH3,spr_egl +

> NHS3 ot NH3,graz_igl +, NH3,graz_egl + NH3,stor kg Nyr
Corrected N deposition

6 Ndep,corr = MAX(Ndep, NH3,tot®) kg N yr!
NO. emissions

7 NOx = Ndep,corr® - NH3,tot® kg N y!
Allocation of NH3 emissions from storage to different land use types

8 NH3,stor_ara = Nman_ara / (Nman_ara + Nman_igl + Nman_egl) * NH3,stor kg N yr!
9 NH3,stor_igl = Nman_igl / (Nman_ara + Nman_igl + Nman_egl) * NH3,stor kg N yr!
10 NH3,stor_egl = Nman_egl / (Nman_ara + Nman_igl + Nman_egl) * NH3,stor kg N yr!
NH; emission fractions for inputs from fertilizer (fer) and manure (man)

I fNH3,fer_ara = NH3_fer_ara / Nfer_ara -

12 fNH3,fer_igl = NH3_fer_igl / Nfer_igl -

13 fNH3,man_ara = (NH3,spr_ara + NH3,stor_ara®) / Nman_ara -

14 fNH3,man_igl = (NH3,spr_igl + NH3,stor_igl® + NH3,graz_igl) / Nman_igl -

N deposition per land use type

15 Ndep_ara = Ndep,corr® * f_ara kg N yr!
16 Ndep_igl = Ndep,corr® * f_igl® kg N yr!
17 Ndep_egl = Ndep,corr® * f_eg|® kg N yr!
18  Ndep_nat = Ndep,corr® * f_nat® kg N yr!
Total N inputs

19 Nin_ara = Nfer_ara + Nman_ara + Nfix_ara + Ndep_ara("® kg N yr!
20  Nin_igl = Nfer_igl + Nman_igl + Nfix_igl + Ndep_ig|"'® kg N yr!
21 Nin_egl = Nman_egl + Nfix_egl + Ndep_egl"” kg N yr!
22 Nin_nat = Nfix_nat + Ndep_nat'® kg N yr!
23 Nin_ag = Nin_ara + Nin_igl® + Nin_eg|®" kg N yr!
Surface runoff fraction for agricultural and natural land

24 fsro_ag = Nsro_ag / Nin_ag® -

25  fsro_nat = Nsro_nat / Nin_nat® -
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Table S4.3 | (continued)

Nr  Variable name Formula Unit

Leaching fraction for agricultural and natural land

26 fle_ag = Nle_ag/ (Nin_ag® — Nup_ag — Nsro_ag) -
27  fle_nat = Nle_nat / (Nin_nat® — Nsro_nat) -

N uptake fraction

28  fNup_ara = Nup_ara / (Nin_ara('? — Nin_ara"” * fsro_ag®?) -

29  fNup_igl = Nup_igl / (Nin,igl® — Nin_igl® * fsro_ag®¥) -
Fraction of N fertilizer N inputs in total inputs from manure + fertilizer

30 fNfer_ara = Nfer_ara / (Nfer_ara + Nman_ara) -

31 fNfer_igl = Nfer_igl / (Nfer_igl + Nman_igl) -

Share of N groundwater load that is affected by recent inputs

32 Ngwrec_ag = Ngw_ag * fgw,rec_ag kg N yr!
33 Ngwrec_nat = Ngw_nat * fgw,rec_nat kg N yr!
Share of N groundwater load that is not affected by recent inputs (‘legacy groundwater N’)

34 Ngwfixed_ag = Ngw_ag * (I - fgw,rec_ag) kg N y!
35  Ngwfixed_nat = Ngw_nat * (I - fgw,rec_nat) kg N y!
Fraction of recent groundwater N load to leaching

36  fgwrec,le_ag = Ngw,rec_ag® / Nle_ag -

37  fgwrec,le_nat = Ngw,rec_nat® / Nle_nat -

S4.4. Method to estimate yield potentials

S4.4.1. Arable land

We based our estimates of yield potentials for arable land on an assessment by Mueller et
al. (2012), who estimate ‘attainable yields’ for 17 crops and 155 countries by using estimates
of harvested area and yield for the year 2000. They use a published dataset on harvested
area and yield for 175 crops (grouped into 11 crop groups) on a 10x10km?* grid, created
by combining national, state, and county level census statistics with a global cropland map
based on satellite data (Monfreda et al., 2008). To obtain attainable yields, they calculate
climate bins of similar annual precipitation and growing degree days, and estimate attainable
yields as the 95-percentile yield that is achieved anywhere in a certain climate bin (with
certain restrictions, for more detail see Supplementary Information Mueller et al., 2012). We
acknowledge that ‘bottom-up’ estimates of yield potentials such as for example presented

by the Global Yield Gap Atlas (GYGA, www.yieldgap.org) are generally considered more
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accurate than estimates of yield potentials that use global datasets on weather, soil and crop
management such as Mueller et al. (van Ittersum et al., 2013); however, bottom-up estimates
are currently only available for selected countries and crops and thus do not have the global

coverage that we require.

S$4.4.2. Intensively managed grassland

Although there are first efforts to establish a framework for yield gap assessments in
grasslands and estimates for grassland yield gaps for certain countries (e.g., the Netherlands
and Norway; Schils et al., 2018a), no global assessment of yield potentials and yield gaps in
grassland is currently available. Grassland yield potentials are determined by climate, soil
type, grassland species and management, i.e. grazing or mowing intensity and frequency.
As a surrogate for grassland yield potentials, we used results from a study by Rolinski et al.
(2018), who extended the Dynamic Global Vegetation Model (DGVM) LPJmL to include an
assessment of the effects of four different types of grassland management on harvest, NPP
and soil carbon content. They also assess for each grid cell the maximum livestock density
that could be supported by potential local grass production under the management option
‘daily grazing without mowing. We considered the N uptake related to these maximum
livestock densities as a ‘maximum’ N uptake for grassland considering climate and soil
parameters in each grid cell. The maximum livestock density presented by Rolinski et al.
(2018) assumes a feed demand of 4000 g C LSU"! day™, which (assuming a C:N content of
20:1 in the aboveground part of grass) is equivalent to an annual N removal of 73 kg N LSU!
ha'yr'.

We extracted the mean maximum livestock density for each of the 26 IMAGE regions from
the original data provided by the authors of the study (area-weighted mean based on the area
of intensive grassland in each grid cell). The N uptake at maximum livestock density for each

region was calculated as:

Nup@LSDmax(;y = LSDmax) * 73 kg N LSU *yr~t (Eq. $4.29)
Where
Nup@LSDmax; = N removal at maximum livestock density for region i [kg N ha yr']

LSD,maxg; = Modelled maximum livestock density for region i [LSU ha™']

As we required that the maximum N uptake should not be lower than the current (year 2010)
N uptake, the maximum N uptake for intensively managed grassland in region i was defined

as:
Nup, maxgy = max (Nup@LSDmaxy; Nup;) (Eq. $4.30)
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S4.5.Results for yield potentials and maximum N uptake for arable
land and intensively managed grassland

Table S4.4 shows average actual yields, the derived yield potentials, the ratio between yield
potentials and actual yields and the calculated maximum N uptake for arable land and

intensively managed grassland per IMAGE region.

Maximum N uptake for arable land was calculated by multiplying current N uptake in arable
land for each IMAGE region with the ratio between yield potential and actual crop yield.
Maximum N uptake for intensively managed grassland was calculated by multiplying current
N uptake in intensively managed grassland for each IMAGE region with the ratio between

maximum N uptake derived from Rolinski et al. (2018) and current N uptake from IMAGE.

The difference between current N uptake and maximum N uptake in arable land varies from
18% (Western Europe, Japan, Korea) to more than 150% (Northern Africa, Ukraine region,
Central Asia). Globally, the maximum N uptake is 56% higher than current N uptake. For
intensively managed grassland, maximum N uptake is 86% higher than current N uptake,
with regional values ranging from 0% (Canada, South Africa, Middle East, India, Japan)
to 299% (Rest of Southern Africa). The estimated increase for Western Europe (4%) is
comparable to published estimates of the difference between actual yields and 80% of the
water-limited yield potential for the Netherlands (6%) and Norway (27%) (Schils et al.,
2018a).

The yield gap for arable land and grassland show marked differences within regions, for
example for Northern Africa, the yield gap is 37% for grassland and 171% for arable land, for
the Middle East, the yield gap increase is 0% for grassland and 117% for arable land, while for
Rest of South America, the yield gap is 186% for grassland and 53% for arable land. As the
two procedures follow very different approaches (grassland: modelled maximum production
based on biophysical parameters, arable land: highest observed yield for zones of similar

climate), such differences can be expected.

S4.6. Plausibility of estimated yield potentials

In order to assess the plausibility of the data on actual and attainable yields from Mueller et
al. (2012), we compared actual and attainable yields from Mueller et al. with actual yields and
(water-limited) yield potentials from the Global Yield Gap Atlas (GYGA). GYGA provides

estimates of actual yields and yield potentials for a variety of staple crops at sub-country
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Table S4.4 | Average actual crop yields (Ya), average yield potentials (Yp), ratio Yp/Ya and the maximum N
uptake used to cap critical N inputs for arable land and intensively managed grassland (right), per IMAGE
region. For arable land, values for Ya and Yp represent area-weighted averages over |7 different crops, and
thus differences between regions reflect both variations in agricultural performance as well as in crop mix.

Arable Land Intensively Managed Grassland

Actual Yield Ratio Maximum  Actual Yield Ratio Max. N

yield potential  Yp/Ya N uptake yield (Ya)®  potential Yp/Ya uptake

(Ya)") (rp)@ (Nup,ma)® (Yp)® (Nup,ma)®
IMAGE Region t/halyr t/halyr - kg N/halyr kg N/halyr kg N/halyr - kg N/halyr
Canada 2.6 34 1.27 41.4 118.6 73.1 0.62 118.6
USA 5.2 6.5 1.25 97.6 19.5 45.6 234 45.6
Mexico 6.8 10.7 1.57 58.8 316 779 247 779
Central America 192 345 1.80 59.7 514 120.4 234 120.4
Brazil 12.8 17.2 1.34 133.4 345 85.8 2.49 85.8
Rest of S.Amer. 4.9 75 1.53 150.6 334 95.4 2.86 95.4
Northern Africa 1.7 4.6 271 125.6 29.7 40.5 1.37 40.5
Western Africa 23 53 236 543 329 86.8 2.64 86.8
Eastern Africa 2.1 52 242 44.6 429 778 1.8l 778
South Africa 6.4 11.8 1.85 50.2 8l1.3 76.1 0.94 8l1.3
Western Europe 8.3 9.8 1.18 101.7 99.0 102.8 1.04 102.8
Central Europe 4.8 9.5 1.98 108.5 86.5 1133 1.31 1133
Turkey 3.6 6.4 1.80 728 332 66.1 1.99 66.1
Ukraine region 3.8 10.0 2.63 85.0 55.6 91.1 1.64 91.1
Central Asia 1.3 3.9 293 65.7 23.7 35.6 1.50 35.6
Russia region 2.6 6.3 2.39 415 36.9 83.6 2.26 83.6
Middle East 2.7 5.8 2.17 778 41.0 29.1 0.71 41.0
India 43 6.5 I.51 71.1 46.0 282 0.6l 46.0
Korea region 6.3 74 1.18 64.5 89.5 109.8 1.23 109.8
China region 54 8.1 1.50 128.9 37.0 67.5 1.83 67.5
Southeast Asia 7.0 10.4 1.48 109.3 703 101.3 1.44 101.3
Indonesia region 7.4 9.4 1.27 86.1 582 86.4 1.49 86.4
Japan 8.0 9.4 1.18 85.2 150.7 115.6 0.77 150.7
Oceania 4.0 5.9 1.49 277 38.0 50.3 1.32 50.3
Rest of S.Asia 44 82 1.87 88.9 59.9 94.2 1.57 94.2
Rest of S.Africa 2.9 73 2.55 38.0 244 975 3.99 975
World 5.0 79 1.56 83.0 39.8 739 1.86 73.9

() Average crop yield (year 2000) from Mueller et al. (2012).

@ Average crop yield at 100% of attainable yield from Mueller et al. (2012).

©) Calculated as the mean N uptake for arable land per region from IMAGE for the year 2010, multiplied by the ratio Yp/Ya.
@ Area-weighted mean N uptake for intensively managed grassland per IMAGE region from IMAGE for the year 2010.

©) Calculated as the area-weighted mean maximum Livestock Density per IMAGE region, obtained from Rolinski et al. (2018),
multiplied with a conversion factor of 73 kg N LSU"' yr'. The conversion factor is estimated by assuming a feed demand of 4 kg
C LSU" d"' (Rolinski et al., 2018) and a C:N ration in the aboveground-part of grass of 20:1 (4¥365/ 20=73).

© Calculated as the maximum of Ya and Ya*(Yp/Ya).
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(regional) level (for zones of similar climate). Sub-national estimates of actual yields are
multi-year average yields obtained by farmers under dominant management practices, and
are gathered from sub-national statistics, farm surveys and/or local agronomists. Estimates
of yield potentials are obtained from crop models for specific weather stations that are scaled
up to the country level by using zones of similar climate (Grassini et al., 2015; van Bussel
et al,, 2015). GYGA distinguishes between the biophysical yield potential (Yp); i.e. the yield
of a crop when grown with water and nutrients non-limiting and biotic stress effectively
controlled (crop growth rate only determined by solar radiation, temperature, atmospheric
CO, and genetic traits that govern the length of the growing season), and the water-limited
yield potential (Yw) which is also determined by water availability (and thus rainfall and
soil properties). Yp is the most relevant benchmark for irrigated systems, and Yw for rainfed

systems.

For six crops (wheat, barley, maize, millet, rice and sorghum), both GYGA and Mueller et
al. (2012) present data on attainable yields and yield potentials for a number of countries.
The ‘attainable yields” presented by Mueller et al. (2012) represent the highest yields that are
actually achieved by farmers in a certain climate bin under current management, and are thus
a mix of water-limited yield potentials (for crops where no irrigation occurs anywhere in the
climate bin) and irrigated yield potentials. For the best possible comparison with GYGA, we
thus calculated the area-weighted average of Yw and Yp for each country and crop based on
estimates of both Yw and Yp from GYGA.

For actual yields, estimates from GYGA and Mueller et al. (2012) show a good agreement
(R? often between 0.7 and 0.9, except for millet and sorghum, see Table S4.5), though GYGA
estimates are generally higher for all crops and countries (see Figure S4.3). The correlation
between GYGA vyield potentials and Mueller attainable yields at country level is mostly weak,
with R? values >0.3 only for rye (see Table $4.5). Again, GYGA estimates are generally higher,
which can partially be explained by the more conservative approach of Mueller et al. (2012)
who use actually observed yields in the same climate zone and thus under-estimate yield
potentials when a climate zone contains no high-performing region. Because both estimated
actual yields and yield potentials from GYGA are higher, the correlation between the ratio
Yp/Ya for GYGA and Mueller et al., which we used to estimate maximum crop N uptake in
IMAGE, is better than the correlation for yield potentials (between 0.37 and 0.62, except for
wheat and sorghum, see Table S.4.5).
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Table S4.5 | Comparison between estimates of actual yields, yield potentials and the ratio yield potential/
actual yield from the Global Yield Gap Atlas and Mueller et al. (2012) for 6 crops. R? values shown are
for a liner fit which is not necessarily x=y, so high values can also occur if estimates from one source are
consistently lower or higher. Scatter plots are shown in Figure S4.3.

Crop No. of countries in  r? value for actual  r? value for yield r? value for ratio
comparison yields (Ya) potentials (Yp) Yp/Ya
Wheat 47 0.89 0.66 0.44
Barley 39 0.88 0.57 0.43
Maize 43 0.88 0.13 0.37
Millet 11 0.15 0.27 0.52
Rice 20 0.74 0.22 0.62
Sorghum 10 0.34 0.02 0.003
a
" 12 .12 600%
Tn > 1 IS
% 10 & 10 R?=0,6555 o 500%
=9 = 9 3
~ R?=0,8919 o s .
g S 8  400%
& 7 |8 g s R?=0,4395
- T s
Ts 56 %300%
5 5 g s s
2 3 =
3 4 2 4 $ 200%
2 2
z 3 5 3 =
5 3 ©
22 s 2 Z 100%
2 kS
s F 0 s
0T e 0 ¢ . 0% - .
01234567 8 9101112 01234567 8911112 0% 100% 200% 300% 400% 500% 600%
Ya rainfed wheat GYGA [t ha! yrT] Yw rainfed wheat GYGA [t ha-1 yr-1] Yw/Ya rainfed wheat GYGA [%]
211 1 600%
510 510 S
T T 9 o 500% :
5 = e by .
=g 8 + ~ R?=0,4264
gy R?=0,8777 . s, RET 05741 - T 400%
5 & L ® ° .
% 6 T 6 e 5 °
3 . 5, 5 300%
8 s s
g 4 N 8 200%
= 5 ° :
ko) = @
% 2 52 Z 100%
e g 2
0 0" . 0% * .
0012 3 456 7 8 9 1011 0123 456 7 8 9 1011 0% 100% 200% 300% 400% 500% 600%
Ya rainfed barley GYGA [t ha' yr'] Yw rainfed barley GYGA [t ha'' yr] Yw/Ya rainfed barley GYGA [%]
€ 1g _18 _800%
= L )
516 16 =
T E o
2
=1 =14 - & 600%
N g ~RE=0,132 ® -
5" R?= 0,845 5" E <l 5 Re=0.3745
N 3 \J R
—10 = 10 0000w g 5] &
s z el iR T 400% :
2 E
5° 5t . =
El R . &
3. S 4 . £ 200%
i 5 o Cate s K
E 2 Eo E]
s g £
0 o 0%
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0%  200% 400% 600% 800%

Figure continues on next page

271




ES o o

Ya millet Mueller et al. 2012 [thayr'] &
w

R?=0,1548
2 -
1
0 L
0 1 2 3 4 5
Ya rainfed millet GYGA [t ha! yr]
16

o

Ya rice Mueller et al. 2012 [t ha'' yr']

0 2 4 6 8 10 12 14
Ya rainfed rice GYGA [t ha' yrT]

=

~

o

o

" R2=0,3425

Ya sorghum Mueller ea 2012 [thatyr1] ~™®
- N w >

o

0 1 2 3 4 5 6 7
Ya rainfed sorghum GYGA [t ha™' yr]

=)

3]

IS

w

R?=0,2684
iy

[N}
L]

Yatt millet Mueller et al. 2012 [t ha yr]

0 1 2 3 4 5
Yw rainfed millet GYGA [t ha'' yr]

Yatt rice Mueller et al. 2012 [t ha! yr]

0 2 4 6 8 10 12 14
Yw rainfed rice GYGA [t ha™! yr']

- N W A O O N ®
.

Yatt sorghum Mueller ea 2012 [t ha' yr']

o
o

1 2 3 4 5 6 7
Yw rainfed sorghum GYGA [t ha" yr]

- Re=0,2222
. o

16

700%

B

—600%

2
a
<]
=]
ES

400%

R?=0,5169

300%

200%

100%

Yatt/Ya millet Mueller et al. 2012

0%
0% 100%200%300%400%500%600%700%
Yw/Ya rainfed millet GYGA [%]
800%

R*=0,6218."
600%

400%

200%

Yatt/Ya rice Mueller et al. 2012 [%]

0%
0% 200% 400% 600%
Yw/Ya rainfed rice GYGA [%]

800%

_1000%

B

o

S 800%

w

T

5 600%

°

S .

2 p .
£ 400% o

2

=) :

o - L[]

o 200% . .

> ; e °°
2

g

0%
0%  200%

400%
Yw/Ya rainfed sorghum GYGA [%]

600% 800% 1000%

Figure S4.3 | Correlation between country-level estimates for actual yield (Ya) from Mueller et al.
(2012) and the Global Yield Gap Atlas (GYGA) (left), correlation between estimates for attainable
yield (Yatt) from Mueller et al. (2012) and water-limited yield potentials (Yw) from GYGA (middle) and
correlation between the estimated possible yield increase (ratio Yatt/Ya) from Mueller et al. (2012) and
from GYGA (ratio Yw/Ya) for a, wheat, b, barley, ¢, maize, d, millet, e, rice and f, sorghum. Each dot is
a country for which estimates of yield potentials are available from GYGA and in Mueller et al. (2012).
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S4.7. Results for cut-off at actual N inputs

In allowing N inputs to increase where environmental thresholds are not yet exceeded (up
to a maximum value, as described above), our approach varies from the earlier estimate of a
planetary N boundary (Steffen et al., 2015; De Vries et al., 2013) which assumed that N inputs
needed to decrease where environmental thresholds are transgressed, and stay constant at
current values where they are not. In order to test the impact of allowing N inputs to increase
on our results, we also calculated critical N inputs while capping at current N inputs (i.e.,
setting Nup(max) to current N uptake). Results are shown in Figure S4.4. Not allowing N
inputs to increase where environmental thresholds are not yet transgressed reduces global
critical N inputs by 22-33%, depending on the criterion. The largest reductions (-33%) occur
for critical N inputs for the groundwater criterion, which is also the thresholds that allows for
the highest increases in agricultural N inputs on land where thresholds are not yet exceeded

in our standard run (+ 87 Mt N yr'!, see Figure 4.1 in Main Text).
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Figure S4.4 | Average global critical N inputs for different criteria, using two approaches for limiting
maximum N inputs.
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S5.1. Calculation of N deposition on forests per biome

In order to calculate total N deposition per forest biome, we followed the following procedure:
Data on NH; and NO, deposition simulated with the TM5 atmospheric model on a 1°x1°
grid for the year 2000 (Dentener, personal communication) were projected to an equal area
(ALBERS) projection. The resulting spatial map of global N deposition was combined with
a global land cover map (Global Land Cover product 2005-2006, http://due.esrin.esa.int/
page_globcover.php) to identify the area covered by forests. The following land use classes of

the original global land cover map were classified as “forest™:

o Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5m)

o Closed (>40%) broadleaved deciduous forest (>5m)

o Open (15-40%) broadleaved deciduous forest/woodland (>5m)

o Closed (>40%) needle-leaved evergreen forest (>5m)

o Open (15-40%) needle-leaved deciduous or evergreen forest (>5m)

o Closed to open (>15%) mixed broadleaved and needle-leaved forest (>5m)

o Closed to open (>15%) broadleaved forest regularly flooded - Fresh or brackish water
o Closed (>40%) broadleaved forest or shrubland permanently flooded - Saline or

brackish water
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For land use classes that are classified partially as forest, a certain fraction of the total N

deposition in the grid cell was allocated to forests, according to:

o Mosaic forest or shrubland (50-70%) / grassland (20-50%) - 65% of N deposition
allocated to ‘forest’
o Mosaic grassland (50-70%) / forest or shrubland (20-50%) - 35% of N deposition

allocated to ‘forest’

We classified all forests into one of three biomes (boreal, temperate or tropical) or “other’,
according to a WWF classification of terrestrial ecoregion (Olson et al., 2001). This
classification consists of 14 Major habitat types, which were classified follows shown in Table
S6.1. Forests classified as “other” according to the biome classification only accounted for 4%

of total N deposition on forests, and was neglected in the calculations.
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Table S5.2 | Search terms used to find relevant studies for in the meta-analysis of N addition effects on
AGWEP. A search in Scopus using these terms in august 2014 returned 2115 hits.

Terms related Terms Terms related to Terms related to the
to the study related to the experimental response variables
object the nutrients treatment
*forest AND  nitrogen* AND  "nitrogen addition*" "net ecosystem product*"
forest* ammoni*® "N addition*" "NEP"
tree* NH3 "nitrogen application” "net ecosystem exchange"
savanna* NH4 "N application" "NEE"
urea "addition of N*" "net primary product®"
"N fertili*" "addition of ammoni*" "*NPP"
"P fertili*" "N treat*" "gross primary product™"
phosph* "phosph* addition*" "GPP"
"P addition*" "above-ground producti*"
"phosph* application" "below-ground producti*"
"P application" "aboveground producti*"
"addition of phosph*" "belowground producti*"
"addition of P" "above-ground biomass"
"P treat*" "below-ground biomass"

"nutrient addition*"
added

adding

fertiliz*

fertiliz*

"nitrogen enrichment”
"nitrogen deposition"
"N deposition"

NPK

"aboveground biomass"
"belowground biomass"
"forest productivity"
"forest production"
"carbon pool"

"wood* biomass"
diamet*

DBH

"carbon gain"

"root *mass"

"root growth"

"tree growth"

"trunk growth"
"stemwood growth"
"stem growth"

"stand growth"
"biomass increment”
"biomass increase™"
"increase* in biomass"
"growth increase”
"carbon gain"

"stem volume growth"
"ecosystem carbon
content”

"ecosystem C content"
"C biomass"

"tree biomass"

"tree height"

"tree C?N ratio™"
"foliar N concentration

s

"basal area"
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Table S5.4 | Information on N addition rates, duration of the measuring period, fertilization schemes and
source of data that were used to assess effects on AGWB increment.

Site name N add.per Av.Nadd. Duration Fertili- Data Level of Original
fert. event rate (kg measuring zation source? sampling unit data
(kg N/ha) N/halyr) period (yrs) scheme' (treelplot)
CTC 225 75 3 S 2 tree dm3/yr
ODF 225 75 3 S 2 tree dm3/yr
OosuU 225 75 3 S 2 tree dm3 /yr
PB 225 75 3 S 2 tree dm3 /yr
STR 225 75 3 S 2 tree dm3 /yr
WE 225 75 3 S 2 tree dm3 /yr
WF 225 75 3 S 2 tree dm3/yr
WwWw 225 75 3 S 2 tree dm3 /yr
GDE 225 75 3 S 2 tree dm3 /yr
GDH 225 75 3 S 2 tree dm3 /yr
GPH 225 75 3 S 2 tree dm3 /yr
HAGR 225 75 3 S 2 tree dm3 /yr
HAK 225 75 3 S 2 tree dm3 /yr
LRT 225 75 3 S 2 tree dm3/yr
MNN 225 75 3 S 2 tree dm3 /yr
MNS 225 75 3 S 2 tree dm3 /yr
Ardross 151 22 21 3A | plot tC/ha
Craigellachie 160 32 20 4A | plot tC/ha
Drumtochty 162 39 42 10A | plot tC/ha
Drumtochty 152 11 42 3A | plot tC/ha
Shin | 154 31 25 5A | plot tC/ha
Shin 2 160 30 21 4A | plot tC/ha
Speymouth 160 31 26 5A | plot tC/ha
Great Mountain Fo. 150 150 2 3 | plot gC/m2/yr
Housatonic State Fo. 150 150 2 3 | plot gC/m2/yr
Hammaslahti 180 15 12 S 2 tree dm3/ ha
Oak Ridge NERP 200 200 2 | | plot g/m2/yr
Sugar maple 13 50 4 4 | plot gC/m2/yr
American beech 13 50 4 4 | plot gC/m2/yr
Yello birch 13 50 4 4 | plot gC/m2/yr
Eastern hemlock 13 50 4 4 | plot gC/m2/yr
Northern red oak 13 50 4 4 | plot gC/m2/yr
A 5 30 10 6 | plot gC/m2
B 5 30 10 6 | plot gC/m2
C 5 30 10 6 | plot gC/m2
D 5 30 10 6 | plot gC/m2
Tambopata 23 92 3 4 2 plot gC/m2/yr
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Table S5.4 | (continued)
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Site name N add.per Av.Nadd. Duration Fertili- Data Level of Original
fert. event rate (kg measuring zation source? sampling unit data
(kg N/ha) N/halyr) period (yrs) scheme' (treel/plot)
Tono 23 92 3 4 2 plot gC/m2/yr
San Pedro 23 92 3 4 2 plot gC/m2/yr
Wayqecha 23 92 3 4 2 plot gC/m2/yr
E26A 37 37 43 | | plot m3 / ha
E26A 73 41 43 | | plot m3 / ha
Warrenbayne 300 50 6 S 2 plot m3/ha/yr
Stanley 300 50 6 S 2 plot m3/ha/yr
Harvey 540 54 10 S | plot m3/ ha
Chiyoda Exp. Station 28 280 2 12 | tree g/ tree
San Francisco Res. 25 50 | 2 2 plot kg / ha
AOSR 30 30 3 | | plot kg / ha/yr
Oulu 185 6 31 S 2 plot m3 / ha
Barro Colorado 31 125 10 4 | plot Mg/ ha/yr
Bisley Ex.VWatershed 25 50 7 2 | plot Mg/ ha/yr
Icacos watershed 25 50 7 2 | plot Mg/ ha/yr
184 150 15 10 S 2 plot m3 / ha
1082 150 ) 10 S 2 plot m3 / ha
193 150 15 10 S 2 plot m3 / ha
219 150 15 10 S 2 plot m3 / ha
730 150 15 10 S 2 plot m3 / ha
731 150 15 10 S 2 plot m3 / ha
734 150 15 10 S 2 plot m3 / ha
1056 150 15 10 S 2 plot m3 / ha
Olympic Peninsula 300 24 25 2A | plot m3/ ha
Fazenda Vitéria B 100 33 6 | | plot Mg/ ha
Guanzhuang Ntl. For. 5 60 4 12 2 plot tC/halyr
Guanzhuang Ntl. For. 10 120 4 12 2 plot tC/halyr
Guanzhuang Ntl. For. 20 240 4 12 2 plot tC/halyr
DF49 200 100 | S 2 plot m3 / ha
Fortuna Forest Res. 31 125 2 4 | plot Mg/ ha
F. uhdei stand 500 333 1.5 S | plot g/ m2
F. uhdei+A. koa stand 500 333 1.5 S | plot g/ m2
Na Pali-Kona Res. 33 50 | 2 | plot g/ m2/yr

' Explanation of abbreviations for fertilization scheme: S = one-time application; a number indicates multiple fertilization events
per year (e.g., 3 = 3 applications per year).A number followed by an “A” indicates that several fertilization events took place
with more than one year between fertilization events; the number before the A indicates the number of fertilization events
(e.g., 3A = 3 fertilization events).

2 | = Data obtained from the publication or supplementary material; 2 = additional information/data was provided by authors
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Table S5.5 | Information on P addition rates, duration of the measuring period, fertilization schemes and
source of data that were used to assess effects on AGWB increment.

Site name N add.per Av.Nadd. Duration Fertili- Data Level of Original
fert. event rate (kg measuring zation source? sampling unit data
(kg N/ha) N/halyr) period (yrs) scheme' (treelplot)
CTC 580 193 3 S 2 tree dm3/yr
GDE 580 193 3 S 2 tree dm3/yr
GDH 580 193 3 S 2 tree dm3 /yr
GPH 580 193 3 S 2 tree dm3 /yr
HAGR 580 193 3 S 2 tree dm3 /yr
HAK 580 193 3 S 2 tree dm3 /yr
LRT 580 193 3 S 2 tree dm3/yr
MNN 580 193 3 S 2 tree dm3 /yr
MNS 580 193 3 S 2 tree dm3 /yr
ODF 580 193 3 S 2 tree dm3 /yr
OosuU 580 193 3 S 2 tree dm3 /yr
PB 580 193 3 S 2 tree dm3 /yr
STR 580 193 3 S 2 tree dm3 /yr
WE 580 193 3 S 2 tree dm3/yr
WEF 580 193 3 S 2 tree dm3 /yr
Ww 580 193 3 S 2 tree dm3 /yr
Tambopata 5 20 3 4 2 plot gC/m2/yr
Tono 5 20 3 4 2 plot gC/m2/yr
San Pedro 5 20 3 4 2 plot gC/m2/yr
Wayqgecha 5 20 3 4 2 plot gC/m2/yr
San Francisco Res. 5 10 | 2 2 plot kg / ha
Fazenda Vitéria A 50 16 6.4 | | plot Mg/ ha
Barro Colorado Na 13 50 6.4 4 | plot Mg/ ha/yr
Fazenda Vitéria B 50 17 6.4 | | plot Mg/ ha
Great Mountain Fo. 50 17 6.4 3 | plot gC/m2/yr
Housatonic State Fo. 50 17 10 3 | plot gC/m2/yr
Harvey 360 36 6 S | plot m3/ ha
Na Pali-Kona Res. 33 50 2 2 | plot g/ m2fyr
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Table S5.6 | Estimates for the nitrogen-induced carbon sink in aboveground woody biomass (from meta-
analysis) and belowground woody biomass (by assuming that belowground woody biomass production is
20% of aboveground woody biomass production), and the total nitrogen-induced woody biomass carbon
sink.

(1) N-induced C sink (2) N-induced C sink (3) N-induced C sink

aboveground woody below-ground woody woody biomass = (1)

biomass biomass = (1)*0.2 +(2)

[TgCyrl] [TgCyrl] [TgCyrl]

Tropical forests 15 (-15-44) 3(-3-9) 18 (-18-53)
Temperate forests 101 (84-119) 20 (17-24) 121 (101-142)
Boreal forests 32 (24-39) 6 (5-8) 38 (28-47)
All 148 (93-202) 30 (19-40) 177 (112-243)

Table S5.7 | Correlations between variables used to group studies in the meta-analysis. x = Arithmetic
mean, se= standard error of the mean. Group means with a different superscript letter differ significantly
from each other at p<0.05. For categorical variables (age, climate zone, fertilizer type), the table shows the
number and percentage of observations that fall into each category within another category.

Age Climate Produc- N add. Fertilizer type Ambient N
zone tivity rate deposition
(g CIm?yr) (g N/m?yr) (g N/m?/yr)

Age

Young (Y) Y: 22(100%) B: 2 (9%) x =539 X =68 Urea: 19 (86%) x =1.08a

(n=22) M: 0 Te: 15(68%) se=74 se=12 NHsNOs: 3 (14%) se =0.21
O: 0 Tr: 5 (23%) Other: 0

Medium (M) Y: 0 B: 7 (25%) X =413 x =76 Urea: 14 (50%) X =0.86a

(n=28) M: 28 (100%) Te: 19 (68%) se =68 se= 1.7 NHsNOs: 6 (21%) se =0.11
O: 0 Tr: 2 (7%) Other: 8 (29%)

QOld (0) Y: 0 B: 3 (15%) x = 185° X =6.9° Urea: 8 (40%) x =07la

(n=20) M: 0 Te: 7 (35%) se =22 se=1.0 NHsNOs: 9 (45%) se=0.12
O: 20(100%) Tr: 10 (50%) Other: 3 (15%)

Climate zone

Boreal (B) Y: 2(17%) B: 12 (100%) x =158 X =20a Urea: 2 (17%) x =0.78

(n=12) M: 7 (58%) Te: 0 se =20 se =03 NHsNOs: 3 (25%) se = 0.07
O: 3 (25%) Tr: 0 Other: 7 (58%)

Temperate O: I537%) B: 0 x =513 X =68° Urea: 26 (63%) x =0.90°

(Te) (n=41)  M: 19 (46%) Te: 41 (100%) se=>58 se =0.8 NH4NOs: 12 (29%)  se =0.09
O: 7 (17%) Tr: 0 Other: 3 (7%)

Tropical (Tr) Y: 5 (29%) B: 0 X =248 X =11.7°  Urea: 13 (76%) x =09I°

(n=17) M: 2 (12%) Te: 0 se =38 se=23 NH4NO3: 3 (18%) se = 0.28
O: 10(59%) Tr: 17 (100%) Other: 1 (6%)

287



Table S5.7 | (continued)

Age Climate Produc- N add. Fertilizer type Ambient N
zone tivity rate deposition
(g C/m?yr) (g N/m%yr) (g N/m?yr)

Productivity

Low (n=40) Y: 7 (18%) B: 12(30%) X =159 X =62° Urea: 14 (35%) x =0.89°
M: 16 (40%) Te: 17 (43%) se=10 se= 1.1 NH4NOs: |5 (38%)  se =0.09
O: 17 (43%) Tr: 11 (28%) Other: 11 (28%)

High (n=30) Y: 15(50%) B: O X =692° x =85 Urea: 27 (90%) x =0.87*
M: 12 (40%) Te: 24 (80%) se=53 se=1.2 NHiNOs: 3 (10%) se=0.17
O: 3 (10%) Tr: 6 (20%) Other: 0

N addition rate

<30 (n=13) Y: 2 (15%) B: 9 (69%) x =214 x =15 Urea: 4 (31%) x =0.85
M: 9 (69%) Te: 4 (31%) se =42 se = 0.1 NH«NOs: 0 se =0.08
O: 2(15%) Tr: 0 Other: 9 (69%)

30-70 (n=26) Y: 10(38%) B: 3(12%) x =230 X =42° Urea: 10 (38%) x =1.03
M: 7 (27%) Te: 16 (62%) se =29 se =02 NH4NOs: |5 (58%) se=0.15
O: 9 (35%) Tr: 7 (27%) Other: 1 (4%)

>70 (n=31) Y: 10(32%) B: 0 X =592° X =12.0¢  Urea: 27 (87%) X =0.77*
M: 12 (39%) Te: 21 (68%) se =68 se=14 NHsNOs: 3 (10%) se =0.15
O: 9(29%) Tr: 10 (32%) Other: 1 (3%)

N source

Urea (n=41) Y: 19 (46%) B: 2(5%) x =530 x =85 Urea: 41 (100%) x =0.78
M: 14 (34%) Te: 26 (63%) se=57 se=I.1 NH«NOs: 0 se =0.12
O: 8(20%) Tr: 13 (32%) Other: 0

NHsNO; Y 3(17%) B: 3 (17%) x = 185° X =6.7° Urea: 0 x =1.21°

(n=18) M: 6 (33%) Te: 12 (67%) se=22 se=1.5 NH:NOs: 18 (100%) se=0.16
O: 9 (50%) Tr: 3 (17%) Other: 0

Other/ Y: 0 B: 7 (64%) x =189 X =27° Urea: 0 X =073

Unknown M: 8 (73%) Te: 3 (27%) se= 16 se =08 NH:NOs: 0 se =0.12

(n=11) O: 3(27%) Tr: 1 (9%) Other: 11 (100%)

Ambient N deposition

<5 (n=23) Y: 8(35%) B: | (4%) X =624 X =9.0° Urea: 16 (70%) x =0.32¢
M: 10 (43%) Te: 16(70%) se =80 se=1.6 NHsNOs: 4 (17%) se =0.03
O: 5(22%) Tr: 6 (26%) Other: 3 (13%)

5-15(n=36) Y: 10(28%) B: 11 @31%) x =272° X =49 Urea: 21 (58%) x =0.82°
M: 13 (36%) Te: 17 (47%) se=39 se =09 NHsNOs: 7 (19%) se = 0.05
O: 13(36%) Tr: 8(22%) Other: 8 (22%)

>15 (n=11) Y: 4 (36%) B: 0 X =268 X =10.6*  Urea: 4 (36%) X =228
M: 5 (45%) Te: 8 (73%) se =59 se =2.1 NHsNOs: 7 (64%) se =0.20
O: 2(18%) Tr: 3 (27%) Other: 0 (4%)
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Figure S5.1 | Location of the forest plots included in the meta-analysis (n=70). Blue = boreal forests/
taiga; green = temperate forests; pink = tropical and subtropical forests.
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Supplementary Material Chapter 6

Supplementary Tables Sé.1-S6.5 291

Supplementary Figures S6.1-S6.8 293

Table Sé.1 | Classification of WWEF ecoregions (Olson et al., 2001) and aggregation to biome classification
used in this study. Grid cells classified as ‘other’ based on WWF ecoregions were classified as either boreal,
temperate or tropical based on FAO Global Ecological Zones (Figure Sé6.1b). The final biome delineation
used in our study is shown in Figure Sé.la.

Biome ID  WWF Ecoregion Biome classification for this study
| Tropical and subtropical moist broadleaf forests Tropical

2 Tropical and subtropical dry broadleaf forests Tropical

3 Tropical and subtropical coniferous forests Tropical

4 Temperate broadleaf and mixed forests Temperate
5 Temperate Coniferous Forest Temperate
6 Boreal forest / taiga Boreal

7 Tropical and subtropical grasslands, savannas and shrublands Tropical

8 Temperate grasslands, savannas and shrublands Temperate
9 Flooded grasslands and savannas Other

10 Montane grasslands and shrublands Other

I Tundra Boreal

12 Mediterranean Forests, woodlands and scrubs Temperate
13 Deserts and xeric shrublands Other

14 Mangroves Tropical
98 Lakes Other

99 Rock and ice Other
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Table S6.2 | Results of the meta-regression for individual predictors of C-N response, including model
intercept, coefficient with 95% CI, pseudo R? (indicating the proportional reduction in the variance
components of a model compared to a model with no moderators) and Akaike Information Criterion

(AIC). *¥= p<0.01; **= p<0.05, *=p<0.1.

Predictor variable Intercept  Coefficient Lower-95% Upper-95% psR? AlC
Log(age) E N -0.21%* -0.36 -0.07 332 77.0
log(NDEP) 3.4k -0.03 -0.20 0.14 0.0 83.7
log(NDEPcum) 3.5 -0.04 -0.18 0.10 0.0 83.5
Log(Nadd) 3.6%F* -0.15% -0.30 0.0l 15.7 80.8
log(PET) 8.7k -0.80%** -1.14 -0.46 56.3 69.2
TEMP 3.5 -0.02* -0.03 0.00 .5 8l.1
log(PREC) 3.6%F* -0.04 -0.21 0.13 0.0 84.8
log(PE) 3.3k 0.00 -0.09 0.09 0.0 85.2
log(CEC) 3.0°%* 0.09 -0.15 0.34 0.0 83.7
log(CLAY) 3.8%F -0.19 -0.43 0.06 18.1 82.1
log(OC) 2.9k 0.10 -0.04 0.24 6.6 829
Log(C:N) 3.k -0.11 -0.34 0.12 1.4 84.2
log(SoilN) |.7%%% 0.27%##* 0.09 0.46 22.1 76.9
pH 4.3 -0.20 -0.50 0.09 10.9 82.6
Absolute latitude (LAT) 2.9k 0.0 1##* 0.004 0.02 342 763

Table S6.3 | Share of global forest area in regions with a high confidence in positive C-N response (C-N >
0, p<0.05), with a high confidence in a negative C-N response (C-N < 0, p<0.05) and where the direction of
the C-N response is uncertain, for different forest biomes.

Boreal Temperate Tropical Total
Positive C-N response (p<0.05) 21% 13% 2% 36%
Negative C-N response (p<0.05) 0% 0% 5% 5%
Insignificant C-N response 0% 8% 51% 59%
Total 21% 21% 58% 100%

Table S6.4 | Forest area, total and average N deposition, average C-N response, and total and average
N-induced C sequestration per forest biome as presented in Table , but using the classification of biomes
according to FAO Global Ecological Zones (GEZ), see Figure Sé.1b.

Forestarea TotalNdep MeanNdep C-Nresponse TotalCseq. Mean Cseq.

(km?x 10)  (Tgyr) (kgha'yr') () (Tgyr') (kg ha'' yr')
Boreal 7.3 1.3 1.8 11 (4-20) 15 (5-26) 19 (7-36)
Temperate 4.6 4.3 9.3 5(1-9) 20 (4-40) 44 (8-87)
Sub-tropical 2.7 4.5 16.7 2(-1-7) 10 (-6-29) 37 (-22-109)
Tropical 17.2 13.0 7.6 0 (-4-5) -3 (-58-67) -2 (-34-39)
World 31.8 23.1 7.3 2 (-2-7) 41 (-55-163) 13 (-17-51)
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Table S6.5 | Differences in estimated N-induced C sequestration between this study and Du and de Vries
(2018), based on mean C-N response, N deposition and forest area per biome.

Biome Study C-N response N deposition Forest area N-induced C
(kg C kg N') (kg N ha' yr') (ha x 107) seq.(Tg Cyr')

Boreal Du & DeVries 14 2 122 34

This study I 2 68 13
Temperate ~ Du & De Vries 5 12 97 58

This study 4 10 68 25
Tropical Du & De Vries 4 7 187 52

This study 0.2 8 183 3
Global Du & De Vries 7 406 144

This study 7 319 41

Boreal Temperate Sub-tropical Tropical

Figure 6.1 | a, Used biome delineation based on a combination of WWF ecoregions and FAO Global
Ecological zones, (GEZ), b, Global biomes according to FAO GEZ (FAO, 2012b).
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Figure 6.2 | Scatter plots showing linear regressions of predictor variables against C-N response.
p-values differ from those presented in Table $6.2 because (i) C-N response is not log-transformed for
easier interpretation and no random structure is introduced.
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TEMP vs LAT PET vs LAT PET vs TEMP
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Figure 6.3 | Correlation between variables related to climate zone.
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Figure 6.4 | Cumulative frequency histogram showing frequency of predicted mean C-N response
(frequency = number of km? for which response is predicted) for a, all forests, b, boreal forests, c,
temperate forests and d, tropical forests. Error bars show cumulative frequency distributions for C-N
responses based on the upper and lower bound of the 95% Confidence Interval.
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Mean predicted C-N response (kg C kg N'')

Figure 6.5 | a, upper and b, lower boundaries of 95% confidence interval for mean predicted C-N
response shown in Figure 6.1.

10 15 20 >25
N deposition (kg N ha' yr)

Figure 6.6 | N deposition to forests for the year 2010 used for estimating the N-induced C sink, data
from Schwede et al. (2018). Grid cells with forest area <5% are masked.
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[ [ [ T

<4 3 -2 -1 0 1 2 3 >4
N-induced C sequestration in aboveground woody biomass (10° kg C yr)

Figure 6.7 | a, Upper and b, lower bound of 95% confidence interval for N-induced C sequestration in
forest aboveground woody biomass predicted by overlay of C-N responses with N deposition.
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Figure 6.8 | Density plots showing the distribution of predictor variables (PET, soil N content and
tree age) in the database (yellow) and in global forests (grey) for a—c, boreal forests, d—f, temperate
forests, g—i, tropical forests and j—I, all forests. Dashed lines indicate the average value of the variable
in the database (yellow) and in forests (grey). For the density plots showing distribution in the database,
frequency refers to ‘number of observations’, while for the density plots showing distribution in global

forests, frequency refers to ‘number of km? forest’.
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Table S7.1 | Overview of 26 IMAGE regions (https://models.pbl.nl/image/index.php/Region_classification_
map), including acronyms used in Figure 7.6.

Acronym Region name Acronym Region name Acronym Region name
Can Canada SAf South Africa Kor Korea region

USA USA WEu Western Europe Chi China region

Mex Mexico CEu Central Europe SAs South Asia

CAm Central America Tur Turkey Indo Indonesia

Bra Brazil Ukr Ukraine Region Jap Japan

RSAm Rest of South Amer. CAs Central Asia Ocea Oceania

NAF North Africa Rus Russia region RSAs Rest of South Asia
WAF West Africa ME Middle east RSAf Rest of South Africa
EAf East Africa Ind India

. Major challenges remain (>0.7)

D Significant challenges remain (0.5-0.7)
DCha\lenges remain (0.3-0.5)

[l sDG achieved (<0.3)

Figure 7.1 | Average performance scores for the sustainable nitrogen management index (SNMI) for
EU countries calculated with INTEGRATOR from spatially explicit normalized yield (using target yield
as benchmark) and normalized NUE (using required NUE to protect ground- and surface water while
also obtaining target yields), see “Approach B” in Figure 7.5. For description of methodology to derive
spatially explicit target yields and required NUEs for the EU with INTEGRATOR, see Section 3.2.
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Summary

Before the industrial revolution, nitrogen was scarce and its availability severely constrained
crop production. This changed with the invention of the Haber-Bosch process, allowing
humans to fix atmospheric di-nitrogen at unprecedented rates. Currently, rates of human
nitrogen fixation have surpassed natural rates by a factor 2-3. This has greatly contributed

to increases in crop yields, but also led to adverse impacts on the environment and human
health.

Sustainable nitrogen management requires a systems approach, including tools that can
quantitatively assess trade-offs between benefits of nitrogen for crop production and
the adverse impacts of nitrogen on the environment. This thesis describes the further
development and application of spatially explicit models to assess these trade-offs at the

European and global scale. More specifically, the thesis addresses the following questions:

1. How much nitrogen can we safely apply in agriculture before crossing thresholds for

air and water quality?

2. How can we manage nitrogen to both achieve environmental targets and meet

current and future feed and food demand?

3. What is the climatic impact of anthropogenic nitrogen inputs, i.e., how much
additional carbon is stored in terrestrial systems due to anthropogenic nitrogen
deposition, and to what extent does this ‘carbon bonus’ offset the climate impact of

N,O emissions?

This thesis aims to provide information on policy-relevant nitrogen indicators that capture
trade-offs between nitrogen’s adverse impacts and benefits, to support policies on sustainable
nitrogen management in Europe and globally. Questions relevant to this objective are

explored in seven chapters.

Chapter 1 (“Introduction”) describes the challenge of sustainable nitrogen management and

presents knowledge gaps that are addressed by the research described in the thesis.

Chapter 2 (“Spatially explicit boundaries for agricultural nitrogen inputs in the European
Union to meet air and water quality targets”) presents a method for deriving ‘critical’
agricultural nitrogen inputs related to targets for to nitrogen deposition (in view of critical

limits to protect terrestrial ecosystems), nitrogen runoft to surface water (in view of water
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quality targets) and nitrogen leaching to groundwater (in view of drinking water norms).
The method is applied to estimate spatially explicit critical nitrogen inputs in the European
Union using the nitrogen balance model INTEGRATOR.

Chapter 3 (“Reconciling food production and environmental boundaries for agricultural
nitrogen inputs in the European Union”) builds on the work described in Chapter 2 and
assesses how crop production can be maximized while keeping nitrogen losses to air and
water below critical levels. Strategies that are explored include redistributing nitrogen inputs
to close yield gaps in regions where thresholds are not exceeded and increasing nitrogen use

efficiency in crop and livestock production.

Chapter 4 (“From planetary to regional nitrogen boundaries for targeted policy support”)
presents spatially explicit critical nitrogen inputs to agriculture at the global scale, which
are derived based on the IMAGE-GNM model. The assessment of critical nitrogen inputs
explicitly accounts for non-agricultural nitrogen losses as well as opportunities to increase
nitrogen inputs to close yield gaps in regions where environmental thresholds are not
exceeded. Critical inputs are aggregated to derive a safe ‘planetary boundary’ for agricultural

nitrogen inputs.

Chapter 5 (“Global-scale impacts of nitrogen deposition on tree carbon sequestration
in tropical, temperate, and boreal forests: A meta-analysis”) describes results from a
meta-analysis of nitrogen addition experiments in forests to estimate additional carbon
sequestration in forest aboveground woody biomass resulting from nitrogen addition.
Average carbon-to-nitrogen response rates are derived for tropical, temperate and boreal
forests, and the global nitrogen-induced carbon sink is estimated by multiplying mean

responses with nitrogen deposition in each forest biome.

Chapter 6 (“Experimental evidence shows minor contribution of nitrogen to global forest
carbon sequestration”) further builds on Chapter 5 by exploring sources of heterogeneity
in nitrogen-induced forest carbon sequestration using meta-regression. The derived
regression model predicts forest carbon-to-nitrogen response based on soil, climate and tree
characteristics and is used to derive global maps of nitrogen-induced carbon sequestration in

forest aboveground biomass.

Chapter 7 (“Synthesis”) puts the findings of the thesis into context and presents two
additional applications of the developed models to policy-relevant question on sustainable

nitrogen management.
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