
VU Research Portal

Nitrogen deposition effects on terrestrial carbon sequestration

Fleischer, K.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Fleischer, K. (2016). Nitrogen deposition effects on terrestrial carbon sequestration. [PhD-Thesis - Research and
graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/32b28397-2069-482a-8c3f-468cf626355d


501142-L-bw-Fleischer501142-L-bw-Fleischer501142-L-bw-Fleischer501142-L-bw-Fleischer

1 Introduction

1.1 Motivation

Rapid changes of ecosystem functioning are occurring on Earth due to the presence of one species,

Homo sapiens. Its growth in numbers and seemingly limitless demand for resources is putting

pressure on ecosystems and life on Earth. Many fundamental transformations of ecosystems are

creating unprecedented conditions on land, in the sea and the atmosphere [Rockström et al., 2009].

The intensification of fossil fuel combustion, agricultural practices, and land cover conversions

since the industrial revolution have simultaneously caused an exponential rise of atmospheric CO2

and reactive nitrogen (N) in the biosphere [Galloway et al., 2003]. CO2 is an important driver of

currently experienced global climate change, and CO2 and N are both important drivers of global

plant productivity.

The biosphere currently experiences a carbon (C) and nitrogen (N) disequilibrium, for which

full consequences still need to be seen. Due to the close connection of C and N to life in Earth,

they interact closely. This thesis aims at quantifying and understanding an important aspect of C–N

interactions in the global terrestrial biosphere; the effect of rising N deposition, i.e. the increase

in nutrient availability, on the exchange of C between the atmosphere and terrestrial biosphere.

Hopefully it will contribute to understand the past and improve predictions of the future response

of the terrestrial biosphere to global environmental change.

1.2 Carbon and the terrestrial carbon sink

Atmospheric CO2 concentration has risen from 285 ppm in pre-industrial times, c. 1850, to

more than 400 ppm in recent years. The rise in atmospheric CO2 and other greenhouse gases

from fossil fuel combustion, intense agricultural practices and deforestation have resulted in

anthropogenically induced climate change. Next to direct effects on climate, atmospheric CO2

also has a seemingly positive effect on the productivity of vegetation, as it fuels photosynthesis,

the assimilation of C, termed CO2 fertilization [Ciais et al., 2013]. The terrestrial biosphere

currently takes up more C than it releases, forming a net sink of C in biomass and soils, due to a

combination of the CO2 fertilization effect, land use and land cover changes, and the fertilizing

effect of N deposition. The amount of C that is fixed from the atmosphere by photosynthesis, is

termed global primary productivity (GPP). The C that is returned to the atmosphere can be split

into autotrophic respiration (Ra) from photosynthesizing organisms and heterotrophic respiration

(Rh) from microbes and animals. These global C cycle terms are however difficult to assess at

global scale. GPP is currently believed to be around 123 ± 8 Pg C yr−1, based on upscaled flux

measurements [Beer et al., 2010], but might also be as high as 175 Pg C yr−1 when derived by

oxygen isotope inversions [Welp et al., 2011].

The amount of C that is available for biomass growth and plant functioning is net primary
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Figure 1.1: Global CO2 budget, 2004-2013, reprinted from the Global Carbon Project [Le Quéré et al., 2013].

productivity (NPP = GPP-Ra), a term more readily estimated by measurements of biomass

production (BP). NPP has been growing increasingly positive in recent decades and in particular

forests around the globe act as net C sinks [Luysseart et al., 2007, Pan et al., 2011]. Also

atmopsheric inversion studies point towards a net C uptake of the biosphere from the atmopshere,

in particular in the Northern Hemisphere [Ciais et al., 2010]. The disequilibrium of the exchange

of C between the atmosphere and the terrestrial biosphere has a compensating effect on the

atmospheric growth rate of C. Following a recent update of the Global Carbon Project, from the

8.9 ± 0.4 Pg C yr−1 which have been emitted through fossil fuel combustion and the 0.9 ± 0.5

Pg C yr−1 emitted from land use changes from 2004-2013, only 4.3 ± 0.1 Pg C yr−1 remain in

the atmosphere, as 2.4 ± 0.8 Pg C yr−1 are taken up by the ocean and 2.9 ± 0.8 Pg C yr−1 by the

terrestrial biosphere (see Figure 1.1 and Le Quéré et al. [2013]). The relatively large uncertainty

around the land C sink component is due to the fact that it is derived as the residual of all other

components, and due to its dynamic nature in time and space (Figure 1.2). There is subsequently a

great need for the quantification of the size, location, and expected trajectory of the terrestrial C sink.

Forests contribute largely to the size of the terrestrial C sink. The C stored in forests largely

exceeds C in the atmosphere [Ciais et al., 2013] and in terms of biomass C only, forests contain

92% of all biomass on Earth [Pan et al., 2013]. Following a recent analysis of forest inventory

data, the world forests act as a persistent C sink and have sequestered C in the order of 2.4 ± 0.4

Pg C from 1990 to 2007 [Pan et al., 2011]. A large part of the annual land C sink is thus located

in forests, so that understanding their response to environmental change is essential for predicting

future trajectories of atmospheric CO2 and resulting climate change [Ciais et al., 2013].

6



501142-L-bw-Fleischer501142-L-bw-Fleischer501142-L-bw-Fleischer501142-L-bw-Fleischer

CHAPTER 1. INTRODUCTION

Figure 1.2: Historical evolution of emissions, fossil fuels, cement and land use change, and sinks of C on land,
the ocean and the atmosphere, from 1870–2010, reprinted from online sources of the 5th IPCC report [Ciais
et al., 2013].

1.3 The Nitrogen cycle and N deposition

Nitrogen in its non-reactive form, N2, makes up about 78% of the atmosphere, which is due to

a strong triple bond unavailable to most life on Earth. N2 can be converted into reactive forms

only by some bacteria and plants associated to them, by a process termed biological N fixation.

Consequently, N in plant available form (i.e. reactive nitrogen, Nr, e.g. ammonia, NH3 and nitrate,

NO3) is naturally very scarce and most organisms have evolved in very low Nr environments,

placing limitations on growth [Vitousek and Howarth, 1991]. The Haber-Bosch process, invented

in 1908, allowed the industrial fixation of N and the production of plant fertilizer [Erisman et al.,

2008]. The vast production and application of fertilizers has improved global food production

considerably and to date, so that about half of the world population depend on industrial N

fixation for food production. Fertilizer production, in combination with Nr created from fossil fuel

combustion and the increased cultivation of N fixing crops such as legumes, has accelerated the N

cycle tremendously [Galloway et al., 2003].

Nr creation from human activity has risen from approximately 15 Tg N in 1860 to 165 Tg N in

2010, and has risen exponentially since the 1960s, mainly due to intensified industrial N fixation.

The creation and emission of Nr has magnified the amount of Nr that is deposited around the globe.

The vast majority of ecosystems worldwide currently receive more than 10 kg N ha−1 yr−1, ex-

ceeding natural N deposition rates, e.g. from volcanic activity and lightning, by magnitudes (Figure

1.3 and Galloway et al. [2004]). Although policy measures in Europe are curbing Nr emissions and

future N deposition is expected to be reduced, for many regions in the world Nr production is ex-

pected to continue to increase, causing a steady global Nr deposition increase over the 21st century

(see Figure 1.3 and Lamarque et al. [2013]).
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Figure 1.3: Mean total N deposition (sum of wet and dry deposition of NHx and NOy) for 1900–1909, 1990–
1999, 2030–2039 and 2090-2099, figures produced by K. Fleischer from historical dataset for 1900–1909,
1990–1999 [Lamarque et al., 2010] and from the RCP8.5 scenario dataset for 2030–2039 and 2090-2099
[Lamarque et al., 2011], all in kg N ha−1 yr−1.

Anthropogenic activity has thus largely perturbed the N cycle and following global projec-

tions we expect a peak in global N deposition in 2030, while regionally extreme increases are

foreseen, e.g. in South East Asia and India. N deposition is highly variable in space, being

highest in areas of high emissions from industry and agricultural, and in densely populated

regions (Figure 1.3 and Lamarque et al. [2013]). Global N deposition estimates are derived from

combining ground based measurements of dry and wet N deposition, with atmospheric circulation

models and are used in 3 chapters of this thesis [Dentener et al., 2006, Lamarque et al., 2010, 2011].

The benefits of producing industrial N fertilizer are evident, currently providing increasing food

security worldwide. The drawback is that Nr is very volatile and readily lost from agricultural fields

via leaching and is released as gaseous form to the atmosphere, and one atom of Nr can cascade

within terrestrial and aquatic ecosystems in various ways [Galloway et al., 2003]. Moreover, Nr

rapidly spreads and accumulates in natural ecosystems, where its oversupply leads to imbalances in

nutrient stoichiometry and eventually to damages of ecosystem health and functioning, the eutroph-

ication of terrestrial and aquatic ecosystems [Aber et al., 1998, 1989]. The additional availability of

Nr has however also a seemingly positive effect on global vegetation productivity, as it stimulates

plant growth in areas where N is limiting and induces atmospheric C to be sequestered in terres-

trial ecosystems [Butterbach-Bahl et al., 2011]. Depending on the degree of N accumulation and

the sensitivity of the ecosystem to N, N deposition can thus have a myriad of effects on ecosystem

functioning and vegetation growth.

1.4 Carbon-Nitrogen interactions in forests

C and N are intimately linked due to stoichiometric constraints of plant functioning and growth. C

is the product of photosynthesis, the building block of life, while N is essential for protein building

and the functioning and growth of living cells. The availability and cycling of N thus strongly

influences the C cycle, and C–N interaction in terrestrial ecosystems are manifold (see Figure 1.4).

Although not exhaustive, a brief overview of C–N interactions, which are believed to be most
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relevant in determining N deposition effects on C sequestration in terrestrial ecosystems, is given

here. These interactions will be explored in detail in the following chapters; for N–photosynthesis

in detail see Chapter 2, for C–N interactions in ecosystem models see Chapter 3 and 4, and for an

evaluation of modelled C–N interactions in the light of current scientific knowledge, see Chapter 5.

N is essential for the photosynthetic apparatus, so that the amount of N contained in leaves

generally scales to maximum rates of photosynthesis, Amax [Field and Mooney, 1986, Kattge

et al., 2009]. The more N is contained in plant tissue, the higher are maintenance costs, thus

Ra, as most N is contained in complex proteins [Reich et al., 1997]. N is also needed for the

production of biomass, reproduction, defense mechanisms and other vital functions, so that N

places stoichiometric limitations on growth itself [Aerts and Chapin III, 2000, Bloom et al., 1985,

Körner, 2013]. C allocation schemes in vegetation are among others controlled by N, as plants

react to N and the availability of other resources. Plants may thus invest more C in root systems

when N is limited for increased acquisition and uptake, or vice versa, investing in aboveground

structures when N is readily available for uptake [Malhi et al., 2011].
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Figure 1.4: Major C–N interactions in forest ecosystems relevant for determining N deposition effects on ter-
restrial C sequestration; N affects C photosynthesis, the amount of plant respiration, plant C allocation, the
symbiosis with mycorrhizae (here ectomycorrhizae ECM), and soil C decomposition.

N may also enter plants via stomata and provide a substantial source of N, however the

magnitude and relevance of canopy N uptake is uncertain [Sievering et al., 2007]. N availability

potentially strongly controls the symbiosis of trees and mycorrhizae, which are root fungi that

aid plant nutrient uptake in return for C from the plant [Read, 1991]. The reliance of trees on

mycorrhizae may reduce when N is readily available, changing plant C allocation patterns and the

transfer of C from plants to the soil system. The N cycle further affects soil C dynamics in various
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other ways, of which many remain unexplored or poorly quantified. Low N availability may limit

microbical C decomposition (Rh) so that additional N can stimulate microbial decomposition

[Finzi et al., 2015], but accumulating N availability may also slow down Rh [Janssens et al., 2010].

N effects on soil C dynamics are further determined by the amount and chemcical composition of

litter input, so that CO2 efflux form the soil and hence soil C sequestration rates are controlled by N.

In summary, N affects ecosystems in a non-linear fashion, described with the concept of N

saturation [Aber et al., 1998, 1989]. N causes seemingly positive effects in early stages, such as

stimulated photosynthesis and plant growth, which level off and are potentially reversed in later

stages when N availability exceeds plant and microbial demands. N in excess may then cause

chemical imbalances, induced root toxic conditions, eutrophication, reduced ecosystem health and

mortality [Erisman and Vries, 2000, Gao et al., 2014].

1.5 Phosphorus and N:P imbalances

N and phosphorus (P) are the primary elements for living organisms that frequently limit the

production of ecosystems [Elser et al., 2007]. The biogeochemical cycle of P is therefore of great

importance when studying the effects of N availability on ecosystems. In contrast to N, of which

atmospheric N2 is the principal resource pool, P resources enter the biosphere only via weathering

of bedrock, due to a combination of physical, chemical and biological processes [Vitousek et al.,

2010]. In natural ecosystems, P replenishes therefore much slower than N, while industrial mining

of P and subsequent P fertilization considerably add to natural P sources to date.

Without fertilization, P is generally limiting productivity in highly weathered old tropical soils,

while N is generally more limiting in the younger and more fertile soils in temperate and boreal

regions [Vitousek and Howarth, 1991]. These are however crude generalizations, and the exact

geographical distribution of N and P limitation worldwide remains to be solved. This is partly due

to the fact that global inventories lack, and the relevance of co-limitations of N and P, as well as

the various ways in which plants can acquire N and P remain uncertain to date [Goll et al., 2012,

Vitousek and Howarth, 1991].

P eutrophication may have disastrous effects on biodiversity [Wassen et al., 2005], as many

species have become endangered due to P fertilization, as considerable amounts of P are applied as

fertilizers around the world. Nonetheless, P shortages are believed to increase as P fertilization does

not reach the levels of anthropogenic N inputs, leading to increasing N:P imbalances in ecosystems

worldwide [Peñuelas et al., 2013]. The enrichment of N from human activity may thus arguably

push ecosystems towards increasing P limitation [Vitousek et al., 2010]. The consequences of N:P

imbalances on ecosystem growth and functioning at global scale remain however uncertain due to

interactions mentioned above. We will further explore P effects on C–N interactions in detail in

Chapter 4.

1.6 Ecosystem modelling

Process-based ecosystem models are a valuable tool for applying and testing our understanding of

C–N interactions. Numerous ecosystem models have been developed, differing in their process

representation, applied scale and applicability. Ecosystem models may be applied offline, e.g.

climate inputs are supplied as input drivers, but may also be coupled to an Earth System model, i.e.

run online, to simulate dynamic C–climate interactions.
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Global terrestrial ecosystem models commonly simulate the exchange of C, water and energy

between the land and atmosphere. Vegetation is typically represented with a limited number of

plant functional types (PFTs), in which plant species are aggregated by common physiological

characteristics. In recent decades, many ecosystem models account for N cycle dynamics, due

to growing recognition of the importance of the N cycle for controlling C cycle dynamics in

terrestrial ecosystems. We deal with two C–N cycle models in this thesis, LPJ-GUESS and

CABLE, which share the common features of global ecosystem models, but vary in the degree of

complexity entailed. Both models consider an additional unique aspect of biogeochemical cycling

and ecosystem functioning in natural ecosystems, and are applied offline to assess C responses in

terrestrial vegetation to N deposition;

1) LPJ-GUESS is a global dynamic vegetation model (DGVM), considering vegetation

competition and succession, which results in dynamic simulation of vegetation populations and

distributions [Smith et al., 2001, 2014]. LPJ-GUESS includes a dynamic N cycle and common

C–N interactions, such as the dependence of photosynthesis, autotrophic respiration and to some

degree C allocation on N. For more detail on LPJ-GUESS and implemented C–N interactions and

the simulated effect of N dynamics on the C cycle see Chapter 3.

2) CABLE is a landsurface model (LSM), which was developed as the coupled land compo-

nent of an Earth System model. CABLE does therefore not include dynamics of competition for

resources, like LPJ-GUESS, but includes static representations of vegetation distribution. CABLE

however accounts for P cycle dynamics and resulting N:P interactions in terrestrial ecosystems

[Wang et al., 2010, Zhang et al., 2013], a feature which has been infrequently added to global

ecosystem models to date. For more detail on CABLE and implemented C–N–P interactions, and

their consequences for global C cycling see Chapter 4.

1.7 Research question and thesis outline

The central focus of this thesis is the effect of N enrichment on natural terrestrial ecosystems,

and the consequences for vegetation growth and functioning. In particular, we aim to assess the

effect of N deposition on terrestrial C sequestration, quantitative and qualitatively. N effects on C

sequestration are inseparably linked to effects of atmospheric CO2, climatic conditions, P cycle

dynamics, and other factors influencing terrestrial ecosystems in our rapidly changing world.

An important question is how much of the terrestrial C sink can be attributed to the rise in N

deposition, which may also be referred to as “Nitrogen’s C bonus” [Janssens and Luyssaert, 2009].

It is an important puzzle piece of the Earth-climate system and since the world’s vegetation, as well

as global change drivers, are highly dynamic entities in time and space, it is both a priority and

challenge to study. This thesis aims at addressing the following research questions in detail;

Question 1: How much C has been taken up by the terrestrial biosphere due to the rise in N
deposition during the historical industrial period and how is this effect spatially distributed?

Question 2: What are the underlying plant physiological mechanisms that may explain N
deposition induced C sequestration?

Question 3: How much C will be sequestered due to N deposition in the future and how is this
spatially distributed?

Following this introduction chapter, this thesis is organized in four main research chapters,

addressing these research questions by utilizing a variety of data sources and ecosystem models;
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Chapter 2 presents an analysis of FLUXNET direct observations of C fluxes above forest

ecosystems. We compared measured maximum rates of photosynthesis taken at 80 forest sites to

modelled estimates of N deposition. The chapter deals therefore with the effect of N availability on

C assimilation, GPP.

Chapter 3 uses FLUXNET data to evaluate the N cycle implementation in LPJ-GUESS, a

dynamic global vegetation model. The study identifies forest types most affected by N cycle

dynamics and employ the model to estimate the historical C sequestration response to N deposition

at site and global scale, from 1900 to 2005. The chapter thus deals with the effect of N deposition

on historical C sequestration, which is approached in two ways; upscaling of site-scale estimates

versus global simulations.

Chapter 4 employs landsurface model CABLE to estimate the historical and future N

deposition effect on global C sequestration, from 1900 to 2100. CABLE accounts for N and P cycle

dynamics, which allows us to assess the control of P limitation on Nitrogen’s C bonus. Chapter
5 summarizes current knowledge on how N deposition induces a C bonus, thus it synthesizes

observational evidence on the physiological mechanisms that are responsible for the positive N

effect on wood growth in particular. The observational evidence is put in context with current

modeling approaches of C–N interactions, aiming to inform future model developments.

Finally, this thesis concludes with Chapter 6, in which the main research questions are ad-

dressed by synthesizing and summarizing the previous chapters. This chapter will further make

recommendations on how to proceed with future research of N deposition effects on terrestrial C

sequestration.

12


