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Abstract

During the last two centuries, increasing atmospheric CO, concentration and climate
change have altered the land carbon (C) cycling and the availability of nitrogen (N) for
plants. Despite the cycling of C and N in the terrestrial ecosystems is tightly coupled,
many modeling studies have ignored the interactions of land N cycle with the C cycle. In
this thesis, their interactions are studied by incorporating a new and simple scheme for the
terrestrial N cycling in the process-based land C cycle model JSBACH. The present study
also investigates: Nitrous oxide (N,O) emissions from natural soils under climate change
and climate-N,O feedback; N,O emissions that arise from both land use change and
fertilized agricultural soils; and the role of long-lived wood products for climate change

mitigation.

To study the C-N cycle interaction, two main simulations are performed: carbon-only (C)
and coupled carbon and nitrogen cycle (CN). The simulation results show that the
coupling of C and N cycles leads to a lowering of the projected global land C uptake by
16% as compared to the C simulation during the 21* century in response to increasing
atmospheric CO, concentration and climate change under the SRES A1B scenario. The
results show that the inclusion of the land N cycle in the model leads to a significant
reduction of positive climate-carbon cycle feedback by 21%. The development of
Progressive Nitrogen Limitation (PNL) in forests and grasslands ecosystem is also
analyzed. In forest ecosystems, the soil N availability decreases during the first half of the
21% century under increased CO, concentration and climate change. This results support
the hypothesis “PNL” that soil mineral N availability decreases under elevated CO; as N is
locked in long-lived woody biomass and soil organic matter. However, starting from
roughly the second half of the 21% century, the PNL starts alleviating because of the
relaxation of N scarcity due to global warming. In grasslands, the occurrence of PNL is
much stronger than forests. Aside from this, to study the robustness of occurrence of PNL
additional sensitivity experiments have been performed. Since doubling of N fixation is
quite unrealistic, these experiments show that the appearance of PNL for grasslands during
the 21 century is a very robust simulation result, whereas occurrence of PNL in forests is

much less robust.

Vi



NO is produced in soils as a byproduct during nitrification and denitrification. This is a
greenhouse gas and contributes significantly to global climate change. Simulations are
performed to investigate N,O emissions from natural soils under climate change and
climate-N,O feedback. The simulation results show that emissions from natural soils
contribute 8.0 Tg N yr? to the global N,O budget by the end of the 21* century. By
including all N,O emission sources (e.g., soil, ocean, fossil fuel, fertilizer, etc.) it is found
that rise in atmospheric N,O concentration is consistent with observations over the period
1860-2005 (a rise from 276 to 320 ppb). Under the A1B scenario, the atmospheric N,O
concentration increases up to 469 ppb by the end of the 21* century. Globally, a radiative
forcing from N,O emissions is about 0.6 Wm™, which equates to a projected increase in
temperature by 0.46°C by the end of the 21 century. According to this study, it is inferred
that the climate-N,O feedback is negligible because the value of feedback factor is very
small (ca. 0.0003).

The results described in the previous paragraph were without agriculture. Human-induced
land cover change (e.g., deforestation) and use of synthetic N fertilizers have released N,O
into the atmosphere. The simulated global N,O emissions due to land use change are 0.75
Tg N yr' for the 1990s; this contributes about 5% of the global N,O budget. N,O
emissions from fertilized agricultural soils are 4.9 Tg N yr* for the 2050s; a significant
amount, namely 60% of these emissions is a direct consequence of the application of
synthetic N fertilizers. In addition, the results show that agricultural N,O emissions are
highest in Asia, followed by North America, and Europe, that is, 46, 18, and 14%,

respectively.

Wood products from forests are important in the context of climate change mitigation by
curbing the land use emissions. The simulation results show that globally, long-lived wood
products store 7.2 Pg C. The carbon sink from wood products lowers the land use carbon
emissions by 6% over the period 1860-2000. As compared to fossil fuel emissions, this
carbon sink has only a minor role to play in helping to mitigate the effects of climate

change.
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1 General Introduction

Chapter 1

1. General introduction

1.1. Nitrogen cycle in terrestrial ecosystems

Nitrogen (N) is an abundant element in the atmosphere (ca. 78%) but it exists in
unreactive form that cannot be used directly by plants. In general, available N is cycled
from soil to plants through plant assimilation. Subsequently, plant releases organic N into
soil through litter. This organic N is further decomposed by microorganisms and during
decomposition organic N is converted into inorganic N. Moreover, by an additional
pathway plants directly can take up N from plant litter through symbiotic associations with
mycorrhizal fungi (Smith and Read, 1997). This process is most efficient under nutrient
deficient conditions (N&asholm et al., 1998; Wallenda and Read, 1999).

The processes of microbial decomposition are: N mineralization, nitrification, and
denitrification (Figure 1.1). The additional N cycle processes that make N available for
plants are N fixation and N deposition. The details of these processes are explained as
follows.

Assimilation:

By this process both ammonium (NH,4") and nitrate (NO3") are absorbed by plants via their
roots (Pidwirny, 2006). These compounds are incorporated in the plants in the form of

various plant proteins and nucleic acids.

N Mineralization: [Organic N —=* NH;*]
Conversion of organic N into NH," by soil microorganisms is called mineralization or

ammonification (Pidwirny, 2006).

Nitrification: [NH," =2 NOsT]

The NH," from N mineralization is further converted to nitrate NO3™ by nitrifying bacteria
(e.g., Nitrosomonas sp., Nitrolobus sp., and Nitrospira sp.) (Pidwirny, 2006). This process
is called nitrification. In addition, nitrous oxide (N2O) is produced as a byproduct of the

nitrification pathway (Farquharson et al., 2008) (Figure 1.2a).



Denitrification: [NO3 =2 Ny+ N,O]
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By this process NOj3" is converted into N, by denitrifying bacteria (e.g., Pseudomonas sp.

and Clostridium sp.) (Pidwirny, 2006). This process occurs commonly under anaerobic
al., 2008) (Figure 1.2b).

conditions. N,O is produced as a byproduct of the denitrification pathway (Farquharson et

N Fixation: [N, = NH,']

Conversion of Ny into NH,;" by N fixing bacteria (e.g., Rhizobium, Azotobacter) is called N
e atmospheric fixation by lightning
[ ]

fixation (Pidwirny, 2006). Other processes responsible for N fixation are:

industrial fixation (Haber-Bosch process)

N deposition:

N deposition is the input of various atmospheric N containing pollutants to the biosphere.
These pollutants are generally N oxides (NOx) and ammonia (NHs).

respiration assimilation
co, Plant growth
Atmospheric
N deposition

Plant stand

soil respiration
CO;

Litter

Atmospheric Ny

Aminoacids

» N uptake

b4

El

3\ NO N,O
2

X

S T T

NH. Y

w

/"\los- —» Denitrification
Nitrification J

Leaching

Figure 1.1: The schematic diagram depicts the terrestrial ecosystem N cycle and the major
pathways of N (Source: Schulze, 2000). Gray boxes indicate C fluxes.
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a) Nitrification
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Nri‘r‘ﬂjsprra
./- AN -\‘\-I."F .r"‘». -\“.
NH == NHOH -~ NO; = NO;
Ammonium Hydroxylamine ]7 Mitrite | Nitrate
\ A
N,O NO,

Mitrous oxide Nitric oxides

b) Denitrification
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A
|l{-l -\I
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. ,  oxide oxide ,

n, AN ;

A Y

Figure 1.2: The microbial N transformation in the process of (a) nitrification and (b)

denitrification (Source: Farquharson et al., 2008).

1.2.  Motivation of this study

Nitrogen is an essential nutrient for plant growth because plant photosynthesis is strongly
linked with the leaf N content (Wright et al., 2004; Grassi et al., 2005). Approximately 25-
30% of leaf N is invested in Rubisco (ribulose-1,5-bisphosphate carboxylase oxygenase)
(Jensen, 2000). This enzyme is generally responsible for catalyzing the first step of carbon
assimilation (Lu and Zhang, 2000; Warren et al., 2003). Therefore, N deficiency in leaves

decreases carbon assimilation.

During the last two centuries, atmospheric CO, concentration has increased strongly due
to the worldwide deforestration and fossil fuel burning. Under rising atmospheric CO,
concentration, plant photosynthesis is getting more effiecient (“CO, fertilization”). On the
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other hand, N availability for plants is not increasing as CO, is growing in the atmosphere.
Thus, over a longer time N deficiency may influence gross primary production (GPP) and
net primary production (NPP) by down-regulating the plant photosynthetic capacity
(Grassi et al., 2005).

Despite the importance of N during plant photosynthesis many terrestrial ecosystem
models have ignored the explicit land N cycle dynamics while estimating the terrestrial
biosphere C sink as well as the development of future land C storages. For example, the
models used in the Coupled Climate-Carbon Cycle Model Intercomparison Project
(C*MIP) experiments (Friedlingstein et al., 2006) have ignored the N cycle dynamics.
However, the situation is now rapidly changing, since some of the existing land C cycle
models have integrated the N cycle dynamics into climate models (Thornton et al., 2007,
Sokolov et al., 2008; Jain et al., 2009; Zaehle et al., 2010a). In the above mentioned C-N
cycle models, the key N cycling processes substantially depend on many model
parameters. For instance, the variable C-to-N ratios are hardly controllable in previous
models and hence they may propagate the uncertainty. Many of the relevant N cycling
processes are not well understood to address the C-N cycle interaction under rising CO,
concentration and climate change. In order to address their interactions, this study
incorporates a new, simple scheme for terrestrial N cycling into the existing land carbon
cycle model (JSBACH). The newly developed C-N cycle model (called here as JSBACH-
CN) is based on only a small number of basic principles, namely mass conservation, a
supply-demand ansatz, and fixed C-to-N ratios. Moreover, this modeling approach needs
only a very limited number of additional state variables and model parameters as
compared to the original JSBACH-C model.

In the present study, N,O emissions from the terrestrial biosphere under climate change
are also investigated. N,O is a greenhouse gas and contributes 6-7% to global climate
change (Xu et al., 2008). Its atmospheric concentration is increasing at the rate of 0.6-0.9
ppb/yr (Albritton and Meira Filho, 2001). N,O has a life-time of about 114 years
(Albritton and Meira Filho, 2001) and may play important role in global warming in the
near future due to its higher global warming potential (ca. 296 times) than CO.. Increase in
temperature due to climate change may cause a rise in N,O emissions by inducing N
mineralization rates (Prinn et al., 1999; Grant et al., 2008). N,O emissions can be further

enhanced by climate-N,O feedback. Additionally, N,O emissions are influenced by

4



1 General Introduction

human-induced land cover change (e.g., deforestration). Therefore, it is important to study

N,O emissions that arising from climate and land use change.

1.3. Scientific questions of the study

This thesis is focused to understand the atmosphere-plant-soil nitrogen cycling processes
and to investigate the response of terrestrial ecosystems to future climate change. To
investigate the complex interactions among atmosphere, plant, and soil C-N cycling, this
study attempts to address the following key questions:
1. Does the land N cycling constraint the global future land C uptake?
2. Does the progressive N limitation (PNL) develop in response to increasing CO,
and climate change?
3. Are N,O emissions from natural soil a significant source for the global N,O budget
for the 21 century?
4. 1s the climate-N,O feedback so strong that it will lead to additional global
warming?
5. How large N,O emissions are from anthropogenic land cover change that
contribute to global N,O budget?
6. Do N,O emissions from fertilized agricultural soils increasing for the 21% century
and how much of N,O is contributed by use of synthetic N fertilizers?
7. Can wood products be used for mitigating climate change?

In order to achieve the above mentioned research questions a sets of simulations are
performed with the JSBACH-CN model. These research questions are separated into three

Chapters and the details are as below.

1.4. Outline of the thesis

Chapter 2 deals with the construction of the new JSBACH-CN model starting with a
description of the existing JSBACH-C model. The key N cycle processes newly
implemented are described in this chapter. The additional carbon cycle processes and
model parameters to improve carbon allocation are also described but the details are kept
in the appendix. By using the newly developed JSBACH-CN model, this Chapter

5
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addresses main research questions of nitrogen constraints on the global land carbon cycle
and PNL hypothesis (see questions 1 and 2). To accomplish this several simulations are

performed.

Chapter 3 deals with N,O emissions and climate-N,O feedback (see questions 3 and 4). To
study this, the processes controlling N,O emissions are implemented in the JSBACH-CN
model. Simulations are performed in order to obtain the emissions from natural soils under
climate change. In particular, to address the question 4, the simulated N,O emissions from
natural soils need to be combined with the other emission sources data, for instance,
emissions from fossil fuel and biomass burning, synthetic fertilizers, etc. The later
mentioned emission sources are obtained from the recent study by Davidson (2009). The
combined emission sources are used to construct atmospheric N,O concentrations by
employing a calculation of Hohne and Blok (2005). Further, the constructed atmospheric

N,O concentration is converted to radiative forcing (RF) and temperature increases.

Chapter 4 deals with N,O emissions from anthropogenic land cover change and fertilized
agricultural soils (see questions 5 and 6). To address these questions, the anthropogenic C
and N pools are implemented in the JSBACH-CN model. These anthropogenic pools are
called: annual, decadal, and centennial with 1 year, 10 year, and 100 year turnover time.
The above anthropogenic C pools are modelled in accordance with the Grand Slam
Protocol proposed by Houghton et al. (1983). Moreover, the anthropogenic C pools store
some amount of carbon in the form of wood products (e.g., fuel wood, paper products,
building, furniture, etc.) and thereby the present study analyzes the role of long-lived
wood products in mitigating climate change (see question 7). In particular, NoO emissions
from fertilized agricultural soils are studied by including synthetic N fertilizer application
to agricultural ecosystems. Several simulations are performed in order to address the

questions pertaining to this Chapter.

Finally, in Chapter 5, the main findings and conclusions of this thesis are synthesized and

discussed.



2 Coupled N-C cycle simulations

Chapter 2

2. Coupled nitrogen-carbon cycle simulations for the
21% century with JSBACH-CN and progressive
nitrogen limitation

Abstract

The global Carbon (C) and Nitrogen (N) cycles are strongly linked in the terrestrial
ecosystems. In the present study, their interactions are studied by incorporating a new and
simple scheme for the terrestrial N cycling in the process-based land C cycle model
JSBACH. This Chapter describes the processes and the model structure that are
incorporated in the JSBACH-CN model. To study the C-N cycle interaction, two main
simulations are performed: carbon-only (C) and coupled carbon and nitrogen cycle (CN).
The C and CN simulations show that the simulated contemporary land carbon sink and
carbon stocks are consistent with the observational estimates. The simulated global N
storages are consistent with those obtained by various other models and also with

published observational estimates.

The coupling of C-N cycle in the terrestrial biosphere leads to a lowering of the global
land C uptake by 8% as compared to the C simulation for present-day conditions. N
availability decreases during the 21% century and causes a significant reduction of the
projected land C uptake by 16% in response to increasing atmospheric CO, concentration
and climate change under the SRES A1B scenario. The results show that the inclusion of
the land N cycle in the model leads to a significant reduction of positive climate-carbon
cycle feedback by 21%. To check the robustness of certain model assumptions two
sensitivity experiments are designed, assuming quite drastic modifications of the model.
Even with these modifications today’s land carbon sink is well within the uncertainty
range from observational estimates. However, the assumption “plant N uptake first” makes
a significant difference for the future development of the C cycle in the model. The
assumption “microbial N uptake first” does not change significantly the land carbon

uptake. Since soil microorganisms are superior competitors to plants, the standard model
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setup (i.e. equal competition between plants and soil microorganisms) turned out to be
most appropriate setup but the assumption “plant N uptake first” can be ruled out as

unrealistic.

The development of Progressive Nitrogen Limitation (PNL) in forests and grasslands
ecosystem is analyzed. The results show that in forest ecosystems, the soil N availability
decreases during the first half of the 21* century under increased CO, concentration and
climate change. This results support the hypothesis “PNL” that soil mineral N availability
decreases under elevated CO, as N is locked in long-lived woody biomass and soil organic
matter. However, starting from roughly the second half of the 21% century, the PNL starts
alleviating because of the relaxation of N scarcity due to global warming. In grasslands,
the occurrence of PNL is much stronger than forests. Aside from this, to study the
robustness of occurrence of PNL additional sensitivity experiments have been performed.
Since doubling of N fixation is quite unrealistic, these experiments show that the
appearance of PNL for grasslands during the 21* century is a very robust simulation result,

whereas occurrence of PNL in forests is much less robust.

2.1. Introduction

During the last 200 years, emissions from worldwide deforestation and fossil fuel burning
have increased atmospheric carbon dioxide (CO,) concentrations and surface temperature
significantly (IPCC, 2001; Hungate et al., 2003). The resulting green house warming
changes global climate, whose future extent will not only depend on the size of future
emissions, but also on the development of future carbon (C) sinks of the terrestrial
biosphere and ocean. During the last few decades, land and ocean have accounted for a
sink of C of 1.7-2.6 and 1.7-2.2 Gt C yr™* respectively, which is together about 50% of
today’s fossil fuel emissions (IPCC, 2007), but the future trend of the C sink largely
depends on the responses of land and ocean to increasing CO, concentrations and climate
change. However, besides the uncertainty of climate scenarios themselves, predicting
future atmospheric CO, concentrations is also hampered by the uncertainties of terrestrial
biospheric responses to elevated CO, concentration and availability of nitrogen (N) in soil
(Oren et al., 2001). Although under optimal water and nutrient conditions an elevated CO,

concentrations typically increases net primary productivity (NPP) in short-term
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experiments (Norby et al., 2005; Reich et al., 2006), and modeling studies suggest that
limited N availability will constrain productivity responses of the global vegetation to

elevated atmospheric CO; over the long term (Reich et al., 2006; Finzi et al., 2007).

The cycling of C and N in the terrestrial ecosystems is tightly coupled and the response of
the terrestrial C sink to increased atmospheric CO, can be understood only by accounting
for the complex interactions among leaf N concentration, plant growth, C allocation, C
decomposition, and N mineralization in soils (McGuire et al., 1997; Kérner, 2000). Plant
photosynthesis is strongly influenced by leaf N content (Chen et al., 1993; Reich et al.,
1999; Wright et al., 2004), approximately 25-30% of leaf N is invested in Rubisco
(ribulose-1,5-bisphosphate carboxylase oxygenase) (Jensen, 2000), that catalyzes the first
step of C assimilation (Lu and Zhang, 2000; Warren et al., 2003). Therefore, N deficiency
in leaves significantly decreases C assimilation. N regulates not only plant metabolic rates
(e.g., photosynthesis, respiration) but also the turnover of soil organic matter (SOM)
(Anderson, 1973; Flanagan and van Cleve, 1983; Sprugel et al., 1996). The supply of
mineral N is mostly controlled by soil microbial activity that in turn depends on the supply
of organic C from plant litter (Hungate et al., 2003; Luo et al., 2004). During
decomposition of SOM, soil microbes mineralize the organic N. Once mineralized, plants
and soil microbes (immobilization) can take up this N as nutrient. The rate of
decomposition depends on climate conditions, litter quality, soil microbial activity, and N
input (e.g., deposition and fixation) (Kirschbaum and Paul, 2002) so that changes in these

conditions influence plant N availability as well as plant productivity.

Despite the importance of N in regulating both plant and soil processes, in many modeling
studies of the future climate-carbon-cycle dynamics, interactions with the N cycle have
been ignored (e.g., Friedlingstein et al., 2006). Notable exceptions are the studies by
Sokolov et al. (2008), Thornton et al. (2007, 2009), and Zaehle et al. (2010a), who
integrated the N cycle dynamics into existing climate-C cycle models. They consistently
found that coupled climate-carbon-cycle models without N cycle significantly
overestimate the C sequestration and its future trend under a changing climate. As a result,
the C-N interaction might significantly reduce the net terrestrial C uptake and may
possibly change the sign of the C cycle-climate feedback during the 21% century under
rising CO, concentration and climate change (Hungate et al., 2003; Sokolov et al., 2008;
Thornton et al., 2009). The models used in the Coupled Climate-Carbon Cycle Model

9
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Intercomparison Project (C*MIP) experiments consistently show a positive feedback
between the C cycle and climate (Friedlingstein et al., 2006), but none of the models
included the restrictions arising from the N cycle. Future warming will increase both plant
and soil respiration, and cause additional soil N to be available to the vegetation as it
increases SOM decomposition (Melillo et al., 2002) and N mineralization. The additional
soil N may stimulate plant growth and thus leads to enhanced C sequestration, resulting in
a negative feedback between the C cycle and climate (Sokolov et al., 2008; Thornton et
al., 2009). Despite the plausibility of such considerations, quantitatively the N cycle and
its interactions with the C cycle are only poorly understood. Uncertainties are quite large
(Luo et al., 2006a) and accordingly the question to which extent N deficiency may
constrain the future land C uptake is an ongoing debate (Hungate et al., 2003; Luo et al.,
2004; Reich et al., 2006).

Indeed, in the ecological community a second, very different scenario is discussed. Under
increasing atmospheric CO, concentration photosynthesis is getting more efficient (“CO,
fertilization) so that ecosystems may develop a shortness of N, usually called “N
limitation”. This expectation leads to the so called “progressive nitrogen limitation (PNL)”
hypothesis (Luo et al., 2004; Reich et al., 2006) where elevated CO, enhances plant N
uptake and thereby sequestration of N into long-lived biomass (e.g., wood in forests) and
SOM pools, resulting in a decrease of soil N availability for plant growth and
consequently, a reduction of plant productivity over time due to the reduced N availability
(Luo et al., 2004; De Graaff et al., 2006). A faster depletion of available N is observed
under elevated CO, by young trees (Finzi and Schlesinger, 2002; De Graaff et al., 2006).
Experimental studies show that PNL is observed in scrub oak woodland (Hungate et al.,
2006), loblolly pine forest (Luo et al., 2004) and grassland ecosystems (Gill et al., 2006;
Hovenden et al., 2008) following the stimulation of biomass under elevated CO..
Observations from open top chamber (OTC), greenhouse and free air carbon dioxide
enrichment (FACE) experiments suggest that indeed terrestrial ecosystems require more N
to support enhanced plant growth under elevated CO, concentration (Luo et al., 2006a). In
addition, most of the studies discussed that soil N availability commonly limits the
enhancement of plant biomass accumulation under elevated CO; (Luo et al., 1994; Oren et
al., 2001; Reich et al., 2006).

10
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However, there is an ongoing discussion whether PNL indeed exists, or whether other
processes could delay or alleviate PNL. A number of experimental studies have reported
an increase in the N use efficiency (NUE) under elevated CO, concentration in forest
ecosystems (Johnson et al., 2003; Hungate et al., 2006). This process decreases the
quantity of N required to support high rates of NPP (Finzi et al., 2002) and reduces the N
concentration in plant tissues (increases C-N ratio) (Johnson et al., 2003) and thus leads to
an alleviation of PNL. Experimental studies show that stimulation of SOM decomposition
caused by additional rhizodeposition of labile substrates under elevated CO; (“priming”)
may alleviate PNL as well (Jenkinson et al., 1985; De Graaff et al., 2009). A faster rate of
internal N cycling by an enhanced rate of mineralization of SOM may also counteract
PNL by reducing N deficiency in soils (Barnard et al., 2006; Van Groenigen et al., 2006;
Mdiller et al., 2009). The latter mechanism is probably responsible for the lack of PNL in a
grassland ecosystem studied by Rutting et al. (2009) at the New Zealand-FACE site.
Similarly, Hovenden et al. (2008) found for another grassland site in Tasmania alleviation
of PNL because of enhanced N mineralization under global warming conditions. In other
studies it was reported that elevated CO, stimulated root production (Pregitzer et al., 2000;
Finzi et al., 2007; Stover et al., 2007) which leads to greater acquisition of N from the
deep soils. The development of this additional access to deep soil N sources is another
process that was observed to lead to an alleviation of PNL (McKinley et al., 2009).
Additionally, some authors speculate that a PNL could be delayed by stimulating an
additional gain of N through biotic N fixation or decreasing N losses (Hungate et al., 1999;
Johnson et al., 2004; Luo et al., 2006a).

Although in the above mentioned studies various mechanisms to alleviate PNL have been
proposed, in none of these studies, PNL is discussed especially for the large warming
expected during the 21* century. Furthermore, the above stated studies on PNL occurrence
or absence are mainly based on short-term experimental field studies (e.g., < 10 year), and
are thus not fully conclusive yet with respect to the occurrence of PNL in future (Norby et
al., 2006). In this regard, models are particularly useful because they allow to simulate the

occurrence of PNL at much longer time scales.

The aim of the present study is to analyze the global development of PNL during the 21%
century and the sign of the feedback between climate and C cycle in relation to N

availability. To address these questions, this study developed a model for coupled
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terrestrial C and N cycles (JSBACH-CN). Particular emphasis is given to differences
between forests and grasslands ecosystem, because there are indications that these two
ecosystems behave differently with respect to PNL (see above). In view of the complexity
of the N-cycle and the lack of detailed process understanding, the model development is
based on only a small number of basic principles (mass conservation, supply-demand
ansatz, fixed C-to-N-ratios), that can clearly be overseen and tested in sensitivity

experiments.

The newly developed JSBACH-CN model builds upon the land surface C cycle model
JSBACH, which is based on the biosphere model BETHY (Knorr, 2000) and the
ECHAMS soil scheme (Roeckner et al., 2003). JSBACH includes a photosynthesis
scheme following Collatz et al. (1992) for C, and Farquhar et al. (1980) for C; plants
comprising an explicit dependence of productivity on atmospheric CO, concentration
(Raddatz et al., 2007). Heterotrophic respiration increases linearly with soil moisture and
exponentially with soil temperature (Q10) (Raich and Potter, 1995). To obtain from this a
CN-cycle model this study assumes (i) fixed C-to-N-ratios for the various plant and soil
compartments, and (ii) follow a supply-demand ansatz. As will be shown below, by these
assumptions the extension of the existing C-cycle model in JSBACH into a coupled CN-
model, is thereby an almost necessary consequence of the mass conservation of nitrogen in
the system. In addition to the prescribed C-to-N-ratios, only a few additional parameters
are needed to describe the exchange fluxes with the atmosphere and water cycle. Beyond
the parameters of the existing C-cycle model, the N-model has in total 3 additional
parameters (fixed C-to-N-ratios, denitrification loss rate, leaching rate) and 3 additional
state variables (litter green pool, mobile plant pool, and soil mineral pool).

It may be objected that by such a simple approach this model is more unrealistic than other
models. But in view of the lack of quantitative understanding of the dynamics of the N-
cycle, more model parameters or degrees of freedom would not necessary by implicit
increased realism. For instance, the variable C-N ratios were hardly controllable in
previous models (Xu-Ri and Prentice, 2008; Yang et al., 2009; Zaehle et al., 2010a) and
thus the assumptions with respect to the variable C-N ratios for different plant and soil
compartments may propagate uncertainty. Another simplification of this approach is that
this study does not distinguish between ammonia (NH,") and nitrate (NO3) and

accordingly employs only a single pool for soil mineral N because it is unclear under what
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circumstances plants favor one type of mineral N above the other (Falkengren-Grerup,
1995; Nordin et al., 2001; Jones et al., 2005). Moreover, to which extent plants prefer
NH,4" versus NO3 for N uptake via their roots generally varies over seasons, locations, and
plant species (Epstein and Bloom, 2005); trying to include mechanistic models for such
preferences would introduce additional uncertainty into the model. However, models have
been developed (Xu-Ri and Prentice, 2008; Zaehle et al., 2010a) to estimate nitrification
(i.e. NH;" availability) and denitrification (i.e. NOs™ availability) in soils by explicitly
representing microbial dynamics (Li et al., 2000) using an empirical function for the
dependence on soil water, temperature, and pH (Parton et al., 1996, 2001). To compensate
for the lack of detail, this study systematically checks the robustness of the results by
performing sensitivity experiments where parameters are varied in reasonable bounds, and
by additional simulations experiments that address the question of robustness with respect

to certain design decisions for the model.

The chapter is structured as follows. In Section 2.2, this study describes the construction of
the CN-cycle model starting with a description of the existing JSBACH C-cycle model.
This will make the design decisions for the new combined CN-model transparent. In
Section 2.3, a number of experiments are performed to study the robustness of model
results with respect to certain model parameters and design decisions. In Section 2.4.1, the
improvement of carbon allocation is discussed. In Section 2.4.2, simulated contemporary
land carbon sink and C stocks are compared with observational estimates. In Section 2.4.3,
the model results are compared with site-scale observations. The effect of N limitation on
the global land C and certain design decisions for the model are presented in Section 2.4.4
and 2.4.5, respectively. In Section 2.4.6, this study presents N availability and feedback
between climate and carbon cycle. The hypothesis PNL and how robust is the PNL in
forests and grasslands ecosystem are presented in Section 2.4.7 and 2.4.8, respectively.
Finally, in Section 2.5, the model assumptions and the effect of N availability on the
global C cycle including feedback are discussed. Besides, the PNL under climate change is

discussed.
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2.2. From JSBACH-C to JSBACH-CN

JSBACH (Raddatz et al., 2007) has been developed as land component for the model of
atmospheric circulation ECHAM (Roeckner et al., 2003). Accordingly, it incorporates all
processes relevant to provide the boundary conditions for simulations of atmospheric
dynamics like the balances of radiation, heat, and water fluxes, as well as surface
temperature, albedo, and roughness length. In addition JSBACH describes the uptake and
release of CO, by vegetation and soils so that JSBACH can be used in combined climate
and carbon cycle simulations (see e.g., Friedlingstein et al., 2006; Jungclaus et al., 2006).

This latter part of the model on the cycling of land carbon consists of several subprocesses
for photosynthesis, phenology, carbon allocation, and auto- and heterotrophic respiration.
In addition, it includes implicit limitation by N availability due to the parameter values of
maximum rates of carboxylation (Vcmax), Which implicitly describes N availability. —
Please note that throughout the thesis, if not otherwise stated, the term “N limitation” is

used as a shortcut for “additional” N limitation beyond the limitation arising from Vmax.

To incorporate nitrogen cycling into JSBACH-C — as it is called in the following to
distinguish it from the new JSBACH-CN model — only the (combined) submodel for
carbon allocation and heterotrophic respiration has been modified. To understand how the
nitrogen processes were incorporated, this study first describes in the following the
existing carbon cycling model of JSBACH-C and in a second step how nitrogen cycling is
included. Figure 2.1 gives an overview of the resulting model for C and N cycling in
JSBACH-CN.
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Figure 2.1: Flux diagram depicting the coupling of C and N cycling in JSBACH-CN. The
black arrows indicate C fluxes, solid orange arrows indicate N fluxes and the dashed
orange arrows depict N exchange fluxes with the environment (for shortness called “open”
fluxes here). The opposing orange triangles at certain C fluxes indicate a control by N
related processes. The allocation of carbon is driven by net primary productivity (NPP).
NPP is allocated to the three pools representing vegetation in JSBACH-C, the green,
reserve, and wood pool. In addition, a small fraction of NPP is transferred as root exudate
to the pool for green litter. C enters the pools for green and woody litter by litterfall and
grazing. Grazers respire and C is lost to the atmosphere. Decomposition of litter (green &
wood) and soil organic matter (slow pool) causes soil respiration (HR), and returns CO, to
the atmosphere. By decomposition of soil organic matter, mineral N is released to the soil
mineral pool. Mineralized N can be immobilized by soil microbes and is also available for
plant N uptake. Grazing causes a transfer of N through animal faeces, which contribute to
the soil mineral N. Other N-fluxes are leaf re-translocation of N preceding leaf shedding,
animal faeces N following grazing, plant N uptake (Dpant) and microbial N uptake
(Dmicrobiar). The soil mineral pool receives N from N fixation and deposition, while it

looses N via leaching and denitrification.
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2.2.1. Cycling of carbon

JSBACH distinguishes between different types of vegetation (so called “plant functional
types”, PFTs). In the setup used for the present study these are six tree PFTs (tropical,
extratropical, and coniferous, each subdivided into deciduous and evergreen), two shrub
PFTs (deciduous and evergreen), two grass PFTs (C3; and C4 pathways), and two crop
PFTs (tropical and extratropical). Each of these PFTs is associated with six C pools to
describe the storage of organic C on land (Figure 2.1). The sizes of these pools are the
state variables of the model. Tissues of living plants are represented by the three pools
called green pool (leaves, fine roots, and sap wood), wood pool (stems, branches, and
coarse roots) and reserve pool. In the latter, C is stored in the form of sugars and starches
that the plants use as an energy reserve. Soil C is divided into two pools for decomposing
green and woody litter, and a pool (“slow”) for organic material decomposing at long time

scales (50-100 years).

Table 2.1: Notations used in description of the JSBACH-CN model.
Abbreviations for pools: G: green; W: wood; R: reserve; LG: litter green; LW: litter wood;
S: slow; M: mobile; SM: soil mineral. X, A: any of the foregoing pools, atmosphere.

Throughout, fluxes are denoted by F and fractions by f.

Notation Meaning

Cx size of C pool for type X [mol(C)/m?]

Ny size of N pool for type X [mol(N)/m?]

ney N to C ratio for type X

fnppox fraction of potential NPP allocated to X

fxoa fraction of C flux lost from X to A

fxos fraction of C flux lost from X to slow

NppPot potential NPP

NPP;M part of potential NPP allocated to X

Nppdir part of NPP that can be directly allocated without uptake

of soil mineral N by using N from the mobile pool
NPPZT part of NPP direct allocated to X

Foxudates C fluxes due to root exudates
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Fyrazing C fluxes due to grazing

R;Ot potential C decomposition respiration fluxes from X
Rg C decomposition respiration flux from slow pool
Ty turnover time of X

frimit factor descrbing the strength of N limitation

In the following the equations are written down for the temporal development of the six
carbon pools of JSBACH-C such that they are also valid for JSBACH-CN. This makes the
equations a bit more complicated than necessary for understanding the carbon-only model,
but prevents unnecessary doubling of equations when introducing nitrogen below. The

carbon-only case is obtained from these equations for

fiimie = 1.

The two other nitrogen specific variables showing up in the following (NPP&" and
NPPZT™) drop out in this case. The meaning of these objects is described in detail when
introducing the nitrogen dynamics in the next section. At the moment it is sufficient to
notice that f;;,i; quantifies the strength of nitrogen limitation, such that fim;: =1

represents optimal nitrogen availability, and f;;n;: = 0 the case of severe nitrogen

limitation.

The model is driven by NPP. NPP itself is computed in other parts of JSBACH, following
the implementation of the BETHY model (Knorr, 2000) assuming optimal N availability
therefore it is called potential NPP here (NPPP°!). As described in detail in Appendix 2.1,
NPPPOt is splitted into separate influxes NPPY°*, NPRL%, and NPP; to the three
vegetation pools plus a certain part F,,,qqcesthat is reserved for root exudates (see Table
2.1 for the notation), i.e.

NPPPot — NPPGpOt + NPPMZ;Ot + NPPg + Fexuaates M

The reason why only NPPP°® and NPPL°" are equipped with the index “pot” but not

NPPg will also get clear when introducing N limitation in the next section.
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The three vegetation pools develop in time according to the following rate equations:

dCg; ' .
dt - flimit (NPPGpOt o NPPglr) + NPPng - Flitter - Fgrazing (2)

dcC ' ' C
— = frimie (NPPV';M — NPPE"™)+ NPPY" — -w 3)
dt Tw

dCp Cr

— = NPPp, —— 4
dt R TR (4)

The first terms on the right hand side describe the NPP flux into the pools, the following
terms the carbon losses. These losses are as follows: All plants loose carbon because of
aging, diseases, pests, windbreak etc. For the green and reserve pool these losses are
modelled as an exponential decay with life times t,, and 1, ignoring any seasonality in
such losses. For the green pool seasonality must be taken into account because of active
leaf shedding especially in deciduous species. Accordingly, the litter loss term Fjiier,
which depends on the temporal development of the leaf area index, has a more
complicated form, described in Appendix 2.1. In addition losses by grazing (Fg,qzing) are
explicitly accounted for in this scheme, because such losses can be large especially in

grassland ecosystems (see Appendix 2.1 for details).

The dynamics of the two litter pools (litter green and litter wood) is modeled as:

dCLG _ CR pOt

Frae ; + Flitter + Fgrazing fgrazing—>LG + Fexudates = fiimit R g (5)
dCLW Cw t

dt = a - flimit Rlz,)I;)I/ (6)

The losses from the green and reserve pool are fed into the litter green pool; accordingly
the loss terms in equations (2), (3), and (4) are gain terms in (5), although with a slight
modification: only a fraction (fyrazing—1c) Of the grazing flux is transferred to the litter
green pool, the remaining C is lost as CO, and CH, directly to the atmosphere via the

metabolism of the grazers or herbivores. Similarly, the losses from the wood pool enter the
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litter wood pool (compare equations (3) and (6)). Both litter pools loose carbon by
heterotrophic respiration; these are the last terms on the right hand side. These
decomposition fluxes (RPSY, RPo') are determined by a Qio model (Raich and Potter,
1995) which accounts for temperature and moisture, while it ignores the pH value. The
time scale of decomposition is about one to two years for the litter green and 30 years for

the litter wood pool.

The last pool to be considered is the slow pool. Its dynamics is described by:

dC,

S
— = fumit (fug-s RIG" + fuw-s Riw ) — Rs (7

It is fed by those parts of the litter pools, that could not be fully respired at the short
turnover time of those pools (e.g., lignins). Accordingly, only a fraction f;;_s and fiy s
of the decomposition fluxes RP2*and RPo" from equations (5) and (6) enter the slow
pool. Finally, also the slow pool looses carbon by heterotrophic decomposition to the
atmosphere (Rs) which is once more described by a temperature and moisture dependent
Q10 model (Raich and Potter, 1995), although with an effective turnover time in the range
50-100 years.

To complete the carbon balance, the losses to the atmosphere have to be tracked; for

details see Appendix 2.1.

2.2.2. Cycling of nitrogen

The cycling of N is closely coupled to that of C — and vice versa. Since many details of
this interrelationship are uncertain, in this study the modelling approach to incorporate N
dynamics into JSBACH-C aims at a transparent representation with a minimum of

additional assumptions and parameters.

It is clear that the carbon in the JSBACH allocation scheme refers to carbon that is bound
in organic molecules. And except for the carbon in the reserve pool (sugar, starches), such
molecules typically also contain nitrogen. Accordingly, to add the cycling of N to this
scheme — except for the reserve pool — all other C pools have to be associated with a

partner N pool that describes the N content of the respective organic molecules. To
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complement the existing C pools, this makes together 5 nitrogen pools; the obvious
notation for them is N, Ny, Ny, Ny and Ns. In addition, for building organic molecules
in all types of tissues and organs, there are forms of N flexibly available in plants that
make it necessary to introduce a sixth pool for such mobile N in plants, called N,,. And
finally, the processes in the soils crucially depend on the availability of mineral N, i.e.
nitrate and ammonia, so that a seventh pool called “soil mineral N pool” (SM) is
introduced, and denoted as Ng,,. A simpler pool structure compatible with JSBACH-C is

hardly conceivable.

But not all of these pools need to be dynamic, in the sense that they are independent state
variables of the model. Indeed, to prevent uncontrollable complexity the ratio between the
N and C content — the so called N-to-C ratio nc — is kept fixed for each pair of partner
pools, except for the green litter:

Ny = ncy Cyx , for pools X =G, W, LW, and S. (8)

As will get clear below, the green litter pool cannot be endowed with a fixed N-to-C ratio
because of the very structure of the JSBACH-C allocation scheme. — Because of Eq. (8)
only the dynamics of the three remaining nitrogen pools, namely N,,, N,, and Ng,,, which

are the necessary additional state variables, needs to be specified.

For extending the JSBACH C-allocation scheme into a CN-allocation scheme, not only the
C pools, but also the C fluxes have to be associated with N partners, because the exchange
of organic molecules between pools typically carries also a N flux (compare Fig. 2.1).
Important for the modelling of these fluxes — and in particular for the question of N
limitation — are the proportions between the nc—values in the chain of N cycling: A flux
from a pool with high nc to a pool with lower nc is associated with a gain of freely
available N in the plants or soils filling the pools for mobile N or the SM pool. Only
processes associated with fluxes where the receiving pool has a higher nc—value than the
source pool can be limited by N availability because already for the tiniest flux to happen,
additional N must be available from the mobile and SM pools. This mechanism is the
source for N limitation in the model described here. Table 2.2 shows typical nc—values
together with those used in JSBACH-CN. Contemplating the flux diagram with these
values in mind, the locations where N availability may limit C fluxes can be identified (see
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the orange bow tie symbols in Fig. 2.1). This association of C fluxes with N fluxes leads
also to the explanation why the litter green pool in the present flux scheme cannot be
endowed with a fixed N-to-C ratio: According to Eq. (5) fluxes with two different nc—
values enter the litter green pool, namely a flux with N-to-C ratio nc; from the green pool,
and a fluxes with N-to-C ratio zero from the reserve pool and via exudates. These two
types of fluxes mix during the year into the litter green pool at different proportions.
Hence, during the year, the N-to-C ratio of the litter green pool must vary, because these

two fluxes have different nc—values.

Table 2.2: ncyvalues.

Pool ney References ney
X (values in JSBACH-CN) (literature range)
G 1/35 White et al., 2000 1/25-1/58 1
w 1/150 Cole and Rapp, 1981 1/501 — 1/250 #
LG <= 1/75 (variable) White et al., 2000 1/45 —1/120 ¥
LW 1/550 White et al., 2000 1/550 — 1/730
S 1/15 Cleveland and Liptzin, 2000 1/8-1/30 1

T White et al., 2000 | Zinke et al., 1984; McGuire et al., 1992; Melillo et al., 1993
# Cole and Rapp, 1981; Vitousek et al., 1988; Esser et al., 2011; Yang et al., 2009

A first major design decision for constructing the coupled CN allocation model concerns
the mathematical representation of N-limitation. A demand-supply ansatz is chosen, i.e.
the N demand from the vegetation and soil processes are compared with the N flexibly
available from the mobile and soil mineral pools, and reduce the carbon turnover
accordingly. The demand by vegetation is computed by assuming that the NPP that drives
the C allocation scheme (see Eq. (1)) in absence of limited N availability can be
interpreted as a potential NPP that in absence of N limitation could be fully allocated.
Hence, concerning the plants, this study does not embark into modelling N limitation from
the side of photosynthetic production, e.g. via an explicit model for Rubisco availability.
Instead, the problem is tackled indirectly: If there is not enough N available to perform the
allocation of potential NPP, this is interpreted as a lack of Rubisco so that photosynthetic

must happen at a reduced rate. The demand-supply ansatz is also applied to the soil part of
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the model. Here, an alternative could be an explicit modelling of soil microbial dynamics
depending on N availability. In view of today’s very limited knowledge on this microbial
dynamics (Zak et al., 2000; Gardenés et al., 2011) this would introduce additional large
uncertainties. Instead, this study sticks to the implicit representation of microbial activity
by the Qio model already present in the C-only allocation scheme, interpreting the
resulting turnover rates as maximally possible, i.e. as potential turnover rates that need to

be limited by N availability.

A second major design decision concerns the question on the relative use of N from the
two pools with rapidly available N to satisfy the plant and soil N demand. This study
assumes here that the plants first use the N from the mobile N pool, before they make use
of the content of the soil mineral N pool. Therefore, “demand” means here the demand of
N to be supplied by the SM pool only. To obtain this demand, first that part of potential
NPP has to be determined for whose allocation the vegetation itself can provide sufficient
N in the mobile pool. This part will be called “direct” (NPP*"), because it can be directly
allocated without further use of soil mineral N. Accounting for allocation to the green and

wood pools at equal proportions this is straightforwardly given by:

NPPP% dNy
pot pot
NPPY®" + NPP" L dt

max
NPP{™ = min <NPPX; ] ncx_l> forpools X = G,W (9)

where the term in square brackets denotes the maximum rate at which the mobile N pool
can supply N. In the discrete formulation used to solve the differential equations of the
CN-allocation model numerically this maximum rate is set to N,,/At, where At is the time
step of the discretization (1 day) so that during one time step the mobile pool can be at
most fully depleted. The minimum of the two terms in (9) is taken to assure that the direct
part does not surmount the intended allocation to the particular pool. With (9) the plant N
demand that additionally needs to be satisfied by the SM pool is thus obtained as:

Dyiant = ncg(NPPF" — NPPE™) + ncy, (NPBL’C — NPPEHT) (10)

Note that here only the potential NPP influx to the green and wood pool has to be
considered, because the NPP influx to the reserve pool is not associated with a partner N-

flux.
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Next the N demand by the microbial decomposition of litter has to be determined. The two
C fluxes that may be N limited are those from the litter green and litter wood pools to the
slow soil pool. The potential C fluxes were called RPS" and RPo' in the previous section.
Taking into account that during decomposition certain fractions f;;_4 and fi 4 Of the

decomposition flux are lost as CO, to the atmosphere, the soil microbial N demand is

given as:
Dmlcroblal (nCS - C_) (fLG—>S RLG ) + (nCS ncLW) (fLW—»S Rpl)t)
LG
Ny
+ flGoa—— Cro RpOt + fiwoa ncw RpOt (11)

Here the first line describes the N demand by microbes from the litter green and litter
wood pools. The second line describes part of the soil microbial N demand that is fulfilled
by the N gain associated with the release of CO, to the atmosphere by heterotrophic

respiration from the two litter pools.

Therefore, the total demand to be satisfied by the SM pool is

Diotar = Dplant + Dnicrobial (12)

Having determined the N demand, the N limitation factor fj;,,i:, that formally was already

introduced in the previous section, can now be given a precise meaning:

dNSM max dN max
SM
umic = | ae] /Pt for D > [ ] (13)
1 otherwise

The term in square brackets is the maximum rate at which the soil mineral N pool (SM)
can supply N. Accordingly, N limitation appears when the maximum N supply rate is
smaller than the demand, in which case fj;;,i; 1S the ratio between the maximum supply
rate and the demand. Hence for severe N limitation f;;,,i; IS close to zero. In the second
case (fiimir = 1) the SM pool can satisfy the demand. — Please note that in the discretized
formulation the SM pool can be depleted only once during a model time step (1 day). Thus

this maximum rate is set to Ng,,/At.
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Having now fully introduced f;;ni¢,» the cycling of C in the presence of N limitation
(fuimit < 1) as given by equations (2) to (6) can be explained. The total N-demand can

formally be written as:
4

Dtotar = z ney Frfmt (14)

n=1

Where the F,f’(’tare the potential C fluxes showing up in Egs. (10) and (11) whose
realization demands for a certain amount of N according to the respective nc—values.
Under conditions of N-limitation not the full demand (D;y:q;) Can be realized, but

according to (13) only the N-flux
4

Diimitea = flimit Diotar = Z ney flimit Frfmt (15)

n=1

where (14) has been inserted. This shows that consistency between the limited N flux and

C fluxes can be achieved by reducing all potential C fluxes Ff"t by the factor fiimi:- And
indeed, everywhere where one of the C fluxes potentially limited by N availability shows
up in equations (2) to (6), the factor f;;,,i: has been inserted. Alternatively, one could think
about distributing the N limitation in a more complicated way to the particular C fluxes.
But without any good argument to do so, the most transparent way without need for
further model parameters is to distribute the limitations according to this simple rule. It
may be remarked that this in particular means that both, soil microorganisms and plants,
compete equally effective for soil mineral N. And because plants live in symbiosis with
mycorrhiza by which the access to mineral N is improved, this seems a reasonable
assumption. — Please note that (15) contains no NPP influx to the reserve pool (compare
equation (10)) because this is not limited by N availability. This is the reason why NPPg
had not been equipped with an upper index “pot”, as already remarked in the previous

section; in this case potential and actual flux are identical.

It remains to write down the equations for the three dynamic N pools. First the mobile N
pool is considered. Although the litter green pool has a varying nc—ratio, a kind of “target”
nc—ratio is needed for it to determine the amount of N re-translocated from the leaves into
the mobile N pool before leaf shedding. This value is called nc;;. The amount of re-

translocated N is determined from the difference between the N content ncgFj;¢terr OF the
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dropped leaves before re-translocation, and the N content ncy;Fjitter, the litter should
have when the leaves enter the litter green pool; this is what the target nc—value nc;; is
needed for. Recalling that the mobile N pool not only receives N from re-translocation, but
also looses N to satisfy the direct parts of NPP allocation, the equation for the dynamics of
the mobile N pool can now be written as:

dNM dir dir
I = (ncg — ncyg) Fiitter — ncgNPPE" — ney, NPPy; (16)

Next the litter green pool is considered. Here a glance at the partner equation (5) for the C
fluxes is helpful: At its right hand side only the influx by litter and the loss flux to the slow
pool are accompanied by N fluxes, because the carbon gain from the reserve pool and the
exudate flux are by definition free of N, and the N from the grazing flux is assumed to
enter via dung the SM pool directly. Hence, because the litter flux was constructed to have
the nc—value of the receiving slow pool, one obtains

dr e Fitter — fiimit figos NCsREg" (17)

Finally, the dynamics for the SM pool is obtained by collecting all soil mineral N fluxes
implied by the foregoing model formulation. This gives:

dt

== TlCS RS
Cw
+ (new — nepw) p + (ncg — neg) Fyrazing
w
_flimit Dtotal
+ Fdepo + Ffix - Fleach - Fdenit (18)

The right hand side term in the first line represents N gain associated with the release of
CO; to the atmosphere by heterotrophic decomposition (Rg) from the slow soil pool. The
second line describes the N gain from the decay of the wood pool and by transfer of N
from the green pool to the green litter pool through grazing. The term in the third line
accounts for the N losses needed by soil microbial activity and plants. Finally, the fourth
line collects all N exchange fluxes with the environment, namely gains from athmospheric
N deposition Fg,,, and biotic N fixation Fy;,, as well as N losses by leaching F.4c, and

denitrification F,;.,;;. All these exchange fluxes are described in detail in Appendix 2.2.
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Finally, it may be noted that because of the linear downscaling of the uptake of C in
presence of N limitation, the actual NPP (NPP%<t) is obtained from the potential NPP
(NPPP°Y) by
NPP%t = f,.ni (NPPE®C — NPPG™ + NPR)’ — NPPGT)

+ NPPE™ + NPPY" 4+ NPP; + Fouaates (19)

(compare Egs. (1), (10) and (15)) although one may debate whether or not to include

exudate fluxes into the definition of NPP.

2.3. Setup of model experiments and driving data

Starting point for the present study are simulations performed by Roeckner et al. (2011).
The simulations were performed to investigate consistently climate and carbon cycle for
the historical period and into the future using a coupled climate-carbon cycle model. The
authors employed a kind of reverse approach to derive for given development of
atmospheric CO; concentration the “implied” fossil fuel emissions from the simulated
land-atmosphere and ocean-atmosphere carbon exchange fluxes. These implied fossil fuel
emissions were in reasonable agreement with estimates of fossil fuel emissions from
economic data. For the land carbon dynamics the JSBACH-C model (as this named it
here) was used, i.e. the results were obtained without considering possible changes in
nutrient availability. The simulations by Roeckner et al. (2011) are — partly — repeated in
the present study, but now include the cycling of terrestrial nitrogen. The term “partly”
means here that only the simulations for the cycling of land carbon (plus nitrogen) are
repeated, but do not run the other parts of the coupled climate-carbon cycle model used by
Roeckner et al. (2011).

Such a “reduced” simulation is possible because the JSBACH-C model, as well as the
JSBACH-CN model, need only a very few inputs (compare Section 2.2). The necessary
inputs for JSBACH-C are Net Primary Productivity (NPP), Leaf Area Index (LAI), soil
temperature, and soil moisture, for JSBACH-CN in addition runoff is needed. These inputs
are taken from the published data of the study by Roeckner et al. (2011) found in the
CERA database (Roeckner, 2009). Data are retrieved for the period (1860-2100).

Concerning the future climate development, Roeckner et al. (2011) performed simulations
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following several different scenarios. In the present study, only simulation results obtained

for the SRES A1B scenario are used (for a description see Nakicenovic et al., 2000).

To prepare the transient simulations with JSBACH, first the carbon and nitrogen pools
were brought into equilibrium by performing two successive spin-up simulations, using a
repeated 30 years cycle obtained from the above forcing data (data used from 1860-1890).
By running JSBACH-C, first the carbon pools are brought into equilibrium. They typically
reach their pre-industrial steady state after 5000 years of simulations. To find also the pre-
industrial steady state for the combined set of carbon and nitrogen pools, JSBACH-CN is
initialized with the carbon pool obtained in the first spin-up, and nitrogen pools estimated
from typical N-to-C values. The obtained equilibrium pool values are then used to
initialize the transient simulations 1860-2100 explained below.

In addition to the forcing data needed to run JSBACH-C, for JSBACH-CN also
atmospheric N deposition data are needed: For the pre-industrial simulations the data set
are used from Galloway et al. (2004). To generate N deposition maps for the whole period
1860-2100 the snapshot maps for years 1860, 2000, and 2030 by Galloway et al. (2004)
and Dentener et al. (2006) were linearly interpolated/extrapolated proportionally to the
development in atmospheric CO, concentrations for the historical period and the
subsequent CO, development under the A1B scenario (see Appendix 2.2 for details).

The questions addressed in this study are investigated by performing a series of transient
simulations experiments (Table 2.3), all covering the years 1860-2100. The first transient
experiment, called C is performed with JSBACH-C, i.e. without any nitrogen dynamics.
Because the simulation is forced with data from the Roeckner et al. (2011) study, this
simulation simply reproduces the development of the land carbon dynamics found there.
The second experiment (called CN) is the main experiment in this study, where the full
JSBACH-CN model is used as described in Section 2.2. All other experiments
summarized in Table 2.3 are either setup to check the robustness of the assumptions
behind particular design decisions for the model (CN-mi and CN-pl) or to analyze special
aspects showing up in the CN-simulation (CN-ct, CN-fd, CN-lz, and CN-ns). Details of
the setup of these experiments will be explained in subsequent sections. — Please note that,
if not otherwise stated, throughout the simulations a constant land cover map (1860 A.D)

is used.
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Table 2.3: List of experiments to study the C-N interactions during 1860-2100.

Experiments | Remarks and modifications

C C - only simulation

CN C-N reference simulation

C-u Like C experiment, but “uncoupled”
CN-u Like CN experiment, but “uncoupled”
CN-mi microbes 1% priority for soil mineral N
CN-pl plants 1% priority for soil mineral N
CN-ct constant temperature

CN-fd fixation doubled

CN-Iz leaching zero

CN-ns nc-value of soil pool reduced

Notes: transient CO, forcing is same in all experiments; transient temperature forcing is
same in all experiments except CN1; transient Fg,,, forcing is same in all experiments

when N cycle is active.

2.4. Results

2.4.1. Improvement of excess carbon

The term “excess carbon” means the amount of carbon or NPP that can’t be allocated in
any of the three vegetation carbon pools, i.e. green, reserve, and wood, due to the
structural limit of the pool size (see Appendix 2.1 for details). This means that the excess
amount of carbon is a carbon allocation problem in the JSBACH-C model. In addition, if
the explicit N cycle is added to the existing JSBACH-C model, the excess carbon leads to
an additional problem of N mass conservation. This is simply because the N-containing
organic compounds associated with this amount of excess carbon are unknown. In order to
reduce the excess amount of carbon, this study thus implements additional carbon cycle
processes as well as it improves model parameters (see Appendix 2.3 and 2.4 for details).
The above mentioned improvements are incorporated in the JSBACH-CN model.

In Table 2.4, the excess carbon is compared between the JSBACH-C and JSBACH-CN

model. More precisely, the comparison is done with the JSBACH-C model version that
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was used by Pongratz et al. (2009) and Roeckner et al. (2011). From this JSBACH-C
model version, the total excess C is found to be around 41 Pg C (or 58% of total NPP)
from all PFTs (Table 2.4). This is mostly because of the missing carbon cycle processes in
the JSSBACH-C model, for example, root exudates, grazing, fire, harvesting, etc. As a
consequence, these amounts of excess C was simply allocated in the fast soil pool without

passing the carbon from the vegetation pools.

Table 2.4: Comparison of excess C between the JSBACH-C and JSBACH-CN model for

present-day conditions (means for 1970-99). Excess C in % is with respect to total NPP.

JSBACH-C JSBACH-CN
PFTs NPP (PgC) | ExcessC % ExcessC | Excess C % Excess C
TrBE 25.8 15.37 21.65 0.94 1.3
TrBD 8.72 5.96 8.39 1.0 1.4
TempBE 0.67 0.35 0.49 0.0 0.0
TempBD 2.79 0.72 1.01 0.0 0.0
EC 5.25 0.37 0.52 0.0 0.0
DC 0.63 0.005 0.01 0.0 0.0
ES 5.2 3.02 4.25 0.42 0.6
DS 0.02 0.014 0.02 0.0 0.0
CsG 6.83 5.13 7.23 0.18 0.2
C,G 8.9 7.38 10.39 0.0 0.0
Tundra 0.22 0.04 0.06 0.0 0.0
Crop 6.05 3.42 4.82 0.5 0.7
Total 71.0 41.7 58.8 3.0 4.2

Abbreviations:

TrBE: Tropical broadleaf evergreen trees; TrBD: Tropical broadleaf deciduous trees
TemBE: Temperate broadleaf evergreen trees; TemBD: Temperate broadleaf deciduous trees; EC:
Evergreen coniferous trees; DC: Deciduous coniferous trees; ES: Evergreen shrubs; DS:

Deciduous shrubs; Cs4 G: Cs4 grasses

More amounts of excess C are mainly from grasslands (i.e. Cs and C,4 grasses) and tropical
forests as compared to the other PFTs in the JSBACH-C model (Table 2.4). Tropical
forests contribute around 30% excess C, whereas grasslands account for around 18%. The
remaining 10% excess C is from the evergreen shrubs and crops. In contrast, the
simulation results of the C experiment obtained from the JSBACH-CN model show that
the added processes, especially grazing, lead to a substantial reduction of the excess C
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from grasslands as compared to forests (tropical, temperate, and coniferous) and shrubs.
The reason for this is that higher grazing rates are accounted in grasslands than for forests

and shrubs. In addition, root exudates reduce the excess C to some extent from all PFTs.

The model parameters that are improved are leaf shedding (or leaf longevity) and green

carbon to leaf carbon (f;,,); the later parameter determines the structural limit of the green

pool (see Appendix 2.1 for details). The leaf shedding is mostly computed from LAI drops
but in evergreen species the leaf turnover by aging is fully compensated by leaf growth so
that for this case a constant shedding rate is assumed. The results show that the improved
leaf shed constant in grasslands and evergreen forests indeed reduces the amount of excess
C. The parameter, f;,, determines the amount of litter carbon ( Fy;¢¢er). By improving this

parameter it also reduces the excess C from all PFTs.

By incorporating the above carbon cycle processes and improving model parameters, the
amount of excess C is reduced considerably in the JSBACH-CN model, which is around
4% (or 3 Pg C) of total NPP. For tropical forests, the amount of excess C is reduced to
2.7% from 30%. For grasslands, 18% excess C by JSBACH-C model is allocated
completely in the JSBACH-CN model. Nevertheless, there are still some missing
processes in the model and because of that around 4% excess C is still not allocated and it
needs to be improved in future. Moreover, these added processes and model parameters
not only reduce the amount of excess C from the model but also improve the C allocation

in a most reasonable way.

2.4.2. Contemporary land carbon cycle

2.4.2.1. Today’s land carbon sink

To demonstrate that at global scale the simulated cycling of carbon in the C and CN
simulations is consistent with observations, in Table 2.5 observed and simulated land
uptake is compared for the 80s and 90s. CO, concentration in the atmosphere fertilizes the
land vegetation so strongly that despite C losses from land use changes (deforestation) the
continents act as a C sink. In order to compare the C sink fairly with observational
estimates, the C and CN simulations are performed explicitly with land use change. The
simulations show that the C sink is about 2.55 and 3.1 Pg C/yr by the C experiment for
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1980s and 1990s, respectively. This is about 0.75-1.1 Pg C/yr larger than the sink found by
Roeckner et al. (2011), who used an earlier version of JSBACH-C. The inclusion of the
land N cycle reduces the land C sink in the CN experiment by about 0.1 Pg C/yr for 1980s
and 1990s. All these values are well within the uncertainty range from observational
estimates (Roedenbeck et al., 2003; IPCC AR4).

Table 2.5: Comparison of simulated land carbon sink (Pg C/yr) for 1980-89 and 1990-99

with observational estimates.

1980s 1990s
C 2.55 3.1
CN 2.45 3.0
Roeckner et al. (2011) 1.8° 2.0
IPCC AR4 1.9+1.1° 2.6+1.1°
Roedenbeck et al. (2003) 2.2+0.9 2.6+0.9
CN-mi 2.45 2.8
CN-pl 2.60 3.2

% Personal communication by Traute Crueger.
b Assuming emissions due to land use change as in IPCC Special Report on Land Use,
Land-use Change and Forestry (2000).

2.4.2.2. Today’s land carbon stock

In Table 2.6, the simulated global land C stocks of vegetation, litter, and soil are presented
that is obtained in the C and CN experiments (i.e. with land use change) for the last three
decades of the 20" century. The simulations results show that the simulated vegetation C
stock is around 472 Pg C or 18% of the total C (Table 2.6) of which around 122 Pg C is
lost by land use emissions over the period 1860-2000. Thus, the total vegetation C stock is
around 594 Pg C and is in general agreement with inventory based estimates (ca. 560-652
Pg C) by Saugier and Roy (2001). The simulated litter C stock is found to be around 204
Pg C (ca. 8% of total C). This includes in the model below ground litter. Assuming that
above ground litter makes about half of the total litter, it ends up with about 102 Pg C for
above ground litter, which is comparable with estimates based on observations (68-97 Pg
C) by Matthews (1997) or models (47-196 Pg C) (Matthews, 1997; Wang et al., 2010).
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The simulated soil C stock is around 1980 Pg C (ca. 74% of total C), which is higher than
the estimate of 1500 Pg C for the top 1 meter depth of soil by by Post et al. (1982), but
lower than the estimate of 2300 Pg C for the top 3 meters by Batjes (1996).

Table 2.6: Global land C stocks obtained by the C and CN experiments (means for 1970-
99).

Pool sizes: Pg C C CN
Vegetation C 473.7 471.3
Litter C 202.6 207.1
Soil C 1992.2 1969.8
Total C 2668.5 2648.2

As expected, due to the additional constraint of N availability, the global C stored at land
is slightly lower in the CN experiment than in the C experiment. Besides a slightly lower
value for vegetation C, this reduction arises mainly from the C in soils, whereas the litter
C stock is even slightly larger in the CN experiment. This counter intuitive behaviour
arises because in contrast to the soil decomposition fluxes, the C-influxes from the litter
pool to the soil C pool are limited by N availability.

2.4.3. Comparison with site-scale observations

In this section the simulated fluxes and N stocks are compared with observations from the
so-called ‘calibration sites’ from Raich et al. (1991) and McGuire et al. (1992) covering
various PFTs (see Appendix 2.5 for details about sites). The sites data consist of NPP,

plant N uptake rate, plant N content, and soil organic N content.

Unfortunately, such a comparison of simulation results with data obtained at site scale
(meters) cannot be considered as a fair test of the quality of the model because it has been
developed for a quite different scale, namely the scale of several grid boxes of Earth
system models, which are hundreds of kilometres. Nevertheless, this comparison here is
presented, to demonstrate that in an order-of-magnitude sense the model behaves as should

be expected.
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The simulation data used for comparison are the mean values from 1970 to 1999 obtained
from the CN simulation. In Figure 2.2a simulated actual annual NPP is compared (see EQs.
(1) and (19)) with observations. Simulated NPP is well correlated (r=0.90, n=12, p <
0.001) with the observations. Equally good correlations are found for plant N content
(Figure 2.2b), and the plant N uptake (Figure 2.2c). Outliers in these latter two figures are
mostly from tropical forest sites. For these sites simulated plant N content and also plant N
uptake is smaller than observed. These differences may be explained by differences in the
nc-value for woody biomass: In this model, a global average value nc = 1/150
is used for all vegetation types (see Table 2.2) that is smaller than the value nc = 1/75 at
the tropical observation sites (see Raich et al., 1991). Moreover, it is well known that for
large parts of the tropics plant growth is limited by lack of phosphorus (P) (Tanner et al.,
1998; D’Antonio et al., 2006), so that from this point of view the model should in the
tropics overestimate NPP, and underestimate plant N content and plant N uptake, which is
partially seen in Figs. 2a-2c, although this tendency is not fully consistent for all tropical

sites.

For simulated soil organic N content the correlation with observations turns out to be
much weaker (Figure 2.2d) (r=0.58, n=12, p < 0.05). This could actually be expected since
the decomposition of organic material very much depends on the particular local
community of microorganisms, that surely cannot be represented on a model like this.
Nevertheless, it should be recognized that simulated values are in the proper range of
observation values. And once more here, three tropical sites are involved in

overestimations.

Besides this comparison with site scale observation, in Appendix 2.6 simulated global N
storages as simulated by the JSBACH-CN model are compared with those obtained by
various other models (Xu-Ri and Prentice, 2008; Wang et al., 2010; Zaehle et al., 2010b).
The vegetation and the litter N are simulated to be 4.9 and 1.2 Pg N, respectively. The
simulated soil organic N and inorganic N storage are around 139.5 and 1.2 Pg N,
respectively. These results are consistent with those obtained by various other models and
also with published observational estimates (see Appendix 2.6 for details).

33



‘_’—‘\ 1

1

Simulated NPP (g C m™4yr

Simulated N uptake (g N m_zyr_1)

500

000

500

|8}
o

N
o

107

r=0.90
p <0.001

(a)

Observed NPP (g C m™4yr )

r=0.85

p <0.001

o
D B

10 20 30

Observed N uptake (g N m2yr ')

2 Coupled N-C cycle simulations

500 1000 1500

Simulated plant N content (g N m

_2)

Nm

Simulated soil organic N (g

300

200

100

0

-
(&)}
o
(ew]

1000

500

r=0.88
p <0.001

0 100 200 300
Observed plant N content (g N m'2)

. @ |

500 1000 1500
Observed soil organic N (g N m'2)

Figure 2.2: Comparison of simulated actual annual NPP (a), plant N content (b), plant N

uptake (c), and soil organic N content (d) with observations (n = 12). The diagonal dotted

lines are the 1:1 line and the solid line represents the least square regression line. The

numbers 9 to 12 are the tropical forest sites (Appendix 2.5).
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2.4.4. Effect of N limitation on the global land carbon

Here the C and CN experiments are analyzed with respect to nitrogen constraints on the
global land carbon cycle in response to increasing atmospheric CO, concentration (SRES
A1B scenario) and climate change. For this principal study: Henceforth, the simulated data
are analyzed only from natural vegetations in order to prevent the complications that will
arise from land use change. The simulations results show that the change in total land
carbon uptake is around 107 Pg C and 98 Pg C over the period 1860 to 2000 for the C and
CN experiments, respectively (Figure 2.3). So the land carbon uptake until 2000 differs
only by about 9 Pg C (or 8%) by accounting for changes in N availability. For the period
2000-2100, the land carbon uptake projected by the C experiment is 366 Pg C, but in the
CN experiment it is projected as 308 Pg C. Thus, N limitation causes a reduction of the
total land carbon uptake by about 58 Pg C (or 16%).
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Figure 2.3: Change in the total land carbon uptake over the period 1860-2100 in the C and
CN experiments. The inset shows the atmospheric CO, concentration (ppm) underlying
the simulations for the historical period and the SRES A1B emission scenario.
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Figure 2.4: Spatial distribution of change in 30 years means (2070-99) of the total global
land C storage (CN — C experiments).

To see which vegetation is constrained by N availability, Figure 2.4 shows the spatial
distribution of change in total land carbon storage (i.e. CN minus C) for the last three
decades of the 21% century, where negative values indicate a reduction of the land carbon
storage due to N limitation. The strongest limitation is found in temperate regions where a
reduction up to 4 kg C m™ is seen. Further analysis shows that in these regions mostly
grasslands rather than forests ecosystem are affected (the steppes of Asia and North
America). The same is true for subtropical grasslands especially at some regions of
Southern America. N affects mostly the C; grasses in temperate and boreal regions due to
high microbial N demand. This in turn, leads to less mineral N availability. Additionally,
lower temperature in this region also leads to slow mineralization rate and thereby less
mineral N availability. Although tropical and subtropical forests are highly productive,
which implies a particularly high plant N demand, the results show that they are almost
everywhere unconstrained by N availability except for some small regions. N availability
doesn’t limit especially tropical and subtropical forests because of high mineralization rate

induced by warming.
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Table 2.7: Global land C stocks at the end of the 21 century obtained in C and CN
experiments (means for 2070-99). AC denotes change in land C stocks (CN minus C) and

parenthesis values are change in percent.

Pool sizes: Pg C C CN AC
Vegetation C 783 767 -16 (-2.0%)
Litter C 240 246 6 (+2.5%)
Soil C 1938 1887  -51 (-2.6%)
Total C 2961 2900  -61 (-2.0%)

Comparing for the two experiments the carbon stocks at the end of the 21* century (see
Table 2.7), it is seen that N availability mostly affects carbon storage in soils (51 Pg C
difference) as compared to vegetation and litter carbon storage. For the absolute values of
stored C this is simply a mass effect: in a linear rate model changes in throughout affect
the largest pools strongest, which is here the soil C stock. But also in a relative sense soil
C storage is affected most: The reason for this is that N availability limits in this model the
turnover rate of litter carbon but not that of soil carbon. Accordingly, for the litter pool the
ratio between in- and outfluxes increases during the 21* century, whereas for the soil pool
this ratio decreases, to the consequence that there is a relative increase in litter carbon of
2.5%, but a relative decrease in soil carbon of 2.6%.

There is some evidence in the literature for a reduction of soil carbon stocks by limited N
availability: Knops et al. (2009) reported for a grassland site that the accumulation of soil
carbon tended to be limited by N inputs, which potentially can be constrained by soil
mineral N availability (Wedin and Tilman, 1996; Knops and Tilman, 2000). The results
are also consistent with simulations performed with the ISAM-CN model that also shows a
reduction of the soil carbon storage due to N limitation (Jain et al., 2009). Generally, it
would be interesting to see whether observations could confirm the relative increase in
litter carbon and the relative decrease in soil carbon following a reduction in N availability

that is seen in the simulations.
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2.4.5. Competition between plants and soil microorganisms for soil mineral N

To check the robustness of the assumptions behind the major design decisions for the
model (see Section 2.2.2) two additional experiments are performed called CN-mi and
CN-pl (Table 2.3). In these experiments, fj;q:¢ 1S distributed in a more complicated way to
the particular C-fluxes by giving a different priority to the soil microorganisms and plants
in their competition for soil mineral N. In the standard CN experiment soil mineral N is
distributed to microorganisms and plants proportional to their demand (see equation 12
and 13). Instead, in the CN-mi experiment, soil microorganisms are allowed to tap first
into the soil mineral N pool to satisfy their N demand (i.e. D,icropiat), @nd plants are
allowed to use only the remaining soil mineral N. In the other experiment, called CN-pl,
the converse rule is used: plants are allowed to use the soil mineral N first to satisfy their

N demand (i.e. D,qn¢), and only the rest is allowed to be used by soil microorganisms.

By giving priority to soil microorganisms (CN-mi) for soil mineral N, the results show
that the carbon decomposition rates (i.e. C turnover) are enhanced substantially in the litter
pool as well as in the slow soil pool. As a result, the litter C and the soil C storage are
reduced in the CN-mi experiment as compared to the CN experiment (with equal priority
between plants and microorganisms). Results also show that the left over soil mineral N is
still sufficient to satisfy plant demand (D,;4n¢) SO that productivity is not affected. Overall,
by the end of the 21 century the total land C uptake is reduced by about 30 Pg C (ca. 7%)
as compared to the CN experiment (Figure 2.5), which suggests a minor effect of this
model assumption on the total global land C uptake. Generalizing this result, the
simulation experiments suggest that an increased N availability to soil microorganisms not
necessarily translates into increased ecosystems C storage because increased N availability
can stimulate the C decomposition rate. This is in line with studies by Kérner and Arnone
(1992) and Hu et al. (2001) who reported that increased N availability leads to a faster C

turnover rate and thereby limits ecosystem C storage.

Conversely, by giving priority to plants (CN-pl), the results show that in this case the soil
mineral N availability limits the litter C decomposition rate substantially. As a
consequence, more carbon remains in the litter pool. The total land C uptake is enhanced
substantially by about 81 Pg C (ca. 20%) by the end of the 21% century as compared to the

CN experiment (Figure 2.5), which results in a substantially larger accumulation of C in
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the terrestrial ecosystems. Further analysis shows that the litter C decomposition rate is

constrained strongest in temperate and boreal C3 grasses as compared to forest ecosystems.
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Figure 2.5: Sensitivity check of the competition between plants and soil microorganisms

for accessing the soil mineral N. The shaded region depicts the sensitivity of total land

carbon uptake to the way soil microbial and plant access to soil mineral N is modelled.

Furthermore, the carbon sinks for the 1980s and 1990s obtained by the CN-pl experiment
differ only slightly from the values obtained in the C experiment for these decades
(compare Table 2.5). In the CN-mi experiment, the carbon sink obtained for 1980s almost
equals the sink found in the CN experiment, but it is less by about 0.2 Pg C/yr for 1990s.

This difference is well within the uncertainty of observations (compare Table 2.5).

Comparing Fig. 2.3 and Fig. 2.5, it shows that despite N limitation the CN-pl experiment
accumulates more carbon than the C experiment. The overall effect is not large: By the
end of the 21% century the total land C stock is enhanced by about 19 Pg C (ca. 1%) in the
CN-pl experiment as compared to C experiment. Nevertheless, to understand why this
larger C stock arises in Table 2.8 the global land C stocks are compared that obtained in
the C and CN-pl experiments for the last three decades of the 21% century. The results
show that the difference comes mainly from the litter C stock which is about 32% larger

than in the C experiment. The reason for the higher litter C stock is that in the CN-pl
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experiment soil microorganisms have only reduced access to soil mineral N which
severely limits the decomposition of litter carbon (see Section 2.4.4). This result in a
relatively larger accumulation of litter C stocks, which in turn, leads to larger
accumulation of C in the terrestrial ecosystems.

Table 2.8: Global land C stocks at the end of the 21% century obtained in C and CN-pl
experiments (means for 2070-99). AC denotes change in land C stocks (CN-pl minus C)
and parenthesis values are change in percent.

Pool sizes: Pg C C CN-pl AC
Vegetation C 783.0 776.5 -6.5 (-1.0%)
Litter C 240.0 3185 78.5 (+32%)
Soil C 1938.0 1885.0 | -53.0 (-2.7%)
Total C 2961.0 2980.0  19.0 (+1.0%)

2.4.6. Nitrogen availability and feedback between climate and carbon cycle

The term climate-carbon cycle feedback was introduced by Friedlingstein et al. (2006)
which refers to “an increase in CO, leads to climatic change, and climatic change in turn
affects the CO, concentration, the climate, atmospheric CO,, and the carbon cycle form a
feedback loop” (Friedlingstein et al., 2006). To study the effect of nitrogen on the climate-
carbon cycle feedback two additional experiments are performed similar to the previous C
and CN experiments but without CO, induced climate change. These additional C and CN
experiments (called C-u and CN-u in Table 2.3) are referred here as “uncoupled”
simulations, a terminology that was introduced by Friedlingstein et al. (2006).
Accordingly, the standard C and CN experiments are called here “coupled”. Technically,
the difference between the coupled and the uncoupled experiments is that in the former
case JSBACH is driven by climate data from simulations by Roeckner et al. (2011)
obtained with the full coupled version of the MPI-ESM (see Section 2.3), whereas for the
additional simulations the driver data are taken from the “uncoupled” MPI-ESM
simulation by Roeckner et al. (2011). In this latter uncoupled simulation the CO,
concentration was kept fixed in the radiation code at its pre-industrial value 282 ppm, so
that no greenhouse warming appeared, although the land biosphere still had to react to the
increasing atmospheric CO,.
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For global land C uptake the simulations give 567.5 and 362 Pg C over the period 2001-
2100 for the uncoupled and coupled C experiments, respectively (Table 2.9). Thus, the
land C uptake is largely reduced by 205.5 Pg C in the coupled simulations. This is caused
by the positive climate-carbon cycle feedback (see also Friedlingstein et al., 2006; Raddatz
et al., 2007; Roeckner et al., 2011). With N cycle, the land C uptake is reduced only by
162 Pg C. Accordingly, the climate-carbon cycle feedback is still positive but 21% smaller
than without nitrogen. To address the uncertainty arising from the handling of N in the
model the feedback has also been analyzed for CN-pl experiment: Here the inclusion of
the N has the opposite effect, namely an increase of the magnitude of the positive climate-

carbon cycle feedback by 33% as measured by the difference in carbon uptake.

Table 2.9: Global land carbon uptake (Pg C) in coupled and uncoupled simulations (SRES
A1B scenario) over the period 2001-2100 for the C, CN, and CN-pl experiments.

uncoupled coupled coupled-uncoupled
C 567.5 362.0 -205.5
CN 466.0 304.0 -162.0
CN-pl 656.5 383.0 -273.5

The reason for the smaller feedback with nitrogen in the standard CN experiment is that
nitrogen limitation is stronger for the uncoupled simulation than the coupled simulation
due to a smaller mineralization rate. Thereby, NPP is strongly affected by nitrogen
availability in the uncoupled simulation. This leads to less vegetation C uptake as well as
soil C uptake. As a consequence, the difference of land carbon uptake between the coupled
and uncoupled simulations is lowered by nitrogen availability, leading to a smaller
feedback.

However, for the CN-pl simulation the situation is different: Here NPP in the uncoupled
simulation is behaving almost like in the uncoupled C simulation, i.e. it isn’t significantly
affected by nitrogen availability. But nitrogen availability severely reduces the turnover
rate of litter carbon in the uncoupled simulation and thus, stores more carbon in the
ecosystems. Although in the coupled simulation mineral N availability is increased by
global warming this effect cannot compensate for the retention of litter carbon seen in the

uncoupled simulation. As a result, the difference of land carbon uptake between the
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coupled and uncoupled simulations is larger in the CN-pl experiments than in the CN

leading to a stronger positive feedback.
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Figure 2.6: Difference in land C uptake between the coupled and the uncoupled
simulations in the period 2070-2100. Top: C simulations; bottom: CN simulations.
Regions with negative (positive) values take up less (more) carbon under global warming

conditions and contribute to a positive (negative) climate-carbon cycle feedback.
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The regional contribution to the global climate-carbon cycle feedback is shown in Figure
2.6 (means for 2070-99) for the C experiment (top) and the CN (bottom). In both cases the
tropical regions are the main contributors to the positive climate-carbon cycle feedback. In
contrast, the contribution of the low-latitude boreal regions is negative. This opposing
behaviour has already been discovered and explained by Raddatz et al. (2007), where an
almost identical simulation setup was used. Hence, by accounting for nitrogen availability,
the geographic signature of the feedback is not changed, only its magnitude is affected.
Further ananlysis shows that forests and grasslands ecosystem behave similar with respect

to the climate-carbon cycle feedback.

2.4.7. Progressive nitrogen limitation

As discussed in the previous sections, the simulations show for the 21% century a
significant reduction of C storage in the CN experiment as compared to the C experiment,
and this happens predominantly in grasslands. In the present section this study investigates
whether this reduction can be explained by the progressive nitrogen limitation hypothesis
(PNL), claiming that under increased atmospheric CO, concentrations the associated
enhanced plant productivity leads to enhanced sequestration of organic N in long-lived
wood and SOM that subsequently leads to a lack of N availability (see the discussion in
the introduction). To this end this study further analyzes the CN experiment, but
complements it by an additional experiment CN-ct, which is identical to the CN
experiment, except that the soil temperatures are kept at their pre-industrial values. By this

additional experiment the effect of increasing CO; is isolated.

An obvious radical question in model simulations is: How PNL can be detected. For
example, an indicator of PNL could be whether the fraction of ecosystem N content locked
up in organic molecules is increasing under increased atmospheric CO, concentrations.
Decrease in N mineralization or increase in microbial N immobilization could be also an
indicator of PNL (Luo et al. 2004; de Graaff et al. 2006). They subsequently can reduce
the soil mineral N availability through high plant N uptake and N immobilization by soil
microorganisms under increased CO, concentrations. Here the soil mineral N availability

is taken as an indicator to detect the PNL.
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Figure 2.7 shows the simulation results for soil mineral N storage, separately for forests
(tropical/subtropical and temperate/boreal) and grasslands (tropical/subtropical and
temperate/boreal). At first tropical and subtropical forest ecosystems (including shrubs)
are considered. For these Figure 2.7a shows that the simulated soil mineral N availability
in the CN experiment decreases from 1950 to 2040 (Like PNL), followed by a relaxation
thereafter (Not PNL). In contrast, in the CN-ct experiment, the soil mineral N availability
decreases from 1950 and remains almost constant throughout the 21% century (Like PNL).
This shows that the two contrasting effects (Like PNL / Not PNL) of soil mineral N
availability are largely controlled by warming effects. More precisely: The warming
enhances N mineralization and thus leads to additional releases of mineral N to the soil. If
this effect gets larger than the sequestration of N following raising CO, concentrations, the
system overcomes PNL. This explains the change around 2040 seen in the CN experiment.

This soil mineral N availability leaves its traces in NPP (Figure 2.7, right panel): In the
CN experiment relative NPP difference is reduced up to 1.6% until 2040 (compared to the
C experiment), whereas in the CN-ct experiment, around 3.6% reduction of relative NPP
difference is found until 2040. The relative NPP difference is reduced less in the CN
experiment as compared to the CN-ct experiment, which indicates the importance of PNL.
Indeed, the CN experiment shows that the relative NPP difference starts recovering after
2040 which is in line with increased availability of soil mineral N (compare Figure 2.7a).
In contrast, the CN-ct experiment shows that the relative NPP difference reduction is still
increasing until 2100. The reason for this is that although soil mineral N availability
remains almost constant from 2040 to 2100, NPP is increasing due to CO, fertilization and
thus leads to higher plant N demand. This causes nitrogen limitation and leads to a
reduction in relative NPP difference. Accordingly, for forests and shrubs (tropical and

subtropical) the relative reduction in productivity is indeed a result of PNL.

But this behaviour depends on the forest type: It is even stronger for temperate and boreal
forests. For these Figure 2.7b shows that the simulated soil mineral N availability in the
CN experiment decreases well into the 21% century (Like PNL), followed by a relaxation
thereafter (Not PNL). In contrast, in the CN-ct experiment, the soil mineral N availability
is not recovering from the decrease (Like PNL). As a result, in the CN experiment relative
NPP difference is reduced up to 5% until 2070, whereas in the CN-ct experiment, around
14% reduction of relative NPP difference is found until 2070 (Figure 2.7b, right panel).

44



2 Coupled N-C cycle simulations

After 2070, a slight recovery of relative NPP difference in the CN experiment is seen
(compare Figure 2.7b, right panel) that follows the enhanced soil mineral N availability. In
contrast, the CN-ct experiment shows that the relative NPP difference reduction is still
increasing until 2100 because of high plant N demand as discussed above. Besides, less
soil mineral N availability in the CN-ct experiment can even lead to threefold higher
relative NPP difference reduction as compared to the CN experiment. In summary, the

results show that temperate/boreal forests are strongly affected by N availability.

For grassland ecosystems (Figure 2.7c), only C3 grasses are considered because C, grasses
are unaffected by increasing CO, because of their particular metabolism. First tropical and
subtropical C3 grasses will be considered (Figure 2.7c). Here N availability in the CN
experiment decreases continuously from the 19™ century until the first half of the 21%
century and recovers thereafter. In the CN-ct experiment the same behaviour is seen, but
the recovery is much weaker. As a result, in the CN experiment the relative NPP
difference is reduced up to 10% until 2050, whereas in the CN-ct experiment, 15%
reduction of relative NPP difference is found until 2050 (Figure 2.7c, right panel). After
2050, the recovery in soil mineral N leads to a stabilization of relative NPP difference in
the CN experiment (compare Figure 2.7c, right panel). Accordingly, for tropical and

subtropical C; grasses, the reduction in productivity is indeed a result of PNL.

This PNL behaviour is even stronger for temperate and boreal C3 grasses. Figure 2.7d
shows that soil mineral N availability decreases continuously throughout the whole
simulation for the CN and CN-ct experiments. As a result, the relative NPP difference is
reduced up to 20% and 35% until end of the 21% century for the CN and CN-ct
experiments, respectively (Figure 2.7d, right panel). Overall, the results show that
temperate and boreal C; grasses are severely limited by N availability causing as a result

of PNL a strong reduction in relative NPP difference.

In forests ecosystem, PNL develops mostly at the beginning of the 21% century and
continued until first half of the 21*" century but thereafter the PNL is alleviated due to the
relaxation of soil mineral N availability. Conversely, in grasslands, PNL develops much
earlier than forests. They develop mostly at the beginning of the 19™ century and
continued until first half of the 21*" century. However, thereafter the occurrence of PNL is

also relaxed because of the relaxation of N scarcity from climate warming.
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Further analysis shows that the soil mineral N availability substantially decreases for the
21% century in the Northern high latitude boreal regions as compared to tropical and
subtropical regions. This is due to climate warming that induces higher annual NPP by
prolonging the growing season of vegetation in the boreal regions. Accordingly, the
enhanced NPP leads to higher plant N uptake, which in turn, leads to a less soil mineral N
availability. Thus, these mechanisms lead to PNL in both forests and grasslands ecosystem
in the Northern high latitude boreal regions. On the other hand, tropical and subtropical
vegetations are already adapted to climate warming and thereby warming does not have
any influence on the growing season of vegetation (i.e. stabilization of NPP). Thus, these
mechanisms lead to an avoidance of PNL in tropical and subtropical ecosystems.
Therefore, the recovery of PNL is much stronger in tropical and subtropical ecosystems

than the temperate and boreal ecosystems.
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Figure 2.7: Globally simulated soil mineral N (Pg N) availability in forests (a, b) and
grasslands (c, d) ecosystem in the CN and CN-ct experiments. The right panel shows the
corresponding global reduction in NPP: Plotted is the relative difference of NPP between
the C and CN (or CN-ct) experiments with respect to NPP in the C experiment in % (more
precisely: 100*(NPP(C)-NPP(CN))/NPP(C)). The dotted lines represent the mean value of
first 30 years (1860-89) of soil mineral N.

2.4.8. How robust is the occurrence of PNL

In this section the robustness of the foregoing results are investigated for the occurrence of
PNL in forest and grassland ecosystems. To this end, three additional sensitivity
experiments (named CN-fd, CN-lz, and CN-ns) are performed. The design of these
experiments is led by the more radical question whether the occurrence of PNL can be
suppressed in the model by choosing different model parameters. More precisely, the
model parameters tested to alleviate PNL are the biotic N fixation rate, the leaching factor
(sf), and the nc—value of the slow soil pool. These are the parameters that most likely

have a strong influence on the availability of soil mineral N.

In the CN experiment, the global N fixation Fy;, for the present-day turned out to be 148
Tg N/y, which is at the lower end of the uncertainty range (ca. 100-290 Tg N/y) estimated
by Cleveland et al. (1999). Therefore in the CN-fd experiment the N fixation rate is
doubled (see Appendix 2 for details). As a result, the global N fixation turned out to be
296 Tg Ny, which is still within the observational uncertainty. Thereby, the additional
exogenous N may alleviate the PNL. Another way to increase soil mineral N availability is
to reduce the leaching. To study the extreme case, Fi.qcn IS Set to zero in the CN-Iz
experiment. Finally, in the CN-ns experiment, the nc—value of the slow soil pool is
reduced about one quarter (from 0.066 to 0.05). This also should increase the availability

of soil mineral N because thereby less N is organically bound in the soils.

The results from these additional experiments are as follows. By doubling biotic N
fixation (CN-fd), the soil mineral N availability indeed increased as compared to the CN
experiment. As a result, in the CN-fd experiment relative NPP difference reduction is less
throughout the whole simulation as compared to the CN experiment (Figure 2.8a and

2.8b). Thereby the occurrence of PNL is almost completely suppressed especially in
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forests ecosystem. For grasslands, more available mineral N also leads to a less reduction
of relative NPP difference of about 10% (CN experiment) to 5% (CN-fd) especially in the
tropical and subtropical C; grasses by the end of the 21% century (Figure 2.8c). In
temperate and boreal C; grasses, more available mineral N leads to a lowering of the
relative NPP difference reduction from 20 to 12% (Figure 2.8d). Thereby the occurrence
of PNL is also alleviated substantially in grasslands ecosystem. The simulation results
show that the global leaching is turned out to be around 58 Tg N/y in the CN experiment,
which is 2.5 times smaller than the today’s global N fixation. By setting this flux into zero
in the CN-Iz experiment, this does not really help to alleviate the PNL (Figure 2.8).
Finally, by lowering the nc—value of the slow soil pool, the strength of PNL is indeed

alleviated but still present (Figure 2.8).

By doubling biotic N fixation, the PNL is almost suppressed especially for the forests
ecosystem but not for the grasslands. This is because the PNL occurrence is much stronger
in grasslands (see Figure 2.7, right panel) and hence they need more amounts of
exogenous N inputs than the forests. Overall, the CN-Iz and CN-ns experiments suggest
that the PNL is alleviated to some extent for both forests and grasslands. However, none of
the experiments completely remove N limitation from grasslands ecosystems and indicates
like a permanent PNL. Moreover, the CN-fd experiment is turned out to be significant for
alleviating PNL because of its larger fluxes as compared to leaching. In addition, the
parameters nc—value of the slow soil pool and leaching seem not to be a significant model

parameter to suppress the PNL.

In summary, since doubling of N fixation is quite unrealistic, this sensitivity experiment
(CN-fd) shows that the appearance of PNL for grasslands during the 21% century is a very
robust simulation result, whereas occurrence of PNL in forests is much less robust. In
addition, other model parameters chosen to test the robustness of the simulation results
(i.e. nc—value) suggest that the appearance of PNL for forests and grasslands during the

21% century is also a robust simulation result.
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Figure 2.8: Globally reduction in relative NPP difference (see caption of Fig. 2.7 for
definition) in the CN, CN-fd, CN-lz, and CN-ns experiments.

2.5. Discussions

2.5.1. Competition between plants and soil microorganisms

Commonly, soil microorganisms are considered as competitors superior to plants for
accessing mineral N from soils (Rosswall, 1982; Hodge et al., 2000; Schimel and Bennett,
2004). However, by an additional pathway plants directly can use nitrogen through
symbiotic associations with mycorrhizal fungi (Read, 1996; Ndasholm et al., 1998). To
check the robustness of the model results with respect to one of the key design decisions,
namely to distribute available soil mineral N to the soil microorganisms and plants
proportional to their demand (see section 2.2.2), two alternative ways of distributing soil
mineral N were analyzed: soil microorganisms access the soil mineral N first and then

plants use the left over N (experiment CN-mi), and vice versa (experiment CN-pl).
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Simulation results show that the assumption of CN-mi does not change significantly the
model results with respect to the total land C uptake by the end of the 21% century. In
contrast, the assumption of plants first (CN-pl) has a significant effect on the global total
land C uptake because it leads to about 20% more C accumulation in the terrestrial
ecosystems. This is mostly a result of a reduction in litter decomposition because of
reduced N availability to soil microorganisms. The effect is expressed strongest in
grasslands because of high microbial N demand under rising CO, concentration.
Moreover, the plant growth is enhanced because they are allowed to use soil mineral N
first to satisfy their N demand. As a result, this leads to larger N uptake from soils in
response to increasing CO, concentration. These results are consistent with an
experimental study by Hu et al. (2001) who reported that under increased CO,, plant N
uptake is enhanced in grasslands and thus it leads to less soil mineral N availability for soil
microorganisms. Thereby, when the soil microorganisms are limited by N (Kaye and Hart,
1997; Wang and Bakken, 1997), a decrease in soil mineral N availability can further
decrease carbon decomposition and at the same time it can enhance the ecosystems carbon
storage (Hu et al., 2001).

The carbon sink obtained by employing the “plant N uptake first” assumption almost
equals to that obtained in the C experiment despite the inclusion of the N cycle.
Conversely, the carbon sink obtained by CN-mi experiment almost equals that from the
CN experiment. Nevertheless, all values obtained for today’s land carbon sink are well
within the uncertainty range of observational estimates so that from an observational point
of view the particular model assumptions are cannot be discriminated. However, as
mentioned above the “plant N uptake first” assumption makes a significant difference for
the future development of the C cycle in the model. Since microbes are generally
considered to be more competitive for soil N as compared to plants, the “plant N uptake
first” assumption can be ruled out as unrealistic. Therefore it is interesting that the
alternative extreme assumption “microbial N uptake first” does not change significantly
the land carbon uptake so that the standard model setup (experiment CN) where soil N is
divided into the plant and microbial demand turns out to be the most appropriate setup.
Thus, in the following sections, the results particularly from the standard experiment CN

are discussed.
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2.5.2. N limitation of terrestrial land C uptake and climate-C cycle feedback

The experiments show that the inclusion of the land N cycle leads to a lowering of the
total global land C uptake by 8% for present-day conditions in response to increasing
atmospheric CO; concentration and climate change. This result is consistent with previous
global modelling studies (Thornton et al., 2007; Zaehle et al., 2010b), where also a
reduction of land C uptake due to N limitation was found. The study by Zaehle et al.
(2010b) showed that N limitation leads to a reduction of the land C uptake by 15%. In
contrast, Jain et al. (2009) found in a similar global modeling study that approximately the
same total global amount of land C uptake with and without land N cycle. For the 21
century, the present study shows that a lowering of total land C uptake by 16% due to N
limitation. In comparison to these results, Zaehle et al. (2010c) found a reduction of the
total land C uptake by 37%. However, Thornton et al. (2007) found a reduction of around
65%, which is much larger than any of the estimates so far in the literature. This larger
difference can be explained by the higher N limitation obtained in the steady state by
Thornton et al. (2007). In contrast, in the present study the steady state is assumed to be
optimal with respect to N availability. Moreover, a consensus among the recent coupled C-
N cycle models is the reduction of land C uptake due to the C-N interaction in the
terrestrial biosphere in response to increasing atmospheric CO, concentration and climate

change.

The results show that the global total land C uptake is reduced mostly in temperate and
boreal regions of forests where N is known to be a limiting nutrient (Vitousek and
Howarth, 1991; Tamm, 1992). In particular, grassland ecosystems indicate that they are
predominately limited by N availability mostly in the temperate regions. These results are
in line with the other experimental studies (Cech et al., 2008 and therein), where they
reported that grasslands are limited by N or co-limited by N and P. Tropical and
subtropical forests are not constrained by N availability except for some small regions.
This is in line with the overwhelming evidence that N does not constrain tropical and

subtropical forests but co-limited by P (Harrington et al., 2001; D’Antonio et al., 2006).

Mostly the soil C storage is limited by N availability as compared to the vegetation and
litter C storage. The reduction of soil C storage is around 51 Pg C by the end of the 21*

century and this is because N availability affects the turnover rate of litter C in the model.
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Thus, N availability is considered as an important regulator of soil C. There is some
evidence in the literature that nitrogen controls the rates of litter decomposition (Gosz,
1981; Fog, 1988; Taylor et al., 1989; O'Connell, 1994). However, a number of studies
reported no significant change in the rates of decomposition as a consequence of N
addition (Pastor et al. 1987, Theodorou and Bowen 1990, Prescott, 1995; Vitousek and
Hobbie, 2000) and therefore N availability and its controls on rates of litter decomposition

have been found inconclusive.

By ignoring the land N cycle, previous studies for example the C*MIP inter-comparisons
experiments (Friedlingstein et al., 2006) have been criticized for overestimating the
potential future C balance and climate-C cycle feedback (Hungate et al., 2003; Thornton et
al., 2007). As in the C*MIP studies, the present model also simulates a positive climate-C
cycle feedback. However, the inclusion of land N cycle in the model leads to a significant
reduction of this positive climate-carbon cycle feedback by 21% under the A1B scenario
until the end of the 21% century. In contrast, the extreme assumption “plant N uptake first”
leads to a substantial larger positive climate-carbon cycle feedback by 33%, which is at
first sight counter intuitive. But this can be explained by the larger N uptake for plant
growth so that large amounts of N locked up in long-lived wood and SOM that thereby is
missing for litter decomposition.

2.5.3. Progressive nitrogen limitation under climate change

Previous studies with respect to PNL occurrence are mostly carried out in short-term field
experiments (Norby et al., 2006; De Graaff et al., 2006; Hungate et al., 2006; Reich et al.,
2006). Some of these studies discussed that the results of CO, enrichment experiments are
ambiguous with respect to the occurrence of PNL (Norby et al., 2006). Medlyn et al.
(2000) addressed the importance of soil mineral N availability for forest ecosystems in
response to elevated CO, and temperature. Several experimental studies inferred that low
soil mineral N availability constraints the enhancement of NPP under elevated CO; as a
direct consequence of enhanced plant N uptake from soils (Oren et al., 2001; Norby et al.,
2005; De Graaff et al., 2006). Moreover, several studies discussed the availability of N in
response to elevated CO,, but findings are inconclusive, i.e. soil mineral N availability has

been observed to decrease, remaining stable or increase (Reich et al., 2006). At a global
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scale, so far there are no studies on PNL with a long-term perspective using model
simulations for the large warming expected during the 21% century. The simulations
performed in the present study show an increase in plant N demand for the 21 century
with increasing CO, concentration in the atmosphere. Here, elevated CO; leads to
enhanced sequestration of organic N in long-lived wood and SOM that subsequently leads
to a lack of N availability. This in turn, reduces the soil mineral N availability and causes a
PNL in a changing climate (Luo et al., 2004; Hu et al., 2006).

For forest ecosystems, the soil mineral N availability is reduced mostly during the first
half of the 21% century (Like PNL) but recovers thereafter (Not PNL) under global
warming. These results support the hypothesis that soil mineral N availability decreases
under elevated CO, as N is locked in long-lived woody biomass and soil organic matter
(Luo et al., 2004; De Graaff et al., 2006; Hungate et al., 2006). In a changing climate
particularly after mid of 21% century, the present study results do not support the PNL
hypothesis for regions where the soil mineral N availability progressively relaxes due to
the increasing N mineralization rates under global warming. The occurrence of PNL
caused the reduction of relative NPP difference (see section 2.4.7 for definition) by about
5% especially in the temperate and boreal forests. But when N scarcity is relaxed due to
global warming the reduction of the relative NPP difference is lowering by the end of the
21% century. In general, the results of this study are consistent with observational (Yates et
al., 1982; Gallardo and Schlesinger, 1992) as well as other modeling studies (Jain et al.,
2009; Wang et al., 2010) which indicate that N limits NPP in shrubs, temperate and boreal
forests including tundra (Jain et al., 2009).

The present study shows that grasslands ecosystem develop a deficiency of soil mineral N
availability during the 21* century and thereby PNL causes a reduction of the relative NPP
difference by about 20%. Nevertheless, the CN and CN-ct experiments suggest that an
alleviation of PNL is likely under climate change by fastening the N mineralization (fast
turnover). This process leads to an alleviation of PNL and causes a lowering of the
reduction of the relative NPP difference from 35% (CN-ct) to 20% (CN) by the end of the
21% century. As compared to these results, Riitting et al. (2009) reported that the faster
rates of internal cycling and enhanced N retention can potentially alleviate PNL in grazed
temperate grassland at the New Zealand-FACE site. The study by Gill et al. (2006) found
that the soil N availability is reduced (Like PNL) in Texas grassland under elevated CO,
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during 4 years field experiments. Similarly, Hovenden et al. (2008) reported a decline in
the soil N availability (Like PNL) in Tasmanian perennial grassland under elevated CO,
during 3-5 years field experiments. But, importantly it also shows that warming could
prevent CO; induced decline in soil N availability.

Despite evidence from several FACE experiments on the occurrence of PNL (Luo et al.,
2006b) there is a large uncertainty on soil N availability under global warming. Studies
have suggested that increasing soil temperatures will increase the N availability in
response to elevated CO, (Loiseau and Soussana, 2000). The results of the present study
indicate that temperature is a sensitive parameter for PNL which can enhance the soil
decomposition rates and thereby the availability of soil mineral N. In line to this, studies
have demonstrated that the increased temperature stimulates soil N mineralization
(Medlyn et al., 2000; Castaldi, 2000; Fenner et al., 2006). In addition, warming can
enhance the soil mineral N availability under elevated CO, and thereby it may alleviate
PNL (Hovenden et al., 2008).

The evidence of PNL under elevated CO, concentration is rather speculative and previous
studies suggested that many ecosystems may have the ability to avoid PNL based on
accumulation of exogenous N inputs (e.g., deposition, fixation) or lowered N losses
(Hungate et al., 2003; Johnson et al., 2004; Luo et al., 2004, 2006a). Experiments
performed in the present study show that by doubling biotic N fixation and without N
losses through leaching, PNL cannot be completely avoided or delayed in grassland
ecosystems. However, by doubling N fixation PNL occurrence is almost completely
suppressed in forest ecosystems. In comparison to these results other studies reported that
increased biotic N fixation and N deposition are not found to be significant for alleviating
PNL under elevated CO, (Van Groenigen et al., 2006; Reich et al., 2006). Furthermore,
there is no evidence in the experimental studies that N retention by less N leaching and
gaseous losses of N is able to alleviate PNL (McKinley et al., 2009). The present study
summarizes that since doubling of N fixation is quite unrealistic, this experiments show
that the appearance of PNL for grasslands during the 21% century is a very robust

simulation result, whereas occurrence of PNL in forests is much less robust.
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2.6. Conclusions

In this study a simple scheme for the terrestrial N cycling has been incorporated into the
existing land carbon cycle model (JSBACH). This newly developed model is based on
only a small number of basic principles, namely mass conservation, a supply-demand
ansatz, and fixed C-to-N ratios. Additional strength of this model is: It needs only a very
limited number of additional state variables and model parameters as compared to the
original JSBACH-C model (Section 2.2.2). This new model for the coupled nitrogen and

carbon cycle is used to study their interactions by performing a series of simulations.

For today’s conditions, the results from the C and CN experiments for the land carbon sink
and land carbon stocks are well comparable with observational estimates. The N stocks
and fluxes are also well comparable with those obtained by various other models and with

published observational estimates.

Because of the tight coupling between the N and C cycle, a significant reduction of the
land C uptake by 16% is found by the end of the 21% century in response to increasing
CO; concentration and climate change under the A1B scenario. These results are
qualitatively in agreement with previous global modeling studies (Thornton et al., 2007;
Zaehle et al., 2010b. 2010c). Nevertheless, the magnitude of the consequences from the N
cycle on the future global land C uptake is much less in this model than found in the study
by Thornton et al. (2007). Besides, this study finds that the inclusion of land N cycle in the
model leads to a reduction of 21% in the magnitude of positive climate-carbon cycle
feedback. This result is qualitatively in agreement with the findings of Sokolov et al.
(2008) and Thornton et al. (2009).

To check the robustness of certain model assumptions two sensitivity experiments are
designed, assuming quite drastic modifications of the model. It turned out that even with
these modifications today’s land carbon sink is well within the uncertainty range from
observational estimates so that from an observational point of view the particular model
assumptions are cannot be discriminated. However, the assumption “plant N uptake first”
turned out that it is unrealistic as mentioned in Section 2.5.1. The standard model setup
where soil N is divided into the plant and microbial demand equally turned out to be the

most appropriate setup.
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In forest ecosystems, the simulated soil N availability decreases during the first half of the
21% century under increased CO, concentration and climate change. This shows the
occurrence of PNL (Like PNL) as suggested by various authors (Luo et al., 2004; De
Graaff et al., 2006; Hungate et al., 2006). But approximately mid of 21* century the PNL
starts alleviating because of global warming. In grasslands the soil N availability decreases
continuously (Like PNL) from the 19" century until the first half of the 21 century but
recovers thereafter. Thus, the occurrence of PNL causes a substantial reduction in the
relative NPP difference by 20%. However, an alleviation of PNL is also realized under

global warming conditions mostly after mid of 21% century in grasslands ecosystem.

To study the robustness of occurrence of PNL additional sensitivity experiments have
been performed. The results show that by doubling biotic N fixation PNL almost vanishes
in forests but is only slightly alleviated for grasslands. By suppressing instead N losses
through leaching and by reducing the nc—value of the slow soil pool the effect on
alleviating PNL is very small. Since doubling of N fixation is quite unrealistic, these
experiments show that the appearance of PNL for grasslands during the 21% century is a

very robust simulation result, whereas occurrence of PNL in forests is much less robust.
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Chapter 3

3. N0 emissions from the terrestrial biosphere under
climate change

Abstract

Nitrous oxide (N,O) is produced in soils as a byproduct during nitrification and
denitrification and contributes significantly to the annual N,O budget. In this Chapter, the
process controlling N,O emissions have been incorporated in the JSBACH-CN model.
The aims of this study are: To investigate N,O emissions from natural soils under climate

change and climate-N,O feedback. To accomplish this simulations are performed.

For site-scale model evaluation, the data of simulated N,O emissions is compared with
that obtained from observations. The comparison shows a good correlation between
simulated and observed N,O emissions. The simulated N,O emissions are largest for
Southeast Asia, Amazon forest, and Central Africa. For present-day conditions globally,
simulated N,O emissions from natural soils are around 6 Tg N yr' and is consistent with
the value reported in the IPCC. By the end of the 21* century, emissions increase up to 8
Tg N yr (i.e. one-third increase) and contribute significantly to the global N,O budget
under the SRES A1B scenario. Furthermore, the simulated N,O emissions from natural
soils are combined with the other N,O emission sources (e.g., ocean, fossil fuel, fertilizer,
etc.) in order to construct atmospheric N,O concentrations. The calculated rise in the
atmospheric N,O concentration is consistent with observations over the period 1860-2005
(a rise from 276 to 320 ppb). Under the A1B scenario they increase up to 469 ppb by the
end of the 21% century. The global radiative forcing (RF) from N,O emissions is around
0.14 Wm™ in 2005 and is comparable with the value published in the IPCC AR4 report
(ca. 0.16 Wm). For the end of the 21* century, calculated RF is 0.6 Wm™ and leads to a
projected increase in temperature by 0.46°C since 1860. The climate-N,O feedback is

found to be negligible because the value of feedback factor is very small (ca. 0.0003).
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3.1. Introduction

Over the last two centuries, fossil fuels combustion and land use change (e.g.,
deforestation) have caused a substantial rise in the atmospheric CO, concentration and
surface temperature (Prentice et al., 2001). The future global environmental change
depends not only on temperature increase by CO; but also on non-CO, greenhouse gases
(GHGs) such as nitrous oxide, methane, etc. Nitrous oxide (N,O) is an important GHG
that contributes significantly to global climate change. Its contribution to the
anthropogenic greenhouse effect estimated to be 6-7% (IPCC, 1996a; Xu et al., 2008).

NO has a larger global warming potential (ca. 296 times) than CO; (Prather et al., 2001).
Therefore, increase in N,O emissions from the terrestrial biosphere (e.g., nitrification and
denitrification) and anthropogenic sources (e.g., agriculture, deforestation) may have large
effect on radiative forcing (RF) that is associated with climate change. Over the last few
decades N,O atmospheric concentration is increasing at the rate of about 0.6-0.9 ppb/yr
(Albritton and Meira Filho, 2001). It has a life-time of about 114 years (Albritton and
Meira Filho, 2001) and may play important role in global warming in the near future. It
affects atmospheric chemistry and in the troposphere N,O is chemically inert. But it
rapidly diffuses to the stratosphere, where it initiates series of photochemical reactions that

lead to the destruction of the ozone layer (Crutzen, 1981).

Over the last several decades, human activities have caused a substantial modification to
the terrestrial N cycle (McElroy et al., 1977). As a consequence, N,O atmospheric
concentration has increased from pre-industrial value of 270 ppb to 320 ppb (Battle et al.,
1996; Thompson et al., 2004). The modern N,O concentration of 320 ppb exceeds by 18%
than its pre-industrial values, which signifies a large-scale perturbation to the global N

cycle. Since 1988, the rate of increase of N,O concentration is 0.8 ppb yr™* (IPCC, 2007).

N,O is predominately produced in soils as a byproduct during bacterial nitrification
(aerobic process) and denitrification (anaerobic process). Numerous factors that control
the N,O production are soil temperature, soil moisture, pH, oxygen concentration,
ammonium and nitrate availability, etc (Silva et al., 2005; Cookson et al., 2006).
Emissions produced from the above processes contribute about 70% of the annual N,O

budget worldwide (Mosier, 1998). Land and oceans are the principal natural sources of
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N,O emissions. The total annual emissions of N,O are estimated at 16.2 Tg N in the late
1990s (IPCC, 2001). Soils are the largest contributors to N,O emissions with 6.0 Tg N yr*
(uncertainty range of 3.3 to 9.7) from natural soils and 4.2 Tg N yr'* (uncertainty range of
0.6 to 14.8) from agricultural soils (IPCC, 2001).

In this study, the processes that produce N,O are incorporated in the process-based
JSBACH-CN model. The aims of this study are to investigate N,O emissions from natural
soils under climate change and climate-N,O feedback. Further, using the simulated N,O
emissions data, this study aims to construct atmospheric N,O concentration in
combination with other N,O emission sources (e.g., ocean, fossil fuel, fertilizer, etc.) over
the period 1860-2100.

3.1.1. Modelling N,O emissions in JSBACH-CN

The rate of N,O emissions from soils due to nitrification and denitrification processes
were documented previously in the literature. The N,O emissions rate due to nitrification
and denitrification varies from 0.1-0.2 % and 0.2%-4.7% (day™), respectively (Groffman
et al., 2000; Breuer et al., 2002; Khalil et al., 2004; Well et al., 2003; Ambus, 2005;
Stange et al., 2009). Furthermore, the denitrification rate reported by many experimental
studies showed a wide range of values and therefore may have a larger uncertainty

compared to the nitrification rate.

The most commonly used “Hole-in-the-pipe” model has implemented the nitrification and
denitrification processes of N,O emissions based on the N mineralization rate and soil
water (Davidson and Verchot, 2000). In the CASA model, Potter et al. (1996) modelled
N20 emissions by considering a fixed fraction of N mineralization rate of about 2%. Xu-
Ri et al. (2008) used the above mentioned literature values of nitrification and
denitrification rate for modelling N,O emissions in the process-based terrestrial ecosystem
DyN model.
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Here for the JSBACH-CN model, N,O emissions are modeled based on the N
mineralization processes (i.e. nitrification and dentrification). These processes are mainly
affected by abiotic factors such as soil temperature and moisture. The detailed equations of

N>O emissions from the N mineralization processes are described as follows.

Table 3.1: Notations used for N,O emission description in the JSBACH-CN model.

Abbreviations X = N:nitrification; DN: denitrification; fix: fixation; depo: deposition

Notation Meaning

NetN,, Net N mineralization

NH} available ammonia in the soil
NO3 available nitrate in the soil
fonny fraction of NHf

Ryzon rate of nitrification

Ry20pN rate of denitrification

EF emission factor

N, 0y, N,0 emissions from X

Fx Fluxes of X

The equation for the net N mineralization flux (NetN,,) can be written as:

t t
NetN,, = _flimit((ncs —NCLg) fLe-s ng + (ncs— neyw) fiwos Rfﬁz
t t
+ fumit(ncLe ficoa Rig. + ncuw fiw—a Riy ) + ncs Rs €Y

The details notations used in Eq.1 are described in Chapter 2 (Section 2.2). The first line
of Eq. 1 represents the gross immobilization fluxes from the litter pools (i.e. litter green
and wood), whereas the second line represents the mineralized fluxes associated with
heterotrophic respiration by soil microorganisms. These mineralized fluxes are mostly
from the litter pools as well as soil pool. The terms RPSY, RPeF, and R depend on soil
temperature and moisture (for details see Chapter 2.2). In this study, soil pH is ignored
because of its high spatial heterogeneity but it is an important factor that determines N,O

production.
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NH{ = f s NetNy, 2)
NO3 = (1- f—>1vH;f) NetNp, 3)

The size of ammonia and nitrate availability in soils is derived from the NetN,, flux (Eq.
2 and 3) by taking a fraction of NH} and NO; availability. The fraction of NH;
availability (f_,yy;) in soils is assumed to be 40% of NetNy, flux. The remaining 60% of
NetN,, flux is assumed to be NOj3 availability in soils. In general, NO3™ availability is
considered to be larger than the NH," availability (Mengel and Kirby, 2001; Xu-Ri et al.,

2008). N,O emissions are derived as:

N,Owy = NH{ Ryzon 4

N,0pny = NO3 Ryz0pn (5)

N,O emissions due to nitrification and denitrification (Eq. 4 and 5) are determined by
multiplying the substrate availability (i.e. ammonia and nitrate) with their corresponding
nitrification rate (ca. 0.1%) or dentrification rate (ca. 0.2%). These rates are simply taken

from the previous literatures values.

In particular, N,O emissions from the N deposition and biotic N fixation are derived based

on the IPCC methodology and can be written as:

N30 (4epoy = Faepo EF (6)
N,O fixy = Fyix EF (1)
N3O totary = N2Owy + N2Opwy + NoO(finy + N2O(depoy (8)

According to the IPCC method, N,O emissions are estimated by taking an emission factor
of 1.0% of N deposition. Other studies showed emission factors of about 2-4% (Borken
and Beese, 2005; Ernfors et al., 2007). Biologically fixed N also emits N,O into the
atmosphere during nitrification and denitrification (Minami, 1997; Mosier et al., 1998;
Pathak, 1999), which has been ignored in most of the previous studies. From a top-down
approach, Crutzen et al. (2008) estimated that about 4% of the biotic fixed N can be
considered as the source of N,O. However, Schmid et al. (2001) and Horak et al. (2006)
used the IPCC emission factor of 1.25 (£1.0%) for estimating N,O emissions due to biotic

N fixation.
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For the JSBACH-CN model, the IPCC methodology of N,O emissions factor of 1% and
1.25% is used for the N deposition and biotic N fixation (Eq. 6 and 7), respectively. The
total emissions are derived by summing all the emission sources (Eg. 8). Henceforth for
shortness, N,O emissions from the biotic N fixation and deposition are called as “open”

sources of emissions.

3.1.2. Calculation: Emissions to concentration and temperature increases
(Emission - concentration = radiative forcing - temperature increase)
A box model calculation is applied to convert N,O emissions (Tg N yr™) to atmospheric
N,O concentration (ppb). The resulting atmospheric N,O concentration is converted to
radiative forcing (RF) to derive the temperature increase due to the additional N,O
emissions since the pre-industrial level. For this calculation, the equations are adopted
from Hohne and Blok, (2005) and modified accordingly by adding emissions from the
other sources (e.g., fossil fuel, biomass burning, synthetic fertilizer, etc.). The equations

for converting emissions to temperature increases are described in detail in Appendix 3.1.

N,O emissions from natural soils and the so called emissions from “open” sources are
obtained from the simulation results of JSBACH-CN model. However, N,O emissions
from the ocean are obtained from the published data of the study by Jungclaus et al.
(2010).

In particular, N,O emissions from the products of fossil fuels (e.g., nylon production,
mobile and stationary), biomass burning, and synthetic N fertilizer (emission factor of
2.5%) are derived from the recent study by Davidson (2009). These data are used for the
periods 1860 to 2005. For the future the SRES A1B scenario data is used (IPCC, 2001);
this is especially valid for the fossil fuel emissions. However, emissions from biomass

burning and synthetic N fertilizer are kept constant from 2005 until 2100.
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3.2. Setup of model experiments and driving data

The experiments are designed by using the forcing data from Roeckner et al. (2011). The
details about this data and the model setup were already described in Chapter 2.3. In the
present study, the experiments differ from the previous experiments (Chapter 2.3) with

respect to the inclusion of N,O emissions in the JSBACH-CN model.

To address the main questions of this study, two transient experiments (named NE and
NE1) are performed covering the years 1860-2100. The first transient experiment (called
NE) is the main experiment in this study, which is performed with JSBACH-CN, where
N20O emissions are included as described in Section 3.1.1. The second transient experiment
is called NE1, where the soil temperatures are kept at their pre-industrial values in order to

isolate the effect of increasing CO..

3.3. Results

3.3.1. Comparison with site-scale observations

In this section the simulation results of N,O emissions are compared with site-scale
observations. These site-scale data are compiled from the available literature especially for
forest and grassland ecosystems (see Appendix 3.2 for site description). Moreover, such a
comparison of simulation results with site-scale (meters) observations for evaluating a
global model is not straightforward. Because, the global model has been developed for a
quite different scale, namely the scale of several grid boxes of Earth system models, which
are hundreds of kilometres. Nevertheless, the simulated N,O emissions are compared with
observations in order to evaluate the order of magnitude of modeled N,O emissions from

the terrestrial biosphere.

The simulated N,O emissions (i.e. natural plus open) used for comparison are the mean
values from 1970 to 1999 obtained from the NE simulation. In Figure 3.1, the simulated
N,O emissions are compared with observations for forest and grassland ecosystems.
Simulated N,O emission correlates well (r=0.89, n=18, p<0.01) with observations for
forest ecosystems (Figure 3.1a). A good correlation is also found (r=0.83, n=7, p<0.05) for

grassland ecosystems despite the limited number of available observation sites (Figure
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3.1b). These comparisons demonstrate that the simulated N,O emissions are in the similar

order of magnitude of observed N,O emissions from terrestrial ecosystems.
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Figure 3.1: Comparison of simulated N,O emissions with observed N,O emissions in (a)
forest and (b) grassland ecosystems. The diagonal dotted lines are the 1:1 line and the

solid line depicts the least square regression line.

3.3.2.  Spatial distribution of simulated N,O emissions

Figure 3.2 shows the spatial distribution of simulated N,O emissions from terrestrial
ecosystems (i.e. natural plus open) obtained from the NE simulation. The simulation
results show that higher N,O emissions are found especially in Southeast Asia, Amazon
forest, and Central Africa (>150 mg N m? yr) as compared to the other regions. The
reason for this is that the organic matter is decomposed at a faster rate because of higher
temperatures. This accelerates the N mineralization processes (i.e. nitrification and
denitrification). As a consequence, more mineral N is available for N,O emissions. The
results show that the tropical rainforests soils are the major source of N,O emissions. They
are in the range of about 100-250 mg N m™ yr* and considered in the literature to be the
largest natural terrestrial source for atmospheric N,O. In comparison to these results,
Melillo et al. (2001) reported the emissions to be in the range of 140-260 mg N m? yr,
However, Werner et al., (2007) found a wider range of emissions of 50-540 mg N m™ yr™.
Simulated emissions are found to be much lower in temperate and boreal regions (ca.

<100 mg N m? yr') because of lower temperatures and slow microbial processes. In
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comparison to these results, other studies reported emissions to be in the range of 3-177
mg N m™ yr* (mean value of about 78) from temperate regions of Europe (Pilegaard et al.,
2006). These results are comparable with the previous reported emissions of <88 mg N m’
2 yr'* for North America (Venterea et al., 2003). The emissions of <100 mg N m? yr* are
found in Oceania and Africa and are consistent with the results of Werner et al. (2007).
Overall, the global distributions of simulated N,O emissions are in the order of similar
magnitude as in the CASA model (Potter et al., 1996). Also, the simulated N,O emissions
pattern are consistent with the statistical approach of Xu et al. (2008) where the emissions

are mostly computed from observations.
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Figure 3.2: Simulated N,O emissions from the terrestrial ecosystems (means for 1970-99)

obtained from the NE simulation.

The emissions especially from the atmospheric N deposition and biotic N fixation are
called as “open” sources of N,O. The simulated open N,O emissions are higher mostly in
the regions with high N deposition and biotic fixation. Earlier studies have ignored
biologically fixed N that contributes to emissions during nitrification and denitrification.
The results show a significant amount of N,O is released especially from the biologically
fixed N. The simulated N,O emissions both from the biotic N fixation and atmospheric N

deposition are higher particularly in the tropics and sub tropics (ca. 40-70 mg N m? yr)
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as compared to the temperate and boreal regions (ca. <40 mg N m? yr™). This is due to the
fact that biotic N fixation is higher where the net primary productivity is high. Besides, the
simulated emissions are higher in the regions with high atmospheric N deposition. These
results are consistent with most of the previous studies that reported a significant positive
relationship between the atmospheric N input and N,O emissions (Butterbach-Bahl et al.,
1998; Davidson et al., 2000; Skiba et al., 2004).

Table 3.2: Comparison of simulated N>O emissions with various other models (means for
1970-99).

1 Models Empirical IPCC AR4
ToNyr JSBACH-CN | CASA | O-CN DNDC | Xuetal., 2008 | IPCC, 2007
Natural soils 5.9 6.12 7 11.33 13.3 3.3-9.9
Open sources 2.5 - - - 0.3-0.9
Total 8.4 6.12 7 11.33 13.3

In Table 3.2, simulated global N,O emissions as simulated by the JSBACH-CN model are
compared with those obtained by various other models (Potter et al., 1996; Zaehle et al.,
2010b) and also with the empirical model (Xu et al., 2008), which is based on
observations. The simulated N,O emissions especially from the open sources are 2.5 Tg N
yr', whereas the IPCC AR4 reported as 0.3-0.9 Tg N yr’. In comparison to the IPCC
reported values, larger emissions are found from the open sources because it include
emissions both from the N deposition and biotic N fixation, whereas the IPCC
investigation ignored emissions from the biotic N fixation. N,O emission from the N
deposition accounts for 0.6 Tg N yr’. Indeed, this is consistent with the other reported
values of about 0.8 Tg N yr' by Bouwman (1995). The global N,O emissions from the
terrestrial ecosystems (i.e. natural plus open) are around 8.4 Tg N yr™, which are also
consistent with other model estimates of 6-13.3 Tg N yr (Potter et al., 1996; Liu, 1996;
Zaehle et al., 2010b). The IPCC AR4 reports a lower range of 3.3-9.0 Tg N yr™. However,
in comparison to the statistical approach of Xu et al. (2008), all the models have
underestimated the total terrestrial N,O emissions. Besides, other sources reported a
diverse estimates of N,O emissions, for instance, 7-16 Tg N yr* (Bowden, 1986), 2.8-7.7
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Tg N yr' (Watson et al., 1992), 4.6-15.9 Tg N yr* (Mosier et al., 1998, Kroeze et al.,
1999).

3.3.3. Simulated N,O emissions and temperature increase

The simulations results show that for present-day conditions, the simulated N,O emissions
from natural soils are nearly the same for both experiments (NE and NE1) (Figure 3.3).
Globally, emissions from natural soils are around 6 Tg N yr and are consistent with the
value reported in the IPCC (IPCC, 2001). By the end of the 21* century, emissions
increase to around 8 Tg N yr* (NE experiment) under increasing CO, concentration and
climate change. This increase in emissions over the period 2000-2100 is about one-third

that contributes significantly to the global N,O budget.

Furthermore, the simulated N,O emissions are higher by around 1.0 Tg N yr in the NE
experiment as compared to the NE1 experiment by the end of the 21% century. This is
because higher temperature in the NE experiment causes faster N mineralization
processes, which in turn lead to higher N,O emissions from natural soils. The results
obtained from the NE1 experiment also show an increase of emissions from natural soils.
This is because of higher N substrate availability resulting from more litter fall through
increased NPP in response to rising CO, concentration in the atmosphere.
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Figure 3.3: Comparison of simulated N,O emissions from natural soils between NE and
NE1 experiments over the period 1860-2100.
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The linear relationship between surface temperature and N,O emissions from natural soils
shows that the emissions are increasing as surface temperature increases (R>=0.93) (Figure
3.4). This indicates that under global warming conditions, the N,O emissions will be
enhanced significantly for the future climate. Furthermore, from this figure, the slope is
about 0.69; this value is taken for Eq. B7 in the climate and N,O feedback calculation
(details in Appendix 3.1).
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Figure 3.4: Linear regression between surface temperature and simulated N,O emissions
obtained from the NE simulation.

3.3.4. N,O emission sources

The results show that the simulated N,O emissions are predominantly larger for natural
soils as compared to the other sources of N,O (Figure 3.5, left panel). The emissions from
natural soils increase from around 5.5 to 8 Tg N yr over the period 1860-2100. Apart
from natural soils emissions, larger emissions arise from open sources (i.e. N deposition
and fixation) as well as from the ocean. The ocean emissions remain almost stable until
the present-day conditions, found to be 2.2 Tg N yr. However, it decline slowly after
2050 until end of the 21% century. The emissions from open sources are around 2 to 4.5 Tg
N yr™ over the period 1860-2100. This increase of about 2.5 Tg N can be explained by the
high rates of both atmospheric N deposition and biotic N fixation.

N,O emissions from synthetic N fertilizers are estimated by using the emission factor of

2.5%. The estimated N,O emissions from synthetic N fertilizers show that the emissions
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increased significantly during the agricultural revolution in 1960 (ca. 0.28 Tg N yr™) and
continued up to present-day (ca. 2.2 Tg N yr™). This increased emission is about 8 times
higher in 2005 as compared to the 1960. N,O emissions from the fossil fuel increased also
from 1960 (ca. 0.17 Tg N yr!) until 2005 (ca. 0.74 Tg N yr%). N,O emissions from the
biomass burning are lower than the other emission sources; they increase gradually from
1960 (ca. 0.3 Tg N yr) until the present-day (ca. 0.5 Tg N yr™). As mentioned above,
after 2005 biomass emissions are kept constant at the level of 2005 until the end of the 21

century.
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Figure 3.5: The simulated N,O emissions from natural, open, and ocean sources are shown
in the left panel. Emissions from the fossil fuel, biomass burning, and synthetic N fertilizer
are marked by an asterisk. These data are obtained from Davidson (2009). The total

emissions from all the sources are shown in the right panel.

The total N,O emissions from all the above sources are around 14.4 Tg N yr* during
2000; these are estimated to increase to 19 Tg N yr™ by the end of the 21% century (Figure
3.5, right panel). The sources of the increased emissions after the year 2000 are mostly
from natural soils, open sources, and fossil fuel emissions; the increase in N,O emissions
over the period 2000-2100 is around 4.6 Tg N.
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3.3.5.  Atmospheric N,O concentration and additional warming

Simulation results comprise the emissions mainly from the natural soils and open sources.
However, only from the above two sources, calculated atmospheric N,O concentration
cannot be comparable with the historical observations trends until 2005 (Figure 3.6).
Therefore, it is necessary to include other emission sources, for instance, emissions from
the fossil fuel, biomass burning, and synthetic N fertilizer, which are taken from the data
by Davidson (2009). By including above all emission sources, the results show that the
calculated atmospheric N,O concentrations are largely driven by natural soil emissions,
ocean emissions, and open sources emission until 1960 (Figure 3.6). However after 1960,
the atmospheric N,O concentration rises sharply because a significant amount of N,O is
released from synthetic N fertilizers and fossil fuels. For the period 1860-2005, the results
show that the calculated atmospheric N,O concentration is well comparable with the
historical observations by Machida et al. (1995) (i.e. ice core records), Battle et al. (1996)
(i.e. firn data), and NOAA/ESRL flask (CATS data).
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Figure 3.6: The calculated atmospheric N,O concentration from 1860-2009 (left panel)
and 1860-2100 (right panel). Emissions from the natural and other sources (ocean and
open sources) are derived from the simulation results of the JSBACH-CN model.
Emission sources marked by an asterisk are obtained from Davidson (2009).
Measurements from ice core (Machida, 1995), firn (Battle, 1996), and NOAA flask are
shown filled circle, open circle, and open triangle symbols, respectively. The black smooth
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line shows the N,O concentration (1860-2009) by Hansen and Sato, (2004) and
NOAA/ESRL flask.

In particular for the year 2005, the calculated rise in atmospheric N,O concentration is
around 320 ppb. This is close to the observed value of 319 ppb by NOAA/ESRL flask data
(Figure 3.6, left panel). The N,O concentration increases rapidly up to 469 ppb by the end
of the 21* century under the SRES A1B scenario. As compared to the year 2005, the N,O
concentration is higher by 149 ppb or 46% by the end of the 21 century.
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Figure 3.7: Radiative forcing (Wm™) and increase in temperature calculated from the

global atmospheric N,O concentration over the period 1860-2100.

The calculated global radiative forcing (RF) from N,O emissions is around 0.14 Wm™ in
2005 (Figure 3.7, left panel) and is in agreement with the value published in the IPCC
AR4 report (ca. 0.16 Wm™) for present-day. The RF from N,O is much less than from
CO, (ca. 1.66 Wm™) because of lower mixing ratio of N,O. The results also show that the
calculated RF is increasing over the period 1860-2100 as the N,O concentration increases
in the atmosphere. By the end of the 21% century, the calculated RF reaches at 0.57 Wm™
and leads to a projected increase in temperature by 0.46°C since 1860 (Figure 3.7, right
panel). In contrast, the temperature increase in relation to atmospheric CO, concentration

usually ranges from 2 to 4.5°C (IPCC, 2007) following a doubling of CO, concentration.
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As compared to CO,, the temperature increases from atmospheric N,O concentration is

not significantly large because of its lower concentration in the atmosphere.
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Figure 3.8: Schematic diagram depicts the climate-N,O feedback. N,O emissions from the
terrestrial biosphere change the temperature. The increased temperature resulting from the

emissions may in turn accelerate further the release of more N,O emissions.

Figure 3.8 depicts the schematic diagram for climate-N,O feedback. The results show a
weak positive climate-N,O feedback factor (0.0003) due to further release of N,O
emissions from the terrestrial biosphere at increased temperatures. Because of the weak
positive climate-N,O feedback gain factor, it is inferred that there would not be any further
boosting of global warming arises particularly from the additional N,O emissions related
to temperature gain. Although, a weak positive climate-N,O feedback factor is found
between N,O emissions and climate, the calculation and consideration of such effect is
still very important in the context of global warming caused from the terrestrial N,O

emissions at increased temperatures.
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3.4. Discussions

3.4.1. Effect of temperature and elevated CO; concentration on N,O emissions

In the present study, temperature is found to be an important control for the microbial
processes of N mineralization (i.e. nitrification and denitrification) and it induces the
production of N,O emissions from natural soils. Higher temperature causes an increase in
N,O emissions from natural soils by around 1 Tg N yr by the end of the 21* century
under the SRES A1B scenario (Figure 3.3). These results are consistent with the previous
studies which reported that N,O emissions are more sensitive to soil temperature (Prinn et
al., 1999; Werner et al., 2007; Grant and Pattey, 2008; Szukics et al., 2010). However,
Barnard et al. (2005) reported that the soil warming does not influence N,O emissions,
although these results are obtained where the emissions are predominately constrained by
N availability. Additionally, the results show that the simulated N,O emissions are
positively correlated (e.g., slope around 0.69) with surface temperature (Figure 3.4). This
result is in good agreement with other studies which reported a strong relationship
between N,O emissions and surface temperature (Dong et al., 2000; Lin et al., 2010;
Zhang et al., 2010).

In particular, increased atmospheric CO, concentration generally leads to higher plant
litter fall that induces N availability. This leads to increase in the simulated N,O emissions
and is consistent with the previous studies (Ineson et al., 1998; Baggs et al., 2003;
Kammann et al., 2008). In contrast, some studies also reported that elevated CO,
concentration does not increase N,O emissions (Hungate et al., 1997; Ambus and
Robertson, 1999; Billings et al., 2002; Mosier et al., 2002) because increase litter input
leads to higher litter C:N ratio and increases microbial N demand by stimulating higher N

immobilization flux (Hungate et al., 1997).

3.4.2. Atmospheric N,O concentration and uncertainties

Microbial processes of nitrification and denitrification are the principal source of
atmospheric N,O and predominantly control N,O evolution in the atmosphere (Bouwman
et al., 1995; Kroeze et al., 1999; Flechard et al., 2007). However, N,O from other sources,
for example, the synthetic N fertilizer, biomass burning, transport and industrial process

also contributes strongly to atmospheric N,O concentration. The calculated rise in the
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atmospheric N,O concentrations from pre-industrial values of around 276 ppb to 320 ppb
in 2005 is indeed a consequence of increased N,O emissions from natural soils, driven by
increased fertilizer use, fossil fuel combustion, biomass burning, biotic N fixation, and
atmospheric N deposition. These results are consistent to observation by Hansen and Sato,
(2004) and NOAA/ESRL, as mentioned previously above. Moreover, since 1960, the
evolution of atmospheric N,O concentrations is mainly determined by the N,O emissions
resulting from the use of synthetic N fertilizers (van Aardenne et al., 2001; Davidson,
2009) and fossil fuel emissions. By the end of the 21% century, the calculated atmospheric
N,O concentrations reach 469 ppb under the A1B scenario, which is quite close to
estimate of 455 ppb by Héhne and Blok (2005).

The evolution of atmospheric N,O concentrations may also differ probably due to the
uncertainties in N,O lifetime, as well as in the emission factors for various N,O sources
considered in the calculation. This study assumes not only the constant lifetime of N,O
(i.e. 114 years) but also the constant emission factor for the various N,O sources. For
instance, the emission factor for the synthetic N fertilizer is assumed to be 2.5% — also
used by Davidson (2009) — for constructing the atmospheric N,O concentration until 2005.
Even so, this emission factor may vary from 1.25% (e.g., IPCC methodology) to 4%
(Conrad et al., 1983; Bouwman, 1990; Houghton et al., 1990; Davidson, 2009). A top-
down method by Crutzen et al. (2008) shows that in the IPCC method this emission factor
is too low by factor of about two. Similarly, the constant emission factor from other N,O
emission sources, for instance, biotic N fixation and N deposition may be considered as an
additional possible source of uncertainty in the calculation of atmospheric N,O

concentration.

3.4.3. N,O emission and climate feedback

The direct effects of CO, on surface temperature are relatively well understood. However,
the overall effect is complicated since it reflects the feedback of temperature and other
GHG (Lashof et al., 1997; Scheffer et al., 2006). For instance, higher temperature may
release more CO,, CH,, and N,O from terrestrial ecosystems (Scheffer et al., 2006). In the
C*MIP studies, Friedlingstein et al. (2006) found consistently that all the models show the
positive climate-carbon feedback and estimated the additional warming of about 0.1-

1.5°C. So far none of the studies have addressed the feedback resulting especially from
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N,O emissions of the terrestrial ecosystems. In the present study, a weak positive climate
feedback gain factor of about 0.0003 is found due to the further release of N,O emissions
at increased temperatures from the terrestrial biosphere. Because of a weak climate
feedback, it is inferred that the climate-N,O feedback is negligible.

Furthermore, none of the other modeling studies have investigated the effect of climate
feedback caused from the N,O emissions. Moreover, process-based models of N trace gas
emissions are still at an early stage, and only few studies have incorporated the N,O
emission into a process-based N cycle models (Sokolov et al., 2008; Xu-Ri and Prentice,
2008; Zeahle et al., 2010b). Nevertheless, most of these models so far do not attempt to
compute atmospheric N,O concentration from the terrestrial biosphere. Therefore, the
climate-N,O feedback factor derived from this study is an important step but at the same

time it remains a high uncertainty especially due to uncertainty of emission factors.

3.5. Conclusions

In this study, the recently developed process-based JSBACH-CN model is used to
investigate N,O emissions from natural soils and climate-N,O feedback. For site-scale
model evaluation, the simulated N,O emissions have been compared with the
observations. The comparison shows a good correlation between simulated and observed
N,O emissions both for forest and grassland ecosystems (Section 3.3.1). The results show
that the simulated N,O emissions from the terrestrial ecosystems are higher in Southeast
Asia, Amazon forest, and Central Africa when compared to the other regions. In
particular, tropical rainforests soils are the major source of N,O emissions and are in line
with previous studies (Melillo et al., 2001; Werner et al., 2007).

Globally, the simulated N,O emissions from natural soils are around 6 Tg N yr’ for
present-day conditions. By the end of the 21% century, emission increases to around 8 Tg
N yr' (or one-third) under the A1B scenario and contributes significantly to the global
N2O budget. Furthermore, the results show that N,O emissions from natural soils are
sensitive to climate change. By the end of the 21% century, as temperature increases, N,O

emissions from natural soils also increase by about 1 Tg N yr,
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By including all N,O emission sources (natural soils, ocean, open sources, fossil fuel,
biomass burning, and synthetic N fertilizers) it is found that the rise in the atmospheric
N,O concentration is close to observations over the period 1860-2005 (a rise from 276 to
320 ppb). After 1960, the evolution of atmospheric N,O concentrations is mainly
determined by N,O emissions resulting from the use of synthetic N fertilizers and fossil
fuel emissions. By the end of the 21% century, the calculated atmospheric N,O
concentrations reach 469 ppb under the A1B scenario. The calculated atmospheric N,O
concentrations may also differ due to uncertainties regarding the emission factors for

various N,O sources considered in the calculation.

The calculated RF from N,O emissions is around 0.14 Wm™ for 2005; this compares well
with the value published in the IPCC AR4 report (i.e. 0.16 Wm™). For the end of the 21
century, a RF of 0.6 Wm is obtained. This leads to a projected increase in temperature by
0.46°C since 1860. Additionally, a weakly positive climate-N,O feedback gain factor is
obtained because of the further release of N,O emissions at increased temperatures from
the terrestrial biosphere. However, the calculation results infer that this feedback is

negligible.
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Chapter 4

4. NO emissions in the presence of anthropogenic
land cover change and wood products in mitigating
climate change

Abstract

In the last several decades, increasing N inputs to agricultural soils through anthropogenic
activity (e.g., use of synthetic N fertilizers) have led to an increase in N,O emissions. Also
the conversion of land for agricultural use (e.g., deforestation) has led to N,O releases into
the atmosphere. So far, only a few studies have estimated N,O emissions from land use
change based on the limited data or modeling. In the present study, N,O emissions that
arise from both anthropogenic land cover change and fertilized agricultural soils are
addressed by performing several simulations. The conversion of forests also leads to
carbon storage in the form of wood products (e.g., fuel wood, paper products, building,
furniture, etc.) and thereby the present study discusses the role of long-lived wood

products for climate change mitigation.

Simulation results show that the N,O emissions from land use change are higher in the
tropical regions where widespread deforestation over the last several decades has taken
place. The associated global N,O emissions for the 1990s are around 0.75 Tg N yr; this
accounts for about 5% of the global N,O budget. Furthermore, the results show that
fertilized agricultural soils emit substantially more N,O into the atmosphere as a direct
result of synthetic N fertilizer use. N,O emissions from fertilized agricultural soils are
around 4.9 Tg N yr! for the 2050s; the contribution of N fertilizers accounts for about 2.9
Tg N yr, or 60%. Thus, synthetic N fertilizers are a significant source for N,O emissions.
Besides this, the results show that agricultural N,O emissions are highest in Asia, followed
by North America, and Europe, that is, 46, 18, and 14% of the fertilized agricultural soils

emission, respectively.
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Wood products from forests are important for climate change mitigation by curbing the
land use emissions. The simulation results show that globally wood products cause a
reduction of about 6% in land use carbon emissions over the period 1860-2000. This
reduction is quite small as compared to the fossil fuel emissions. Therefore, this study

found a minor role of wood products in mitigating climate change.

4.1. Introduction

Human-induced land cover change (e.g., deforestation) has a substantial effect on the
environment. Over the last centuries to millennia, about one-third to one-half of the
Earth’s land surface has been modified by the transformation of natural ecosystems to
agriculture areas (Vitousek et al., 1997). Such large-scale modifications of the land surface
have an important consequences on the global N cycle (Conrad, 1996; Denman et al.,
2007; Galloway et al., 2008) resulting in a change to the N,O emissions from soils
(Erickson and Keller, 1997; Skiba et al., 2000). For example, N,O emissions are
commonly high in newly deforested areas (Luizéo et al., 1989) but after few years of
disturbance less N,O is emitted (Crutzen and Andreae, 1990; Bouwman et al., 1993; Van
Amstel and Swart, 1994).

In tropical forests, the widespread human-induced land cover change leads to an increase
in N,O emissions (Erickson and Keller, 1997; Verchot et al., 1999). For example, in South
and Central America, deforestation caused an increase in N,O emissions by a factor of two
(Keller et al., 1986). On the other hand, biomass burning is also substantial in the tropical
countries. In the developing countries, a substantial amount of agricultural waste and fuel
wood is combusted that further increases N,O emissions into the atmosphere (Crutzen and
Andreae, 1990).

N,O emissions from anthropogenic sources (e.g. agriculture, N fertilizers use) account for
about 65 to 80% of total emissions (Crutzen et al., 2008; IPCC, 2007). N inputs to
agricultural soils through synthetic N fertilizers, atmospheric N deposition, and biotic N
fixation are considered as the main contributors to global N,O budget. However,
emissions from the above mentioned sources are highly uncertain because they depend not
only on various environmental factors but also on the amount of fertilizer applied (IPCC,

2001). Current estimates for global annual emissions from agricultural soils are about 4.2
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Tg N yr; the uncertainty range is 0.6-14.8 Tg N yr* (Mosier et al., 1998; Kroeze et al.,
1999; IPCC, 2001). The IPCC method commonly estimates N,O emissions from N inputs
of fertilizers and N deposition by using a constant emissions factor of about 1.25% (IPCC,
1997). However, in comparison, field studies show an emissions factor in the range of
about 0.2-4% (Conrad et al., 1983; Bouwman, 1990; Houghton et al., 1990).

The objectives of the present study are to study by simulations, N,O emissions from
anthropogenic land cover change and fertilized agricultural soils. To address N,O
emissions from anthropogenic land cover change, a relocation of both C and N pools are
incorporated in the JSBACH-CN model. Additionally, N,O emissions from agricultural
soils are incorporated by including the data of synthetic N fertilizer application to
agricultural ecosystems. The conversion of forests leads to carbon storage in the form of
wood products (e.g., fuel wood, paper products, building, furniture, etc.) and thereby the
present study also analyses the role of long-lived wood products for climate change

mitigation.

4.1.1. Modelling N,O emissions from anthropogenic land cover change

Worldwide deforestation releases not only CO, to the atmosphere but also other
greenhouses gasses such as CH4, N,O, NOy etc. In particular, N,O is released into the

atmosphere directly with biomass burning as well as with subsequent use of the land.

Land use emissions (i.e. CO;) caused mainly by changes in land cover from the natural
ecosystem to crop land and are modeled by Pongratz et al. (2009) in the JSBACH.
However, this study incorporates a relocation of both carbon and nitrogen between the
pools along with changes in the cover fractions. Three additional anthropogenic pools:
annual (i.e. fuel wood, biomass burning), decadal (i.e. wood pulp, paper), and centennial
(i.e. building, wood furniture) are incorporated according to the Grand Slam Protocol
proposed by Houghton et al. (1983) with a turnover time of 1, 10, and 100 years,

respectively.

The vegetation C and N are released to the atmosphere via the three anthropogenic pools.

When forest is removed, 23% of the vegetation C is chosen to be stored in the annual pool,
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which is released by burning of biomass or fuel wood within 1 year. About 20% and 7%
of the vegetation C are chosen to be released to the atmosphere from the decadal and
centennial pools, respectively. These fractions of C emitted to the atmosphere due to land
use conversion are adopted from the Grand Slam Protocol (Houghton et al., 1983; Kato et
al., 2009). The remaining C fraction is left on the litter pool as slash left on the ground.
From the above three anthropogenic C pools, CO; releases to the atmosphere. In addition,
anthropogenic C pools store some amount of carbon for certain period of time in the form
of wood products (e.g., fuel wood, paper products, building, furniture), which in turn,
delay carbon release to the atmosphere. Thus, the wood products may mitigate climate

change by delaying carbon release to the atmosphere.

On the other hand, N trace gases in the form of N,O and NOy are also emitted into the
atmosphere. N,O emissions from land use change are calculated from anthropogenic N

pools. The detail descriptions are as below.

Table 4.1: Notations used in description of anthropogenic pools in the JSBACH-CN

model.

Abbreviations for anthropogenic pools: AA: annual; AD: decadal; AC: centennial
X, A: any of the foregoing pools, atmosphere. Throughout, fractions are denoted by f.
Notation G, R, M, and W represents green, reserve, mobile, and wood pools, respectively

(see Chapter 2.1 for details about notation).

Cx size of C pool for type X [mol(C)/m?]

Ny size of N pool for type X [mol(N)/m?]

fwox fraction of wood relocated to X

fe/M-a fraction of N flux lost from G/M to A (i.e.50%)
;% old cover fraction of thei — th PFT

c;"ev new cover fraction of the i — th PFT

a-— area lost due to land cover change

Ty turnover time of X

EF emission factor
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The three anthropogenic C and N pools develop in time according to the following

equation:
dCX CX
v Z 7; fw-xCw,i — — ,for pools X = AA, AD, and AC (1)
iEa— -
dNX NX
T Z 7 fwoxNwi — = ,for pools X = AA, AD, and AC (2)
X

iea—

In Eg. 1 and 2, r; denotes to the rate of change in cover fractions and this can be written

as:

Cfﬂd _

=

new
Ci

1 year

The term on the right hand side of the Eqg. 1 and 2 is the losses of C or N to the atmosphere
from anthropogenic pools. The green and reserve (mobile in case of N) pools also release
C or N through biomass burning and are modelled as similar to the previous study by
Pongratz et al. (2009).

N,O emissions from anthropogenic land cover change can be written as:

Nx
N2O@iry =| o~ + Z i - (foaNe,i + fu-alii) | * EF 3)
X

iea—

In Eq. 3, N0 denotes direct N,O emissions from anthropogenic land cover change.
EF is the emission factor for the direct N,O emissions and is assumed to be 1% of the
biomass N release to atmosphere, which is close to the value of 0.7% (x 0.3%) obtained
from Crutzen and Andreae (1990) and Jallow (1995). In the literature, this EF is in the
range of 0.5 to 0.9% (Van Amstel and Swart, 1994). Additionally, this study assumes that
the indirect emissions are 3% of the amount of biomass N exposed to destruction, which is

quite close the study by Kroeze (1994).
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4.1.2. Modelling N,O emissions from fertilized agricultural soils

N,O emissions from fertilized agricultural soils are modelled mainly by implementing
synthetic N fertilizer application to agricultural ecosystems. The synthetic N fertilizer data
is obtained from Bouwman et al. (2009) for the years 1970, 2000, 2030, and 2050. The
synthetic N fertilizer data for the future years (2030 and 2050) is based on the Global
Orchestration (GO) scenario, that was developed in the Millennium Ecosystem
Assessment and the details can be found in Bouwman et al. (2009). To generate from all
these snapshots yearly synthetic N fertilizer input data in time and space for the periods

1970-2050, the synthetic N fertilizer input maps are linearly interpolated.

The synthetic N fertilizer application to agricultural ecosystems is distributed equally into
daily instead of split applications. Additionally, only 50% of synthetic N fertilizer to
agricultural ecosystems is applied because this model does not have an explicit process,
i.e. the so called “harvesting” from agricultural fields. Previous studies suggested that
about 50% of the applied N is removed by crop harvesting and the remaining is prone to
leaching or gaseous losses (Bouwman et al., 2005). Therefore, due to lack of a detailed
process of crop harvesting in the JSBACH-CN model, this assumption of 50% of fertilizer
application to agricultural ecosystems is quite reasonable. In particular, to obtain N,O
emissions from fertilized agricultural soils, this study assumes around 2.5% of synthetic N
fertilizer that can be emitted to atmosphere as N,O, which is quite close to study by
Davidson (2009).

4.2. Setup of model experiments and driving data

In this study, the experiments are designed by using the forcing data from Roeckner et al.
(2011). The details about this data and the model setup were already described in Chapter
2.3. In the present study, the experiments differ from the previous experiments (Chapter 2)
with respect to the inclusion of N,O emissions in the JSBACH-CN model. The
experiments also differ with respect to additional forcing of the anthropogenic land cover
change and synthetic N fertilizer. The anthropogenic land cover change maps are obtained
from Pongratz et al. (2008); for the future, the land cover change maps are used under the

SRES A1B scenario (for a description see Nakicenovic et al., 2000).
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In order to address the main questions of this study, three transient simulation experiments
are performed, i.e. CN-LC-AP, CN-LC, and CN-FL covering the years 1860-2100. The
first transient experiment CN-LC-AP is the main experiment, which is performed with
JSBACH-CN model, where the anthropogenic C and N pools are used as described in
Section 4.1.1. In order to isolate the effect of anthropogenic C and N pools from the main
experiment CN-LC-AP, the second experiment CN-LC is designed. In this case the
anthropogenic C and N pools are not used, where 50% of the vegetation carbon and
nitrogen are chosen as flux to the atmosphere (see Pongratz et al., 2009). In the above two
experiments, the anthropogenic land cover change maps are used as an additional forcing
variable. This study performs third experiment called CN-FL, where a constant land cover
map of the year 1860 is used throughout the whole simulation. In all these experiments, an
additional forcing of synthetic N fertilizer is used; however, a constant forcing of N
fertilizer is kept from 2050 to 2100 by using the forcing data of year 2050.

The difference between two experiments, that is [CN-FL minus CN-LC-AP] and [CN-FL
minus CN-LC] quantifies the net CO, emissions by considering the anthropogenic pools
and without anthropogenic pools, respectively. The direct N,O emissions are quantified by
using the Eq. 1, which are obtained from the main experiment CN-LC-AP. The difference
between CN-FL and CN-LC-AP experiments quantifies the indirect N,O emissions from

the amount of biomass N that is exposed to destruction.

4.3. Results

4.3.1. Land use change and wood products

In Figure 4.1, the simulated wood products for different regions obtained from the CN-
LC-AP simulation are displayed. The results show that the simulated wood products are
largest in Asia, South America, and Africa, found to be around 2.7, 2.0, and 1.15 Pg C,
respectively. For North America and Europe, the simulated wood products are around 0.45
and 0.3 Pg C, respectively. Globally, the simulated wood products are around 7.2 Pg C.
This is much larger than the estimate of 4.2 Pg C by SAR IPCC (IPCC, 1996b). However,
the wood products stock is also reported in the range of about 10-20 Pg C (Sampson et al.,

1993; Brown et al., 1996). For North America, the simulated wood products are quite
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close to the lower end of the range of estimates of 0.4-1.3 Pg C (Churkina et al., 2010).
For Europe, the simulated wood products are much lower than the estimates of about 0.7
Pg C by Eggers (2002).

Wood products (Pg C)

=%
I

. - [ 1

Asia Europe Africa N America S America  Global

Figure 4.1: Simulated wood products (means for 1990-99) by region.

The results show that the wood products cause a global carbon sink of about 0.1 and 0.15
Pg Cl/yr for the 1980s and 1990s, respectively (Table 4.2). This result is consistent with the
IPCC SAR estimates of 0.14 Pg C/yr. However, Houghton (1996) estimated the global
carbon sink to be about 0.4 Pg C/yr, which seems to be an overestimation when taking the
other results into consideration (Table 4.2).

Table 4.2: Comparison of simulated carbon sink (Pg C/yr) in wood products for 1980-89
and 1990-99.

study 1980s 1990s
CN-LC-AP 0.1 0.15
IPCC SAR - 0.14
Houghton (1996) 0.4 0.5
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The cumulated land use carbon emissions over the period 1860-2000 are 134 and 126 Pg
C by the CN-LC and CN-LC-AP experiments, respectively (Table 4.3). These results are
in line with previous estimates of 108-139 Pg C for the release to the atmosphere due to
anthropogenic land cover change (Bolin et al., 2001; Gitz and Ciais, 2003; Pongratz et al.,
2009). The results show that land use carbon emissions are reduced by 8 Pg C over the
period 1860-2000 due to the inclusion of anthropogenic C pools. This equates to a
reduction of about 6% of land use carbon emissions because the carbon stored in wood
products is bound for a certain period of time and therefore not released immediately into

the atmosphere.

Table 4.3: Cumulated land use carbon emissions over 1860-2000.

Study Time Period Emissions (Pg C)
CN-LC 1860-2000 134
CN-LC-AP 1860-2000 126
Pongratz et al. (2009) 1850-2000 108
Bolin et al. (2001) 1850-1998 136
Gitz and Ciais (2003) 1850-1998 139

4.3.2. Land use change and N,O emissions

Figure 4.2 shows the spatial distribution of simulated N,O emissions (i.e. direct plus
indirect) obtained from the CN-LC-AP experiment. The results show that the deforested
regions release higher N,O emissions than the undisturbed regions. This is due to
widespread burning of biomass and fuel wood. In addition, wood products with longer
turnover time release small amounts of N;O into the atmosphere through their

decomposition.

The simulated N,O emissions are particularly pronounced in Southeast Asia and South
America. This is primarily due to the extensive conversion of natural forest to pasture or
cropland. The simulated N,O emissions are higher in the tropics and account in the range
of 2-12 mg N m™ yr. In the temperate regions, the emissions are found to be lower, i.e.

less than 2 mg N m™ yr.
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Figure 4.2: Simulated N,O emission from anthropogenic land use change (means for
1970-99).

Globally, the simulated N,O emissions due to land use change are around 0.6 and 0.75 Tg
N yr? for the 1980s and 1990s, respectively. This result is consistent with the previous
estimate of 0.5 Tg N yr™* (Kroeze, 1994) but less than the 1.0 Tg N yr™* obtained by Cofer
et al. (1991). This result is also in agreement with the estimate of 0.2-1.0 Tg N yr*
obtained by Houghton et al. (1992).

The results show that the simulated N,O emissions increase from 0.2 to 0.8 Tg N yr™ over
the period 1860 to 1954 due to deforestation (Figure 4.3). However, the conversion of
natural land to agriculture or pasture is reduced from the 1950s and thereby a sharp decline
in N,O emissions is seen in the next few decades. This decline is found to be around 0.4
Tg N. Since 1992, the results show that the simulated N,O emissions are continuously
declining because of the lower deforestation rate. The results also show that the simulated
N,O emissions are much smaller (ca. 0.1 Tg N yr™) for the end of the 21 century under
the SRES A1B scenario.
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Figure 4.3: Simulated N,O emissions over the period 1860-2000 from anthropogenic land

use change.
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Figure 4.4: Simulated total anthropogenic N pool over the period 1860-2000.
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The results of CN-LC-AP experiment show that the simulated total anthropogenic N pool
size increased from 1860 to 1954 due to higher conversion rate of forest into agriculture or
pasture (Figure 4.4). 1t’s size is found to be around 50 Tg N during 1950s. Since the
1950s, a slight reduction of the anthropogenic N pool is obtained because of the lower
plant material added to the anthropogenic pools from the converted natural vegetation. For
the 1980s and 1990s, the size of the simulated anthropogenic N pool is around 50 and 55
Tg N, respectively. In particular, the centennial anthropogenic N pool shows a higher
amount of N stock (ca. 40 Tg N) than the annual and decadal anthropogenic N pools and
this is because of longer turnover time (ca. 100 years) of the pool. In contrast, the results
show that less than 10 Tg N is stored in the annual and decadal pool and the reason for this
is that N is converted to N,O and other trace gases within 1 to 10 years. Therefore, the
annual and decadal anthropogenic pool sizes are much smaller than the centennial

anthropogenic N pool.

4.3.3. N,O emissions from fertilized agricultural soils

The results show that the simulated N,O emissions are pronounced in South East Asia,
North America, and Europe (Figure 4.5). These regions show N,O emissions which are
typically more than 100 mg N m™ yr? than for the other regions. The reason for high
emissions is that these regions are dominated by agriculture with extensive synthetic N
fertilizer application. The use of synthetic N fertilizer, furthermore, is now prevalent in
both developing and developed countries. As a consequence, the simulated N,O emissions
are generally high for both. Additionally, atmospheric N deposition is found to be high in
South East Asia, North America, and Europe. This aids the emission of N,O from these
regions. However, the simulated N,O emissions are lower in South America, Africa, and
Oceania, found to be less than 100 mg N m™? yr*. The lower N,O emissions from these
regions are due to lower levels of N inputs to agricultural soils via N fertilizer as well as N

deposition.
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Figure 4.5: Simulated N,O emissions from fertilized agricultural soils (means for 1990-99)
obtained from the CN-LC-AP simulation.

The global N,O emissions for the 1990s are around 1.73, 0.45, and 1.1 Tg N yr* from
synthetic N fertilizer, open sources, and mineralization process (i.e. nitrification and
denitrification), respectively. The global total N,O emissions from fertilized agricultural
soils are around 3.3 Tg N yr™, of which N,O release from the application of nitrogenous
fertilizer accounts for about 50%. These results are consistent with the other estimates of
1.9 to 4.2 Tg N yr' (Olivier et al., 1998; Mosier et al., 1998; Kroeze et al., 1999); the
IPCC TAR shows a larger uncertainty range of 0.6-14.8 Tg N yr™. Furthermore, the
results show that the global total N,O emissions from fertilized agricultural soils increase
to around 4.9 Tg N yr' by 2050s, of which N,O release from the application of
nitrogenous fertilizer accounts for about 60% (or 2.95 Tg N yr™). N,O emissions from
mineralization process and open sources account for about 26% and 14%, respectively.

Figure 4.6 depicts global N,O emissions from fertilized agricultural soils for the different
continents. The results show that during the 1860s, N,O emissions from fertilized

agricultural soils account for less than 0.3 Tg N yr across all continents. Globally, N,O
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emissions are about 0.6 Tg N yr™*. However, emissions increase rapidly from 1860s to
1990s due to the application of more amounts of synthetic N fertilizers and also by high N

inputs from atmospheric N deposition and biotic N fixation.
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Figure 4.6: N,O emissions by region from fertilized agricultural soils for the 1860s, 1990s,
and 2050s.

During the 1990s, N,O emissions from Asia are 1.5 Tg N yr?, which is the largest among
the continents. This accounts for 45% of all global emissions (i.e. 3.3 Tg N yr'). The
emissions from Asia reflect the high levels of N fertilizer applied to the agricultural
ecosystems. The amount of N fertilizer applied in this region accounts for about 50% of
the total amount of N fertilizer used globally (75.1 Tg N yr*, FAO, 1992). Second to Asia,
N,O emissions are high in North America (0.6 Tg N yr), followed by Europe (0.55 Tg N
yr). Again, this also reflects the percentage of N fertilizer application, which for North
America and Europe is 13.3 Tg N yr™* (or 18%) and 12 Tg N yr™ (or 16%), respectively
(FAO, 1992). N,O emissions from South America and Africa are around 0.24 and 0.16 Tg
N yr, respectively, which are generally lower than the other continents of the world.
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During the 2050s, N,O emissions from fertilized agricultural soils are around 4.9 Tg N yr’
! of which Asia alone contribute 46% to global N,O emissions. Next to Asia, North
America and Europe account for 18% and 14% of fertilized agricultural soils emissions,
respectively. Compared to the 1990s, N,O emissions are increased by about 50% by 2050s
in Asia. This is due to rapid increase in N fertilizer use as well as N inputs via N
deposition and biotic N fixation. A similar rise in N,O emissions also occur for North
America, Europe, and South America by 2050s. The results also indicate that N,O
emissions in Africa jump by factor of 2.5 by 2050s, compared to 1990s levels. Again, this

suggests that the continual rise in the use of synthetic N fertilizers in this region.

4.4. Discussions

4.4.1. Wood products for climate change mitigation

In several ways, forests are relevant in the context of climate change to limit the
atmospheric CO, concentration that is rising continuously over the past century. One
important aspect is the long-lived wood products, which delay carbon release to the
atmosphere (Eggers, 2002). The carbon stored in wood products is bound for a certain
period of time, because this is not released immediately to the atmosphere when the forest
is cleared. However, after a certain period of time, wood products release carbon back to
the atmosphere through decay and decomposition. Therefore, wood products storage is
one way for the forest sector to mitigate climate change, along with carbon sequestration
in the forest. Even so, there is a large uncertainty in the estimates of the amount of carbon
stored in wood products (IPCC, 1996b). The simulation results show that globally about
7.2 Pg C is stored as wood products with a global carbon sink of 0.15 Pg C/yr. However,
other studies reported a stock of 10-20 Pg C (Sampson et al., 1993; Brown et al., 1996)
and a global sink of 0.14 Pg C/yr (Winjum et al., 1998). According to Houghton et al.
(1996), the wood products may be higher by a factor two with a larger global sink of about
0.4 to 0.5 Pg Cl/yr. This indicates that the large accumulation of wood products may lead
to a substantial reduction of land use carbon emissions. The simulated wood products
cause a reduction of about 6% of land use carbon emissions over the period 1860-2000. As
compared to fossil fuel emissions, wood products seem to be a minor role for long-lived
wood products in helping to reduce land use carbon emissions. This study also inferred

that anthropogenic C pools with a turnover time of 1 to 100 years do not change the land
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use carbon emissions substantially as compared to the emissions that are without the

inclusion of the anthropogenic C pools.

4.4.2. N,0O emissions from land use change and fertilized agricultural soils

The widespread deforestation that leads to N,O emissions is mainly a consequence of
human-caused modifications of land cover. Based on the limited data, Bouwman et al.
(1995) reported that 0.4 Tg N yr™ of N,O is emitted from tropical forest. In contrast to
Bouwman et al. (1995) results, the present simulation study shows that the global N,O
emissions resulting from widespread clearing of forests are 0.75 Tg N yr™. This is within
the range of previous estimates of 0.2-1.0 Tg N yr™* (Cofer et al., 1991; Houghton et al.,
1992; Kroeze, 1994). These anthropogenic land use change emissions account for 5% of
the global total N,O budget (see Section 3.3.4 for total N,O budget). This result is in line
with the study of Kroeze (1994). Thus, N,O emissions from anthropogenic land use
change make up only a small portion of the global N,O budget, suggesting that these may
not cause a significant increase in atmospheric N,O over the long term. The present study
does not account N,O emissions from agro-based biofuel production. However, a study by
Crutzen et al. (2008) shows that biofuels especially from rapeseed with high plant N

content can lead to a significant warming by N,O emissions.

N0 is primarily produced from fertilized agricultural soils by the microbial processes of
nitrification and denitrification (Mosier, 1993). N,O emissions also strongly depend on the
level of mineral N availability in soil; further it is important to differentiate whether the
mineral N availability is from synthetic N fertilizer, mineralization in the soil, atmospheric
N deposition, or biotic N fixation (Duxbury and Mosier, 1993). N,O emissions from
fertilized agricultural soils are strongly influenced by direct changes in agricultural
ecosystems that are affected by N input, i.e. the extent of synthetic N fertilizer application.
The results show that the application of synthetic N fertilizers leads to a substantial N,O
emissions into the atmosphere, which are increasing at a faster rate since the agricultural
revolution of the 1960s. The global N,O emissions of fertilized agricultural soils are
around 3.3 Tg N yr for the 1990s; a significant amount, namely 1.73 Tg N yr, or 50% of
these emissions, are contributed by synthetic N fertilizers. These results are consistent
with the estimate of 1.5 Tg yr' of N,O from synthetic N fertilizers obtained in other
studies (IPCC, 1992; Granli and Backman, 1994).
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In particular, for present-day conditions this study finds that the largest N,O emissions are
from Asia, accounting for 45% of the global emissions resulting from fertilized
agricultural soils. North America and Europe contribute around 18% and 16% to the
global balance of N,O emissions, respectively. These results match those of Bouwman et
al. (2005), where a similar order of magnitude of N,O emissions for fertilized agricultural
soils from these three world regions was found. The results also show that the global N,O
emissions from fertilized agricultural soils increased rapidly between the 1860s and 1990s
from 0.6 to 3.3 Tg N yr’. Further, the emissions rise to 4.9 Tg N yr! by 2050s; a
significant amount, namely 60% of these emissions, are released from the application of
nitrogenous fertilizer. The projected rise in N,O emissions obtained from this study is
quite close to the estimate of 4.2 Tg N yr* by Houghton et al. (1992). The results of this
study also show that anthropogenic N,O emissions from fertilized agricultural soils will
continue to rise rapidly towards the end of the 21% century as N inputs via fertilizer,

atmospheric deposition, and biotic fixation increase.

45. Conclusions

For the present study, the JSBACH-CN model is used to investigate by simulations, N,O
emissions both from anthropogenic land cover change and fertilized agricultural soils. The
simulation results show that the N,O emissions are higher in the tropical regions as a result
of massive deforestation during the last several decades. Globally around 0.75 Tg N yr™ of
N0 is emitted into the atmosphere as a result of the widespread clearing of forests. This
constitutes about 5% of the total global N,O budget, which seems to be only a minor
contributing factor to the global atmospheric N,O concentration.

This study finds that by 2050s N,O emissions from fertilized agricultural soils are around
4.9 Tg N yr', of which a significant amount, namely 60% of these emissions, are released
from the application of nitrogenous fertilizer. Asia is the largest contributor to N,O

emissions and accounts for 46% of fertilized agricultural soils emission.

The wood products cause a global carbon sink of around 0.1 and 0.15 Pg Clyr for the
1980s and 1990s, respectively. This study finds that globally around 7.2 Pg C is stored in

wood products. This amount of wood products stock reduces the land use carbon
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emissions by 6% over the period 1860-2000. As compared to fossil fuel emissions, this
reduction of the land use emissions is quite small. Thus, the present study infers that long-
lived wood products have only a minor role to play in helping to mitigate the effects of
climate change.
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Chapter 5

5.

5.1.

Summary and Conclusion

Main findings of the interactions between C and N cycles

This thesis has addressed the interactions between the global C and N cycles in a changing

climate. In order to study their interactions, this study describes a simple scheme for

terrestrial N cycling that has been incorporated into the existing process-based land C

cycle model (JSBACH). The newly developed C-N cycle model is based on only a small

number of basic principles, namely mass conservation, a supply-demand ansatz, and fixed

C-to-N ratios. Simulations have been performed for the period 1860-2100 by using this

model and the main findings are:

The tight coupling of C and N cycles in the terrestrial biosphere leads to a
reduction of the global land C uptake by about 8% at the present-day condition. By
the end of the 21% century, N limitation reduces the projected land C uptake by
about 16% in response to increasing atmospheric CO, concentration and climate
change under the A1B scenario. These results are qualitatively in agreement with
previous global modeling studies (Thornton et al., 2007; Zaehle et al., 2010b.
2010c). But the consequences from the N cycle on the future global land C uptake
are much less in this model than found in the study by Thornton et al. (2007).

To check the robustness of certain model assumptions sensitivity experiments are
performed, assuming quite drastic modifications of the model. The results show
that the assumption “plant N uptake first” turned out to be unrealistic. From these
sensitivity experiments, the present study infers that the standard model setup (i.e.
equal competition between plants and soil microorganisms) is the most appropriate

setup.

The inclusion of the land N cycle in the model leads to a significant reduction of
the positive climate-carbon cycle feedback by 21% under the A1B scenario until
the end of the 21* century. These results are qualitatively in the same direction as
found by Sokolov et al. (2008) and Thornton et al. (2009).
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A lowering of the land C storage due to N limitation is pronounced in grasslands
than forests ecosystem. Moreover, N availability mostly affects carbon storage in
soils (ca. 51 Pg C difference) as compared to vegetation and litter carbon storage.
This is because N availability affects the turnover rate of litter carbon in the model.
There is some evidence in the literature that N controls the rates of litter
decomposition (Gosz, 1981; Fog, 1988; Taylor et al., 1989; O'Connell, 1994),
however other studies found a contradictory results (Prescott, 1995; Vitousek and

Hobbie, 2000) and therefore it remains inconclusive.

In forest ecosystems, the soil N availability decreases during the first half of the
21" century under increased CO, concentration and climate change (Like PNL).
These results support the hypothesis “PNL” as suggested by various authors (Luo
et al., 2004; De Graaff et al., 2006; Hungate et al., 2006). But after mid of 21
century the PNL starts alleviating because of the relaxation of N scarcity due to
global warming. The occurrence of PNL causes a reduction of the relative NPP
difference more in temperate/boreal forests (ca. 5%) than tropical/subtropical

forests (ca. 1%).

In grassland ecosystems, the soil N availability decreases continuously (Like PNL)
from the 19™ century until the first half of the 21 century but recovers thereafter.
Thus, the occurrence of PNL causes a substantial reduction of the relative NPP
difference by 20%.

To study the robustness of occurrence of PNL sensitivity experiments have been
performed. These experiments show that by doubling biotic N fixation the
appearance of PNL for grasslands during the 21% century is a very robust

simulation result, whereas occurrence of PNL in forests is much less robust.
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5.2. Main findings of N,O emissions and climate change

In Chapter 3, N,O emissions from natural soils under climate change and climate-N,O
feedback are investigated. To study this, the processes controlling N,O emissions have
been modelled in the JSBACH-CN model. Simulations have been performed for the
period 1860-2100 and the main findings are:

e Globally, N,O emissions from natural soils are around 6 Tg N yr™ for present-day
conditions. By the end of the 21 century, emissions increase up to 8 Tg N yr™* (or
one-third) and contribute significantly to the global N,O budget under the SRES

A1B scenario.

e Climate change increases emissions by 1.0 Tg N yr™ by the end of the 21% century.

In other words, N,O emissions are sensitive to global warming.

e The rise in the atmospheric N,O concentration is close to the observations for
1860-2005 (276-320 ppb). It increases up to 469 ppb by the end of the 21% century
under the A1B scenario. This compares well with the estimate of 455 ppb by
Hohne and Blok (2005).

e The calculated radiative forcing (RF) from N,O emissions is around 0.14 Wm? in
2005 and is comparable with the value reported in the IPCC ARA4. Further, this
increases up to 0.6 Wm™ by the end of the 21* century. The rise in RF from N,O

emissions leads to an increase in temperature by 0.46°C under the A1B scenario.

e A weak positive climate-N,O feedback gain factor is obtained due to the further
release of N,O emissions at increased temperatures from the terrestrial biosphere.

Accordingly, it is inferred that the climate-N,O feedback is negligible.

5.3.  Main findings of N,O emissions from land cover change

In Chapter 4, N,O emissions from anthropogenic land cover change and fertilized
agricultural soils are investigated. Due to large-scale deforestation, N,O is emitted either
directly by biomass burning or indirectly from the destructed biomass N. The conversion
of forests also leads to carbon storage in the form of wood products and thereby the
present study also discusses the role of long-lived wood products for climate change

mitigation. The main findings from this Chapter are:
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e The simulated global N,O emissions from anthropogenic land cover change are
around 0.75 Tg N yr* for the 1990s; this contributes around 5% of the global N,O
budget. As compared to these results, previous studies found in the range of 0.2-1.0
Tg N yr'* (Cofer et al., 1991; Houghton et al., 1992; Kroeze, 1994).

e N,O emissions from fertilized agricultural soils are around 4.9 Tg N yr for the
2050s; a significant amount, namely 60% of these emissions is a direct
consequence of the application of synthetic N fertilizers. The projected rise in N,O
emissions obtained from this study is comparable to the estimate of 4.2 Tg N yr*
by Houghton et al. (1992).

e Agricultural N,O emissions are higher in Asia, North America, and Europe than in
the other regions. They account for 46, 18, and 14% of the total amount of

fertilized agricultural soils emission, respectively.

e Long-lived wood products store about 7.2 Pg C. This carbon sink is responsible for
a lowering of land use carbon emissions by 6% over the period 1860-2000. This
reduction is quite small as compared to the fossil fuel emissions. Therefore, wood

products play only a minor role to mitigate the climate change.

5.4. Next steps to be taken

This study has addressed the interactions between global C and N cycles and N,O
emissions by using a simple scheme of terrestrial N cycling in the JSBACH-CN model.
For the present study, fixed C-to-N ratios across all PFTs are used. In addition, it does not
distinguish explicitly the ammonia and nitrate pool for plant N uptake. These two simple
approaches can be improved. This can be accomplished by including: (i) dynamic C-to-N
ratios, and (ii) two distinct inorganic N pools. The dynamic C-to-N ratios could lead to
future study, for instance, the plant adaptation in a changing climate by altering their N use
efficiency (i.e. varying C-to-N ratios). The two distinct inorganic N pools could improve

the approach of modeling N,O emissions during nitrification and denitrifcation process.

In the present study, the biotic N fixation is computed based on net primary productivity
and it does not account for the potential interactions with the phosphorus (P) cycle. The

biotic N fixation can be improved by mechanistic model so that it can be linked to P
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availability. In this context, the P cycle has to be added not only for improving the biotic N
fixation in the model but also as an additional nutrient component in the JSBACH model.
Many of the additional processes, for example, volatilization, split application of synthetic
N fertilizers, or N harvesting along with the crop harvesting, are missing in the current
model. Thus, in the future these missing processes could be taken into consideration in
order to improve the N cycling in agricultural ecosystems as well as N,O emissions from

agricultural soils.

The present study can be expanded in the future with respect to the inclusion of the land
C-N cycle dynamics with the fully-coupled MPI-ESM model so that the climate-carbon-
nitrogen feedbacks can be analyzed. Other aspects of future study could be: to investigate
the effect of N limitation on water cycle; the influence of disturbances (e.g., land use

change, fire, etc.) on C-N cycle dynamics; and N,O emissions from biofuel production.
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6. Appendices

Appendix 2.1: Further details on C allocation in JSBACH
For better readability, in the main text a number of details on the JSBACH-C allocation

scheme (Chapter 2.2) were omitted. These are provided by this appendix.

Allocation allometry

In JSBACH allometric relations are accounted for by distributing NPP at certain
proportions to the different vegetation pools. The cases of positive and negative NPP have
to be handled differently:

NPP > 0:

In this case NPP is distributed at fixed proportions to the three vegetation C pools (green,
reserve, and wood) by the terms called NPPP%, NPPg, and NPPP°* (see equations (1)).
In addition a certain part of NPP, called F,,, qtes, 1S reserved for root exudates. The

respective equations are:

NPPP’" = fypp_g * NPPPO (A1)
NPPg = fyppog * NPPP° (A2)
NPBL®" = fupp_w * NPPPO! (A43)
Fexudates = fupp—g * NPPP% (A4)
with

fnpp—c + fyppor + fuppow + fuppoe =1 (A5)

From these equations one easily finds equation (1). For the values of the allocation
fractions fypp_x please see Table Al. These values lead to biomasses in different plant

parts within observed ranges (Wolf et al., 2011).

103



6 Appendix

NPP < 0:

In this case the respiration losses surmount the photosynthetic productivity. Accordingly,
plants stop growing. For the model this means that no carbon can be allocated to the wood
and green pool, and also there is no C available for exudates:

NPRy® = NPP{*" = Foruaates = 0 (46)

In this case plants activate sugars and starches to compensate the respiratory losses. In the
model the C in the reserve pool is invested to replace missing productivity. For the model
the only consequence is that the reserve pool is depleted by the negative NPPP°t, Within

the framework of the rate equations from Section 2.2 this is achieved by setting
NPP, = NPPPot (A7)

In rare cases it happens that the reserve pool cannot fully compensate for the NPP deficit.
In such cases the reserve pool is set to zero. In reality plants would let die part of the
plants or even shed some leaves, as it is often observed during droughts. This process is
not explicitly modelled in JSBACH, but taken implicitly into account by the shedding

terms in equations (2) and (5) that are active even at negative NPP.

The foregoing presentation is in one respect incomplete: In reality plants actively prevent
unhealthy growth by regulating dynamically the proportions of allocation to different
organs, regulating down primary productivity, or increasing autotrophic respiration
(Chambers et al., 2004). In JISBACH these processes are taken into account only in a very
coarse way by limiting the size of the three vegetation C pools in such a way that plants
cannot grow arbitrarily large: if the wood or reserve pool would exceed a prescribed
maximum value, the excess C is used to fill the green pool. If the green pool thereby
would its upper limit (this limit is closely linked to the leaf area index; see below) the
surplus C is finally put into the reserve pool. Thereby the allocation fractions fypp_x are
not as static as introduced above. This mechanism is actually an aposterior reduction of
NPPP°t that mimics feedbacks from the carbon sinks (plant organs) to the carbon source
(photosynthesis), a mechanism that is not well understood (Kdrner, 2003; Fourcaude et al.,
2008; Korner, 2009).
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Relation between green pool and leaf area index (LAI)

The LAI is computed in JSBACH at every time step taking the prevailing environmental
conditions into account. The value of the LAI is an input variable for the carbon allocation
model. It is clear that the leaf C content is directly related to the LAI. But in JSBACH
there is no separate pool for leaf carbon. The reason is that not only leaves show an annual
cycle, but also sapwood and fine roots. But the regulatory mechanisms how plants channel
the carbon to these different plant compartments is not well known. Hence to prevent
introducing additional unknown mechanisms, all these seasonally and to large extent
synchronously varying compartments are lumped together in one pool, namely the green

pool.

There are two aspects for the relation between the green pool and the LAI: First of all, as
already mentioned, the LAI defines an upper bound for its carbon content CZ®*. This
relation is implemented as

Chax(¢) = % LAI(t) A8

where the time t explicitly included into the formula to stress the fact that this relation is
evaluated in every model time step. The quotient LAl /sla, where sla is the specific leaf
area of the particular vegetation (leaf area per unit carbon mass), would be the carbon
content of a fictive leaf pool, that does not exist in JSBACH. Here f;,, is a boost factor
relates the amount of carbon in the green pools to leaf carbon (see Table Al). Please note
that in JSBACH all pools have the units “mole carbon per square meter ground”, and not,
as one might think, “mole carbon”. Accordingly, the units for CZ'®* in (A8) are indeed

those of the carbon pools.

The second aspect concerns leaf shedding, i.e. the determination of the term Fj;;te, IN
equations (2) and (5). On first sight one may think that leaf litter appears only when the
LAI drops. But especially in evergreen species the leaf turnover by aging is fully
compensated by leaf growth so that for this case a constant shedding rate is assumed. The

following relation implemented in JSBACH takes account of both cases:

dLAI
~ for Tshea LAl for T =0

Flitter_m dLAI

—— otherwise
dt

A9
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where f;,, is the boost factor from above relating green and leaf carbon, and 754 is a

shedding rate for green carbon.

C fluxes from grazing

Grazing by herbivores leads worldwide to significant losses of plant biomass. Particularly
affected are grasslands. Conant (2003) estimates that grazing animals typically remove 30-
50% of NPP usually, and occasionally as much as 80%. In JSBACH the rather coarse

assumption is made that the grazing flux Fy,q,ing (compare Eq. (2) and (5)) is

proportional to the size of the green pool:

Fgrazing = Therbivory Ce (A10)

Where Ty.,pivorylS the rate at which green carbon is consumed by herbivores. But only

30% of the biomass consumed stays in the ecosystem (Crush et al., 1992, Halliday et al.,
2003), the remainder of the C is lost by oxidation to the atmosphere. This explains the

additional factor fy,qzing—1c IN EQ. (5).

Carbon losses to the atmosphere

The total C flux to the atmosphere F., due to heterotrophic respiration and grazing

(Fgrazing—a) is Obtained from equations (2), (5), (6), and (7) as

F_4 = fiimit [fLG—)A ngt + fiw-a Rfﬁzt] + Rs + Fyrazing—a (A11)

Table Al: PFTs specific parameters of JISBACH.

parameters trees shrubs grasses Crops
fupp-a ~50 % ~50 % ~70% ~70%
fnppow ~30% ~30 % . -
fnppor ~15% ~15% ~25% ~ 25 0
fupp-e 5% 5% 5% £
fon 4 4 4 i

~ means targeted fypp_x-
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Appendix 2.2: N exchange with the environment JSBACH-CN
In this appendix the N exchange fluxes with the environment that showed up in Eg. (18)

are described in more detail.

Biotic N Fixation ( Ff;, ):

Galloway et al. (1995) have reviewed the current understanding of the global distribution
of biotic and anthropogenic N fixation. Here only biotic fixation is of interest. Pre-
industrial biotic fixation is estimated in the range of 90-130 Tg N yr™ and the global
average is about 0.6-0.9 g m yr* (Dickinson et al., 2002). In the CLM-CN model, Frix (9
N m? yr) is formulated as a function of annual NPP (g C m™ yr™), i.e. F;, = 1.8 (1.0 —
exp(—0.003 NPP). According to this formulation, Ff;, is linked to the ecosystem
productivity and at higher NPP there will be a smaller increase in biotic N fixation
(Thornton et al., 2007). Thus, N fixation is hypothesized as it is limited by phosphorus
(Vitousek and Howarth, 1991). Instead, in the Century model, Schimel et al. (1996)
describe Fy;, as a function of actual evapotranspiration (ET): Fr;, = 0.008 (ET — 40).
Here Fy;, is set to zero if ET is less than 40 cm yr'!. The fixation based on ET captures

high fixation rates in moist and warm regions with relatively high ET.

For the JSBACH-CN model, Ff;, (mole N m2 yr) is modelled as similar to the CLM-CN
model (Thornton et al., 2007). But, the NPP is formulated as a function of weighted
running mean of annual NPP. The slope value of 1.8 by Thornton et al. (2007) is modified
to 0.7 in order to match the global total N fixation, i.e. close to the central value of 100-
290 Tg N yr as suggested by Cleveland et al. (1999). Here Fyix is formulated as: Fy;, =
0.7 (1.0 — exp(—0.003 NPP). Moreover, in this study the NPP formulation is chosen
because it gives a broad approximation of biotic fixation which relates to the ecosystem
productivity whereas ET formulation may not capture the ecosystem productivity as it
gives high fixation rates only in moist regions. The running mean of annual NPP is
adopted to prevent the fast change of the symbiosis relation of microbes within the root
nodules of plants for biotic fixation. In this formulation, as NPP increases in response to

rising CO, and climate change, the fixation also increases.

In Section 2.4.8, the details about the CN-fd experiment are omitted with respect to biotic

N fixation and this is accomplished here. In the CN experiment Fy;, turned out to about be
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148 Tg N/y for present-day conditions, which is close to the central value as suggested by
Cleveland et al. (1999). Therefore in the CN-fd experiment, the N fixation rate is doubled
by doubling the slope factor of 0.7 to 1.4.

Atmospheric N Deposition (Fzep,):

For the N deposition flux Fg,, this study used data from different sources. For present
day and future N deposition this study took data generated by Dentener et al. (2006) that
were obtained from the combination of results from 23 atmospheric chemistry transport
models, calculating for current time and for the year 2030 deposition of reactive N (NOy,
NH,) to land surfaces. In particular, this study used S1-B2000 (baseline) for present day N
deposition and S4-A2 (pessimistic IPCC SRES-A2 Scenario) for future N deposition (see
more on Dentener et al., 2006). For the pre-industrial N deposition flux this study took a
pre-industrial N deposition map (ca. 1860) also generated by a global three dimensional
chemistry-transport model (Jeuken et al., 2001; Lelieveld and Dentener, 2000). These data

are available online at the DAAC website (ftp://daac.ornl.gov). To generate from all these

snapshots yearly N deposition input data in time and space (i.e. 1860-2100), the two
deposition maps for 1860, 2000, and 2030 were linearly interpolated/extrapolated (Eq.

A12 and A13) proportionally to the atmospheric CO, concentration increase:

Faepo(t) = Faepoc1860) T+ (Faepo(2000) — Faepo(1860)) *

€0, (t)—C0,(1860)

1860 <t < 2000 Al2
€0,(2000)—C0,(1860)
Fdepo ®) = Fdepo(ZOOO) + (Fdepo(2030) - Fdepo(ZOOO)) *
€0»(D)~C0, (2000) 2000 < t < 2099 A13

€04(2030)—C04(2000)
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Leaching N losses ( Fieqcn ):

To describe N losses by leaching, this study takes over the model implemented in the
CLM-CN (Thornton et al., 2007) and in the Century model (Meixner et al., 2002). In this
approach it is assumed that soil mineral N is distributed homogeneously in the soil, and
where the soil is wet a certain part is dissolved in the soil water (the soluble fraction sf).

This dissolved part is then swept away with the runoff. This leads to the following flux for

leaching of N:
runof f
Freach = d sf Ngm (A14)
soil

where « is the relative soil humidity (volume water per volume soil), d,;; is the depth of
the soil (equal to the depth of the soil water bucket in the model), and runoff is the
volume of water escaping per square meter ground and second. In the simulations
sf = 0.2 yr'*is chosen which is quite close to the other studies (Hedin et al., 1995; Wang
et al., 2010). This formulation estimates globally about 58 Tg N yr™ losses, which is
comparable with the other estimates (Seitzinger et al., 2006; Jain et al., 2009; Zaehle et al.,
2010b).

N losses by denitrification (Fieni: ):

Most of the terrestrial ecosystems models compute denitrification N losses (gaseous losses
of N) by an empirical equation where denitrification is a function of soil mineral N
(Meixner et al., 2002). In the model a simple linear approach is used:

Faenie = dnr Ngy (A15)

where dnr is the denitrification rate which is chosen as dnr = 0.07 yr™, a value quite
close to 0.05 yr (Parton et al., 1987; Wang et al., 2010). This formulation estimates
globally about 88 Tg N yr gaseous losses due to denitrification, which is comparable
with the other estimates (Seitzinger et al., 2006; Zaehle et al., 2010b).
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Appendix 2.3: Details of added processes: root exudates, grazing in JSBACH-CN

In this appendix the missing carbon cycle processes are described in more detail, which
are omitted in Section 2.4.1. This study incorporates the additional missing carbon cycle
processes such as root exudates and grazing into the JSBACH-CN model.

Root exudates in JSSBACH:

In ecological modelling, knowledge of root exudates processes is still very limited and
only few studies have estimated the root exudates flux that entering to the soil. A study
based on the **C-labelling covering a wide range of plant species by Farrar et al. (2003)
suggested that root exudates accounted for about 5-10% of net C assimilation. However,
later it turns out to be an overestimation due to methodological bias and Jones et al. (2004)
estimated that it is in the range of 2-4% of net C assimilation. Moreover, Pepper et al.
(2007) allocated about 1% of NPP as root exudates in the G’ DAY model, whereas an
earlier study by Clark et al. (2001) allocated 3% of NPP as root exudates.

In general, previous literature and modelling studies indicate a range of about 1-5% of
NPP which can be allocated as root exudates. Therefore, in the formulation of the
JSBACH model, a fixed amount of NPP (ca. 5% NPP) is allocated to root exudates for all
PFTs. This root exudates carbon is passed into the litter green pool, which is further
assumed to be not constrained by N availability.

Grazing in JSSBACH:

Grazers or herbivores (domesticated and wild animals) dominate many ecosystems
covering the geographic regions from the tropics to the arctic (Conant, 2003). They
consume a fraction of NPP and the rest NPP is accumulated as plant biomass (Cebrian et
al., 1999). Grazers are capable of digesting cellulose and carbohydrates that are present in
plant material. Several studies have investigated the fraction of NPP which is consumed
by herbivores in grasslands, savannas, shrublands, and forests. For example, Conant
(2003) suggests that grazing animals can remove significant amounts of NPP, typically in
the range of 30-50%, occasionally up to 80%. However, in forest ecosystems, less than
10% of NPP is consumed by grazers (Whittaker, 1975; Sala et al., 1996; Scurlock et al.,
1999).
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Herbivorous consumption is largest mostly in grasslands. In this ecosystem, herbivorous
consumption is in the range of about 25-50% of aboveground NPP (McNaughton, 1976,
1985; Lauenroth and Milchunas, 1992) and 25% of belowground productivity (Coleman,
1976; Ingham and Detling, 1984; Lauenroth and Milchunas, 1992). Milchunas and
Lauenroth (1993) suggests based on the data that grazing intensity for grassland, shrub
lands, and forest ecosystems is 44%, 55%, and 60% of aboveground NPP, respectively. In
addition, Cebrian et al. (1999) compiled an extensive data set (> 200 published reports) on
the percentage of NPP consumed by herbivores in grassland, forest, and shrub lands
ecosystems. They found that in grassland ecosystems, 0-60% (mean ca. 30%) of NPP is
consumed by herbivorous, whereas in forest and shrub lands, the consumption is 0-10%

(mean ca. 3%).

In the JSBACH model, a rather coarse assumption is made that the grazing flux is
proportional to the size of the green C pool. This approach leads to a grazing fluxes of
about less than 10% of NPP for all PFTs except for grasslands (ca. 15%).

Appendix 2.4: Details of improved model parameters in JSSBACH

In this appendix, the improved model parameters are described for the better carbon
allocation in the model. In particular, this study improves the leaf longevity based on prior
literature values for grassland ecosystems. This model parameter is described below in

more detail.

Leaf longevity of grassland ecosystems:

Leaf longevity is an important plant trait that linked to leaf ecophysiology (e.g.,
photosynthetic rate, leaf N content), plant growth (e.g., carbon gain), and ecosystem
processes (e.g., litter turnover, nutrient cycling) (Craine et al., 1999). This determines
generally the litterfall, standing biomass, and NPP. However, so far only a few studies
quantified the longevity for grasses (Sydes, 1984; Cornelissen and Thompson, 1997).
Craine et al. (1999) measured the leaf longevity of 14 species of grasses and forbs and
found that average leaf longevity for the 14 species was around 2 months. Tjoelker et al.
(2005) measurements show that mean leaf longevity of the species usually ranged from 1—

3 months.
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Based on the above literature values, C3 and C,4 grasses are parameterised as 4-6 months

of leaf longevity in the JSBACH model. Thus, this parameterisation maximises the carbon
allocation of grasslands in the JSBACH-CN model.

Appendix 2.5: Observation sites for cycling of nitrogen.

Table A2: Nitrogen observation sites from Raich et al. (1991) and McGuire et al. (1992)

used for model evaluation.

Site Vegetation Type Site name Country Latitude | Longitude

number

1 Boreal Woodland Schefferville, Quebec Canada 54.72 -66.70

2 Boreal Forest Bonanza Creek Experimental USA 64.75 -148.25

Forest, Alaska

3 Temperate Coniferous Andrews Experimental Forest | USA 44.25 -122.33
Forest Watershed 10, Oregon

4 Arid Shrubland Curlew Valley, Utah USA 41.08 -113.08

5 Short Grassland Central Plains Experimental USA 40.82 -104.77

Range, Colorado

6 Tall Grassland Osage prairie, Oklahoma USA 36.95 -96.55

7 Temperate mixed Forest | Harvard Forest, Massachusetts | USA 42.53 -72.17
Temperate Broadleaved | Taita Experimental Station, New -41.18 174.97
Evergreen Forest North Island Zealand

9 Tropical Deciduous Chakia India 25.33 83.00
Forest

10 Tropical Evergreen Ducke Forest, Manaus Brazil -2.83 -59.95
Forest

11 Tropical Broadleaved Pasoh Malaysia 3.0 102.5
Evergreen Forest

12 Tropical Broadleaved San Carlos Venezuela 2.0 -67.0

Evergreen Forest
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Appendix 2.6: Comparison of simulated global N pools obtained in different

simulation studies.

Table A3: Comparison of global N pools (vegetation N, litter N, soil N, soil mineral N in
Pg N) simulated by different models (means for 1970-99).

Pool size JSBACH-CN | CASA* O-CN** | DyN-LPJY | Other sources | Range
Vegetation | green  0.68

mobile 0.07

wood 4.2

total 4.9 6.6 3.8 5.3 1099 10-16%
Litter litter green 0.92

litter wood 0.28

total 12 13 4.6 10+
Soil 139.5 126 101 67 140 (1 m)T+ = 70-820%
Soil mineral 1.2 0.5 0.3 0.94 17# 25%

*Wang et al., 2010

** Zaehle et al., 2010b

1 Xu-Ri and Prentice, 2008
11 McElroy et al., 1976, 1983
+ Davidson, 1994

11 Batjes, 1996

# Esser et al., 2011

$ Linetal., 2000

Here simulated global N storages as simulated by the JSBACH-CN model are compared
with those obtained by various other models (Lin et al., 2000; Xu-Ri and Prentice, 2008;
Wang et al., 2010; Zaehle et al., 2010b) and also with published observational estimates
(Batjes, 1996) (Table A3). For present-day condition, the vegetation and the litter N are
simulated to be 4.9 and 1.2 Pg N, respectively. Overall, the vegetation N accounts for
about 3.4% (ca. 5% by Wang et al., 2010) of the total N. Overall, the simulated vegetation
N is of similar magnitude as those reported from other model simulations (Xu-Ri and
Prentice, 2008; Wang et al., 2010; Zaehle et al., 2010b). Only a few studies estimated the
global litter N this study estimates that the simulated litter N is to be about 1.2 Pg N,
which is quite close to the estimates of 1.3 Pg N by Wang et al. (2010) and 1.5 Pg N by
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Esser et al. (2011). But it is much less than the estimates of 4.6 Pg N by Xu-Ri et al.
(2008).

The largest pool of N in the terrestrial biosphere is organic soil N, which accounts for
more than 90% of total soil N (Xu-Ri et al., 2008; Wang et al., 2010). The simulated soil
organic N storage is about 139.5 Pg N (95%), which is consistent with observations
(Batjes, 1996, 1997) and also quite close to the CASA-CNP model estimates of 126 Pg N
(ca. 94%). As compared to the JSBACH-CN model, the DyN and ISAM-CN model show
a lower organic soil N storage of 56.8 and 65 Pg N, respectively (Xu-Ri et al., 2008; Yang
et al., 2009). The observed soil N storage is to be 92-117 Pg N (Zinke et al., 1984), 95 Pg
N (Post et al., 1985), 63-67 Pg N (30 cm soil depth) and 133-140 Pg N (100 cm) (Batjes,
1996, 1997). However, the range varies to a larger extent (ca. 70-820 Pg N) because
various estimates consider different soil depth (Lin et al., 2000). Moreover, all studies
estimate that more than 90% of the soil N is organic which is similar to the field

measurements by Brady (1998).

Globally soil inorganic N (Ng,,) is a small pool and comprising only 0.9% of the soil N
(139.5 Pg N) and is consistent with the DyN model (Xu-Ri et al., 2008) which accounts
1.4% of the global soil N. However, Lin et al. (2000) estimated that inorganic N accounts
about 10% of the global soil N — this seems to be an overestimation.

Appendix 3.1: Calculation: Emissions to concentration and temperature increases

In this study, a 1-dimensional box model is applied for calculating atmospheric N,O
concentration from the different emission sources, that is, natural soils, open fluxes, fossil
fuel, biomass burning, and synthetic N fertilizer. The initial pre-industrial atmospheric
N,O concentration is assumed to be 276 ppb (i.e. 1860). This study also assumes a
constant life time (i.e. 114 years) of N,O in the atmosphere.

To calculate the additional concentration induced by N,O emissions since pre-industrial

times, the following equations are used:

114



dAN,O(t)

dt

AN,O(t):
EN(t):
EO(t):
EO.(t):
EF,(t):
EB(t):
EE,(t):
T:

cf:
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cf * (EN(t) + EO(t) + EO.(t) + EF;(t) + EB(t) + EF,(¢))

- % AN,O(t) (B1)

Time in years

Additional concentration (ppb) due to N,O emissions as a function of time
Natural emission (Tg N) as a function of time

Open emission (Tg N) as a function of time

Ocean emission (Tg N) as a function of time

Fossil fuel emission (Tg N) as a function of time

Biomass emission (Tg N) as a function of time

Fertilizer emission (Tg N) as a function of time

Lifetime in years (i.e. 114 years adopted from IPCC, 2001)

Conversion factor of emission to concentration (i.e. 0.209 ppb/Tg N)

In Eq. B2, the total atmospheric N,O concentration is computed as:

N,O(t +1) = N,0(t) + AN,O0(t)

N,O(t):

(B2)

Concentration at pre-industrial state 1860 (i.e. 276 ppb)

The radiative forcing (RF) due to emissions is computed by a simple linear relationship

between additional concentrations and a radiative efficiency constant (Eq. B3). The

radiative efficiency constant (o) is adopted from the IPCC (2001, see p. 388).

AF(t) = a*AN,0(t) (B3)
AF(t): Additional RF due to the additional concentration (Wm)

a: Constant (i.e. 0.003 Wm™/ppb)

The temperature increase due to the additional RF is calculated as (IPCC, 2001):

AT(t) = AAF(t) (B4)
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AT(t): Increase in global average surface temperature (°C)

A: Climate sensitivity parameter (°C/Wm®). The value adopted for A is
0.8°C/(Wm™) (Lenton and Vaughan, 2009). It can be range from 0.6 -1.2
°C/(Wm™) (IPCC, 2007).

AT (t) can be written as:
AT(t) = A* AN,O(t) (B5)

The natural N,O emissions from soil due to nitrification and denitrificaion processes are
sensitive to global warming. To include the additional N,O emissions as a result of
warming, this study incorporates climate feedback into the natural soil emissions. The

climate feedback to the natural soil emissions is represented as:

EN/(t) = EN(t) + slope x AT(t) (B6)

EN/(t): Natural emissions (Tg N) as a function of time

The slope is derived from a linear relationship between N,O emissions from soil and
surface temperature. This slope is used to calculate the climate feedback in Eq. B7. For
this calculation, the slope value is 0.69. More details about the slope are given in Section
3.3.3 and Figure 3.4.

The climate feedback is incorporated into the natural soil emissions (i.e. Eq. B7 and B8).

This can be obtained as:

AN,O(t + 1) — AN,0(t)
1 year

= cf * (EN(t) + slope x AT(t) + EO(t) + EO.(t) + EF,(t) + EB(t)

+ EE,(t)) — % AN,O(t) (B7)
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In Eq. B8, the term AT can be replaced by Eq. B5 and can be written as:

AN,O(t + 1) — AN,O0(t)
1 year

= cf x (EN(t) + slope * A* AN,0(t) xa + EO(t) + EO.(t) + EF,(t)

+ EB(t) + EE,(t)) — % AN,O0(t) (B8)

The Eq. B9 can be derived from Eq. B1, which does not consider climate feedback, unlike

Eq. B8. So, it can be written as:

AN,O(t + 1) — AN,0(t)
1 year

= cf x(EN(t) + EO(t) + EO.(t) + EF,(t) + EB(t) + EE, (1))

- % AN,O(t) (B9)

Furthermore, N,O emissions from the terrestrial biosphere affect global surface
temperature due to their radiative properties. At the same time, temperature affects the
N20 emissions. To calculate these effects, climate-N,O feedback gain factor (Eq. B11) is

obtained from the equation of Torn and Harte (2006):

f f
T3100 — Tigeo _ AT/ _ 1 (B10)
T20100 - T10860 AT® 1- f

=1 AT® B11

ATT (t): Increase in global average surface temperature (°C) with feedback
AT (t): Increase in global average surface temperature (°C) without feedback

f: Feedback gain factor
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Appendix 3.2: Observation sites for forest and grassland ecosystems.

Table A4: N,O emissions observation sites used for model evaluation.

Site name Vegetation Type Latitude | Longitude | N,O emissions | References
(mg N m?yr?)
Xishuangbanna, China : Tropical forest 21.52 101.27 63.9 Werner et al., 2006
SW China Tropical forest 21.96 101.2 51.1 Werner et al., 2007
Brazil Tropical forest -10.5 -62.5 178 Werner et al., 2007
China Birch forest 41.38 126.91 61.6 Chen et al., 2000
Brazil Tropical forest -20.4 -47.51 96.3 Cattaneo et al., 2002
Wyoming, US Alpine Tundra 41.33 -106.33 8.6 Sommerfeld et al, 1993
Southern Sweden Temperate forest 57.13 14.75 44.5 Arnold et al, 2005b
Southern Sweden Tundra 57.13 14.75 27.9 Arnold et al, 2005a
Austria Temperate forest 48.11 15.25 59.7 Kitzler et al, 2006
Eastern Finland Tundra 62.67 31.38 29 Nykénen et al, 1995
Finland Tundra 61.8 24.33 30 Laine et al, 1996;
Martikainen et al, 1995

Ach, Austria Spruce 47 11 75.74 Kesik et al., 2005
Soro, Denmark Beech 55 12 71.18 Kesik et al., 2005
UK Birch 55 -3.0 18.25 Kesik et al., 2005
Wildbahn, Germany Pine 53 11 62 Kesik et al., 2005
Parco, Italy Hard woods 45 9 32.85 Kesik et al., 2005
San, Italy Pine 43 10 20.08 Kesik et al., 2005
Speu, Netherland Douglas Fir 52 5 21.9 Kesik et al., 2005
Songnen plain, China Temperate grassland 123.01- 123.01-

119.15 119.15 72 Huang et al., 2003
Inner Mongolia, Temperate grassland 435 116.66 73 Du et al., 2006
China
Inner Mongolia, Temperate grassland 43.5-45 116-117 56 Dong et al., 2000
China
Qinghai, China Montane grassland 35.22 93.83 5 Pei et al., 2003; 2004
Wyoming, US Montane grassland 41.33 -106.33 17 Mosier et al., 1993
Calabozo, Venezuela Tropical savanna & -8.86 -67.33 63 Sanhueza et al., 1994

grassland

Brazil Tropical savanna & -15.93 47.85 27.3 Poth et al., 1995

grassland
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