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Science has increased man’s control over nature, and might therefore be supposed
likely to increase his happiness and well-being. This would be the case if men were
rational, but in fact they are bundles of passions and instincts.

Bertrand Russel,“Icarus, Or The Future of Science”,1924
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Abstract

Terrestrial carbon (C) cycle models applied for climate projections simulate a strong increase in net primary
productivity (NPP) due to elevated atmospheric CO2 concentration during the 21st century. These models
usually neglect the limited availability of nitrogen (N) and phosphorus (P), nutrients that commonly limit
plant growth and soil carbon turnover. In addition, these models treat the temperature dependence of photo-
synthesis rigidly, although warming experiments illustrate a high variability in the temperature response of
photosynthesis due to acclimation (adjustments by an indiviudal plant in response to an environmental stim-
ulus). Both aspects, nutrient limitation and temperature acclimation, are discussed as major uncertainties in
projecting future land C uptake. To investigate how the projected C sequestration and global productivity
is altered when nutrient limitation or temperature acclimation of photosynthesis are considered, I incor-
porated representations for P cycling and for temperature acclimation into the Max Planck Earth System
model (MPI-ESM).

In direct comparison with simulations which do not consider nutrient cycles, the accumulated land C
uptake between 1860 and 2100 (SRES A1B scenario) is 13 % and 16 % lower in simulations with N and P
cycling, respectively. The combined effect of both nutrients reduces land C uptake by 25 % compared to
simulations without N or P cycling. Nutrient limitation in general may be biased by the model simplicity,
but the ranking of limitations is robust against the parameterization and the inflexibility of stoichiometry.
After 2100, increased temperature and high CO2 concentration cause a shift from N to P limitation at high
latitudes, while nutrient limitation in the tropics declines. The increase in P limitation at high-latitudes is
induced by a strong increase in NPP and the low P sorption capacity of soils, while a decline in tropical NPP
due to high autotrophic respiration rates alleviates N and P limitations. The quantification of P limitation
remains challenging. The poorly constrained processes of soil P sorption and biochemical mineralization
are identified as the main uncertainties in the strength of P limitation, while changes in P release rate by
chemical weathering may become of importance on multi-centennial time scale.

In contrast, acclimation of photosynthesis has only a minor effect on global productivity. Temperature
acclimation slightly increases extra-tropical productivity under present climatic conditions by 5% and under
future climatic conditions by 7%. The effect of temperature acclimation on tropical ecosystems is elusive.
On the one hand, it is under debate if tropical trees do acclimate to temperature at all, as temperatures at
low latitudes do not vary much during the growing season. On the other hand, if they acclimate, the sign of
their response to warming depends on how the temperature response of the ratio between rubisco activity
limited and electron transport limited photosynthesis is treated in the model. More experimental research
is needed to evaluate whether this ratio is influenced by temperature or not.

My findings indicate that global land C uptake in the 21st century is likely overestimated in models

that neglect P and N limitations. In the long-term, insufficient P availability might become an important

constraint on C cycling at high latitudes. Temperature acclimation is of minor importance for assessing the

response of the global C cycle to warming, unlike previously suggested. Accordingly, I argue that the P

cycle must be included in global models used for C cycle projections, but I recommend to wait with the

implementation of temperature acclimation until a better process understanding has been achieved.
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Chapter 1

Introduction

Currently we experience atmospheric CO2 concentrations, which are unprecedented during the
last 2 millions years (Luethi et al., 2008; Hoenisch et al., 2009) and projected to increase at a
rate unseen in the geological past (Denman et al., 2007). Within the last century, the global mean
surface temperature increased by 0.6 ◦C, and will likely continue to increase by 1.4–6.4 ◦C during
this century (Denman et al., 2007). The increasing CO2 concentrations are the primary cause for
the warming trend during the last 50 years and is attributed to human activities, namely combustion
of fossil fuels, cement production and deforestation (Denman et al., 2007). Not all of the CO2

emitted by human activities accumulates in the atmosphere. About two third of the emissions are
taken up in equal parts by the ocean and by terrestrial ecosystems (Sabine et al., 2004). The CO2

uptake capacity of terrestrial systems (sink strength) and the future development of the terrestrial
sink are considered major uncertainties in assessing future climate change (Denman et al., 2007;
Friedlingstein et al., 2006). The size of the currently observed terrestrial sink is the result of an
imbalance between several sink and source processes. As all processes act simultaneously their
respective contributions to the net sink and their dynamics are hard to quantify.

Not only is the terrestrial sink affecting atmospheric CO2 concentrations and therefore affect-
ing climate, but the resulting changes in atmospheric CO2 concentrations and climate affect the
sink processes in return (feedback). Several vegetation-atmosphere feedbacks exist, some of them
are damping (negative feedback), some are amplifying (positive feedback) the initial change. It
is therefore crucial for projections of future climate and reconstructions of past climate to under-
stand the processes underlying the terrestrial sink and to represent them as accurately as possible
in global models. This thesis aims to improve the understanding of nutrient limitation and tem-
perature acclimation of photosynthesis and to provide a quantification of these two importnant
aspects of the terrestrial sink, both of which are considered to evoke major uncertainties in models
used to for the reconstruction of past climate, future projections, and the linkage of causes and
effects in climate change.

In the following I explain in more detail (1) the nature of the terrestrial sink, (2) the models
used for projecting future sink dynamics, and the uncertainties emerging in these projections from
the omission of (3) nutrient limitation of ecosystem productivity and (4) temperature acclimation
of photosynthesis.

1



CHAPTER 1 INTRODUCTION

1.1 The terrestrial sink

Strong evidence exists that terrestrial ecosystems have acted as a net C sink over the last three
decades (Sabine et al., 2004; Canadell et al., 2007; Friedlingstein et al., 2010). The sink strength
is highly variable from year to year ranging from 0.3 to 5.0 Pg C yr−1; an amount comparable to
the anthropogenic emissions of 7 Pg C yr−1 (Denman et al., 2007). There is a sparse understanding
of the many processes responsible for the terrestrial sink and their future dynamics. But such in-
formation is crucial to predict the future sink strength and therefore the pace at which atmospheric
CO2 will rise.

The processes contributing to the terrestrial sink are: (i) CO2 fertilization, (i) nitrogen (N) de-
position, (iii) temperature (and precipitation) effects on plant productivity and heterotrophic res-
piration, and (iv) processes driven by land-use change or land management (deforestation, forest
regrowth, woody encroachment, forest thickening due to fire suppression, afforestation and re-
forestation, and changes in soil carbon (C) under cultivation and grazing) (Canadell et al., 2007).
Subsequent changes in the competitive strength of vegetation types may occur which can result
in a redistribution of ecosystems and their species composition. Despite the diversity of the listed
processes there is one single aspect which is common for all: photosynthesis and plant growth.
Therefore a short explanation of photosynthesis and growth is appropriate at this point before I
introduce the sink processes in detail.

Photosynthesis, the capturing of energy from sun light and its storage in form of carbohydrates,
is the key process in the biosphere. Since the origin of photosynthesis more than 2.5 billion years
ago (Lenton and Watson, 2011), tremendous amounts of bound energy and C have accumulated
in terrestrial ecosystems and geological formations. Without photosynthesis, the energy which
drives human activities today, fossils fuels, would not exist. Not only would there be no fossil
fuels, but also complex life would be impossible, as (oxygenic) photosynthesis is the only known
natural process known which can sustain the high energy demand of complex organisms (Catling
et al., 2005). Only a fraction of the C fixed by photosynthesis is used in the built-up of organic
matter. The rest is released back to the atmosphere when organisms (photosynthetic active ones
[autotrophs] as well as organisms which feed on them or their remainings [heterotrophs]) utilize
the energy bound in the carbohydrates (respiration). When photosynthesis exceeds respiration
plant biomass starts to increase. On the ecosystem level, the balance between photosynthesis and
ecosystem respiration (respiration by autotrophs and heterotrophs) defines the net C balance.

The theory behind plant growth was revolutionized by Carl Sprengel. In 1828 he developed
the “Law of the Minimum” (Sprengel, 1838), which was later popularized by Justus von Liebig.
The principle states that growth is not controlled by the total amount of resources available, but
by the scarcest resource. This simple rule is a cornerstone of modern agriculture and ecological
theory. It does not only apply to plants but to all organism, as each biomolecule, the building
blocks of life, has a distinct chemical composition. Therefore every organism needs, in addition
to energy (the only perfect limiting factor), essential elements (nutrients) to synthesize the bio-
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chemical compounds they consist of: nucleic acids, proteins, carbohydrates and lipids. Besides
the main constituents of biomolecules, C, hydrogen and oxygen, the following elements occur
in organism: N, phosphorus (P), sulfur, iron, magnesium, potassium, natrium and calcium. Sev-
eral other elements occur in traces. The degree to which organisms maintain a constant chemical
composition (stoichiometric homeostasis) in the face of variations in their environment is highly
diverse. While heterotrophs have a strict stoichiometric (Redfield, 1934; Cleveland and Liptzin,
2007), autotrophs are more flexible (McGroddy et al., 2004; Kattge et al., 2011).

The CO2 fertilization effect is an example of how growth is enhanced by an increase in a re-
source. CO2 is a substrate for photosynthesis and for the majority of (C3) plant species CO2

concentrations will remain below saturation levels of photosynthesis even at twice-current concen-
trations (Canadell et al., 2007). Thus the rate of leaf level photosynthesis increases as atmospheric
CO2 concentration rise, which means an increase in a growth-relevant resource. In addition to
the direct physiological effect, increasing atmospheric CO2 concentration improve the water use
efficiency of plants. Stomata, the valves controlling the exchange of gas between air and the leaf
interior (where photosynthesis takes place), act in a way to minimize water losses and keep CO2

concentrations inside the leaf high. When atmospheric CO2 rises the probability that such a valve
is open decreases; thereby water losses are reduced and the water use efficiency increases. As a
result, the growth resource water becomes more abundant. This is an example how the availability
of a certain resource can affect the availability on another one.

The N deposition effect is of the same kind. Many terrestrial ecosystems experience higher
N inputs from dry and wet deposition as the atmospheric load of NOx has increased through
fossil fuel and biomass combustion (Galloway et al., 2004). Thomas et al. (2009) estimated by
extrapolating the response of 11 North-American tree species to current N deposition during the
1980s and 1990s to the globe, that N deposition could increase tree carbon storage by 0.31 Pg C
yr−1.

Changes in temperature are likely to have profound effects on the functioning of ecosystems
(Rustad and Norby, 2002). Temperature is one of the fundamental regulators of all chemical and
biological processes, such as respiration, litter decomposition, mineralization, denitrification, CH4

emission, photosynthesis, plant growth, plant nutrient uptake, and phenology (Canadell et al.,
2007). Despite the extensive literature in this field, the long-term responses of ecosystems and
terrestrial C cycling to warming remain elusive (Rustad and Norby, 2002; Canadell et al., 2007;
Denman et al., 2007; Friedlingstein et al., 2006; Raddatz et al., 2007).

The contribution of processes driven by land-use change or land management are not directly
considered in this study, as the focus lies on the response of natural ecosystem to climate change
and increasing CO2. Since these processes are of global significance (Denman et al., 2007), the
implication of their omission in my study are discussed in each chapter and also summarized in
chapter 5.

Temperature and CO2 are closely linked and predictions of the terrestrial C cycle based solely
on changes in a single factor are likely to be misleading. Thus comprehensive models of the earth

3



CHAPTER 1 INTRODUCTION

systems are used to make future projections, and to link causes and effects in climate change.
In the following section, I describe how photosynthesis is represented in these models and its
respective implications.

1.2 Earth system models

Earth system models (ESMs) are the current generation of models formerly known as coupled
general circulation models (of CGCMs). CGCMs incorporate submodels for the atmospheric and
ocean circulation, while Earth system models also account for the dynamics of the biosphere and
human activities (Claussen et al., 2002). The submodels are coupled through the exchange of
energy, momentum, water and important trace gases, like CO2. The aim of ESMs is to represent
all processes and their interactions relevant for the climate. To do so progressively additional
processes are incorporated that are thought to be relevant. However, being limited by poor un-
derstanding and the slow processes of model development, they still represent a only partial set
of relevant processes. This limits the ability to produce robust projections of the pace with which
atmospheric CO2 is presently increasing and will incease in the future.

The initial (seconds to minutes) CO2 response curve of photosynthesis (see CO2 fertilization)
is a cornerstone of modeling the biosphere response to CO2 in these models. Due to the strong
responsiveness of photosynthesis to elevated CO2 concentrations and the omission of growth re-
sources other than light, temperature, water and C, the majority of these models project a strong
increase in productivity during the 21st century (Denman et al., 2007). However, during the 1990s,
more than 4000 publications testing the hypothesis that the CO2 fertilization effect will enhance
plant growth, showed that the leaf level response of photosynthesis to increases in CO2 is a rather
unreliable predictor of plant growth (Körner, 2000) and therefore of net C uptake.

The temperature dependence of photosynthesis is described by an optimum curve in these mod-
els, given that in most plants, the light-saturated rates of photosynthesis are low at extreme low and
high temperatures and have an optimum temperature at intermediate temperature. The negative
effect of high temperature on photosynthesis is poorly quantified from data (Kattge and Knorr,
2007). Therefore models differ in the projected response of vegetation to warming (Raddatz et al.,
2007). Recent warming experiments reveal a high variability of the photosynthetic response to
elevated temperature (see references in (Lin et al., 2012)), indicating that the temperature depen-
dence of photosynthesis is treated in models in a too rigid way (Kattge and Knorr, 2007; Raddatz
et al., 2007).

In the next section I present evidence that the omission of nutrients may be responsible for a
significant overestimation of the terrestrial sink in such kind of models. Afterwards, I present
evidence that the temperature dependence of photosynthesis is responsible for part of the large
uncertainty in the response of the terrestrial sink to warming.
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1.3 Nutrient limitation

In the ecological community, it is well established that the CO2 fertilization effect can be prevented
by nutrient limitation (Luo et al., 2004; Reich et al., 2006; Norby et al., 2010). Based on remote
sensing data, Fisher et al. (2012) recently estimated a reduction of present day productivity by
nutrients (in general) between 16-28%. A compilation of fertilizer experiments showed that N
and P limitation of plant growth is widespread (Elser et al., 2007). Bearing the Law of Minimum
in mind, it becomes clear that the omission of globally important resources, namely N and P, is
problematic when quantifying the effect of increasing CO2 availability.

Ten years ago, Hungate et al. (2003) showed by simple back-of-the-envelope calculations that
the amount of C projected to be sequestered during the 21st century by global models is not in
line with the availability of nitrogen (N), namely that these models overestimate C uptake. The
missing representation of nutrients is considered the largest source of error in C cycle projections
(Friedlingstein et al., 2006; Denman et al., 2007). As a result, during the last decade several
models which account for N cycling were developed (Thornton et al., 2007; Wang et al., 2007;
Sokolov et al., 2008; Xu-Ri and Prentice, 2008; Jain et al., 2009; Fisher et al., 2010; Gerber et al.,
2010; Zaehle et al., 2010b; Esser et al., 2011; Parida, 2010). All but one of these models (Esser
et al., 2011) showed a reduction of terrestrial carbon uptake during the 21st century between 7%
(Zaehle et al., 2010b) to 64% (Thornton et al., 2007). Although, P limitation is considered to
affect plant growth with a similar strength as N (Elser et al., 2007), to date only a single global
model incorporates a P cycle (Wang et al., 2010), which has yet not been applied in projections.

Thus the aim of chapter 2 is to fill this knowledge gap and improve the understanding
on how strong land C uptake could be limited by P. In particular, the following research
question are investigated:

1. How much and where is N and P availability limiting land C uptake in this
century?

2. What is the long-term (multi-centennial) evolution of N and P limitation?

3. What are the main uncertainties in projecting terrestrial P availability?
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The global P cycle is strongly enhanced by the mining of P and its application on agricultural
land (Smil, 2000). The mining of P is two orders of magnitude larger than the natural rate of P
release from rocks: 161 Tg P yr−1 (Gilbert, 2009) compared to 1.6 Tg P yr−1 (Hartmann and
Moosdorf, 2011). The current annual demand of P fertilizer is estimated to be 42 Tg P yr−1

in a recent FAO report (FAO, 2012). In spite of the enormous amount of P fertilizer applied
on agricultural land, the P balance of the great majority of natural terrestrial ecosystems is still
constrained by P inputs from weathering. Recently, the first global model of P release by chemical
weathering was developed (Hartmann and Moosdorf, 2011). The P release is controlled mainly
by the P content of the minerals, runoff and temperature. Due to the warming projected for this
century the rate at which P enters ecosystems is likely to change.

Yet, a quantification of the changes in P release and the resulting changes in land C up-
take during the next century is lacking. Filling this gap is the aim of chapter 3, with the
following research questions being investigated:

1. How much and where is the P release by chemical weathering altered due to
climate change?

2. To what extent do changes in temperature and runoff contribute to the overall
change in P release?

3. To what extent could land C uptake be affected by the expected changes in P
release?
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1.4 Temperature acclimation of photosynthesis

Changes in temperature affect fundamental processes and their interactions in ecosystems. Models
which incorporate our best understanding of all the modes of action of the individual factors will
also capture many of the major interactions regarding temperature. In projections for the 21st
century, the response of tropical ecosystems to warming dominates the dynamics of the terrestrial
sink (Raddatz et al., 2007). It is the tropical ecosystems where temperatures are most likely to
exceed the optimum for photosynthesis in a warming climate.

There is considerable controversy about the vulnerability of tropical trees to a future warming
(Clark, 2004; Feeley et al., 2007; Lloyd and Farquhar, 2008). In particular, the limited under-
standing of the extent to which ecosystems adjust to gradual changes in temperature (temperature
acclimation) (Medlyn et al., 2002; June et al., 2004; Lin et al., 2012) hampers our ability to con-
strain ecosystem responses to global warming (Lloyd and Farquhar, 2008; Booth et al., 2012).
Booth et al. (2012) identified with a systematic parameter disturbance method the relationship
between photosynthesis and temperature as the largest uncertainty in interactions between cli-
mate/warming and the C cycle. Kattge and Knorr (2007) developed a new formulation of the
temperature dependence of photosynthesis which accounts for acclimation. This formulation has
not been applied in a global model yet.

Thus it exists a gap of knowledge on the global significance of temperature acclimation
of photosynthesis and its influence on land C cycling for present day and the future. Fill-
ing this gap is the aim of chapter 4. The particular research questions are:

1. How much and where is present productivity and productivity in a warmer climate
affected by temperature acclimation?

2. How does this effect relate to changes in productivity due to other factors
constraining the temperature response of photosynthesis?

3. What are the main uncertainties in the quantifcation of the effect of temperature
acclimation on productivity?
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1.5 Formal remarks

Each of the next three chapters constituting my dissertation corresponds to an either already re-
alised or planned publication in a peer-review journal. Chapter 2 deals with the effect of nutrient
limitation on the present and future terrestrial sink and has already been accepted in the journal
Biogeosciences (Goll et al., 2012). Chapter 3 is on the effect of climate change on P release rates
and how the expected changes in P release affect the terrestrial sink and chapter 4 addresses the
influence of temperature acclimation on productivity. The latter two chapters form the basis of a
second and third publication that will soon be submitted to an appropriate journal.

The main part of the thesis focus on projections of the land C balance into the future, but the
scope of a mechanistic model of combined C, N, and P cycling is broader. For example it can also
faciliate more comprehensive studies on understanding past climate changes or provide dynamic
boundary conditions regarding nutrients for marine studies. Such implications are discussed in
chapter 5.

I conducted the studies under supervision and guidance of Dr. Victor Brovkin and support from
others regarding data and technical solutions. In contrast to this introduction and the summary and
conclusions, the next three chapters are therefore written in the first person plural. I kindly ask the
reader to be indulgent with this kind of imperfection.
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Chapter 2

Nutrient limitation reduces land C

uptake for centuries.

2.1 Introduction

The neglect of nutrient limitation in carbon (C) cycle models has been criticized for being unjus-
tified from an ecological point of view (Reich et al., 2006) and for overestimating terrestrial C
sequestration in the future (Hungate et al., 2003; Thornton et al., 2007). The incorporation of a
nitrogen (N) cycle into the biogeochemical components of Earth System Models (ESM) generally
reduces the CO2 fertilization effect and C losses due to soil warming (Zaehle and Dalmonech,
2011). It even may change the sign of the feedback between climate and the terrestrial C cycle
from positive to negative (Thornton et al., 2007; Sokolov et al., 2008). However, this is not gen-
erally the case (Zaehle et al., 2010a). In the current generation of coupled terrestrial carbon and
nitrogen (CN) models, N limits productivity mainly in high latitude ecosystems (Sokolov et al.,
2008; Thornton et al., 2007; Zaehle et al., 2010b), whereas the low latitude ecosystems, which
are the most productive ones (Lieth, 1972; Field et al., 1998; Pan et al., 2011), are less N-limited.
Low latitude systems are expected to show the highest direct CO2 response of NPP (Hickler et al.,
2008) and in climate change projections they are responsible for a substantial positive feedback be-
tween climate and the C cycle (Friedlingstein et al., 2006; Raddatz et al., 2007). At the same time,
low latitude ecosystems are expected to be more P-limited (Townsend et al., 2011). Therefore,
an inclusion of the terrestrial P cycle into global C cycle models seems essential to appropriately
determine land C uptake.

Globally, in addition to N, P is the nutrient most commonly limiting plant growth and soil C
cycling (Vitousek and Howarth, 1991; Aerts and Chapin, 2000). Theoretical (Walker and Syers,
1976) and observational (Reich and Oleksyn, 2004) studies suggest that at present, productivity of
tropical forests and savannahs is generally constrained by P, while N constrains the productivity in
temperate and boreal regions. The geographical patterns of N and P limitations are commonly ex-
plained by the age of the soils (Walker and Syers, 1976; Vitousek et al., 2010). Young soils tend to
have a high P availability, but low N availability, because N is nearly absent in the parental material
and accumulates over time from the atmosphere by biological N fixation. P enters the ecosystem
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by weathering of primary minerals. As soils age, the parental material can become P-depleted and
P gets progressively occluded in secondary minerals. Therefore, old highly-weathered soils tend
to have low P availability. As glaciation has periodically reset soil development at high latitudes,
these soils tend to be much younger than the ones at low latitudes, where glaciation was absent
for hundreds of millions of years.

Additional mechanisms, operating on timescales of years to centuries (Vitousek et al., 2010),
may cause the occurrence of nutrient limitation. Mechanisms limiting the availability of N include
constraints on biological N fixation (Houlton et al., 2008) and losses by leaching and volatization,
which may even occur to some extent in N deficient ecosystems (Davidson et al., 2007). As soil
P is less mobile than N, losses are of minor importance for the occurrence of P limitation. A
mechanism that affects both N and P limitation is the sequestration of N or P in an accumulating
pool (Vitousek et al., 2010); in particular, the sequestration of nutrients in long-lived but non-
photosynthetic pools of organic matter (Luo et al., 2004). Additionally, an enhanced supply of
nutrients other than P, for example N (Perring et al., 2008), can cause P limitation. As the P
cycle has a much slower turnover rate than the N cycle such limitation can remain for centuries.
Because mechanisms underlying N and P limitation differ from each other, the responses of N
and P limitation to changes in atmospheric CO2, climate, and land use change likely differ, too
(Davidson et al., 2007; Vitousek et al., 2010; Gruber and Galloway, 2008).

Despite evidence of widespread phosphorus limitation on plant productivity from fertilizer ex-
periments (Elser et al., 2007) and modelling (Wang et al., 2010; Zhang et al., 2011), to our knowl-
edge, so far no study has assessed to what extent land C uptake projected by C only models can
be realized when stoichiometric constraints of N and P on the build-up of organic matter are ac-
counted for. Results from Zhang et al. (2011) suggest that during the 20th century the global C
balance can be fully quantified with just N, while at continental scale the P cycle is also of impor-
tance for the C balance. However, the uncertainties in simulating P cycling are large (Wang et al.,
2010; Zhang et al., 2011). So far, a detailed analysis of whether and how P limitation may develop
in future has not been done.

As it is yet not clear where and how strong N and P constrain today’s plant productivity and
soil C turnover (Elser et al., 2007; Zaehle and Dalmonech, 2011; Townsend et al., 2011), we
developed a new modelling concept of nutrient limitation to avoid prescribing nutrient limitation
in the inital model state. We assume that during thousands of years of stable Holocene climate and
relatively low atmospheric CO2 concentration, plants have adapted to their environment such that
their growth is limited by multiple resources (Field et al., 1992; Townsend et al., 2011). We thus
hypothesize that for present day, ecosystems are co-limited by the availability of N and P, which is
in broad terms consistent with a meta analysis of N and P manipulation experiments across global
biomes (Elser et al., 2007). As nutrients are needed for the build-up of organic compounds (C
sink) from carbohydrates, nutrient uptake and C fixation (C source) have to be adjusted, such that
C sinks and sources are in balance. The adaptation of photosynthesis to nutrient availability is to
some part represented in photosynthesis models, as the parameters of these models are specific

10



2.2 METHODS

for each plant functional type (PFT). Based on global data compilations, Kattge et al. (2009)
concluded that the maximal rate of carboxylation (V cmax) is affected by N and P availability.
Reich et al. (2009) showed that leaf P, an indicator of P availability, modulates the N dependence
of photosynthesis. The nutrient limitation hidden in the parameterization of photosynthesis is
called background nutrient limitation (BNL).

Today’s atmospheric CO2 concentration is unprecedented in the last 2 million years (Luethi
et al., 2008; Hoenisch et al., 2009) and it is projected to increase further with a rate unseen in the
geological past. In C only models, photosynthesis is independent from the actual need of carbohy-
drates and therefore the projected increase in plant productivity is invalid if the carbohydrate sink
can not grow as fast as photosynthesis increases. To account for such a possible imbalance, plant
productivity must be adjusted to the actual need of carbohydrates, which can be derived from the
stoichiometry of plant tissue. The difference between the potentially possible productivity under
elevated CO2 and the sink corrected productivity is defined as the effect of CO2-induced nutrient
limitation (CNL). CNL is per definition absent in the pre-industrial state. In aggregate, the model-
ing approach taken herein does not attempt to quantify the overall background nutrient limitation,
and instead, estimates how much less C can be stored on land when changes in N and P supply
are simulated; our approach is distinct from one which would quantify total N and P limitation, as
is done with fertilizer experiments (Elser et al., 2007) or in terrestrial ecosystem models (Sokolov
et al., 2008; Thornton et al., 2007; Zaehle et al., 2010b; Wang et al., 2010; Zhang et al., 2011).

In this paper we aim to quantify how much of the land C uptake projected by a C model can be
sustained when accounting for stoichiometric constraints on C storage in organic matter. Further,
we aim to identify the processes responsible for the occurrence of P limitation. To do so, we
implemented a P cycle into the biogeochemical cycle model (Parida, 2010) of JSBACH (Raddatz
et al., 2007), which includes C and N cycling. The model was applied under the SRES A1B
scenario with and without N and/or P cycles to allow a separation of the effects of N and P
limitation on land C cycling. In addition, a set of sensitivity experiments was performed to identify
the main drivers of nutrient limitation.

2.2 Methods

2.2.1 Model

JSBACH describes the processes for land hydrology, phenology, biogeochemical cycling (Fig. 2.1).
The submodel for the biogeochemical cycles of JSBACH is driven by net primary productiv-
ity (NPP), leaf area index (LAI) and climate variables (soil temperature, soil moisture, runoff)
obtained from full climate simulations with the Max Planck Institute Earth System Model (MPI-
ESM) (Roeckner et al., 2011). By driving the submodel for biogeochemical cycling with NPP and
LAI, we omit effects of CO2-induced changes in N or P availability on these properties because,
so far, it is unclear whether we can generalize about how elevated CO2 affects the interactions
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Figure 2.1: Schematic representation of pools and fluxes in JSBACH. Solid arrows indicate carbon fluxes
and dashed arrows nutrient fluxes. The plant compartment consists of the three C pools: active (leaves and
non-lignified tissue), wood (stem and branches) and reserve (sugar and starches). The litter compartment
consists of non-lignified litter, woody litter (lignified litter and fast-decomposing soil organic matter). The
soil compartment consists of one pool (slow) representing slow-decomposing organic matter. All carbon
pools except the reserve pool have a corresponding nutrient pool with variable C:N:P ratio (slow, non-
lignified litter) or fixed C:N:P ratio (rest). There is one mobile plant pool representing mobile nutrient
stored internal plants. Soil mineral nitrogen is represented by a single pool (soil mineral pool), while
mineral P is represented by labile (available) pool and sorbed pool. The opposing triangles indicated that
the flux is controlled by phosphorus (red triangles), nitrogen (blue triangles) or both (mixed triangles).

between nutrients and leaf level photosynthesis (Reich et al., 2006).
Background nutrient limitation (BNL) is indirectly considered in the model as part of the PFT-

specific parameterization of the C cycle, which is based on measurements in present day ecosys-
tems and therefore reflects the mean of present day nutrient conditions for a single PFT (Knorr,
2000). However, the range of different soil environments on which a single PFT can grow, may
lead to a variability of BNL within a PFT, which is not captured by our approach. The additional
nutrient limitation caused by the increase in atmospheric CO2 (CNL) is computed dynamically
in the model assuming globally-uniform constant C:N:P stoichiometry for the different biosphere
compartments, such as active and woody biomass and soil organic matter. The model further
employs a supply-demand-approach, in which plant nutrient demand is derived from the ratio of
potential C-allocation to the plant’s C:nutrient-ratios, while nutrient demand by soil microorgan-
isms is derived from the potential immobilization fluxes. Subsequently, the total nutrient demand
by plants and soil microorganisms are compared against the supply. If the supply is insufficient to
meet the demand, the demand is diminished. These strong simplifications allow us to simulate the
N and P cycles with a minimum number of parameters. The merit of our approach is that it avoids
the introduction of additional parameters which are hard to quantify, unlike more mechanistically
oriented C-N models (Xu-Ri and Prentice, 2008; Jain et al., 2009; Zaehle and Friend, 2010; Esser
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et al., 2011) and thereby reduces its dependence on model parameters which are difficult to con-
strain by available ecosystem observations. The assumption of stoichiometric inflexibility is a
strong simplification and may lead to an overestimation of CNL, but we argue it is an appropriate
first-order approach given the limited process understanding and data to quantify the full nutrient
dynamics including adaptation at plant and ecosystem level (Reich et al., 2006). The implications
of these assumptions on nutrient limitation are discussed in detail in Parida (2010).

2.2.1.1 The C cycle

The C cycle in the biogeochemical cycling part of JSBACH is driven by NPP derived from the
photosynthesis scheme, following Farquhar et al. (1980) for C3 and Collatz et al. (1992) for C4

plants including an explicit dependence of productivity on atmospheric CO2 concentration (Knorr,
2000). NPP is allocated in fixed fractions to root exudates and the three plant pools: a wood pool
representing lignified plant tissue, a active pool for active plant tissue (leaves, fine roots, etc.), and
a reserve pool containing C stored as sugars and starch. Upon leaf shedding, C is transferred from
the active pool and the reserve pool to the non-lignified litter pool. The wood pool has a fixed turn-
over time and C is transferred to a woody litter pool, which differs from the non-lignified litter
pool in its turn-over time. Microbial activity mediates the transfer of C from the litter pools to
the atmosphere and to the slow soil pool. The latter pool represents slowly decomposing organic
matter and is depleted by heterotrophic respiration. The respiration rates depend on soil moisture,
nutrient availability, and exponentially on soil temperature.

2.2.1.2 The N cycle

The N cycle is described in detail in Parida (2010). N is taken up by vegetation from a single
soil mineral N pool and allocated to the woody and active plant tissue according to the N:C ratios
of the these pools. Prior to leaf shedding a certain fraction of N is retranslocated to the mobile
N pool, representing internal N storage. Upon leaf shedding, the remaining N is transferred to
the non-lignified litter pool. The wood pool has a fixed turn-over time and N is transferred to
a woody litter pool. Microbial activity mediates the transfer of N from the litter pools to the
slow soil pool. As the N:C ratio of the slow soil pool is larger than the N:C ratios of the litter
pools, additional N from the soil mineral N pool is transferred (immobilization). The slow soil
pool represents slowly decomposing organic matter and is depleted by biological mineralization.
Biological N fixation, the flux of N from the atmosphere to the soil mineral N pool, is a function
of NPP, comparable to the approach by Thornton et al. (2007). In this case, we use potential NPP
to account for the positive effects of increases in N demand and carbohydrate supply on N fixation
(Vitousek et al., 2002). We account for the effect of P limitation on N fixation (Reich et al., 2006)
by scaling the fixation rate using the P limitation factor (Eq. (2.2)). Denitrification, the loss flux to
the atmosphere, is simulated as a function of the soil mineral N pool (Meixner and Bales, 2003).
N losses by leaching are described analogously to P leaching using the approach of Meixner and
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Table 2.1: Model variables (Fig. 2.1). For the C cycle, the indexes i and j are: A (atmosphere), a (active),
w (wood), r (reserve), la (non-lignified litter), lw (litter wood), s (slow). For the P cycle, the indexes i and
j are: a (active), w (wood), m (mobile), la (non-lignified litter), lw (litter wood), s (slow), l (labile), and sr
(sorbed). The index e stands for the element (N or P).

Symbol Description units
Ci C in pool i [mol (C) m−2 (canopy)]
Pi P in pool i [mol (P) m−2 (canopy)]
Fe

i. j potential flux of element e from pool i to pool j; e ∈ {N,P} [mol (E) m−2 (canopy) ]
Dk P demand of vegetation (k = veg) or microbes (k = micr) [mol (P) m−2 (canopy) s−1]
FBC biochemical mineralization flux [mol (P) m−2 (canopy) s−1]
FD P deposited via atmospheric transport [mol (P) m−2 (canopy) s−1]
FM sum of all biological P mineralization fluxes [mol (P) m−2 (canopy) s−1]
di decomposition rate of pool i [ s−1]
f e
limit limitation factor of element e; e ∈ {N,P} [ ]

Bales (2003).

2.2.1.3 The P model

The P cycle in JSBACH is designed to diagnose the P distribution on land and to adjust C fluxes
for P availability. To include the cycling of P the same methodology as for N is employed (Parida,
2010). Assuming that the C allocation is not affected by nutrients, potential C allocation and het-
erotrophic respiration are computed. We refer to these fluxes as potential C fluxes. In combination
with the stoichiometry of the involved pools we use the potential C fluxes to derive diagnostic P
fluxes

FP
i. j = (r j− ri)FC

i. j (2.1)

where FC
i. j is the potential C flux from pool i to pool j, FP

i. j the corresponding diagnostic P flux,
and ri and r j the P:C ratios of the pools i and j, respectively. P is released if ri > r j or sequestered
if ri < r j. The latter case may only be realized to the extent that additional P is supplied. Therefore
we introduced the following rule: If the diagnosed demand is larger than the supply, P fluxes are
diminished according to the available P supply. The supply is given by the labile P (Pl) and the
demand is given by the sum of plant demand (Dveg) and microbial demand (Dmicr). Based on the
assumption that vegetation and soil organisms are equally strong in their competition for P, we
use a single limitation factor to diminish plant and microbial demand. The amount of potential
NPP which cannot be allocated due to P limitation is interpreted as an increase in autotrophic
respiration. This reflects the high cost of nutrient foraging in a nutrient limited system (Hogberg
et al., 2003). This is supported by a large-scale fertilization experiment in a N-limited boreal
forest (Olsson et al., 2005), where fertilization reduces autotrophic respiration, while aboveground
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productivity increases. We define the P limitation factor ( f P
limit) as

f P
limit =

[dPl
dt ]

max/(Dveg +Dmicr) for (Dveg +Dmicr)> [dPl
dt ]

max

1 otherwise
(2.2)

where the term in square bracket is the maximum rate at which the labile P pool can supply P.
Note that in the discretized formulation the labile pool can at most be depleted during a single
model time step (∆t). We thus set this maximum rate to Pl

∆t . If the N cycle is active in addition to
the P cycle, the limitation factor of the more limiting nutrient is taken to correct potential C fluxes
and their corresponding diagnostic nutrient fluxes.

flimit = min( f P
limit, f N

limit) (2.3)

where f N
limit is calculated analogously to f P

limit (Parida, 2010). This is the only modification in the
structure of the C cycle in comparison to Parida et al. (2011).

The P cycle consists of nine pools (Pi; see Fig. 2.1 and Table 2.1). P enters the terrestrial
ecosystems by the weathering of P-bearing minerals. Weathered P enters the labile P pool (Pl),
which is available to plants and microbes. Labile P is rapidly adsorbed onto soil particles. The
associated pool for sorbed P is denoted by Psr. There are three pools representing P in vegetation.
One pool is for P in active tissue (Pa), one pool is for P in woody tissue (Pw) and one pool represents
mobile P, which acts as a internal buffer of plant P (Pm). Plants and microbes take up P from the
labile P pool (Pl). Upon litterfall, P enters the litter pool for woody litter (Plw) and the pool for
non-lignified litter and fast-decomposing (life time ≈1.5 yr) soil organic matter (Pla). P in slow-
decomposing organic matter (life time ≈100 yr) is represented by one single pool (Pslow). Three P
pools have constant P:C ratios (ri), namely the active pool (i = a), wood pool (i =w), and woody
litter pool (i = lw). P pools with a constant ri can be derived from the corresponding C pools (Ci)
by

Pi = riCi (2.4)

The other P pools have a constant ri for the incoming flux but not for the pool itself (Pla,Ps), or
have no corresponding C pool and thus no ri (Pl,Pm,Psr).

The mobile P pool (Pm) is a short term P storage internal to plants. It is filled by P retranslocated
prior to litterfall and is depleted by P used to allocate as much of the potential NPP (NPPpot

i ) to
Cw and Ca as possible.

dPm

dt
= (ra− rla)FC

a.la− (raNPPdir
a + rwNPPdir

w ) (2.5)

The fraction of NPPpot
i which is directly allocated by use of Pm is named NPPdir

i . NPPdir
w and
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NPPdir
a are given by

NPPdir
i =

NPPpot
i

(rwNPPpot
w + raNPPpot

a )
[
dPm

dt
]max (2.6)

Litterfall and wood shedding connect plant pools with the litter pools. Green litter is made of
fast decomposing organic matter and leaves. The dynamics of the non-lignified litter P pool (Pla)
are

dPla

dt
= rlaFC

a.la +(1−βl)εPa− flimit
Pla

Cla
αlaFC

la.s (2.7)

where the first term describes the P influx from litter fall, the second term describes the flux of
P from herbivores’ excrements which is not directly available to biota, and the third term arises
from the P released by biological mineralization of litter. We assume that active plant material
(Pa) is consumed by herbivores at a constant rate (ε) and immediately excreted (Parida, 2010). We
separate the excrement into labile (βl) and fast decomposing (1−βl) P compounds, which enters
the non-lignified litter pool (Pla). The decomposition flux FC

la.s is a demand flux (rla < rs) therefore
it is multiplied with flimit. αi indicates the fraction of decomposed non-lignified litter which enters
the atmosphere by respiration. The P of the respired fraction of FC

la.s is mineralized and enters the
Pla.

The change in the P content of slow-decomposing soil organic matter (Ps) is given by the net of
immobilization and mineralization fluxes

dPs

dt
= flimitrs((1−αla)FC

la.s +(1−αlw)FC
lw.s)−dsPs−FBC (2.8)

The first two terms describe P immobilization due to decomposition of non-lignified litter and
woody litter. Mineralization occurs as biological mineralization (dsPs) and the phosphatases-
mediated biochemical mineralization (FBC). The decomposition rate ds is computed by a Q10

model as described in the Appendix. Biochemical mineralization is modeled using a rate constant
Mmin if P limitation is absent ( f P

limit = 1), but increases under P limitation until a maximum min-
eralization rate (Mmax) with a lag time of 30 days. There is no observational evidence to support
30 days, but the results of this study are insensitive to the time lag. If P limitation occurs we use a
30 day mean of f P

limit ( flimit) to increase the rate until the maximal mineralization rate is reached.

FBC = max(Mmax(1− eη(1− flimit),Mmin) (2.9)

This formulation base on the concept of McGill and Cole (1981) that biochemical mineralization
is P demand driven. The biochemical mineralization flux, which is mediated by N-rich enzymes
(Phosphatases), depend on the availability of N. If the N cycle is active in addition to the P cy-
cle, we use the 30 day mean of the difference between f P

limit and f N
limit ( f ∆

limit) instead of flimit in
eq. (2.9).

f ∆
limit =

0 if f P
limit > f N

limit

f N
limit− f P

limit if f P
limit < f N

limit

(2.10)
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Thereby we account for a decreased stimulation of biochemical mineralization in cases when N is
limiting in addition to P. If N is limiting more strongly than P a stimulation of FBC is inhibited. If
N is limiting, but less than P, the simulation is less pronounced.

The equations governing the dynamics of labile and sorbed P (Pl and Psr) are adopted from
Wang et al. (2010). It is assumed that the labile P pool and the sorbed P pool are in equilibrium on
a daily time step. The relationship between the amount of labile P and sorbed P is describe using
the Langmuir equation (Barrow, 1978) in its differential form:

dPsr

dt
=

SmaxKs

(Ks +Pl)2
dPl

dt
(2.11)

where Smax is the maximum amount of sorbed phosphorus in the soil and Ks is an empirical
constant.

Under these assumption the dynamics of the labile P pool can be described by (see Appendix
for derivation)

dPl

dt
=

1
1+ SmaxKs

(Pl+Ks)2

(FM +FD +FW +FBC + εβlPa (2.12)

−γsPlR−
1

τsr
Psr− flimit(Dveg +Dmicr))

The inputs to the labile P pool are biological P mineralization (FM), biochemical P mineralization
(FBC), dust deposition (FD), P weathering (FW), and directly-available P in excrement of herbivores
(εβlPa). Losses are leaching, strong sorption, and demand fluxes ( flimit(Dveg +Dmicr)). The loss
rate of sorbed P to strongly sorbed and occluded P forms is assumed to be proportional to the
amount of sorbed P in the soil ( 1

τsr
Psr) (Wang et al., 2010). The flux of leached P is a function of

runoff (R) and the amount of Pl dissolved in solution (γPl). Biological P mineralization (FM) is the
sum of the mineralization flux from the slow pool and P leached from freshly sheded wood:

FM = dsPs +(rw− rlw)FC
w.lw (2.13)

2.2.1.4 Nutrient demands

The P demand of vegetation (Dveg) is given by the amount of labile P needed for the allocation of
the potential NPP to the vegetation compartments wood (NPPpot

w ) and active (NPPpot
a ).

Dveg = rw(NPPw
pot−NPPdir

w )+ ra(NPPpot
a −NPPdir

a ) (2.14)

The microbial P demand is the sum of all potential P immobilization fluxes, which are the fluxes
from litter pools, (non-lignified litter and woody litter) to the slow pool. When litter is decomposed
a certain fraction of its C is respired to the atmosphere and the remaining C becomes slowly-
decomposing organic matter. Denoting the respired fraction by (αi), the microbial P demand
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becomes:

Dmicr = (rs−
Pla

Cla
)FC

la.s (2.15)

+(rs− rlw)FC
lw.s−

Pla

Cla
FC

la.a− rlwFC
lw.a

By respiration some P becomes available, which is subsequently immobilized by microbes and
therefore is subtracted from the microbial demand. The non-lignified litter pool does not have a
fixed ri, instead the term Pla

Cla
is used in the above equations. The decomposition fluxes are

FC
i.s = di(1−αi)Ci (2.16)

and
FC

i.a = diαiCi (2.17)

where i can be lw or la. di is the decomposition rate of litter pool i and its calculation is described
in the Appendix.

2.2.1.5 Parameter estimates

The parameters of the P model are globally uniform, except for the biochemical mineralization
rates which depend on soil order, and their values are shown in Table 2.2. We use information
from the global data set of plant traits TRY (Kattge et al., 2011) to compute the N:P ratios for
the active and wood pools, as well as the flux from the active pool to the non-lignified litter pool.
From these N:P ratios P:C ratios are derived using the N:C ratios from Parida (2010). The P:C
ratio of the woody litter is set to a value within the range of spread of P:C of bark (Kattge et al.,
2011), as data for heartwood is scarce. The initial P:C ratio for the slow decomposing organic
matter is taken from Smil (2000).

Leaching is calibrated so that first of all the global leaching flux compares well with estimates
from empirical modelling (Seitzinger et al., 2005) and in addition, according to our concept of
limitation, that CNL by P is absent under pre-industrial conditions.

The biochemical mineralization flux is calibrated such that the N:P ratio of soil organic matter
is close to the estimates by Yang and Post (2011). The outcomes of this study are insensitive to
parameter values for the adjustment intensity (η) (not shown) of the biochemical mineralization
flux in eq. (2.9), which is set arbitrarily due to a lack of data. The dynamics of the labile and
sorbed P are parameterized based on measurements on US soils using the USDA soil classification
(Wang et al., 2010), because there is no more comprehensive data. Therefore, the history and the
characteristics (soil texture, redox potential, etc.) of the different soil types reflect global patterns
to the extent that US soil types are representative for the global diversity of soils.
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CHAPTER 2 NUTRIENT LIMITATION

Table 2.3: List of experiments performed. The climatic forcing is for all simulations the same. See Ap-
pendix C for further simulations regarding the stoichiometric parameterization.”

Experiment N cycle P cycle Modification
C-only off off
CN on off
CP off on
CNP on on
CPox off on soils have high sorption capacity
CPmo off on soils have low sorption capacity
CPbc off on rigid biochemical mineralization
CNdp on off N deposition constant
CPpft off on PFT-specific C:P ratios
CNpft on off PFT-specific C:N ratios

2.2.2 Experimental setup

The simulation setup is adopted from the CN simulations performed by Parida (2010). We run
the submodel of JSBACH for the biogeochemical cycles independently from the rest of JSBACH
driven by net primary productivity (NPP), leaf area index, soil temperature, soil moisture and
surface runoff. The forcing variables are extracted from simulations performed with the MPI-
ESM (Roeckner et al., 2011) under the framework of the ENSEMBLES project. The MPI-ESM
consists of the atmosphere model ECHAM5 (Roeckner et al., 2003) and its land surface scheme
JSBACH (Raddatz et al., 2007) coupled to the ocean model MPI-OM (Marsland et al., 2003).
The simulations by Roeckner et al. (2011) were performed at horizontal resolution T31 (approx.
400× 400 km) and 19 vertical atmospheric layers, driven by prescribed atmospheric CO2 con-
centration (SRES A1B scenario 1860–2100) prescribing anthropogenic land cover changes. Ac-
cordingly, our JSBACH stand-alone simulations are conducted at T31 resolution, but without land
cover changes using a map of potential vegetation. Output variables of the MPI-ESM are pro-
vided for every PFT at every grid independent of the prescribed vegetation cover. Therefore the
initial distribution of PFTs in simulations with the stand-alone model can be different from the
one used in the forcing simulation. To investigate the long-term evolution of nutrient limitation,
we performed an additional simulation with the full MPI-ESM to derive forcing data where we
prolonged the original ESM simulation for additional 400 yr keeping the atmospheric CO2 con-
centration fixed at the level of 2100. In this period, climate slowly approaches a new equilibrium.

Using the submodel of JSBACH for the biogeochemical cycles, we brought the element cycles
into equilibrium (less than 1 % change in the 30-yr mean of global pools) using a repeated 30-yr
cycle of the forcing data from the coupled simulation (1860–1889). We equilibrated the element
cycle consecutively in three steps. Firstly, we run the model in the C only mode reaching equilib-
rium after 5000 yr. Secondly, we prolonged this simulation switching on the N cycle for additional
5000 yr. Thirdly, the P cycle was brought into equilibrium after prolonging the CN equilibrium
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simulation for additional 8000 yr in the CNP mode. We made sure that this sequential spin up
procedure did not result in a different equilibrium state than a simultaneous spin up. During the
spin up, N and P deposition were kept constant at the level of 1860 and present day, respectively,
as the human impact on P deposition is marginal (Mahowald et al., 2008).

We conducted several transient simulations with the submodel: without nutrients (C-only),
with N (CN), with P (CP), and with N and P (CNP) (Table 2.3). Land use, land use change, and
fertilizer application are not accounted for. N deposition is read in from maps (Galloway et al.,
2004; Dentener et al., 2006) which are interpolated in time proportionally to the increases of
atmospheric CO2 concentrations of the forcing simulation until 2030 and afterwards extrapolated
also using CO2 of the forcing simulation, following Wang and Houlton (2009). Present day P
deposition maps (Mahowald et al., 2008) are used for the whole simulation period.

To test the robustness of our results, we conducted several sensitivity simulations (Table 2.3).
A set of simulations was performed with PFT-specific C:N:P ratios from Wang et al. (2010) and
McGroddy et al. (2004) (CNpft, CPpft). As a redistribution of P from unavailable pools to available
ones can affect nutrient limitation, we varied parameters controlling the size of redistributable P,
namely sorbed P, (CPmo, CPox) and modified the adaptive strength of biochemical mineralization
(CPbc). In another simulation (CNdp), we kept N deposition constant at the present level to test for
the effect of increasing N deposition rates. Furthermore, we performed simulations with flexible
stoichiometry, as well as a set of simulations with perturbed stoichiometric parameters. The latter
simulations are described in detail in the Appendix C.

2.3 Results and discussion

2.3.1 Present day: comparison with observations

For present day, the model simulates a terrestrial C stock of 2881 Gt(C), 24 % of it stored in
vegetation (682 Gt(C)), 8 % in litter and fast decomposing soil organic matter (229 Gt(C)), and
69 % in slow-decomposing soil organic matter (1970 Gt(C)). When N and P cycling are taken
into account (CN, CP, CNP) the present day C stocks are only slightly reduced (<1 %). The
simulated vegetation C storage is slightly above the higher end of inventory based estimates that
range from 560 to 652 Gt(C) (Saugier and Roy, 2001). This relatively high vegetation C stock can
be attributed to the land cover prescribed in our simulation, which differs from the real world as
crop land is replaced with potential vegetation, which stores more C than crops. The simulated
soil C stock is in the range of observation-based estimates that range from 1500 to 2300 Gt(C)
(Post et al., 1982; Batjes, 1996) depending on the considered soil depth.

The decadal means of the net land to atmosphere fluxes for the 1980s, 1990s, and 2000s (Ta-
ble 2.4) are between 2.2 and 3.7 Gt(C) yr−1 when nutrients are not considered. When N and P are
considered, the fluxes are reduced up to 10 %. The simulated fluxes are higher but of the same
magnitude as the ones by Friedlingstein et al. (2010). Note that we do not account for land use in
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Table 2.4: Simulated decadal land C uptake [Gt(C) yr−1] with and without accouting for nutrients compared
to published estimates of the natural terrestrial sink from the Global Carbon Project (GCP) (Friedlingstein
et al., 2010). Note that we omit land use (change) in our simulations.

period C-only CN CP CNP GCP
1980s −2.2 −2.1 −2.0 −1.9 −1.5
1990s −2.8 −2.7 −2.5 −2.4 −2.5
2000s −3.7 −3.5 −3.3 −3.1 −2.4

our simulation, in contrast to Friedlingstein et al. (2010). When land use and land cover change
is explicitly accounted for, the land C uptake is reduced by 20 % to 30 % (Parida, 2010). The
inclusion of the P cycle into JSBACH only slightly changes present day C cycling because CNL
by P is mostly absent between 1860 and 2000 and reduces present day NPP by less than 3 % (not
shown). Overall, the model performs well in simulating C cycling given the large uncertainties in
quantifying present day C cycling (Friedlingstein et al., 2010). For a detailed discussion of the C
and N cycle see Parida (2010).

The current state of the terrestrial P cycle is even less constrained by observations than the C and
N cycle. Estimates of total terrestrial soil P range from 40 Gt(P) (Smil, 2000) to 200 Gt(P) (Jahnke,
1992). P stocks are often derived from C or N stocks using assumptions about the stoichiometry
(Smil, 2000). Soil P is mostly measured in agricultural soils (Johnson et al., 2003), which are
heavily influenced by fertilizer and manure application (Smil, 2000). Measurements of the fraction
of soil P which is available to biota are prone to high uncertainties (Johnson et al., 2003). The
mean sizes of the simulated P pools (CNP) for present day are summarized in Table 2.5 and the
spatial distribution is shown in Fig. 2.2. When compared to modelling and empirical estimates,
the simulated P storages are at the lower end of estimates. The upper ends of the estimates for P in
soils of 200 Gt(P) (Jahnke, 1992) and in vegetation of 3 Gt(P) are criticized for being unrealistic
(Smil, 2000; Wang et al., 2010). Our study supports these findings unless we have overestimated
C:N ratios. However, the C:N ratios used in JSBACH are relatively low (Parida, 2010). The N:P
ratios for the vegetation compartments are derived from a comprehensive stoichiometric dataset
for plants (Kattge et al., 2011), which is an improvement to earlier studies based on more restricted
data sets.

The model seems to underestimate the amount of labile P in highly weathered soils when com-
pared to a recent data compilation (Table 2.6) (Yang and Post, 2011). The compilation by Yang
and Post (2011) includes the data which were used to calibrate the sorption model (Wang et al.,
2010). Two aspects make the estimation of plant available P difficult. First, the interpretation
of P measurements is not straightforward, as the measured fractions cannot be linked directly to
physiological ones, like plant available P (Johnson et al., 2003; Yang and Post, 2011). Second,
the area based estimates by Yang and Post (2011) depend on assumptions about the bulk density
of soils, which is highly variable within one class of soil. However, in the next section, we will
show that the amount of labile P in the initial model state is of relative small importance for the
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CHAPTER 2 NUTRIENT LIMITATION

Table 2.5: Simulated P stocks [Gt(P)] from the simulation CNP compared with published estimates. The
simulated stock sizes are means of the years 1970–1999. The litter pool contains leaf litter and fast decom-
posing soil organic matter.

Pool JSBACH other
Vegetation 0.23 0.39–3 (Wang et al., 2010; Jahnke, 1992)
Litter 0.08 0.04 (Wang et al., 2010)
Soil organic 5.74 5–10 (Smil, 2000)
Labile P 0.98 1.5 (Wang et al., 2010)
Sorbed P 1.25 1.7 (Wang et al., 2010)

Table 2.6: Mean (± standard deviation) for simulated labile P [g(P) m−2] that typically support forests
compared to measurements (Yang and Post, 2011). The stocks, which are averaged over a 30 yr period
(1970–1999), are from simulations with present day soils (CP), uniform low sorption soils (CPmo), and
uniform high sorption soils (CPox).

Soil n CP CPmo CPox (Yang and Post, 2011)
Entisols 91 9.352±13.022 2.573±4.387 1.681±1.634 8.082±5.317
Inceptisols 199 8.571±10.508 1.967±3.599 1.485±1.569 8.728±5.204
Alfisols 110 6.014±8.563 6.083±8.906 3.578±3.051 4.125±2.983
Oxisols 67 0.946±0.432 0.939±0.435 0.948±0.431 1.972±1.918
Spodosols 42 1.564±3.873 2.229±4.800 2.417±2.614 5.939±1.438
Ultisols 63 1.010±1.804 1.723±4.586 1.545±2.220 2.334±1.858

occurrence of P limitation.
The annual P uptake by vegetation is shown in Fig. 2.2 and Table 2.7. From measurements,

the annual P uptake can be estimated as the sum of P required to replace P in litterfall, P in wood
increment, and P required for root growth, assuming equilibrium. Johnson et al. (2003) estimated
the mean annual P requirement of temperate forests to be 0.52± 0.38 g(P) m−2 a−1. For temperate
broadleaf forests we simulate a mean (± standard deviation) uptake rate of 0.52± 0.23 g(P) m−2 a−1.
For tropical evergreen forests, P lost by litterfall, which makes up the largest part (approx. 60 %)
of the P uptake in temperate forests (Yanai, 1992; Johnson et al., 2003; Yang and Post, 2011), is
in the range of 0.2 to 0.4 g(P) m−2 a−1 (Vitousek, 1984; Valdespino et al., 2009; Yang and Post,
2011). Yang and Post (2011) report a higher mean loss rate of 0.6 g(P) m−2 a−1 using a litterfall
database. The simulated mean P uptake of evergreen tropical forests is 0.68± 0.32 g(P) m−2 a−1.
Thus, despite spatially uniform CNP ratios the model is able to simulate reasonable P uptake
rates for forests. However, it may underestimate P uptake in grasslands. In the budget of two
semiarid grasslands given by Cole et al. (1977), plant uptake was 0.53 and 1.2 g(P) m−2 a−1, re-
spectively. We simulate lower uptake rates of 0.24± 0.22 and 0.31± 0.28 g(P) m−2 a−1 for C3

and C4 grasslands, respectively. The low uptake rates are mainly caused by a low NPP of 340
and 420 g(C) m−2 a−1 for C3 and C4 grasslands. Observation-based estimates of grassland NPP
range from 200–2000 g(C) m−2 a−1, but may be even higher (Scurlock et al., 2002). For the 20th
century, we can rule out an influence of low P availability on P uptakes rates via P limitation,
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2.3 RESULTS AND DISCUSSION

Table 2.7: Simulated P fluxes as means of PFT [g (P) m−2 a−1]. The fluxes are averaged over the years
1970–1999.

PFT plant uptake immobilization biological min. biochemical min.
Tropical evergreen trees 0.68 2.01 1.24 1.26
Tropical deciduous trees 0.71 2.41 1.69 1.25
Temperate broadleaf evergreen trees 0.52 1.33 0.72 0.87
Temperate broadleaf deciduous trees 0.18 0.52 0.30 0.36
Coniferous evergreen trees 0.20 0.56 0.36 0.35
Coniferous deciduous trees 0.08 0.22 0.11 0.18
Raingreen shrubs 0.15 0.34 0.21 0.25
Deciduous shrubs 0.06 0.17 0.10 0.11
C3 grass 0.24 0.67 0.49 0.32
C4 grass 0.31 0.78 0.53 0.48
Tundra 0.02 0.12 0.05 0.08

as present day NPP is reduced by P limitation by less than 3 % in the model. In the sensitivity
simulation with PFT-specific C:P ratios, P uptake by vegetation is reduced in tropical PFTs by
10–20 %, but increased in temperate PFTs by 40–50 %. Overall, the mean uptake rates do not im-
prove using a PFT-specific set of C:P ratios. As the uptake is strongly controlled by the P demand
of vegetation, the differences in P uptake rates between PFTs are dominated by the differences in
NPP.

Immobilization of P by microbes is generally larger than the uptake by plants (Yang and Post,
2011). In a budget of two grassland sites the immobilization fluxes exceeded the uptake by veg-
etation by factors of 2.6 and 4.7, respectively (Cole et al., 1977). In our simulation, the immobi-
lization fluxes of grasslands are globally 2.8 and 2.5 times larger than plant uptake for C3 and C4

grasslands, respectively. In the case of N, the immobilization flux is 1.7 times larger than plant
uptake. The more dominant role of microbes in P immobilization compared to N, is supported by
the finding of Aponte et al. (2010) that 8.8 % of total P is immobilized by microbes compared to
4.7 % in the case of N.

The mineralization of P from slowly-decomposing soil organic matter can occur by biological
and biochemical mineralization (McGill and Cole, 1981). Biochemical mineralization is mediated
by extracellular enzymes which specifically cleave out P from organic matter, thus it is controlled
by the P demand of biota (Stewart and Tiessen, 1987). In contrast, biological mineralization is
driven by the energy demand of microorganisms, as it is coupled to heterotrophic respiration.
Although phosphatase activity, which is a qualitative measure for biochemical mineralization, is
common in soils (Stewart and Tiessen, 1987), the quantification of the mineralization rates in
the field is not yet possible. The simulated biochemical mineralization fluxes are in the same
order of magnitude as the biological mineralization flux (Table 2.7). In a simulation without
biochemical mineralization, the amount of P in soil organic matter was 16.2 Gt(P)), which is 3.13
times more than in the standard simulations. The increased amount of P in soil organic matter in
the simulation without biochemical mineralization is comparable in magnitude with the results of
Wang et al. (2010) about the effect of biochemical mineralization on soil P.
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Biochemical mineralization partly decouples P mineralization from decomposition of soil or-
ganic matter, namely N mineralization. Therefore the N:P ratio of the slowly-decomposing soil
organic matter can vary in the model and we used it to calibrate the strength of biochemical min-
eralization. The lower end of the N:P ratio is given by a prescribed C:N:P ratio, while the higher
end depends on the strength of biochemical mineralization. The simulated N:P ratios of slow-
decomposing soil organic matter of 20.3, 26.8, and 37.7 for slightly, intermediate, and highly
weathered soil compare well with data compiled by Yang and Post (2011). The agreement of
simulated and observed N:P ratios indicates that in the model the biochemical mineralization is in
a reasonable order of magnitude, unless the C:P ratio of newly-formed organic matter used in the
model is wrong.

2.3.2 Land C sink until 2100

In the C-only simulation, land accumulates 550 Gt(C) from 1860 to 2100. The uptake is in the
range of land C uptake simulated by different C cycle models (Friedlingstein et al., 2006). As in
Friedlingstein et al. (2006), we do not account for land use change, which would reduce the land
C uptake. The C sequestered on land is stored in vegetation (+315 Gt(C)), soil (+195 Gt(C)) and
litter and fast-decomposing soil organic matter (+40 Gt(C)) (Fig. 2.3). When considering nutrient
limitation, the projected land C uptake for the period 1860–2100 is reduced by 13 %, 16 % or 25 %
due to limitation by nitrogen (CN), by phosphorus (CP) or by both (CNP), respectively (Fig. 2.3c).
The strengths of nutrient limitations in the given model setup are not affected by the assumption of
stoichiometric inflexibility (see Appendix C). Parameter perturbation simulations reveal that the
strength of N and P limitation depends to some extent on the parameterization of stoichiometry,
but the ranking of limitations is not affected (Appendix C). P limitation reduces the amount of
C stored in vegetation more strongly than N (Fig. 2.3d). This is explained by the geographic
occurrence of N and P limitation (Fig. 2.4). P limits C uptake mainly at low latitudes, where the
C taken up is predominately stored in vegetation (see Fig. A.4 in the Appendix). At high latitudes
the soil sink dominates.

The partly additive nature of N and P limitation on land C uptake can be attributed to their
distinct geographic occurrence (Fig. 2.4). In addition, in the model, N limits mainly grasslands
while P limitation is nearly absent in grasslands (not shown). Hence N and P limitation are to
a large degree additive, despite their geographical co-occurrence in some regions. The lack of
synergetic effects between the nutrient cycles can be attributed to the simple representation of
N-P interactions in our model and may not reflect the actual effects. For example, N fixation is
represented by an empirical function, which cannot account for all pathways of N-P interactions
underlying N fixation. To rule out that the pattern of nutrient limitations is a result of the globally
uniform C:N:P ratios, we performed additional sensitivity simulations with a PFT-specific set of
C:N:P ratios from Wang et al. (2010). In these simulations the pattern of limitations is not changed,
although the strength of N and P limitation is slightly reduced (see Fig. A.1 in Appendix).

26



2.3 RESULTS AND DISCUSSION

Figure 2.3: The simulated change in land carbon storage under the SRES A1B scenario. Shown are the 10
yr mean of soil temperature (a), the CO2 concentration as used in the forcing simulation (b), the resulting
change in total land C storage (c), and the changes in the two main land compartments vegetation (d) and
soil (e).

To test the influence of soil P sorption capacities on P limitation, we performed simulations
with globally uniform parameters for the dynamics of labile and adsorbed P. The parameter for
the sorption capacity (Smax) constrains the amount of adsorbed P in the initial state. As sorbed P is
a buffer for labile P, the extent to which increased P demands can be sustained by a redistribution
of adsorbed P to labile P is constrained by Smax. The typical tropical soils, Oxisols and Ultisols,
have the highest sorption capacities and the fertile soils of temperate regions, Alfisols or Molisols,
have lower capacities. Therefore, as expected, an artificial exchange of all soils with Molisols
(CPmo) does not alleviate but increase P limitation drastically during the 21st century (Fig. 2.4).
CNL by P becomes even larger than CNL by N at high latitudes. The low sorption capacities of
soils in central Europe and eastern North America make these regions vulnerable to CO2-induced
P limitation. An exchange with Oxisols reduces P limitation in our simulations due to the high
sorption capacity. The accumulated land C uptake between 1860 and 2100 in CPmo and CPox

simulations is reduced by 19 % and 4 % respectively compared to the C-only simulation. When
compared to the simulation CP, the land C uptake is less limited by P in the CPox, despite the
stocks of labile P are smaller (Table 2.6). This shows that the stocks of labile P do not necessarily
correlate with P limitation. It is difficult to assess how realistic such a redistribution of adsorbed
P to labile forms is. Evidence from short-term CO2 enrichment studies suggest that a redistri-
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CHAPTER 2 NUTRIENT LIMITATION

Figure 2.4: The reduction in C storage [kg m−2] by nutrient limitation at the end of the 21st century. Shown
is the difference in the mean C storage (2070–2099) between the CN simulation and the C-only simulation
(upper panel) or between the CP simulation and the C-only simulation (lower panel). The latitudinal means
over land points are shown on the right side.

bution of P from unavailable to available forms does occur under elevated CO2 (Johnson et al.,
2004; Khan et al., 2008). However, it is unclear which processes are responsible for the observed
redistribution and how these results from short-term experiments translate to natural ecosystems
affected by a steady increase in CO2 over centuries.

Biochemical mineralization is an additional mechanism that can shift P from unavailable to
available forms. We assume that biochemical mineralization is highly adaptive to P limitation.
In the CP simulation, biochemical mineralization rates increase by 37 % by the end of the 21st
century. This is higher than an increase in biochemical mineralization by 18 % caused by doubling
of CO2 in the simulations by Wang et al. (2007). As the biochemical mineralization rates so far
cannot be quantified from measurements, we conducted a sensitivity simulation (CPbc) in which
we kept the biochemical mineralization rates constant at the pre-industrial level. This results in a
reduction of land C uptake by CNL by P of 39 % for the period 1860–2100, while the geographic
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pattern is only affected marginally (not shown). This sensitivity test shows, in addition to the
sensitivity simulations CPox and CPmo, the importance of adaptive processes which shift nutrients
from unavailable forms to available forms for projecting nutrient limitation in a transient state.

High inputs by N deposition can shift ecosystems from N-limited to P-limited by increasing
the P demand due to N-stimulated productivity and by acidifying soils which increase P sorption.
In JSBACH, the effect of increasing N deposition rates on the geographic pattern of N and P
limitation is marginal, as the differences in the latitudinal means of CNL between the simulation
with increasing N deposition and the one with constant N deposition (CNdp) is small (Fig. 2.4).
In general, the effect of N deposition on the land C uptake during the 21st century is small in
JSBACH owing to our concept of CNL (Parida, 2010). In addition, the P sorption characteristics
are prescribed in the model. Hence we may underestimate the effects of N deposition. While the
simulations show high uncertainties in the quantification of nutrient limitation, a robust outcome of
the simulations is the occurrence of CNL by P in low latitude and high latitude ecosystems during
the 21st century and the nearly additive nature of P and N limitation. The geographical pattern of
CNL by P and N is comparable to the pattern of total nutrient limitation in simulations by Wang
et al. (2010). This pattern is to a large extent robust against the assumptions about biochemical
mineralization and soil sorption and it is not a result of a special calibration procedures; this
pattern automatically emerges in the simulation when atmospheric CO2 concentration increases.

2.3.3 Land C sink after 2100

The global mean annual temperature over land increases in our simulations by more than 5 K
during the 21st century (Fig. 2.3a), which is comparable to other models (Friedlingstein et al.,
2006). Temperature is a main driver of the biogeochemical cycles. Under ongoing climate change
the cycling of elements gradually changes, leading to an imbalance between the C and the nutrient
cycles. After stabilization of temperature and climate at the new level, biogeochemical cycles are
slowly approaching a new equilibrium. To analyze nutrient limitation in the new climate state, we
prolonged the simulation for 400 yr keeping CO2 concentration constant at the level of 2100, but
letting climate evolve.

Warming has two counteractive effects on the land C cycling in JSBACH. On the one hand, C
losses by autotrophic and heterotrophic respiration increase. However, adaptive and acclimative
responses that might limit such respiration losses (Wythers et al., 2005; Atkin and Tjoelker, 2003;
Reich, 2010) are not considered in the model. Concepts for their representation in models are
currently under investigation. On the other hand, temperatures at high latitudes become more suit-
able for plant growth and the growing seasons extend and therefore NPP increases. Overall, land
becomes a source of C in JSBACH as the losses outweigh the sinks (Fig. 2.3c). Increasing temper-
ature also directly influences the N and P cycling by enhancing mineralization in many parts of the
world. The increase in mineralization of N and P by 35 % globally at the end of the 2100 is compa-
rable to the enhancement of N mineralization by 45 % measured in a 7-yr soil warming experiment
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with a comparable increase in temperature (+5 K)(Melillo et al., 2011). However, as temperature
effects on N and P mineralization will strongly depend on interactions between temperature and
soil water, such comparisons must be made with considerable caution. A decrease in tropical NPP
at mean land temperatures warmer by as much as 7 K compared to today due to climate change is
a feature of several coupled climate-carbon cycle simulations, although the amplitude of the drop
in NPP varies considerably among models (Raddatz et al., 2007). A negative effect of increasing
temperature on tropical productivity is supported by observational evidence (Clark, 2004). An
increase in the NPP of temperate and boreal systems due to warming is projected in all simula-
tions analyzed Friedlingstein et al. (2006) (T. Raddatz, personal communication, 2011). Part of
this increase can be attributed to an advancement of leaf unfolding. In JSBACH, leaf unfolding
of temperate broadleaf forests appears 17 days earlier at end of the 21st century than present day.
The reported changes in late 20th century tree phenology correspond to an advancement of leaf
unfolding of 16–24 days per K of warming, assuming that the average warming over the last five
decades was about 0.6 K (Solomon et al., 2007). This relationship may not apply to the future,
as a decline in freezing events may delay the breaking of dormancy and therefore the effect of
warming may be much smaller and could be even reversed (Morin et al., 2009). The phenology
model of JSBACH accounts for this inhibitory effect and the more moderate advancement of leaf
unfolding is closer to the simulations by Morin et al. (2009), which project an advancement by 5
to 10 days during the 21st century under the SRES scenarios A2 (+3.2 K) and B2 (+1 K).

As a result of the increase in NPP, the N and P demands increase at high latitudes. In the tropics
and subtropics, however, nutrient demands decrease as NPP declines with increasing tempera-
tures. In JSBACH the increases in autotrophic respiration, may be overestimated as the model
does not account for temperature acclimatization of autotrophic respiration (Wythers et al., 2005;
Tjoelker et al., 2009) nor adjust for complexities of the instantaneous temperature response curve
of respiration (Tjoelker et al., 2001). Therefore the nutrient demand may be higher than our sim-
ulations suggest. In addition, we can not rule out that we may have underestimated tropical N
limitation due to the simplistic representation of N fixation in the model, which does not account
for possible negative effects of warming on N fixation in the tropics (Wang and Houlton, 2009).
The stocks of soil organic matter decrease at low latitudes releasing nutrients, while at high lat-
itudes the stocks of soil organic matter increase and nutrients get progressively sequestered (see
Fig. A.4 in the Appendix). Together, the changes in demand and sequestration of nutrients result
in an increase of CO2-induced nutrient limitation at high latitudes, and a decline in CNL at low
latitudes (Fig. 2.5). As a consequence of the decline in tropical CNL, the land C stocks of these
regions are nearly the same for all simulations (C, CN, CP, CNP) at the end of our simulations.

At high latitudes, N limitation declines while P limitation stagnates (Fig. 2.5). This shift from N
to P limitation is more pronounced in the simulation with PFT-specific C:N:P ratios (CNPpft) (see
Fig. A.1 in Appendix), as P demands are higher for temperate and boreal forests due to lower C:P
ratios. However it is not known whether these lower C:P ratios merely reflect luxury consumption
at present (Agren, 2008); if so the PFT-specific simulations would not differ by so much. Changes
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Figure 2.5: Mean reduction of NPP [%] due to CNL (N or P) averaged over 30 yr (2070–2099 (left) and
2320–2349 (right)) as latitudinal means. Solid line are results from the CN and the CP simulation for N
and P limitation, respectively. The dashed lines are results from the sensitivity experiments CPox, CPmo,
and CNdp.

in species composition to more P efficient plants, which are not account in our simulations, could
also alleviate the increase in P demand. In general, the mechanisms underlying stoichiometric
flexibility on all levels (leaf, single plant, ecosystem) are not yet fully understood to account for
such flexibility in a comprehensive manner.

In the model, the predominance of P limitation is caused by the low P sorption capacity of
temperate and boreal soils. This can be seen in the simulation where all soils have high sorp-
tion capacities (CPox). In this simulation P limitation is comparable in strength to N limitation
(Fig. 2.5). The shift is also robust against the assumption of increasing N deposition rates in the
future. When N deposition rates are maintained at the present day level during the whole simula-
tion (CNdp), N limitation is still less than P limitation in the CP simulation (Fig. 2.5). We do not
account for the increase in substrate availability for mineralization due to the thawing of boreal
soils (Anisimov et al., 1997). This may partly counteract a shortage of nutrients at latitudes above
50◦N.

In summary, our findings suggest that high latitude ecosystems could become significantly more
limited by both N and P in the future as growing seasons expand and soil stocks increase. From a
theoretical point of view, a shift from N to P limitation is plausible as the buffer of available P, P
adsorbed, gets depleted. However, it is still uncertain how soil C stocks will be affected by climate
change, as the temperature dependence of heterotrophic respiration, which is also the main control
of nutrient mineralization in JSBACH, is still a major uncertainty in simulating the C and nutrient
cycles (Raddatz et al., 2007; Reich, 2010).
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2.4 Conclusions

The quantification of P limitation remains challenging because of limited data and process under-
standing. Our simplistic approach does not account for all synergies between the element cycles.
Using data from 34 separate fertilization studies, Marklein and Houlton (2012) found that an in-
crease in N availability may accelerate P cycling via a stimulation of biochemical mineralization.
Since the effect has not yet been quantified and the responses varied between plant and microbial
mediated mineralization rates, the incorporation of such an interaction in a global model is not
feasible at the moment. Moreover, it is commonly assumed that N fixation may be controlled by
P availability (Cleveland et al., 1999; Wang et al., 2010). We use an empirical N fixation model
which does not represent effects of changing P availability on N fixation, because the regulation
mechanisms of N fixation are elusive and recent findings from a long term fertilization experiment
reveal that N fixation in an intact tropical forest responded to molybdenum but not to P addition
(Barron et al., 2008). Recently, Morford et al. (2011) raised the possibility that bedrock N input,
which is omitted in the model, may present an important component of the N cycle. However, it
is yet unclear whether this finding can be generalized from two forest sites to global scale ecosys-
tems. Due to our limitation concept, additional nutrients in general increase productivity just in
case of CO2-induced nutrient limitation which is relatively minor at present conditions. Overall,
our model may tend to maximize nutrient limitation and actual nutrient limitation may be less than
projected.

We identified two processes which critically determine the strength and, to a lesser extent, the
global distribution of P limitation: biochemical mineralization and the sorption capacity of soils.
Both processes control the shift of P from unavailable forms (P adsorbed and in soil organic
matter) to available ones (labile P) and therefore counteract a scarcity of P resulting from an
accumulation of P in vegetation and soil organic matter. As both processes are poorly constrained
by measurements (Coss and Schlesinger, 1995; Johnson et al., 2003) and changes in soil properties
like maximum sorption capacity can not be captured by the empirical sorption model, more basic
research on these soil processes is needed to better constrain P cycling.

Even so, our results suggest that models that do not account for P limitation overestimate the
land C uptake during the 21st century. The geographic pattern of N and P limitation is to a large
extent robust against the assumptions about soil P sorption, biochemical mineralization, CNP ra-
tios, and N deposition. The reduction of tropical NPP by P limitation is in all cases larger than the
reduction by N, while a shift from N to P limitation may occur with warming at higher latitudes.
The low soil P sorption capacity of temperate soils is responsible for this shift in limitations.

A reduction in the response of NPP to increasing atmospheric CO2 concentration due to P limi-
tation is expected to weaken the land carbon sink. As a consequence the climate-C cycle feedback
(Friedlingstein et al., 2006) increases, leading to a more pronounced warming than projected by C
only models. As most climate C cycle models do not account for P limitation, they most probably
overestimate tropical C storage potential. This is problematic because tropical regions dominate
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Chapter 3

Changes of P release by chemical

weathering can be higher than expected.

3.1 Introduction

The release of phosphorus (P) from soil minerals by chemical weathering constrains P availability
for biota on a geological time scale. On this time scale the productivity of terrestrial ecosystems
is assumed to be limited by the availability of P, as carbon (C) and nitrogen (N) are taken up at
much higher rates from the large atmospheric reservoirs than P is released by weathering (Walker
and Syers, 1976). P weathering, in general, affects the chemical compositions of ground water,
river and lake water, and ultimately, of oceans. It is unclear how P release rates have changed in
the past and how these rates may change in the near future.

Presently, terrestrial P availability spans several orders of magnitude (see Figure 2.2). This can
be attributed in a first approximation to the weathering state of soils (Walker and Syers, 1976). As
soil ages, the P content of the bedrock progressively declines and the soil becomes deeper which
can result in a separation of the biological active zone from the bedrock (shielding) (Stallard and
Edmond, 1983). Therefore the P availability in young shallow soils is much higher than in old,
highly weathered soils. As glaciation periodically resets soil development, P limited ecosystems
are commonly found in tropics where low land glaciations were absent for millions of years.
In general, thick soils develope where chemical erosion exceeds physical erosion. Other than
glaciations, low tectonic uplift and thus low physical erosion favors deep soils, for example at the
Amazon basin (Buendı́a et al., 2010). For instance Raymo et al. (1988) hypothesized a control of
mountain uplift on chemical weathering rates in general. In addition to the absence of glaciations
and low uplift rates, aging of soils is intensified at low latitudes, because weathering is the more
intense the wetter the environment. This is attributed to a rate limitation of the weathering reaction
itself by the removal of weathering products via water flow.

Besides lithology, runoff and physical erosion, key factors controlling chemical weathering
are: temperature, morphology, soil, ecosystem, land use as well as plate tectonics (see references
in Hartmann and Moosdorf (2011)). Temperature is an important factor controlling weathering
rates in laboratory experiments (e. g. Brady and Carroll, 1994; White et al., 1999). The tempera-
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ture control may also hold true for the total available reaction volume of a catchment (Hartmann
and Moosdorf, 2011), but measurements on the temperature control in the field are scarce. The
standard tools to quantify the environmental constraints on weathering at catchment scale are re-
gression models. Regression models, in general, are not designed to investigate the mechanisms
underlying a certain process, but to reliably predict the dynamics of the process using correla-
tions with observed quantities. As temperature correlates with other factors (e.g. runoff), the
temperature control on weathering is difficult to be investigated using such models. For the same
reasoning, the biological control of weathering is uncertain. Biological activity acts indirectly on
weathering rates via its effect on physical erosion, and the physical and chemical soil environment
(for example acidity, porosity, hydration, perturbation, etc) (Drever, 1994), as well as direct via
targeted root growth and the mining of elements by soil microbes (Banfield et al., 1999). It is
clear that biological processes can enhance weathering (Banfield et al., 1999), but to what extent
weathering is controlled by biological activity is under debate. As all energy used in biological
processes originates in the first place from photosynthesis, changes in plant productivity are likely
to have an influence on weathering rates. Feedbacks between terrestrial productivity and weather-
ing are used to explain the resilience of concentrations of atmospheric CO2 (Pagani et al., 2009)
and O2 (Lenton, 2001) of the geological past.

Besides terrestrial productivity, the productivity of aquatic and marine systems is constrained
by P release too (Elser et al., 2007). Although present P cycling is greatly enhanced by P min-
ing/fertilizer application (Smil, 2000), natural weathering rates are still of great importance in
determining coastal export of dissolved inorganic P (DIP), especially in tropical and high latitude
regions (Harrison, 2005). Only a small fraction of P enters the ocean as DIP (1.5 Mt yr−1 as
DIP (including human sources) compared to 20 Mt yr−1 as total P (Meybeck, 1982)). However,
whereas all of the DIP is generally thought of being available to biota, significant portions of
organic and particulate P are not available to biota (Bradford and Peters, 1987).

Currently, we experience a time when CO2 concentrations are unprecedented during the last
2 millions years and projected to increase at a rate unseen in the geological past. Significant
changes in temperature and the hydrological cycle are observed and these changes are expected to
continue at an even faster rate. Terrestrial productivity is expected to increase due to the increasing
CO2 concentrations resulting in an increasing demand of P which may result in a shortage of P
(see chapter 2). There is a complete lack of information on how P release rates may change in
the next 100 years. Recently, Hartmann and Moosdorf (2011) developed a model of P release
which accounts for lithology, runoff and temperature as controls of P release. To give a first
approximation of future P release we apply an enhanced version of the P weathering model by
Hartmann and Moosdorf (2011) driven by climate projections performed under the framework of
CMIP5 (Hurrell and Visbeck, 2011).
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3.2 Methods

3.2.1 Model of P release

We used an empirical model of P release by (Hartmann and Moosdorf, 2011; Hartmann et al.,
2012) which is based on a silicate weathering model assuming that P is released at the same rate
as the bulk of minerals is dissolved. The P released by chemical weathering (Pr) is calculated as

Pr = α f (T )qs (3.1)

where q is the sum of surface runoff and drainage, α the weathering factor, s the factor for soil
shielding, and f (T ) a term to describe the Arrhenius type temperature dependence of P release.

f (T ) = e
Ea
R ( 1

Tre f
− 1

T ) (3.2)

where Ea is the activation energy, R the gas constant, Tre f the reference temperature and T the 2 m
air temperature. The parameter α depends on the site-specific lithological composition and was
originally calibrated and validated by Hartmann and Moosdorf (2011) using observational data on
runoff and temperature as well as lithological maps. The here used version of the P weathering
model was recalibrated as described in Hartmann et al. (2012) using more comprehensive data
on geochemical composition and a refined classification of soil types. The soil shielding factor
s was introduced to reduce the model data mismatch for deeply weathered soils. Ea is derived
from a compilation of data from several publications on the dependence of chemical weathering
on temperature under field conditions (Hartmann and Moosdorf, 2011). The parameters α , Ea and
s are read in from global maps to allow a spatial-explicit application of the model.

Table 3.1: Variables of the P release model.

Acronym Description units
Pr P released by chemical weathering [g (P) m−2 yr−1]
q surface runoff and drainage [103 g (H2O) m−2 yr−1]
Tre f reference temperature [K]
T annual mean 2m air temperature [K]
Ea activation energy [J mol−1]
α weathering factor [g (P) 103 g−1 (H2O)]
s soil shielding factor []
R gas constant [J K−1 mol−1]

3.2.2 Climatic forcing

The empirical model of P release is driven by the annual sum of surface runoff and drainage (SAR)
and the annual mean 2 m air temperature (MAT). We derived the climatic forcing from existing
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ESM simulations which have been performed under the framework of CMIP5 (Hurrell and Vis-
beck, 2011). These simulations span the historical period (1850–2005) as well as a projection
period (2006–2099). According to the CMIP5 protocol, the ESMs had been forced with observed
CO2 concentrations for the historical period and afterwards with concentrations projected for a
given representative concentration pathway (RCP) (in this study: RCP8.5). For our study we
selected simulations from the following ESMs: CCSM4, MIROC-ESM, IPSL-CM5A-LR, and
MPI-ESM-LR (Table 3.2). For each model, except the MIROC-ESM, a set of three simulations
(ensemble) exists for the whole time period. In the case of the MIROC-ESM, only a single sim-
ulation had been performed for the future (2005–2099). As the different ESM simulations have
been done in different resolutions, we reprojected them all on a T63 grid, which corresponds to a
grid spacing of approximately 140×120 km at mid latitudes. It was assured that the land area is
in all ESM simulation the same.

Table 3.2: List of ESM used in this study. The data is provided by the CMIP5 project.

Model Group
MPI-ESM-LR Max Planck Institute for Meteorology
IPSL-CM5A-LR Institut Pierre-Simon Laplace
MIROC-ESM Japan Agency for Marine-Earth Science and Technology,

Atmosphere and Ocean Research Institute (The University of Tokyo),
and National Institute for Environmental Studies

CCSM4 National Center for Atmospheric Research

3.2.3 Simulations

Using each of the climate forcings we derived 4× 3 time series of P release. To disentangle the
effect of warming on P release from the effect of runoff changes, we performed additional calcu-
lations in which we kept T fixed on the preindustrial level. We account for climate variability by
using a repeating loop of the years 1850–1879 for the whole time period. As the calibration of the
activation energy Ea of the temperature response function is uncertain, we performed also simu-
lations in which we varied Ea by ± 20,000 J mol−1 to quantify the uncertainty of the temperature
dependence. This range is about twice as wide as the range of Ea identified from a compilation
of weathering studies on catchment scale (Hartmann, personal communication). We use a wider
range as observed as the field data is rather restricted and laboratory experiements indicate an
average range of Ea between 50,000–80,000 J mol−1 (White et al., 1999). The specifications of
the four sets of simulations are given in Table 3.3.
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Table 3.3: Simulations specifications. For both forcing variables, q and T , the respective time period used
during the whole simulation duration (249 yr) is given and also the values used for the parameter Ea.

Simulation q T Ea
1 1850–2099 1850–2099 std (Hartmann and Moosdorf, 2011)
2 1850–2099 1850–1879 std (Hartmann and Moosdorf, 2011)
3 1850–2099 1850–2099 − 20 kJ mol−1

4 1850–2099 1850–2099 + 20 kJ mol−1

3.3 Results & Discussion

3.3.1 Present day

The climatic forcing shows a strong variability. Simulated MAT over land and global SAR vary
strongly among the four ESMs (Figure 3.1) and deviate significantly from observation based es-
timates. Based on a recent compilation of 16 preexisting data archives, present day MAT over
land is estimated 9.760 ± 0.041 ◦C (2000–2009) (Berkeley Earth). Except of the MIROC-ESM,
the models underestimate present day land temperature (up to 1.5 ◦C in the case of the IPSL-
ESM-LR). Based on a global compilation of river discharge data, present day global SAR is esti-
mated 38,320 km3 yr−1 (Fekete, 2002). The simulated global SARs range from 29,500 to 41,500
km3 yr−1.

Due to significant differences in the climatic forcings, the P release rates for present day differ,
too (Figure 3.1). The P release is for all ESM simulations about 50% less than the 1.6 Mt yr−1

estimated by Hartmann and Moosdorf (2011) using the same P release model but with observa-
tional data and on a much higher resolution. The consistent underestimation of the P release in
our simulations may be attributed to the loss of regions of extremely high weathering (hotspots)
due to the low resolution. The importance of weathering hotspots regarding the quantification of
the silicate weathering was stressed by Hartmann et al. (2009). They reported that 3.5% (9%) of
the total exorheic area are responsible for 30% (50%) of the global weathering flux, In the case
of P release the contribution of hotspots to the global flux is even higher (Hartmann, personal
communication). In addition, the land area of the Indonesian Archipelago, a hotspot region, is
underestimated in the model due to the rather low resolution.

The uncertainty due to the parameterization of the temperature response function is large as
approximated by the simulations in which Ea was varied by 20 kJ mol−1 (error bars in Figure 3.1).
Here, more research is needed to better constrain the temperature control on weathering.

The spatial pattern of P release differs to some extent among the different climate simulations
(Figure 3.2). A consistent feature is the high release rates at low latitudes and high altitudes, like
Andes, Central America, Rocky Mountains, Eastern North America, Himalaya, South-East Asia,
Western Central Africa and Western Europe. These are regions with a relativly high α , when
averaged over regions Central America and Western Europe have the largest values for α , and/or
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intense runoff.

3.3.2 Future

During the 21st century, MAT drastically increases in all forcing simulations (Figure 3.1). De-
pending on the ESM global MAT increases between 6 and 8 ◦C. Also runoff rates increase. As
a result, the P release increases whereby warming has a more profound effect on release rates
than changes in runoff (Figure 3.1). Changes in runoff enhances release rates by less than 25%,
whereas the P release increases more than 80% when the effect of temperature on weathering is
additionally accounted for. The importance of temperature is highlighted by the finding that even
for the lowest temperature sensitivity the changes in P release rates are dominated by temperature.
As a result, the large uncertainties in the global release rates are caused by the uncertainties in the
quantification of the activation energy (Eq.(3.2)). Differences in the projected climate among the
4 ESMs contribute to a lesser extent to the uncertainty in the projected global P release.

The spatial changes in P release during the 21st century vary strongly among the models (Fig-
ure 3.3). This can be attributed to differences in the projected runoff among models, as the tem-
perature effects are only positive and the pattern is consistent among the models (not shown). A
consistent pattern is the increase in P release at high latitudes (>45◦N), Central Africa, SE-Asia
and the Amazon basin. The extent of the increase is strongly model dependent, for example, at
the Amazon basin the P release increases between 30–80% (CCSM4 and IPSL-ESM-LR).

3.3.3 Implications of the strong increase in P weathering

The fate of additional P due to enhanced weathering is elusive. On a time scale of years to
centuries, it could be incorporated into biomass, adsorbed onto soil particles or enter riverine
systems. Finally, on a centennial to millennial time scale, it will end up in the ocean. Ecosystems
react sensitive to P addition, irrespectively if the systems are terrestrial, aquatic or marine ones
(Elser et al., 2007). As discussed in the previous chapter, land C uptake during the 21st century
could be enhanced by increasing P availability. In the simulation analysed in chapter 2, natural
loss rates to riverine systems decrease drastically during the 21st century. The reduction in loss
rates is caused by lowered levels of inorganic P due to increased rates of immobilization and plant
uptake (Chapter 2). It is therefore likely that the major part of the additionally released P will be
incorporated into terrestrial biomass before it enters aquatic and marine systems.

As a first approximation to constrain the potential to store additional biomass, one can use the
C:P ratio of the most P-extensive (high C:P ratio) storage tissue (wood, C:P= 1500) and the most
P-intensive (low C:P ratio) one (soil organic matter, C:P= 50) (see Table A.1). When all of the P
which is projected to became available due to climate change is used for the built-up of wood, land
C uptake could be increased by 75 Gt from 1860 to 2100 (RCP8.5 scenario). In the case of storage
in soil organic matter, the additional C uptake is with 2 Gt neglibile. To refine the estimate one can
use the ratio between vegetation P uptake and soil P immobilization from the results of chapter 2,
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Figure 3.4: The theoretical range of possible C uptake due to the increasing P release rates. Shown is the
mean over all simulations (solid line) as well as the range between maxima and minima. The upper curve
(red) is based on the assumption that all P taken up by vegetation is used for woody tissue and the lower
(black) curve on the assumption all P taken up is used for physiological active tissue.

which is 0.25. Using this ratio, the additional C sequestration is between 13 and 19 Gt depending
on the climatic forcing (Figure 3.4, red line). Assuming all P taken up by vegetation is used for
the built-up of physiological active tissue (C:P= 500) the C storage potential is reduced to 5.5–
8 Gt (Figure 3.4, black line). Global model not accounting for changes in P availability project a
terrestrial C uptake during the 21st of more than 300 Gt (Denman et al., 2007). Despite the large
uncertainties, this simple calculation shows that changes in P release may have significant, yet
likely moderate, effects on the C balance of terrestrial systems on a decadal time scale.

3.3.4 Limitations of the modelling approach

The weathering model does not account explicitly for any biological control of weathering and
for a possible inhibition of P release by a saturation of soil water in respect to dissolved P. The
influence of biota is implicitly accounted for, as productivity correlates with the climatic variables,
runoff and temperature (Hartmann and Moosdorf, 2011). As long as the correlation between pro-
ductivity and the physical environment does not change, the implicit representation of biota is
sufficient. But we cannot rule out that such empirical correlations change, as the CO2 concentra-
tion is projected to rise with a rate unseen in the geological past. Even under present conditions,
the CO2 concentration affects runoff rates due to a reduced transpiration of vegetation (Gedney
et al., 2006). In general, the application of empirical models under conditions of strong changes
are problematic, but the use of such models is unavoidable when alternatives are missing.

The likelihood of a saturation of soil water in respect to P due to a intensified P release is hard to
judge. The concentration of P in soil water not only depends on the source strength but also on the
strength of sinks, namely adsorption and immobilization by biota. While the first can be estimated
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using models of adsorption, like the one used in chapter 2, the latter is hard to constrain. Root
uptake and microbial activity is highly variable on a daily, annual or interannual basis. How root
uptake is controlled and may change in future is also poorly understood. There remains a need to
develop mechanistic models of P release, considering biological processes, like root uptake and
organic P mineralization, and soil processes, like sorption, to assess changes in the availability
P for biota in a more reliable manner. Such kind of models habe been developed for chemical
weathering in general on local and regional scale (Godderis et al., 2009), but these models lack a
representation for the P release.

3.4 Conclusions

The P release by chemical weathering is expected to increase under warmer climatic conditions
and may increase P availability in ecosystems. To quantify the changes in P release in a changing
climate, we applied an empirical model of P weathering using CMIP5 projections of climate
change for the 21st century under the RCP8.5 scenario. The empirical model accounts for spatial
differences in lithological P concentrations, shielding effects, and changes in temperature and
runoff as main factors controlling P release.

The simulations show that global P release could double by 2100; in absolute terms an increase
in P release by 0.5 to 0.9 Mt yr−1. Increasing temperatures are mainly responsible for the increase
in P release, while changes in runoff are of secondary importance, contributing between 20–
30% to the overall increase. This finding is contrary to the common assumption that chemical
weathering is dominantely controlled by runoff and lithology (Gaillardet et al., 1999).

The increase in P availability due to enhanced weathering could partly offset the P limitation
of terrestrial productivity explored in chapter 2. The best guess estimate lies between 5.5 and 19
Gt, which would reduce the reduction of land C uptake during the 21st century by P limitation
as estimated in chapter 2 by 6 to 22%. In all these calculation it is assumed that P losses do not
change and that all additional P is used for the built up of organic matter. Therefore the effect on
C uptake is maximized.

Our results are the first quantitative estimate of changes in P availability due to climate change
induced changes in chemical weathering. As the weathering model is rather simple and climate
models vary substantial in the projected climate, these results must be considered as highly un-
certain. This study illustrates that the temperature dependence of weathering can have profound
effects on the dynamics of weathering. More research in the quantification of the weathering
response to temperature changes under different environmental conditions is needed to confirm
our results. We also did not account for biological enhancement of weathering due to increasing
biological productivity. Secondly, the fate of the additional P—whether it will be used by ecosys-
tems, and in which form—is elusive thus its effect on the C cycle is hard to constrain. Here we
explored only a maximum/minimum range of possible C sequestration.

In summary, we have showed that climate change, in particular warming, may have profound
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effects on P weathering, but further research on the processes controlling P release is needed to
constrain the changes in C and P cycling.
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Chapter 4

Temperature acclimation of

photosynthesis has a minor impact on

present and future productivity.

4.1 Introduction

The productivity of terrestrial plants controls food supply and influences the dynamics of atmo-
spheric CO2. It is therefore crucial to understand and quantify productivity and to project its
future response to climate change and increasing atmospheric CO2 concentrations. For such a
task, comprehensive Earth System Models (ESM) are suitable tools as they aim to account for all
of the relevant processes in the earth system. As these models get increasingly more complex it is
important to steadily evaluate subprocesses regarding current advances in process understanding.
Recently, using an ESM, Booth et al. (2012) pointed to the temperature dependence of photosyn-
thesis as the most important uncertainty of the climate-carbon cycle feedback.

Photosynthesis in ESMs is typically based on the Farquhar model (Farquhar et al., 1980). In
this model, leaf level photosynthesis is assumed to be limited either by the maximum Rubisco
carboxylation rate (Vmax) or the maximum RubiscoBiPhosphate (RuBP) regeneration rate (Jmax).
Both biochemical processes are temperature dependent. Gross photosynthesis is small at low
temperatures, rises to a maximum rate at optimal temperature and then decreases at very high
temperatures. The decline at high temperatures may be related to reduced enzyme activity, in
particular of Rubisco (Crafts-Brandner and Salvucci, 2000), or to temperature induced changes in
the permeability of cell membranes. The common approach to describe the dependence of Jmax

and Vmax on temperature use Arrhenius or Q10 equations for enzyme kinetics (Harley et al., 1992;
Medlyn et al., 2002; Knorr, 2000). The parameterization of such an instantaneous temperature
dependence result in quite different light-saturated photosynthesis rates at temperatures above
40 ◦C (compare solid lines in Fig. 4.1), which may have profound effects when models are used
in scenarios of global warming.

Recent warming experiments illustrate a high variability in the photosynthetic response to ele-
vated temperatures (see references in (Lin et al., 2012)). Part of this variability in the temperature
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Figure 4.1: Gross CO2 uptake per leaf area (A) at high irradiance (1500 mol (photons),
360 µmol(CO2) mol−1(air) and 0.21 mol(O2) mol−1(air)). Shown are calculations with the Farquhar model
using different temperature dependences of Jmax and Vmax. Knorr (2000) (red), Booth et al. (2012) (yellow)
and Kattge and Knorr (2007) with rigid and flexible rV,J (blue and green). In the case of Kattge and Knorr
(2007), the bold lines shows A at a growth temperature (gT) of 25 ◦C , while the dotted lines show A for gT
between 5 and 55 ◦C. In the case of Booth et al. (2012) the bold lines show A at standard optimum temper-
ature for broadleaf trees of 32 ◦C, while the broken lines show A for optimum temperature between 27 to
37 ◦C. Note that in the study by Booth et al. (2012) the optimum temperature was not treated dynamically
(did not depend on prevailing temperatures), but was varied among a set of simulations.

response can be attributed to short to mid-term changes at the organismal level (acclimation). The
acclimation of photosynthesis may result from adjustments of stomatal or respiratory processes
(Lin et al., 2012), but it is most likely caused by changes in biochemical processes (Medlyn et al.,
2002): changes in the heat tolerance of enzymes (Berry and Bjorkman, 1980; Hikosaka et al.,
2006) or changes in the expression or activity of Calvin cycle enzymes (Stitt and Hurry, 2002).
Such biochemical adjustments alter the temperature response of Vmax and Jmax (June et al., 2004;
Onoda et al., 2005; Hikosaka et al., 2006; Kattge and Knorr, 2007). Kattge and Knorr (2007)
developed a general formulation of the temperature dependence and acclimation of Vmax and Jmax

on data for 36 plant species, spanning a wide range of plant functional types, including deciduous
trees, coniferous trees, shrubs, and herbaceous species. In this formulation, the optimum temper-
ature of Vmax and Jmax increases by 0.44 ◦C and 0.33 ◦C, respectively, per 1 ◦C increase of growth
temperature (Kattge and Knorr, 2007). Although being moderate the temperature acclimation is
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sufficient to double modeled photosynthesis at 40 ◦C, if plants are grown at 25 ◦C instead of 17 ◦C.
How global productivity is affected by temperature acclimation is unclear. From varying op-

timum temperature of photosynthesis, Booth et al. (2012) concluded that acclimation can have
profound effects on the C balance of terrestrial ecosystems. However, the approach which had
been taken by Booth et al. (2012) is problematic. Acclimation (dynamical changes in the opti-
mum temperature to prevailing temperatures) was not taken into account explicitly. In their study
the temperature dependence was treated rigidly in the model and the optimum temperature was
varied among a set of simulations. In addition, in their photosynthesis formulation the maximal
photosynthesis rate increases more strongly with increasing optimum temperature (yellow line in
Figure 4.1), than in the temperature photosynthesis formulation derived from data (Kattge and
Knorr, 2007) (blue and green lines in Figure 4.1). Therefore the approach taken by Booth et al.
(2012) most likely overestimates the influence of acclimative changes in the optimum tempera-
ture on photosynthesis. Bearing in mind, that under natural conditions irradiance is suboptimal
and other factors than temperature constrain photosynthesis, for example water availability, the
effect of temperature acclimation as suggested by figure 4.1 may actually be less pronounced.
The only study, known to the authors, which accounts explicitly for acclimation in a global model
is by Friend (2010) and only a minor effect of acclimation on global fluxes was reported. In his
study the formulation for the acclimation of the electron transport by June et al. (2004) was used,
which was derived from measurements on a single plant species. The global applicability of the
formulation by June et al. (2004) is questionable as the acclimative strength differs strongly among
species (Berry and Bjorkman, 1980).

To quantify the effect of temperature acclimation of photosynthesis on global productivity, we
implemented the formulations for temperature acclimation of Vmax and Jmax by Kattge and Knorr
(2007) into the Max Planck Institute Earth System Model (MPI-ESM) and applied the model under
present climatic conditions and under conditions of strong warming. In addition, we assessed how
the effect of temperature acclimation on productivity is related to changes in productivity caused
by the choice of the instantaneous temperature dependence, by performing simulations with two
different kind of instantaneous temperature dependences (Knorr, 2000; Kattge and Knorr, 2007).

4.2 Model & experiments

We modified the land surface scheme of the MPI-ESM, JSBACH. The representation of photo-
synthesis in JSBACH (Knorr, 2000) is based on the Farquhar model (Farquhar et al., 1980). The
temperature dependences of Vmax and Jmax have a sharp linear cut off at high temperatures (red
curve Figure .4.1) and was originally developed and parameterized for C4 plants (Collatz et al.,
1992). We implemented a second formulation by Kattge and Knorr (2007) for these temperature
dependences. This new formulation has a more gradual decline of photosynthesis at high tem-
peratures (green/blue curves Figure .4.1). In addition, temperature acclimation is accounted for.
The modified model can be used with either of the two formulations. Furthermore, the growth
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temperature in the new formulation can be artificially fixed to 25 ◦C to disable temperature accli-
mation. This allows to quantify separately (i) the effect of acclimation and (ii) the effect of the
two different temperature dependences of Vmax and Jmax independent of acclimation.

4.2.1 Model description

4.2.1.1 General photosynthesis

The implementation of photosynthesis in JSBACH originates from the BETHY model (Knorr,
2000). Gross leaf CO2 uptake on leaf area basis, A, is calculated according to Farquhar et al.
(1980) as

A = min(JC,JE), (4.1)

where JC is the rate of photosynthesis when Rubisco activity is limiting photosynthesis and JE the
rate when electron transport is limiting. By subtracting the so called dark respiration (Rd), the
non photorespiratory respiration in daylight, net CO2 uptake is derived. Photosynthesis limited by
Rubisco activity is calculated as

JC =Vmax
ci−Γ∗

ci +KC(1+Oi/KO)
. (4.2)

where Vmax is the maximum carboxylation rate, ci and Oi are the leaf internal CO2 and O2 concen-
trations, Γ∗ is the so called CO2 compensation point in the absence of mitochondrial respiration,
and KC and KO are Michaelis-Menten constants parameterizing the dependence on CO2 and O2

concentrations. Photosynthesis limited by electron transport is calculated as

JE = J(I)
ci−Γ∗

4(ci +2Γ∗)
(4.3)

with
J(I) = Jmax

αI√
J2

max +α2I2
. (4.4)

where I is the photosynthetic active radiation, Jmax the maximum electron transport rate, and α

the quantum efficiency for photon capture.
In the Farquhar model, the Michaelis-Menten constants for the enzyme kinetics of Rubisco have

an Arrhenius type temperature dependence (Farquhar et al., 1980)

KC = K25
C exp

(
(

T
Tre f ,K

−1)
EC

RT

)
(4.5)

KO = K25
O exp

(
(

T
Tre f ,K

−1)
EO

RT

)
, (4.6)

where K25
C,0 and K25

O,0 are the respective Michaelis-Menten constants at 25 ◦C, EC and EO are
the associated activation energies, R is the gas constant, T the temperature in K, and Tre f ,K the
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reference temperature in K.

4.2.1.2 Standard temperature dependence of Vmax and Jmax (Knorr, 2000)

In the standard JSBACH, the temperature dependence of the maximum carboxylation rate is of
Arrhenius type (Farquhar et al., 1980):

Vmax =V 25
max f (T )exp

(
(

T
Tre f ,K

−1)
EV

RT

)
, (4.7)

with V 25
max as the reference value at 25 ◦C and EV as the associated activation energy. Following

Collatz et al. (1992) the additional function

f (T ) = 1/(1+ e1.3(T−328K)) (4.8)

accounts for inhibition of the biochemical processes at high temperatures outside the validity range
of the Farquhar model: f(T) assumes values between 0 and 1 with a sharp decrease from 1 to 0
around 55 ◦C.

Following once more Farquhar et al. (1980), the temperature dependence of maximum electron
transport rate is

Jmax = J25
max f (T )

TC

Tre f ,C
(TC is T in ◦C instead of K), (4.9)

where J25
max is the reference value at 25 ◦C, Tre f ,C is the reference temperature in ◦C, and the

function f (T ) is the high temperature inhibition function (Equation 4.8).

4.2.1.3 New formulation (Kattge and Knorr, 2007)

In Kattge and Knorr (2007), the linear temperature dependence of Jmax is changed to an Arrhenius
type behavior:

Jmax = J25
maxg(T,TG)exp

(
(

T
Tre f ,K

−1)
EV

RT

)
, (4.10)

Here, the function g(T,TG) is introduced to account for dependence of J25
max on instantaneous leaf

temperature(T ) and growth temperature (TG). We use a 30 day or 7 day running mean of surface
air temperature as growth temperature. The introduction of the temperature dependence function
h(T,TG) makes the heat inhibition function f (T ) redundant.

Vmax =V 25
maxh(T,TG)exp

(
(

T
Tre f ,K

−1)
EV

RT

)
. (4.11)
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The temperature dependent functions g(T,TG) and h(T,TG) are given as

g(T,TG) =
1+ exp

(
Tre f ,K(a∆S,J+b∆S,JTG−Ed)

Tre f ,KR

)
1+ exp

(
T (a∆S,J+b∆S,JTG−Ed)

T R

) , (4.12)

h(T,TG) =
1+ exp

(
Tre f ,K(a∆S,V+b∆S,V TG−Ed)

Tre f ,KR

)
1+ exp

(
T (a∆S,V+b∆S,V TG−Ed)

T R

) , (4.13)

where a∆S,V and b∆S,V are the intercept and slope of the linear dependence of V 25
max on TG (Kattge

and Knorr, 2007). Accordingly, a∆S,J and b∆S,J are the parameters for the dependence of J25
max on

TG. Ed is the deactivation energy and is set to 200kJmol−1. To prevent acclimation of photosyn-
thesis to temperature below 5 ◦C the minimum value of TG is set to 5 ◦C.

Kattge and Knorr (2007) also found that the ratio rV,J =
V 25

max
J25

max
varies with TG. To account for this

J25
max in eq. (4.10) is replaced by

J25
max(TG) = (arJ,V +brJ,V TG)V 25

max (4.14)

4.2.1.4 Parameterization of frost inhibition

The temperature dependence of Kattge and Knorr (2007) predicts photosynthesis rates below 0 ◦C
(Figure 4.1), even when acclimation is restricted to temperature above 5 ◦C. To account for frost
inhibition we linearly scale Vmax and Jmax by introducing an additional factor Ff r in the equations
(4.10) and (4.11). The factor Ff r is chosen to develop with time according to

F t+1
f r =

max(0,F t
f r−

∆t
Tre f

) if Td ≤ 0.0◦C

min(1,F t
f r +

∆t
Tre f

) if Td > 0.0◦C
(4.15)

where ∆t is the time step of the model and Td the mean surface air temperature in ◦C over the last
24h. We set the reference time Tre f to 5 days, as Leinonen (1996) found that photosynthesis needs
5 days to recover after a frost event.

4.2.2 Simulation setup

We performed (1) simulations on site scale with the land surface model JSBACH driven by meteo-
rological observations (FLUXNET), (2) simulations with the MPI-ESM prescribing observed sea
surface temperatures (AMIP), and (3) full coupled simulation with the MPI-ESM under conditions
of strong warming. Thereby we are able to evaluate the temperature dependences by comparison
of model results to observations on site scale and globally, as well as to estimate possible changes
in productivity due to global warming.
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4.2 MODEL & EXPERIMENTS

We performed simulations with and without acclimation using either of the instantaneous tem-
perature dependences described in section 4.2.1.2 and 4.2.1.3. In addition, several sensitivity
simulations were performed to analyse uncertainties in the temperature acclimation formulation,
namely the effects of (1) the memory time of growth temperature, (2) slope of the temperature
dependence of Vmax and Jmax, (3) the temperature response of the ratio between Vmax and Jmax at
25 ◦C. The different model versions and in which simulations they are applied are summarized in
Table 4.1.

Table 4.1: The different model versions and the simulations performed. The model versions differ in the in-
stantaneous temperature dependence of Jmax and Vmax (Optimum: section 4.2.1.3, Arrhenius:section 4.2.1.2)
and if and how acclimation is accounted for. The versions with acclimation differ in the memory time
growth temperature, in the slopes of acclimation (b∆S,V and b∆S,J) and in the temperature dependence of
rJ,V .

Acronym instantaneous acclimation simulations
memory time slope rJ,V Site-Scale AMIP 4× CO2

Tacc off Arrhenius n/a n/a n/a n/a x x x
Tacc on Optimum on 30 days std flexible x x x
Tacc on fT Optimum off n/a n/a n/a x x x
Tacc on VJ Optimum on 30 days std rigid x
Tacc on gT Optimum on 7 days std flexible x
Tacc on+SE Optimum on 30 days +1SE flexible x
Tacc on−SE Optimum on 30 days −1SE flexible x

4.2.2.1 Site scale simulations using FLUXNET data

The aim of the site scale simulations is to test how the different temperature formulations perform
with respect to observed fluxes. JSBACH was driven by observed meteorological data of 5 sites,
which span a broad range of climates (Table 4.2). For the evaluation of simulated gross primary
productivity (GPP) and heat fluxes we used eddy covariance based estimates. We use two differ-
ent GPP estimates which differ mainly in respect to whether or not nighttime data was used to
derive respiratory rates (Lasslop et al., 2010; Reichstein et al., 2005). For statistical analysis we
calculated the Pearson correlation coefficient using model and observational data (excluding gap
filled data points). In addition, percent bias (PBIAS) was calculated which measures the average
tendency of the simulated values to be larger or smaller than their observed ones.

Interannual variations in GPP are driven by APAR and and water availability (Archibald et al.,
2009).

4.2.2.2 Simulations with prescribed SSTs

To quantify how the choice of instantaneous temperature dependence as well as temperature ac-
climation affects global fluxes, we performed simulation with the MPI-ESM and prescribed sea
surface temperatures (Table 4.1). SSTs were prescribed to ensure comparable and as realistic as
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Table 4.2: Description of FLUXNET sites used. KG-Climate are the climates after Koeppen and Geiger.

Sitename PFT KG-Climate Years
CA-Qcu Evergreen needleleaf trees subarctic (Dfc) 2001–2006
DE-Hai Deciduous Broadleaf Trees maritime (Cfb) 2000–2006
FR-Hes Deciduous Broadleaf Trees maritime (Cfb) 1997–2006
BW-Ma1 Grass semi-arid (Bsh) 1999–2001
ZA-Kru Grass semi-arid (Bsh) 2001–2003

possible boundary conditions. Thereby the model performance on seasonal and interannual time
scales can be improved. Several sensitivity simulations were performed to assess the uncertainties
in the parameterization of acclimation. First, we varied the memory time of acclimation as it is
unclear on which time scales the temperature acclimation of Vmax and Jmax takes place: Gunderson
et al. (2010) reported a rather short tracking of optimal temperature to daytime temperatures of
the last 1–5 days for temperate deciduous trees. In the experiments from which the data used by
Kattge and Knorr (2007) originate, growth temperature is considered the mean temperature of the
last 30 days at least. Therefore, we performed simulations with acclimation tracking the mean
temperature of the last 7 or 30 days. Second, the slope of the temperature dependence of V 25

max and
J25

max (b∆S,V and b∆S,J) was varied by one standard error. When increasing or decreasing the slopes,
we also changed the intercepts with the y axis, a∆S,V and a∆S,J , so that the angle point (the point
where the curves with the different slopes intercept each other) of the temperature dependence
function is at 25 ◦C. In the case of the simulation with the Arrhenius type instantaneous temper-
ature dependence (Tacc off) we use data from an ensemble of three model simulations which has
been performed under the framework of the CMIP5 project (Hurrell and Visbeck, 2011). All other
experiments consist of a single simulation.

For analysis we excluded the first 5 years of the simulations as the water cycle turned out to
be not in balance during the first 3 years of a simulation. We accounted for the trend in the CO2

forcing in our statistical analysis, by testing whether the difference between the annual means of
the experiments is different from zero. The averages of the annual rates as well as the standard
deviations were calculated for each simulation.

4.2.2.3 4×CO2 simulations

The discrepancy in the simulated photosynthesis rates between the different temperature depen-
dences of Vmax and Jmax is largest at temperatures > 35 ◦C (Figure 4.1). Therefore, we performed
simulation with strong global warming caused by an abrupt quadrupling of atmospheric CO2 (4×
280 ppm). We did not account for the direct physiological effect of increasing CO2 concentrations
on photosynthesis (Equation 4.2) by keeping ci fixed to 280 ppm. This was done to avoid a decline
in the ratio between JE and JC limited photosynthesis with increasing atmospheric CO2. Under
present CO2 level, photosynthesis is not saturated in respect to CO2, thus, under higher CO2 lev-
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els, photosynthesis will less likely be limited by the carboxylation rate (JC), causing a decline in
the ratio between JE and JC. The temperature effect on rV,J is still debated (Kattge and Knorr,
2007; Onoda et al., 2005), but can have a profound influence on photosynthesis at high tempera-
tures (Figure 4.1). Therefore, we did a sensitivity simulation in which rV,J was kept constant by
not accounting for eq. (4.14).

The simulations were performed with interactive ocean and dynamical vegetation (Brovkin
et al., 2009) spanning 50 years each. The duration of the simulation is too short for climate
and vegetation dynamics to get into an equilibrium. Therefore we used the last 30 years of the
simulation and linearly detrended the time series to test if simulated GPP differs between the
model versions. The averages of the annual rates as well as the standard deviations were calculated
for each simulation.

4.3 Results & Discussion

4.3.1 Site scale simulations

The model has some problems in simulating GPP rates at site level, except for the temperate
forest sites. At the two temperate sites (DE-Hai and FR-HES) simulated GPP and the fluxes
derived from flux measurements compare reasonably well (Fig. 4.2 and 4.3). At the water-limited
sites (Veenendaal et al., 2008; Archibald et al., 2009), BW-Ma1 and ZA-Kru, the model data fit is
significantly worse: there the model is not able to reproduce the phase and amplitude of the annual
cycle. For both sites it is reported that the observed seasonal variations of GPP are dominated by
the seasonal cycle of precipitation (Veenendaal et al., 2008; Archibald et al., 2009). At the more
wet site, the observed decline in GPP of the FR-Hes site during the drought 2004 is absent in the
model (Fig. 4.3). In addition to the water problem, the dynamically simulated phenology causes
deviations from the observations: At the boreal site (CA-Qcu), the model greatly overestimate
productivity due to a model bias in the leaf area index dynamics.

The different formulations for the temperature dependence of photosynthesis have marginal ef-
fects on GPP. Temperature acclimation leads to marginally higher photosynthesis at low tempera-
tures, but reduces photosynthesis at high temperatures. The memory time of growth temperature
has no effect. The model data fit was statistically not affected by the different model versions. The
Pearson correlation coefficients of the monthly averaged hourly GPP (Fig. 4.2) varied between the
model versions by less than 0.02, if at all (not shown). The differences in PBIAS between the
model version were also negligible (not shown).

In summary, the effects of the different temperature formulations of photosynthesis are marginal
compared to the model data mismatch caused by model biases in phenology and water availability.
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Figure 4.2: The daily cycle of GPP for every month of a year. Hourly rates are averaged over each month
and the whole time series. Shown are the results from the simulations Tacc on (green), Tacc off (blue),
Tacc on fT (black). Shown in addition are eddy covariance measurements based estimates after (Reichstein
et al., 2005) (red) and (Lasslop et al., 2010) (yellow).

4.3.2 Simulations with prescribed SSTs

The differences in global GPP between all simulations with prescribed SSTs are small (Table 4.3).
In the following, the discussed differences are statistically significant on a 0.95 significance level if
not stated else (for statistical significance see Table 4.4). The exchange of the original (Arrhenius
type) instantaneous temperature dependence (Tacc off) with the new (optimum type) formulation
(Tacc on fT) reduced global GPP and NPP by 1.2% and 1.0%, respectively. When temperature
acclimation is accounted for (difference between Tacc on fT and Tacc on) global GPP and NPP
is increased by 1.9% and 2.3%, respectively. The increase in NPP due to acclimation is close to
the findings by Friend (2010). Using a comprehensive model, Friend (2010) simulated a 2.5%
increase in global NPP due to temperature acclimation of the chloroplast electron transport.
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Figure 4.2: continued

The increase in global productivity due to temperature acclimation is mainly contributed by
extra-tropical regions. When averaged over extra-tropical regions, GPP and NPP were respec-
tively 5.4% and 6.1% higher in the simulation with temperature acclimation (Tacc on) than in the
simulations without (Tacc on fT). Regionally, change in GPP of more than 100 g m2 yr can occur
(Figure. 4.4), which are relative to annual GPP in the low single-digit range. The variance of tropi-
cal GPP is statistically significant reduced by acclimation, which is expected if plants acclimate to
prevailing temperatures. The same seems to hold true for extra tropical regions but is statistically
not significant.

The exchange of the original instantaneous temperature dependence (Tacc off) with the new
formulation (Tacc on fT) did not result in statistically significant (0.95) different rates when av-
eraged over tropical and extra-tropical regions (Table. 4.5). But regionally differences in annual
GPP occur (Figure. 4.5), which are in the same order of magnitude as the changes caused by
temperature acclimation (Figure 4.4).

The sensitivity experiments show that global GPP is rather insensitive to the strength of accli-
mation and the choice of target temperature. The fluxes in the simulations in which we increased
or decreased the slope of eq. 4.12 and 4.13 (b∆S,V and b∆S,J) governing the strength of acclimation
(Tacc on+SE and Tacc on−SE) were not significantly different (0.95) from the simulation with
standard parameterization (Tacc on). There are also no statistically significant (0.95) differences
between the simulations with a differing target temperature (Tacc on and Tacc on gT).

Latent heat fluxes were marginally affected and no statistically significant (0.95) effects were
found (not shown).
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Figure 4.3: The annual cycle of GPP. The rates are monthly averages. Shown are the results from the
simulations Tacc on (green), Tacc off (blue), Tacc on fT (black). Shown in addition are eddy covariance
measurements based estimates after (Reichstein et al., 2005) (red) and (Lasslop et al., 2010) (yellow).

Table 4.3: Global mean fluxes of GPP, NPP, and latent heat (± standard deviation) in simulations with
prescribed SSTs.

Acronym GPP[Pg a−1] NPP[Pg a−1] latH [W m−2]
Tacc off 158.12 ±3.50 76.97 ±1.84 -39.41 ±0.68
Tacc on fT 156.36 ±4.10 76.18 ±2.11 -39.15 ±0.64
Tacc on 159.29 ±3.75 77.95 ±1.86 -39.17 ±0.61
Tacc on+SE 158.81 ±3.52 77.69 ±1.67 -39.17 ±0.55
Tacc on−SE 159.07 ±4.24 77.87 ±2.07 -39.98 ±0.75
Tacc on gT 159.10 ±3.62 77.89 ±1.84 -39.14 ±0.61
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Figure 4.3: continued

Figure 4.4: The difference in GPP between the prescribed SSTs simulation with (Tacc on) and the simu-
lation without acclimation (Tacc on fT). Only differences which are significantly different from zero on a
.95 level are shown.
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Figure 4.5: The difference in GPP between the prescribed SSTs simulation with optimum function
(Tacc on fT) and the one with truncated Arrhenius function (Tacc off). Only differences which are sig-
nificantly different from zero on a .95 level are shown.

Table 4.4: Significance of the differences in GPP in simulations with prescribed SSTs: tabulated are the α

values (α = (1− tvalue)∗100) of the two tailed t-test performed on the difference in global GPP between
two simulation. If α is greater than 95 the two fluxes are significantly different from each other on a 0.95
significance level.

Tacc on Tacc on fT Tacc off Tacc on+SE Tacc on−SE
Tacc on fT 100.00
Tacc off 96.44 99.74
Tacc on+SE 68.89 99.89 74.86
Tacc on−SE 27.08 99.99 87.56 29.06
Tacc on gT 31.39 100.00 95.31 45.23 03.87

Given the large uncertainties in estimation of present day GPP (Beer et al., 2010; Welp et al.,
2011), one can not judge which of the formulation is more accurate because the changes in annual
rates are in the range of a few percents. In summary, for present day climate temperature acclima-
tion cause a slight increase in extra-tropical productivity. We further showed that the uncertainty
originating from the slope of the acclimation function is negligible.

4.3.3 4×CO2

Due to the quadrupling of atmospheric CO2, temperature over land is in the mean 6 K higher
than in the control simulation (280ppm), with local temperatures up to >10 K higher (Figure 4.6).
Such an increase in temperature causes a 1.2% drop in global GPP in the model. Regionally, the
sign of the temperature effect differs. Tropical GPP decreases by 7%, while extra-tropical GPP
is increased in the same order of magnitude. As warming also enhances respiration rates, global
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Table 4.5: Regionally averaged fluxes of GPP, NPP, and latent heat (± standard deviation) in simulations
with prescribed SSTs.

Acronym GPP[g m−2 a−1] NPP[g m−2 a−1] latH [W m−2]
tropical [30 ◦S - 30 ◦N]

Tacc off 1719.17 ±50.36 788.75 ±27.75 -58.50 ±1.39
Tacc on fT 1708.13 ±58.45 782.60 ±32.94 -58.27 ±1.50
Tacc on 1709.36 ±45.40 782.91 ±25.75 -58.14 ±1.45

extra tropical [30 ◦N - 90 ◦N]
Tacc off 610.75 ±20.4 342.19 ±12.56 -25.40 ±0.56
Tacc on fT 612.64 ±18.26 345.12 ±10.96 -25.26 ±0.53
Tacc on 645.95 ±20.00 366.42 ±12.15 -25.39 ±0.48

NPP decrease more strongly than GPP by −13%.

Figure 4.6: Temperature difference between the 4×CO2 simulation Tacc off and the control simulation
(280ppm).

Global GPP differs up to 3% between the simulations with the different temperature depen-
dences of photosynthesis. Whereby the choice of the instantaneous temperature response function
affects global GPP as strong as whether or not temperature acclimation is accounted for (Ta-
ble 4.6). But the effect of acclimation strongly depends on how rV,J is handled in the model.
When rV,J is T independent simulated GPP is slightly higher than in the simulation with the orig-
inal formulation for the instantaneous temperature dependence, while with flexible rV,J the effect
of acclimation is negligible.

As these simulation were performed with dynamical vegetation (climatic and productivity re-
lated changes in the distribution of vegetation), we further analysed the mean GPP per PFT to
separate the effects of temperature on photosynthesis from the ones on vegetation distribution.
We found that the effects of vegetation dynamics in tropical regions are significantly contributing
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Table 4.6: The global fluxes of GPP, NPP, and latent Heat (mean ± standard deviation) in the 4×CO2
simulations.

Acronym GPP[Pg a−1] NPP[Pg a−1] latH [W m−2]
Tacc off 143.12 ± 3.4 64.48 ± 2.14 -42.49 ± 0.98
Tacc on fT 141.64 ± 3.14 63.42 ± 1.93 -42.33 ± 0.85
Tacc on 143.80 ± 3.28 64.91 ± 2.02 -42.34 ± 0.93
Tacc on VJ 144.40 ± 3.71 65.40 ± 2.14 -42.53 ± 1.03

Table 4.7: Significance of the differences in GPP in simulations with 4× CO2:: tabulated are the α values
(α = (1− tvalue) ∗ 100) of the two tailed t-test performed on the difference in global GPP between two
simulation. If α is greater than 95 the two fluxes are significantly different from each other on a 0.95
significance level.

Tacc on Tacc on fT Tacc off
Tacc on fT 97.78
Tacc off 45.64 99.72
Tacc on VJ 55.06 91.16 77.55

to the reduction in GPP. The overall tropical GPP decreases due to increasing temperatures by 7%
while the dominating PFTs (tropical forest and C4 grasslands) decrease by 4.5% and 2.5%, re-
spectively. In the extra-tropics vegetation dynamics contribute to the increase in GPP: the overall
increase of 20% is larger than the increases in GPP of the dominant PFTs lying in the range of
11-16%. This shows that the effects of vegetation dynamics and of temperature acclimation are
pointing into the same direction.

Overall, the effects of the different temperature dependences on regional level (including the
effects vegetation dynamics) (Table 4.8) and on PFT-level (excluding the effects of vegetation
dynamics) (not shown) are small and qualitatively similar to the simulations with prescribed SSTs.

Table 4.8: Regional fluxes of GPP, NPP, and latent heat (mean ± standard deviation) in the 4×CO2 simu-
lations.

Acronym GPP[g m−2 a−1] NPP[g m−2 a−1] latH [W m−2]
tropical [30 ◦S - 30 ◦N]

Tacc off 1428.76 ± 63.00 610.02 ± 40.19 -62.71 ± 2.65
Tacc on fT 1400.37 ± 56.44 686.98 ± 34.91 -62.35 ± 2.34
Tacc on 1393.07 ± 59.45 584.29 ± 37.42 -61.84 ± 2.47
Tacc on VJ 1421.49 ± 70.83 602.58 ± 44.10 -62.81 ± 3.01

extra tropical [30 ◦N - 90 ◦N]
Tacc off 622.57 ± 18.40 312.96 ± 10.74 -28.09 ± 0.84
Tacc on fT 630.35 ± 16.15 319.03 ± 9.19 -28.14 ± 0.69
Tacc on 659.40 ± 16.63 337.96 ± 9.03 -28.44 ± 0.66
Tacc on VJ 647.68 ± 18.40 331.53 ± 10.74 -28.13 ± 0.84
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In summary, temperature acclimation effects on global GPP are of the same order of magnitude
as the effect of the instantaneous temperature dependence formulation. Changes in the tempera-
ture dependence of autotrophic respiration (Atkin et al., 2008), leaf phenology (Wolkovich et al.,
2012), and vegetation dynamics may be more important for the response of ecosystem productiv-
ity to warming, but are even less understood than the temperature dependence of photosynthesis.

4.4 Conclusions

We found that acclimation of photosynthesis to growth temperatures has only a minor effect on
global productivity. The effect is of similar strength to the modelling results by Friend (2010).
The minor effect of acclimation on global GPP stands in contrast to the conclusions drawn by
Booth et al. (2012). As Booth et al. (2012) did not account for acclimation but varied the short-
term optimum temperature of photosynthesis they might have overestimated the importance of the
optimum temperature.

The evaluation of the different temperature dependences using observational data is hampered
by model biases in phenology and water availability in combination with the low accuracy of ob-
servation based estimates. There are two major uncertainties regarding temperature acclimation.
First, the temperature dependence of rV,J affects photosynthesis rates at high temperature substan-
tially, but experimental data is insufficient to constrain the behavior of rV,J . Second, there may
be differences in the acclimation strength between different vegetation types which are not ac-
counted for in our study. The acclimation response of tropical trees may be less than of temperate
ones (Berry and Bjorkman, 1980; Read and Busby, 1990; S. and J., 2002; Cunningham and Read,
2003). If tropical trees indeed acclimate less or not the positive effect of acclimation on global
GPP could be slightly larger than our simulations suggest, as acclimation tends to reduce tropical
productivity in our simulations.

An underestimation of the effect of acclimation may also result from missing interactions be-
tween the LAI and the C cycle in the model. The LAI is computed independently of the actual leaf
C. Therefore the LAI, by which leaf level photosynthesis is scaled up to GPP, is in all simulation
similar. A possible positive feedback which would enhance the acclimation effects, is therefore
not accounted for in JSBACH.

We conclude that long-term projections done with the MPI-ESM, as for example for the CMIP5
project, would not be strongly affected by the omission of acclimation, unlike suggested by Booth.
We even suggest to wait with the implementation of acclimation into ESMs until a better under-
standing of rV,J and the acclimative strength of tropical trees has been achieved.
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Chapter 5

Summary & Conclusions

5.1 Summary of findings

5.1.1 Nutrient limitation

5.1.1.1 How much and where is N and P availability limiting land C uptake in this

century?

In direct comparison with simulations which do not consider nutrient cycles, the accumulated land
C uptake between 1860 and 2100 (SRES A1B scenario) is 13 % and 16 % lower in simulations
with N and P cycling, respectively. The combined effect of both nutrients reduces land C uptake
by 25 % (-138 Gt) compared to simulations without N or P cycling. The model reveals a distinct
geographic pattern of P and N limitation, where P limitation dominates low-latitude systems and
N limitation is more restricted to higher latitudes.

5.1.1.2 What is the long-term (multi-centennial) evolution of N and P limitation?

After 2100, increased temperatures and high CO2 concentrations cause a shift from N to P limita-
tion at high latitudes, while nutrient limitation in the tropics declines. The increase in P limitation
at high-latitudes is induced by a strong increase in NPP and the low P sorption capacity of soils,
while a decline in tropical NPP due to high autotrophic respiration rates alleviates N and P limita-
tions.

5.1.1.3 What are the main uncertainties in projecting terrestrial P availability?

The poorly constrained processes of soil P sorption and biochemical mineralization are identified
as the main uncertainties in the strength of P limitation. Changes in stoichiometry (flexibility),
although commonly discussed as a possible mechanisms to improve nutrient use and therefore
counteract nutrient limitation, have a very minor effect on the evolution and strength of N and P
limitation.
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5.1.1.4 How much and where is the P release by chemical weathering altered due to

climate change?

Under the RCP8.5 scenario, global P release by chemical weathering doubles (80%–110%) by
2100. However, the uncertainties are large, mainly due to the parameterization of the temperature
response of P release. A robust outcome is an increase in P release at high latitudes (>45◦N),
Central Africa, SE-Asia and the Amazon basin. To what extent release rates increase strongly
depends on the climatic forcing, for example, at the Amazon basin the increase in P release varies
between 30–80%.

5.1.1.5 To what extent do changes in temperature and runoff contribute to the

overall change in P release?

Changes in runoff enhances P release rates by less than 25%, whereas the P release increases
more than 80% when the effect of temperature on weathering is additionally accounted for. This
finding is contrary to the common assumption that chemical weathering is dominantely controlled
by runoff and lithology. The uncertainties in the global release rates are large due to the high
sensitivity to the parameterization of the temperature response formulation. The runoff projections
on regional scale differ strongly among the different climatic forcings. Therefore runoff is mainly
responsible for the uncertainty in the release rates on regional scale.

5.1.1.6 To what extent could land C uptake be affected by the expected changes in

P release?

Back-on-the-envelope calculations show that the enhanced P release most likely result in the se-
questration of 5.5–22 Gt of C between 1860 and 2100. This is a minor sequestration given that
current annual land C uptake is about 2.6 Gt yr−1 (Friedlingstein et al., 2010) and most models
predict a cumulative uptake of more than 300 Gt during the 21st century (Hungate et al., 2003;
Friedlingstein et al., 2006).

5.1.2 Temperature acclimation of photosynthesis

5.1.2.1 How much and where is present productivity and productivity in a warmer

climate affected by temperature acclimation?

Acclimation of photosynthesis to prevailing temperatures has only a minor effect on global pro-
ductivity. Temperature acclimation slightly increases extra-tropical productivity under present
climatic conditions by 5% and under future climatic conditions by 7%. Present day productivity
of tropical ecosystems is not affected by acclimation. In future, tropical productivity may increase
or decrease due to acclimation depending on the parameterization of the temperature acclimation
formulation.
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5.1.2.2 How does this effect relate to changes in productivity due to other factors

constraining the temperature response of photosynthesis?

The effect of temperature acclimation is of the same magnitude as the effect of the parameteriza-
tion of the instantaneous heat inhibition of photosynthesis at high temperatures.

5.1.2.3 What are the main uncertainties in the quantification of the effect of

temperature acclimation on productivity?

The effect of temperature acclimation on tropical ecosystems is elusive. On the one hand, it is
under debate if tropical trees do acclimate to temperature at all, as temperatures at low latitudes
do not vary much during the year. On the other hand, if they acclimate, the sign of their response
to warming depends on the temperature response of the ratio between carboxylation limited and
electron-transport limited photosynthesis (rV,J), which can not be constrained from the limited
availability of data. In particular, photosynthesis measurements from tropical and subtropical
vegetation are needed.

5.2 Conclusions

The findings indicate that terrestrial sink during the 21st century is likely overestimated in models
that neglect P and N limitations, like the models used in the CMIP5 project. To my knowledge,
this study is the first one which shows that high latitude ecosystem can become P limited. This
has profound implications for C cycle projections, as P availability is commonly not considered as
an uncertainty in projections of the C balance of mid to high latitudes. I identified P soil sorption
and biochemical mineralization as the main processes that control terrestrial P availability. Both
processes are poorly understood or even not yet quantified with empirical data. Changes in P
release by chemical weathering may be of minor importance for the C balance during the 21st
century, but can have significant effects on the C balance on longer time scales. Based on these
findings, I argue that P limitation is of global significance and that the P cycle must be included in
global models used for C cycle projections.

Regarding temperature acclimation of photosynthesis, I conclude that the omission of accli-
mation in models does not significantly affect the projected terrestrial sink, unlike previously
suggested (Booth et al., 2012). My studies is an example that the analysis of the photosynthetic
response to a single factor, here temperature, is a rather poor predictor for the actual response of
productivity on the level of an ecosystem, because other factors may constrain productivity under
natural conditions. Due to small but highly uncertain changes in productivity caused by acclima-
tion, I rather recommend to wait with the implementation of acclimation into ESMs until a better
understanding of the biochemical processes and the acclimative strength of tropical trees has been
achieved.
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5.3 Implications for further model developments

In this study the influence of nutrient limitation and temperature acclimation on the productivity
of terrestrial ecosystems is investigated without taking into account (1) processes driven by land
use change and management and (2) feedbacks between climate and vegetation. These aspects
are omitted to provide a idealized test case which facilitates the analysis of the processes under
investigation. Changes in land use are of major importance for the terrestrial C balance (Denman
et al., 2007). The strength of nutrient limitation, as found in my study, may be dampened or
amplified by climate-vegetation feedbacks (Denman et al., 2007). Therefore, it must be the overall
goal to investigate nutrient limitation and temperature acclimation in a more inclusive framework.

Before such studies can be conducted, several aspects in the representation of the C cycle in the
MPI-ESM must be improved. There are two reason to focus on the C cycle first, before a more
comprehensive represenation of nutrient cycling and its interactions with the C or water cycle can
be implemented. Firstly, the strength of nutrient limitation is inherit to the C cycle, as nutrient
limitation depends on the accuracy of the C cycle model itself in simulating actual C cycling.
Secondly, the representation of the C cycle in an ESM is a strong simplification of what is actually
known from theory (Canadell et al., 2007). Several aspects of the C cycle which are not accounted
for in the model become relevant when the cycles of nutrients are incorporated. As the C cycle
is far better understood and documented than the cycles of N or P, the merit of improving the C
cycle is that uncertainties can be kept rather low.

In particular, the dynamics of soil C are implemented in the MPI-ESM in the most simplistic
way, as one pool,which is problematic. Such a representation is commonly criticized (Knorr et al.
(2005)) for providing an inaccurate characterization of the soil C response to climate change. The
dependency of soil C to climate and how it is represented in models is a large uncertainty in the
estimation of the land C uptake (Jones et al., 2005; Thum et al., 2011) and land use emissions
(Reick et al., 2010). Warming experiments show that the response of soil C to warming is insuffi-
ciently represented by the commonly used Arrhenius or Q10 formulations (Reth et al., 2009). Yet
it is unclear, if simple soil models over- (Luo et al., 2001; Knorr et al., 2005) or underestimate
(Ise and Moorcroft, 2006; Reth et al., 2009) the response to warming. To improve the reliability,
more mechanistic models of soil C cycling which separates soil carbon in fraction of differing
accessibility for heterotrophs and account for environmental constrains, other than temperature
and water availability, are needed (Giardina and Ryan, 2000; Davidson and Janssens, 2006). The
decomposition of soil organic matter is closely interlinked with the mineralization of N and P
(Janssens et al., 2010). Thus it may be beneficial to account for nutrient constrains already during
the basic development of soil C models, rather than expand these models with nutrient cycles later.

A second problematic aspect in JSBACH is that the LAI, which is used to upscale leaf level pho-
tosynthesis rates to canopy level, is independent of the actual amount of leaf carbon in the model.
An evaluation of processes which affect productivity, for example temperature acclimation, is
problematic, if the positive feedback between higher photosynthesis and LAI is not captured by
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the model.
For the coupling of the CNP model with an atmospheric model, the limited understanding how

nutrient limitation affects autotrophic respiration is the main challenge for estimating the effect
of nutrients in a coupled system (Zaehle and Dalmonech, 2011). It is unclear from experiments,
if a reduction in plant productivity due to nutrient limitation must be attributed to a reduction in
net photosynthesis or an increase in respiration. While a reduction in photosynthesis would affect
evapotranspiration, an increase in respiration would not.

In summary, while the inter-linkage between the LAI and the C cycle can easily be incorporated
in models, for the other two aspects, the soil C and the water nutrient interactions several alterna-
tive hypotheses exist and current data availability is hardly sufficient to test these. As long as the
data is insufficient, it is crucial to test each of these hypothesis in a common model framework and
carefully assess their relevance. Thereby models can help to guide further experimental research
which is needed to permit more inclusive simulations.

5.4 Implications for studies on past climate and marine

systems

The main focus of this thesis is on the terrestrial C sink during the 21st century and beyond.
Nonetheless, my work is also relevant for (1) studies of the climate of the past and (2) for the
coupling of land and marine systems, as the productivity of terrestrial, aquatic and marine system
is assumed to be limited by P availability on a time scale of hundred thousands to millions of
years. In this thesis I showed that the terrestrial P cycle is indeed relevant for the terrestrial
C balance, even on shorter time scales. To study the terrestrial P cycling of the past, simple
box models are currently applied, for example, to test if the terrestrial P cycle is responsible for
the observed resilience of atmospheric O2 concentrations on geological time scale (Lenton and
Watson, 2011). Although not being directly applicable to paleo studies, the developed mechanistic
model of combined C, N, and P cycling and the identification of the main processes controlling P
availability (Chapter 2), are an important step forward regarding the role of P for the climate of
the past.

The newly developed model also facilitates studies on the coupling between marine systems
and terrestrial system via terrestrial nutrient export. In combination with the P release model by
Hartmann and Moosdorf (2011), the developed CNP model is able to provide dynamical boundary
conditions for studies on aquatic productivity. Yet, the model is not directly applicable for marine
studies as soil erosion and the riverine transport of organic and inorganic matter are not represented
in the MPI-ESM. Nonetheless, the incorporation of a P cycle in an ESM is an important step
forward into the direction of a models which account for all processes relevant for the climate
system.
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Appendix A

Appendix of Chapter 2

A.1 Derivation of equations for labile P dynamics

The following derivation was adopted from the work of Wang et al. (2010). By assuming that Pl

and Psr are in equilibrium at a daily time scale, we model the changes in Pl and Psr as

d(Pl +Psr)

dt
= FM +FD +FW +FBC + εβlPg (A.1)

−γPlR−
1

τsr
Psr− flimit(Dveg +Dmicr)

where FM is mineralization, FD is deposition, FW is weathering, flimit(Dveg +Dmicr) is the uptake
by biota, γPlR is the rate of leaching, and 1

τsr
is the loss rate of strong sorption.

We also assume that Psr at equilibrium can be described using a Michaelis-Menten equation.
That is,

Psr =
SmaxPl

Ks +Pl
(A.2)

where Smax is the maximum amount of sorbed phosphorus in the soil and Ks is an empirical
constant. Differentiating Eq. (A.2), we have

dPsr

dt
=

SmaxKs

(Ks +Pl)2
dPl

dt
(A.3)

Substituting Eq. (A.3) into Eq. (A.1), we have

dPl

dt
=

1
1+ SmaxKs

(Pl+Ks)2

(FM +FD +FW +FBC + εlPg (A.4)

−γsPlR−
1

τsr
Psr− flimit(Dveg +Dmicr))
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A.2 Respiration fluxes

The respiration fluxes from litter decomposing heterotrophs FC
la.A and FC

lw.A are

FC
i.A = αidiCi (A.5)

where αi is the fraction of mineralized C which is respired to the atmosphere, and di the decom-
position rate of Ci. The decomposition rates di of the non-lignified litter pool (i = la), the woody
litter pool (i = lw), and the slow pool (i = s) are computed using a Q10 model (Raich and Potter,
1995):

di =
ζ

τi
QTsoil/10◦C

10 (A.6)

where ζ is soil humidity, Tsoil the temperature of the uppermost soil layer in ◦ C. τi is the life time
of pool i at 10 ◦ C and ζ = 1 (Parida, 2010).

A.3 Sensitivity simulations on stoichiometry

Figure A.1: Mean reduction of NPP [%] due to CNL (N or P) averaged over 30 yr (2070–2099 (left) and
2320–2349 (right)) as latitudinal means. Solid line are results from the CN and the CP simulation for N and
P limitation, respectively. The dashed lines are results from the sensitivity experiments CPpft and CNpft.

Plants adjust their nutrient use efficiency by varying their C:nutrient ratio in response to en-
vironmental changes. The stoichiometry in JSBACH is rigid and therefore the model does not
reflect observed flexibility in stoichiometry and nutrient use. To ensure that this strong simpli-
fication does not significantly affect our results, we did simulations in which vegetation is able
to adjust drastically to nutrient scarcity. In these simulations, the C:N and C:P ratios of plant
compartments is increased linearly up to 50% with nutrient limitation. The C:N and C:P ratio of
shedded leaves is scaled similarly. As our model does not account for negative effects of lower leaf
nutrient content on productivity, the effect of increasing nutrient use efficiency are maximized.

The differences in land C cycling between these simulations and the standard simulations are
marginal (Fig. A.2), although the global means of the C:nutrient ratios of vegetation increase up
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Table A.1: Ranges used to constrain the probability functions of the stoichiometric parameters in the LHS.
Parameter molar ratios Reference
CN active 25–85 White et al. (2000)
CN wood 125–217 Esser et al. (2011)
CN litter 45–120 White et al. (2000)
CN woody litter 500–730 White et al. (2000)
CN soil 13–15 Cleveland and Liptzin (2007)
NP active 20–48 McGroddy et al. (2004)
NP litter 21–68 McGroddy et al. (2004)

to 9% (not shown). Such a change in stoichiometry is high compared to the increase of about
1% in the C:N ratio of vegetation in a CN model with flexible stoichiometry (Esser et al., 2011).
These results show that the assumption of rigid stoichiometry does not affect our results, especially
because we neglect the negative effect of decreasing leaf nutrient content on photosynthesis.

Figure A.2: The simulated change in land carbon storage under the SRES A1B scenario. Shown are the 10
yr mean of soil temperature (a), the CO2 concentration as used in the forcing simulation (b), the resulting
change in total land C storage (c), and the changes in the two main land compartments vegetation (d) and
soil (e). CN-FLX and CP-FLX are the new simulations with flexible plant stoichiometry.

In addition, stoichiometric parameter pertubations were made using the Latin Hypercube Sam-
pling (LHS) (McKay et al., 1979) procedure for testing the robustness of the modeling results
against the uncertainty of the stoichiometric parameterization. The LHS procedure ensures an
efficient sampling of the parameter distribution with a suitable amount of parameter samples thus
avoiding impracticable computational efforts due to numerous model simulations. We sampled
the C:N ratios of the active, wood and slow pool, as well as the N:P ratios of the active and the
wood pool. The N:P ratio of the slow pool was excluded from sampling, because this parameter
affects the calibration of the biochemical mineralization and the calibration procedure is compu-
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tationally too demanding to be performed. The stoichiometric parameters of the litter pools were
not sampled, but the fraction of nutrients retranslocated prior loss. This was done to avoid cor-
relations between parameters, as the C:nutrient ratio of litter must be larger than the ratio of the
corresponding vegetation pool. For all 7 parameters, the probability functions were assumed to
be uniform and the ranges were constrained from literature (Table A.1). Due to the scarce data,
we assumed that the ranges of N:P ratios for wood and woody litter is comparable to the range
of N:P ratios for leaves and litter, respectively. The retranslocation fractions were chosen such
that the resulting litter stoichiometry is in the range of observations (Table A.1) (0.45-0.55 for the
active pool and 0.5 for the wood pool). A set of 140 simulations was performed for each of the
three nutrient setups (more simulations were not possible due to the high computational effort).
All simulations were performed in a similar manner as the standard simulations.

Figure A.3: The simulated change in land carbon storage in the parameter pertubation simulations. Shown
are the median (bold black), the range between the 10th and 90th percentile (color) and the range between
mininum and maximum of the each ensemble (grey).

The experiments showed that the overlaps between the CN, CP and CNP simulations are
marginal (Fig. A.3). The ranges of simulations within the 10th and the 90th percentile do not
overlap at all. In summary, the results support our conclusion that the reduction of land C uptake
due to nutrient limitation is robust regarding the stoichiometric parameterization.
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A.4 Additional figure and tables

Table A.2: PFT specific values of model parameters. See Parida (2010) for a detailed description.
PFT αla ε

Tropical evergreen trees 0.85 0.0005
Tropical deciduous trees 0.85 0.0005
Temperate broadleaf evergreen trees 0.85 0.0005
Temperate broadleaf deciduous trees 0.85 0.0005
Coniferous evergreen trees 0.85 0.0005
Coniferous deciduous trees 0.85 0.0005
Raingreen shrubs 0.85 0.0005
Deciduous shrubs 0.85 0.0005
C3 grass 0.5 0.00125
C4 grass 0.5 0.00125
Tundra 0.5 0.0005

Table A.3: Soil order specific values of model parameters.
Soil Smax Ks FW Mmin Mmax
Alfisols 134 75 0.01 0.4 0.8
Andisols 80 78 0.01 0.4 0.8
Aridisols 80 78 0.01 0.4 0.8
Entisols 50 64 0.05 0.4 0.8
Gelisols 77 65 0.05 0.4 0.8
Histosols 77 65 0.05 0.4 0.8
Inceptisols 77 65 0.05 0.4 0.8
Mollisols 74 54 0.01 0.4 0.8
Oxisols 145 10 0.003 2.0 4.0
Spodosols 134 75 0.01 2.0 4.0
Ultisols 133 64 0.005 2.0 4.0
Vertisols 32 32 0.01 0.4 0.8
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Figure A.4: The difference in C stored in vegetation (orange) and soil (black) in the C-only simulation as
zonal means during the periods 1860–2100 (left) and 2100–2400 (right). Shown are is difference between
the means of the years 1860–1889 (2070–2099) and 2070–2099 (2370–2399) for C in vegetation and soil.
Soil includes C in litter and soil organic matter.
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