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1. Introduction

Lichens and bryophytes are a highly adaptive and functionally diverse group of organ-
isms. They are known for their ability to survive in extreme environments and for their
large variety of shapes and colours. But what role do they play in the earth system?
More precisely, to what extent do these organisms influence global biogeochemical cycles,
such as the carbon cycle? Although they have been suggested to have significant impacts
on terrestrial biogeochemistry, few studies provide numbers to substantiate these claims
at the global scale. This thesis presents methods to quantify the biogeochemical impacts
of lichens and bryophytes for large regions. Thereby, it allows for an assessment of the
role these organisms play in global biogeochemical cycles.

1.1. Distinctive properties of lichens and bryophytes

Lichens and bryophytes show characteristic physiological properties which distinguish
these organisms from vascular plants.

Lichens, for a start, are no real plants, but a symbiosis of a fungus and at least one
green alga or cyanobacterium. The fungal partner of the symbiosis is called mycobiont
and the algal/cyanobacterial partner is called photobiont due to its ability for photo-
synthesis. The body of a lichen is called thallus and it consists of fungal hyphae which
enclose the symbiotic algae or cyanobacteria (see Fig. 1.1). The shape of the thallus
varies largely between species, it can be flat, leafy, branched like a little shrub or hair-like
(see Fig. 1.2). It can even assume a gelatinous or powdery form. The maximum size of
the thallus is also species-specific. It ranges from less than a mm? to a length of over
2m (Nash III, 1996, p.4). Furthermore, lichen species differ considerably in growth rate,
with maximum rates of several mm yr~!, and some species can reach an age of over 1000
years (Nash III, 1996, p.4). The mycobiont is able to produce many different pigments,
which contributes to a large variety of thallus colours observed in lichens, ranging from
white, yellow or orange to green, brown, gray or black (see Fig. 1.2).

The lichen symbiosis may result in advantages for both partners. The mycobiont may
protect the photobiont from excessive light, it may act as a water reservoir and it may
enlarge the surface area for acquisition of water and nutrients. The photobiont, in turn,
provides products of photosynthesis. If the photobiont is a cyanobacterium, it can also
contribute to the nutrient supply by fixation of atmospheric nitrogen. It is not entirely
clear, however, if the lichen symbiosis is truly mutualistic. The mycobiont may benefit
more, as indicated by the slower growth of symbiotic algae compared to their free living
relatives (Ahmadjian, 1993). Nevertheless, the symbiosis allows both partners to expand
into habitats where they could not survive on their own, such as dry areas in case of
algae or areas without carbon sources in case of fungi.



Bryophytes are a category of non-vascular plants which comprises mosses, liverworts
and hornworts. These plants are called non-vascular because they lack true vascular
tissue containing lignin. Some species, however, possess cells specialised for the transport
of water and nutrients. Instead of roots, bryophytes have rhizoids which serve mainly
for attachment (see Fig. 1.1). Bryophytes are usually small, not larger than 10 cm.
Some species, however, may reach a height of 1 m (Bell and Hemsley, 2011, p. 102).

An alternative way to differentiate between bryophytes and vascular plants is by means
of their life cycle: Land plants show an alternation of generations, which means that
a diploid sporophyte produces haploid spores by meiosis. These spores then develop
into haploid gametophytes by mitosis. The fully developed gametophytes then produce
haploid gametes, meaning sperm and eggs, which combine into the next generation of
diploid sporophytes. In vascular plants, usually the sporophyte is the dominant part of
the life cycle, such as a tree, for instance, while the gametophyte is small and short-lived
such as a pollen grain. In bryophytes, however, the gametophyte is dominant while the
sporophyte is small, attached to the gametophyte and dependent on nutrient supply
from the gametophyte.

a) Photobionts C)

Rhizines

"Leaves"

Pores
Chloroplasts

b)

"Stem"

Rhizoids /

Figure 1.1.: Overview of the structures of lichens and bryophytes: a) example of a cross
section of a leafy lichen. In the upper part of the thallus the photobionts are located, the
middle layer contains air-filled pores and at the bottom of the thallus rhizines for attachment
can be found b) cross section of a liverwort. Similar to a leafy lichen, the upper part of
the thallus is rich in chloroplasts and the bottom bears rhizoids ¢) profile of a typical moss,
showing non-vascular “leaves” arranged around a non-vascular “stem” and rhizoids at the
bottom.



Mosses, liverworts and hornworts can be distinguished by several morphological fea-
tures: Mosses always have a stem covered with leaves (see Fig. 1.1). Both stem and
leaves are not particularly differentiated compared to vascular plants (see Fig. 1.2).
Moreover, the rhizoids of mosses are multicellular. Liverworts, in contrast, always have
single-celled rhizoids and most of them also have cells containing oil bodies, which most
of the other bryophytes lack. Liverworts are mostly flat and compact or leafy with lobed
and segmented leaves and flattened stems (see Fig. 1.2). Hornworts have a horn-shaped
sporophyte and the cells of most species contain pyrenoids, which are assemblages of a
chloroplast and other organelles.

Lichens and bryophytes populate various habitats around the world. They live on
rock surfaces and some lichens even live in the rock interior in the upper zone where
light is still available. Lichens and bryophytes also grow on soil surfaces such as desert
sand, for instance, and they form carpets on the forest floor at high latitudes. Under wet
conditions, the growth of mosses can lead to the formation of extensive peatlands. As
epiphytes, lichens and bryophytes cover branches and leaves of plants. Lichens can be
tightly attached to their substrate like a crust or they can be loosely attached, hanging
like curtains from the branches of trees, for example. Since lichens and bryophytes have
no real roots but only rhizines/rhizoids for attachment, they have to acquire water and
nutrients from the atmosphere or directly from the substrate.

Both lichens and bryophytes are poikilohydrous, which means that they cannot ac-
tively control their water content because they do not have an effective epidermal tissue,
a cuticle or stomata comparable to those of vascular plants. Consequently, the thallus
is frequently in a dry state. Most species, however, are able to tolerate this state of
dessication by inactivating their metabolism. They can reactivate as soon as the thallus
is moistened again. For many lichens and bryophytes even dew or fog are sufficient for
activation, they are not dependent on liquid water from rain or snowmelt. The length of
the dry period a lichen or bryophyte can tolerate without damage is species-specific and
it is usually related to the climatic conditions of the habitat. Hence, the high adaptabil-
ity of these organisms results from avoiding extreme environmental conditions rather
than coping with them. This allows them to populate a large range of habitats.



Figure 1.2.: Pictures of lichens and bryophytes: a) lichen Xanthoria parietina on a tree
branch in Germany b) lichen Lecanora sp. on a stone wall in Germany. The scale bar on
the pictures a) and b) has a length of 5 cm ¢) close-up of the lichen Cladonia rangiferina
in Siberia d) moss on the trunk of a tree in a forest in Luxembourg e) moss on boulders
in a park in Germany. The size of the boulders is approximately 30 cm f) close-up of the
moss Plagiomnium undulatum in a park in Germany. The field of view has a width of
approximately 5 cm g) epiphytic beard lichens in a forest on Vancouver Island, Canada h)
epiphytically growing lichen Teloschistes capensis, at Cape Point, South Africa i) lichens of
various colours on a granite rock in the Alps j) mats of the lichen Cladonia stellaris on the
floor of a Siberian forest j) lichen fields in the Namib desert at Alexanderbay, South Africa
1) trees covered with lichens and mosses on Vancouver Island, Canada (Pictures by courtesy
of Susanne Arens (i), Axel Kleidon (c,j), Maik Renner (d), Hartmut Thiel (g,1) and Bettina
Weber (h.k)).



1.2. Global biogeochemical impacts of lichens and bryophytes

Lichens and bryophytes have been suggested to play a major role in global biogeochem-
ical cycles, at present day as well as throughout Earth’s history.

One example for this is the exchange of carbon with the atmosphere due to photosyn-
thesis and respiration. According to Elbert et al. (2012), the global net carbon uptake
by lichens and bryophytes amounts to 7% of terrestrial net primary productivity (NPP).
This value is comparable to the annual release of carbon by burning of biomass or by
combustion of fossil fuels, respectively.

A more significant impact of lichens and bryophytes on global biogeochemical cycles
may result from biological nitrogen fixation (BNF), which is carried out by cyanobacte-
ria. These organisms are not only free-living, e.g. in biological soil crusts, but they also
participate as photobionts in the lichen symbiosis or live on the surface of bryophytes
(Cornelissen et al., 2007). According to Elbert et al. (2012), they are responsible for
roughly 50% of terrestrial nitrogen fixation by vegetation (Galloway et al., 2004). The
relative importance of lichens and bryophytes for BNF varies between ecosystems. Re-
garding northern European boreal forests, for instance, DeLuca et al. (2002) find that
the symbiosis between cyanobacteria and feather moss is a main source of biologically
fixed nitrogen.

Another example for the influence of lichens and bryophytes on global biogeochemistry
is biotic enhancement of surface weathering rates. The organisms affect both physical
as well as chemical weathering processes. Enhancement of chemical weathering results
from the release of oxalic acid and other lichen compounds, alkalinolysis, and respiratory
COs (Berthelin, 1988; Chen et al., 2000; Biidel et al., 2004; Weber et al., 2011). Lenton
et al. (2012) implemented the enhancement of weathering by early non-vascular plants
into a biogeochemical model of the Phanerozoic. In this way, they were able to simulate
a significant drawdown of atmospheric CO4 during the Ordovician via silicate weather-
ing. A further decrease in atmospheric CO, levels was attributed to enhanced marine
productivity due to the release of phosphorus from weathered rocks into the oceans.
This also implies an impact of early non-vascular plants on the phosphorus cycle. The
decrease in simulated global surface temperature resulting from the marine CO, sink
explained Ordovician glaciations. The importance of biologically enhanced weathering
for the regulation of the surface temperature of the Earth is also illustrated by the work
of Schwartzman and Volk (1989). They show that the maintenance of planetary hab-
itability during evolution depended on the cooling effect of biotic weathering. Another
possible relation between enhanced weathering and planetary evolution is suggested by
Kennedy et al. (2006). They propose that the increased degree of weathering of soil ma-
terial caused by primitive biota promoted the burial of organic carbon towards the end
of the Proterozoic. This may have caused a rise in atmospheric Os which is a possible
explanation for the evolution of multicellular life.

To summarise, there are many indications for considerable impacts of lichens and
bryophytes on biogeochemical cycles, today and in the geological past.



1.3. Goal of this thesis

So far, attempts to quantify the role of lichens and bryophytes in global biogeochemical
cycles have been based on empirical upscaling from measurements. Elbert et al. (2012),
for instance, use a large amount of data from field experiments or laboratory measure-
ments to estimate characteristic median values of net carbon uptake as well as biological
nitrogen fixation for each of the world’s biomes. By multiplying these mean values with
the area of the respective biome they arrive at global numbers for the uptake of carbon
and the fixation of nitrogen.

The goal of this thesis is to develop an alternative, process-based modelling approach
to quantify impacts of lichens and bryophytes on biogeochemistry at the global scale.
This modelling approach does not depend on extrapolation from measurements. Instead,
it is based on the fact that climate and other environmental factors control the potential
of lichens and bryophytes to influence biogeochemical cycles, e.g. via the supply of light
or water. Consequently, the model relates climate and environmental factors to biogeo-
chemical functions of lichens and bryophytes. Thereby, the focus is on biogeochemical
cycles of carbon, nitrogen and phosphorus and on chemical weathering.

The approach consists of the following steps:

e A process-based numerical model is designed which captures the relevant relations
between carbon uptake by lichens and bryophytes and climate and other environ-
mental factors.

e The model is used to estimate carbon uptake by lichens and bryophytes at the
global scale. The estimates are then compared to observational data to assess the
assumptions behind the model.

e The estimated carbon uptake by lichens and bryophytes is related to their re-
quirements for nitrogen and phosphorus via the nutrient content of biomass. In
this way, potential nitrogen and phosphorus uptake by lichens and bryophytes are
derived. To estimate potential chemical weathering by the organisms, their phos-
phorus requirements are translated into weathered rock by assuming that they
obtain phosphorus from surface rocks. Also these estimates are compared to ob-
servational data for evaluation.

The estimates presented here allow for an assessment of the significance of lichens and
bryophytes for global biogeochemical cycles of carbon, nitrogen and phosphorus and for
chemical weathering. Moreover, this process-based approach could add credibility to the
existing, empirically derived estimates of global biogeochemical impacts of lichens and
bryophytes.

Developing a model of global carbon uptake by lichens and bryophytes, however, is
not straightforward, although the influences of climate factors on carbon uptake by
these organisms have been analysed by numerous studies at the regional scale and in
laboratory experiments (e.g. Brostoff et al. (2005); Cowan et al. (1992); Green et al.
(1998); Lange (2002); Palmqvist and Sundberg (2000); Sundberg et al. (1997)). The



difficulties in translating climate relations from the regional or laboratory scale to a
global model are mainly due to spatio-temporal variation of climate factors and large
functional variation of lichen and bryophyte species.

The uptake of carbon by lichens and bryophytes, for example, is strongly dependent
on their water content, which is controlled by the supply of water by rainfall, fog or
dew and the loss of water by evaporation. These factors are temporally variable. In
deserts, for instance, water uptake can be limited to a short period of dewfall before
dawn. Consequently, to predict carbon uptake as a function of water content, climate
factors controlling water supply and loss have to be provided in form of a time series
with high resolution and also the water status of the organism has to be tracked. This
applies in a similar way also to other factors which influence carbon uptake, such as
light and temperature. Furthermore, the considerable spatial variation of the climate
factors at the global scale has to be explicitly represented in the model, since it may lead
to large differences in carbon uptake between regions. At high latitudes, for example,
carbon uptake by lichens and bryophytes on the ground can reach high values, while it
is usually much lower on the floor of the tropical rainforest. This can be explained by
differences in the light and temperature conditions of the two locations (Nash III, 1996,
p. 176).

Not only the climate factors have to be represented in a sufficient temporal and spatial
resolution in the model, also further properties of the environment have to be considered.
Lichens and bryophytes which grow as epiphytes in the canopy, for instance, experience
climatic conditions different from those on the ground. Hence, the model should dis-
tinguish between these two locations of growth. Disturbance, such as fire or herbivory,
is another factor that may significantly affect carbon uptake by lichens and bryophytes
and that should therefore be represented in the model.

Even if climate and other environmental conditions are well known, it is not trivial
to relate these factors to carbon uptake by lichens and bryophytes at the global scale.
This is due to the high functional variation of lichen and bryophyte species. Since the
organisms vary strongly in their physiological properties, it is impractical to use globally
uniform relations between environmental or climate factors and carbon uptake. Pho-
tosynthesis, for example, usually shows a temperature optimum. If a globally uniform
value of optimum temperature was used, carbon uptake by the organisms would show a
latitudinal pattern, with a maximum value where the surface temperature equals the op-
timum temperature of photosynthesis. In reality, however, lichen and bryophyte species
differ in their optimum temperature of photosynthesis. Thus, neglecting this interspe-
cific variation would lead to biases in the estimate of carbon uptake. Therefore, the
relations between climate and carbon uptake should also take into account the func-
tional variation of lichens and bryophytes. This is also true for the relations between
carbon uptake and requirements for nitrogen and phosphorus.

The derivation of nitrogen fixation and phosphorus uptake from rocks by lichens and
bryophytes based on their carbon uptake is associated with further challenges. Quantify-
ing the requirement of the organisms for nutrients does not automatically determine their
actual rates of nitrogen fixation and phosphorus extraction, since alternative sources for
these nutrients may exist. Both nitrogen and phosphorus could be obtained through de-



position on the thallus from the atmosphere or they could be taken up directly from the
substrate. Therefore it should be tested to what extent the potential rates approximate
the actual rates of nitrogen fixation and phosphorus uptake from surface rocks.

1.4. Outline of the thesis

In the following two chapters, detailed methods are presented to quantify the impacts
of lichens and bryophytes on global biogeochemical cycles. Both chapters have been
submitted in similar form to scientific journals!.

Chapter 2 focuses on modelling carbon uptake by lichens and bryophytes at the global
scale. The model is described and the estimates predicted by the model are compared
to observational data of carbon uptake. The limitations of the model are discussed in
detail. This chapter has been submitted to Biogeosciences®.

Chapter 3 describes how estimates of carbon uptake by lichens and bryophytes ob-
tained from the model are utilised to predict potential nitrogen and phosphorus uptake
and chemical weathering by these organisms. The estimates are compared to obser-
vations and their plausibility is discussed. This chapter has been submitted to Global
Biogeochemical Cycles..

Chapter 4 contains a summary of the findings presented in this thesis. They are
partitioned into General outcomes of the approach, its limitations and the associated
implications. The chapter concludes with several suggestions for future applications of
the methods presented here.

In the appendix, a detailed description can be found of the model of carbon uptake
by lichens and bryophytes. It includes all model equations, parameters and variables
and short descriptions of all processes implemented in the model. Moreover, the ap-
pendix contains additional model output which complements the estimates presented in
Chapter 2.

'The contributions of the four co-authors to the two submitted journal articles were in the form of
scientific comments to the text and provision of literature references.

2Porada P, Weber B, Elbert W, Péschl U, Kleidon A, Estimating global carbon uptake by lichens and
bryophytes with a process-based model. Biogeosciences, in press

3Porada P, Weber B, Elbert W, Péschl U, Kleidon A, Estimating impacts of lichens and bryophytes
on global biogeochemical cycles of nitrogen and phosphorus and on chemical weathering Global
Biogeochemical Cycles, accepted



2. Estimating global carbon uptake by lichens and
bryophytes with a process-based model

In this chapter, a process-based modelling approach is presented which aims at estimat-
ing global net carbon uptake by lichens and bryophytes as a function of environmental
conditions, such as climate!. To explain the structure of the model, it is described how
lichens and bryophytes are represented as components of an ecosystem, how the uptake
of carbon depends on climate, environmental factors and the physiological status of the
organisms themselves, and how the relations between carbon uptake and environmental
conditions are parameterised. Thereby, a special emphasis is lain on the representation
of the functional variation of lichens and bryophytes in the model. By running the model
with climate forcing data and additional information about the environment, estimates
of global net carbon uptake by lichens and bryophytes are obtained. These estimates
are presented as global maps of carbon uptake and they are evaluated by comparing
the simulated values to observational data. To further assess the model, a sensitivity
analysis is performed. The results of the simulation are extensively discussed at the end
of the chapter.

This is the first process-based model which quantifies net carbon uptake by lichens and
bryophytes at the global scale. Most previous modelling studies which include lichens
and bryophytes focus on net primary productivity (NPP) of moss in boreal and arctic
regions, especially in peatlands (see e.g. Wania et al. (2009); Frolking et al. (2002);
Yurova et al. (2007)). Others focus on ecosystem responses to climate change (Bond-
Lamberty and Gower, 2007; Euskirchen et al., 2009; Zhuang et al., 2006; Turetsky et al.,
2012), simulating peat accumulation (Frolking et al., 2010) or peatland microtopography
(Nungesser, 2003). The model presented here aims at a more general representation of
lichens and bryophytes that makes it possible to estimate the productivity of these
organisms under a broad range of environmental conditions around the globe.

The model is similar to many global vegetation models (see Fig. 2.1). These models
describe plants in a simplified way instead of simulating them with all their detailed
structures. Vegetation is usually represented by a reservoir of biomass, which changes
as a function of exchange flows of carbon. These exchange flows depend on processes

!Note that the term “net carbon uptake” is used throughout the thesis, instead of “Net Primary
Productivity” (NPP). While NPP is a standard term for vascular vegetation which is frequently
used in the modelling community, “net carbon uptake” is more general and descriptive. In the
context of this thesis, it corresponds to NPP. Furthermore, “Carbon” is abbreviated with a capital
“C” and it is placed next to the corresponding unit symbol throughout the thesis. This is done
in order to avoid confusion with biomass or CO5. To distinguish “C” from another unit symbol,
“C” and the associated unit symbol are put in brackets. In the appendix, further abbreviations are
used to clarify the units of model parameters and variables where necessary. These are CO2, Oa,
“Rubisco”, e~ (electrons) and H5O.



such as photosynthesis and respiration, which are represented by a set of equations.
The equations use environmental factors such as radiation or water supply as input
values which are either prescribed or derived from climate forcing data. In spite of
their simplicity, global vegetation models are capable of predicting NPP to a reasonable
accuracy (Randerson et al., 2009).

Similar to these models, the lichen and bryophyte model describes the organisms as
reservoirs of biomass located either on the soil or in the canopy and it is based on
equations to represent photosynthesis and other physiological processes. These concepts
are combined with properties and processes specific to lichens and bryophytes, such as
the decrease of diffusivity for COy with increasing water content or the proportional
relationship between metabolic activity and water saturation. The model differs from
most other vegetation models with respect to the parameters contained in the model
equations. Most models use parameter values that describe an “average” organism, such
as a typical rain forest tree, for example. The lichen and bryophyte model uses ranges of
possible parameter values which are derived from the literature. This approach is similar
to the one used in the JeDi-DGVM (Jena Diversity-Dynamic Global Vegetation Model),
which predicts global biogeochemical flows as well as biodiversity patterns (Pavlick et al.,
2012). In this way, the model accounts for the large functional variation of lichens or
bryophytes at the global scale concerning properties such as photosynthetic capacity or
specific area.

4 N O N O

Input Model equations Output
Global f:
Climate forcing data Basic vegetation modelling obalmaps o
on a global grid (e.g. photosynthesis) Exchange flows
Maps of enV|lronmentaI Llch?n / Bryophy.te specific Biomass
factors (e.g. disturbance) traits (e.g. poikilohydry) resenvoir
. J - J . J

Figure 2.1.: Overview of the functioning of the model. Input data are translated via model
equations into exchange flows of carbon, which are used to calculate changes in the biomass
reservoir.

The chapter is structured in the following way: Sect. 2.1 contains a description of
the model, including an overview of the reservoirs and exchange flows as well as the
environmental factors that control these flows. In addition, the method for simulating
functional variation of lichens and bryophytes by parameter ranges is explained. Esti-
mates of net carbon uptake are presented in Sect. 2.2 together with an evaluation of
the model performance. Furthermore, the uncertainty regarding the values of model
parameters is assessed through a sensitivity analysis. In Sect. 2.3 the plausibility of
the simulated patterns of productivity is discussed. Also the limitations of the approach
presented here are analysed considering the outcomes of model evaluation and sensitivity
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analysis. Several potential improvements of the model and its applicability to further
research are discussed.

2.1. Model description

Lichens and bryophytes are described in the model by a reservoir approach, which means
that they are represented by pools of chemical substances. These are biomass, sugar
reserves, water and internal CO, concentration. Regarding lichens, the biomass of the
fungal and the algal/cyanobacterial partner are simulated in an aggregated form as one
pool of biomass with average properties.

Changes in the size of the pools are due to input and output flows of carbon or water.
Carbon is assimilated by photosynthesis from the atmosphere and temporarily stored
as sugars. The sugars are then respired for maintenance or transformed into biomass.
Water is taken up and evaporates via the thallus surface. The water content of the
thallus influences several physiological processes, such as CO, diffusion.

The processes which determine the carbon and water flows are driven by climate. In
addition to the climate forcing, also properties of the living environment affect lichens
and bryophytes in the model. These properties depend on the location of growth, which
is either the canopy or the ground, as well as the surrounding vegetation, which is
described by a biome classification.

2.1.1. Model processes

In the following, the physiological processes implemented in the model are described.
First, the effects of the living environment on lichens and bryophytes are named. Then,
it is explained how water content and climatic factors relate to physiological properties
of the organism. Finally, the exchange flows between the organism and its environment
are described

For simplicity, equations are omitted in the text. Instead, all equations used in the
model can be found in Appendix B and are explained there. The parameters associated
with the equations are listed in Tables B.7 to B.13 in the appendix.

Living environment

In the model, lichens and bryophytes can be located either in the canopy or on the
ground. The location of growth is important for the radiation and precipitation regime
the organism is exposed to (see Fig. 2.2). Lichens and bryophytes living in the upper
part of the canopy, for example, may receive more shortwave radiation than those living
beneath the canopy. Additionally, the location of growth determines the available area
for growth. The available area in the canopy is assumed to be the sum of Leaf Area
Index (LAI) and Stem Area Index (SAI). The available area on the ground depends
on a) the amount of soil not occupied by other vegetation and b) LAI, since the litter
layer resulting from leaf fall impedes the growth of lichens and bryophytes (see Fig. 2.2).
Once a lichen or bryophyte covers the available area completely it cannot grow anymore.
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Since the biomass of an organism is related to its surface area, also biomass is limited
by the available area.

Radiation
Precipitation
Available area
on canopy : < Partitioning = f(LAI)
' occupied
Leaf fall l

l *Available area on ground

Figure 2.2.: Effect of the Leaf Area Index (LAI) on area for growth and climate forcing,.
Available area on ground is a linearly decreasing function of LAI. The same function is
used to partition precipitation between canopy and soil. The vertical distribution of light is
calculated according to Beer’s law as a function of LAIL

Another factor that shapes the living environment of lichens and bryophytes is the biome
where the organisms are located. In the model, the biome controls the frequencies of
disturbance events, such as fire or treefall, for instance. Furthermore, both location of
growth and biome determine the aerodynamic roughness of the surface where lichens
or bryophytes grow. A forest, for example, has a higher roughness than a flat desert.
Together with wind speed, surface roughness has a large impact on the aerodynamic
resistance to heat transfer between the surface and the atmosphere (Allen et al., 1998).
Lichens and bryophytes in the canopy of an open forest, for instance, exchange heat
faster than those on the flat surface of a desert.

Woater relations

The water saturation of a lichen or bryophyte is the ratio of actual water content to
water storage capacity of the thallus, where the latter is proportional to biomass. The
water saturation controls three important physiological properties:

1. The diffusivity of the thallus for CO5 which is inversely related to water saturation,
since water leads to a swelling of cells and thus to a narrowing of the diffusion
pathways (Cowan et al., 1992)

2. The water potential which increases from —oo at zero water saturation to a maxi-
mum value of 0 at a certain threshold saturation. If the water saturation is above
this threshold, all cells in the thallus are fully turgid and extracellular water may
exist inside the thallus or on its surface

12



3. The metabolic activity of a lichen or bryophyte which determines both the relative
strength of photosynthesis as well as that of respiration as a function of water sat-
uration (Lange, 1980, 2002; Lidén et al., 2010; Williams and Flanagan, 1998). The
metabolic activity is assumed to increase linearly from 0 at zero water saturation
to 1 at the threshold saturation. It remains 1 if the water saturation exceeds the
threshold saturation. This relation accounts for the fact, that water is needed in
the cells of the organism to activate enzymes and to enable chemical reactions.

Note that the water relations implemented in the model allow to represent the species-
specific dependency of photosynthesis on water content. At low water content, photo-
synthesis is limited by metabolic activity while at higher water content it is limited by
the diffusivity of the thallus for CO5. Depending on the relative strength of these lim-
itations, different shapes of the relation between photosynthesis and water content can
be simulated.

Climate relations

The climate forcing consists of air temperature, wind speed, relative humidity, precipi-
tation and downwelling short- and longwave radiation. These climatic factors influence
exchange flows of carbon and water between lichens and bryophytes and their environ-
ment. Furthermore, the climatic factors directly control two physiological properties of
lichens and bryophytes, namely potential evaporation and surface temperature.

Both potential evaporation and surface temperature are calculated according to Mon-
teith (1981) as a function of four factors:

1. Net radiation, which is the sum of downwelling short- and longwave radiation,
upwelling longwave radiation and the ground heat flux

2. Saturation vapour pressure, which is calculated as a function of air temperature
(Allen et al., 1998). It is also influenced by the water potential of a lichen or
bryophyte (Nikolov et al., 1995)

3. Aerodynamic resistance to heat transfer
4. Relative humidity

Additionally to the climate forcing, physiological processes of lichens and bryophytes
are affected by the presence of snow. If the snow layer exceeds a certain thickness, it is
assumed that the metabolism of the organisms is reduced due to lack of light and low
temperature.

Exchange flows

A schematic of the exchange flows of carbon and water between lichens and bryophytes
and their environment is shown in Fig. 2.3 together with relations to climate forcing
and reservoirs inside the thallus.
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Figure 2.3.: Schematic of the carbon and water relations of a lichen or bryophyte simulated
by the model. Dotted arrows illustrate effects of climate forcing, living environment and
state variables on physiological processes of a lichen or bryophyte. These processes are
associated with exchange flows (solid arrows) of carbon (black), water (blue) and energy
(red).

The inflow of CO5 into the pore space of the lichen or bryophyte depends on the gradient
between the partial pressure of CO5 in the atmosphere and in the pore space as well as
the diffusivity of the thallus for COs,.

The uptake of CO5 from the pore space (Gross Primary Productivity, GPP) is com-
puted as a minimum of a light-limited rate, which depends on intercepted shortwave
radiation, and a COq-limited rate, which is a function of pore space CO5 (Farquhar and
von Caemmerer, 1982). Both rates also depend on the surface temperature of the organ-
ism (Medlyn et al., 2002) and its metabolic activity status. Photosynthesis is assumed
to peak around an optimum surface temperature (June et al., 2004).

Respiration is modelled by a Q¢ relationship as function of biomass and temperature
(Kruse et al., 2011). Same as GPP it also depends on metabolic activity. The respired
COs is released into the pore space.

Hence, the CO, balance of the lichen or bryophyte pore space is controlled by in-
flow, GPP and respiration. GPP is added to the sugar reservoir, while respiration is
subtracted. Then, a certain fraction of the sugar reservoir is transformed into biomass
with a certain efficiency. This constitutes the Net Primary Productivity (NPP). The
balance of the biomass reservoir is then determined by NPP and biomass loss, which
includes regular processes such as tissue turnover or leaching of carbohydrates (Melick
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and Seppelt, 1992). Additionally, disturbance events which occur at characteristic time
intervals lead to a reduction of biomass.

Evaporation from the lichen or bryophyte thallus is computed as a minimum of water
content and potential evaporation. Since lichens and bryophytes cannot actively control
water loss, evaporation is not affected by the activity status of the organism. Water
uptake takes place via the thallus surface. Where water input exceeds maximum stor-
age capacity, surplus water is redirected to runoff. The water balance of the lichen or
bryophyte is thus determined by evaporation and water uptake.

2.1.2. Model parameters

The equations that describe physiological processes in the model are parameterised
and the parameters can be subdivided into two categories: Properties of lichens and
bryophytes and characteristics of the environment of the organisms. Since lichens and
bryophytes have a large functional variation, the parameters that represent their prop-
erties, such as specific area or photosynthetic capacity, are characterised by large ranges
of possible values. To incorporate the functional variation of lichens and bryophytes
into the model, many physiological strategies are generated by randomly sampling the
ranges of possible parameter values. Here, these parameterisations are called “strate-
gies” and not “species”, because they do not correspond exactly to any species that
can be found in nature. Nevertheless, these strategies are assumed to represent the
physiological properties of real lichen and bryophyte species in a realistic way. Hence,
the functional variation of the organisms can be simulated without knowing the exact
details of each species.

The model is then run with all strategies, but not every strategy is able to maintain a
positive biomass in each grid cell, which is necessary to survive. The results are computed
by averaging only over the surviving strategies of each grid cell. Thus, climate is used as
a filter to narrow the ranges of possible parameter values in each grid cell and therefore
to make the results more accurate (see Fig. 2.4).

The studies of Bloom et al. (1985); Hall et al. (1992) analyse from a theoretical
perspective the relations between the “strategy” of an organism and the success of this
organism regarding natural selection in a certain environment. Follows and Dutkiewicz
(2011) apply this approach to marine ecosystems while Kleidon and Mooney (2000)
use it to predict biodiversity patterns of terrestrial vegetation. The applicability of this
method to modelling biogeochemical fluxes of terrestrial vegetation has been successfully
demonstrated by the JeDi-DGVM (Pavlick et al., 2012).

The 15 model parameters which are included in the random sampling method are listed
in Table B.9 in the appendix. They represent structural properties of the thallus of a
lichen or bryophyte, such as specific area or water storage capacity. They also describe
implications of the thallus structure, such as the relation between water content and
water potential. Furthermore characteristics of the metabolism are considered, such as
optimum temperature. Also parameters which have categorical values are used: a lichen
or bryophyte can either live in the canopy or at the soil surface (see Sect. 2.1.1). Another
categorical parameter determines if the organism has a carbon concentration mechanism
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Figure 2.4.: Generation of physiological strategies and their survival. a) Many random pa-
rameter combinations (strategies) are sampled from ranges of possible values. The strategies
are then run in each grid cell of the model. b) Example: In a hot desert, strategy 1 survives,
because a small specific area reduces water loss by evaporation and a high Rubisco content
is adequate to high light intensities. Strategy 2, however, dies out since too much water
evaporates due to a large specific area. In a moist forest, strategy 1 dies out because a
high Rubisco content is associated with high respiration costs which cannot be covered by
low light conditions under a canopy. Strategy 2 can survive since it does not have high
respiration costs. Note that these examples are not generally applicable. High specific area,
for instance, could also be useful in a desert to collect dew.

(CCM) or not. For the model, it is assumed that the CCM in lichens works similarly
than in free living cyanobacteria. Based on this assumption, the CCM implemented
in the model represents an advantage for the organisms in case of low internal CO,
concentrations in a water saturated thallus. Although regulation of the CCM has been
observed (Miura et al., 2002), the model contains a fixed representation of the CCM for
simplicity.

Some of the 15 parameters mentioned above are related to further lichen or bryophyte
parameters. The respiration rate at a certain temperature, for instance, is assumed
to be related to Rubisco content and turnover rate. Hence, the parameters Rubisco
content and turnover rate are not sampled from ranges of possible values, but determined
by the value of the parameter respiration rate. The reason for this relationship is an
underlying physiological constraint, in this case, maintenance costs of enzymes. A lichen
or bryophyte with a high concentration of Rubisco, for example, has to maintain these
enzymes and therefore also shows a high respiration rate and a high turnover rate. Note
that in lichens, fungal as well as algal/cyanobacterial biomass contribute to respiration
while only the algal/cyanobacterial biomass contains Rubisco. In the model, however,
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lichen respiration is assumed to be controlled by the Rubisco content averaged over the
total biomass.

The relationships between parameters are called tradeoffs and they are assumed to
have constant values. This means that although the value of one parameter (e.g. Rubisco
content) may vary across species, the tradeoff-function which relates this parameter to
another one (e.g. respiration) should be more or less the same for many different species.

Six tradeoffs are implemented in the model. The first tradeoff describes the relation
between Rubisco content, respiration rate and turnover rate explained above. The sec-
ond tradeoff relates the diffusivity for CO; to the metabolic activity of the lichen or
bryophyte via its water content. This means that a high diffusivity is associated with
a low water content which results in a low activity. The third tradeoff describes the
positive correlation between the maximum electron transport rate of the photosystems
(Jmax) and the maximum carboxylation rate (Ve max). Since both rates represent costs
for the organism and photosynthesis is the minimum of the two, it would be inefficient if
they were independent from each other. The fourth tradeoff is associated with the carbon
concentration mechanism (CCM). In case a lichen or bryophyte possesses a CCM, a part
of the energy acquired by the photosystems is not used to fix CO,, but to increase the
COs concentration in the photobionts. If the organism is limited by low COy but enough
light is available, a CCM can lead to higher productivity. The fifth and sixth tradeoffs
concern the Michaelis-Menten constants of the carboxylation and oxygenation reactions
of Rubisco. They relate these constants to the molar carboxylation and oxygenation
rates of Rubisco. One tradeoff is usually associated with more than one parameter. The
model parameters that describe tradeoffs are listed in Table B.10.

The model contains several additional lichen or bryophyte parameters which are not
directly associated with tradeoffs, but which represent physiological or physical con-
straints. Therefore, they are assumed to have constant values. They can be found in
Table B.11.

In addition to the parameters that describe properties of the lichens and bryophytes,
the model contains parameters that represent environmental conditions. They describe
the extinction of light as a function of LAI, the interception efficiency for precipitation of
the canopy, characteristics of the snow cover, thermal properties of the upper soil layer,
roughness of the surface regarding wind and the time intervals for disturbance in the
different biomes. For the sake of simplicity, no ranges are specified for these parameters,
only average values of the corresponding variables are used. The density of snow, for
instance, varies typically from 100 to 500 kg m™3 (Domine et al., 2011) depending on
many factors, such as age, for example, which are not considered in the model. Hence,
snow density is set to a constant global average value. For a list of parameters related
to environmental conditions, see Table B.8.

2.1.3. Simulation setup

The model runs on a global rectangular grid with a resolution of 2.8125 degrees (T42),
hence all input data are remapped to this resolution. The land mask and the climate
forcing are taken from the WATCH data set (Weedon et al., 2011). This data set
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comprises shortwave radiation, downwelling longwave radiation, rainfall, snowfall, air
temperature at 2 m height, wind speed at 10 m height, surface pressure and specific
humidity. The latter two variables are used to compute relative humidity. The temporal
resolution of the data is 3 hours and the years 1958 to 2001 are used. Since the model
runs on an hourly time step, the data is interpolated. In addition to the climate forcing,
the model uses maps of LAT and SAI in a monthly resolution and a temporally constant
map of bare soil area, which are taken from the Community Land Model (Bonan et al.,
2002). They are used to provide estimates for the available area for growth and the light
environment. A biome map which is taken from Olson et al. (2001) is used to represent
disturbance by assigning characteristic disturbance intervals to each biome (see Table
B.3). Furthermore, surface roughness is determined as a function of the biome.

The model provides output for each surviving strategy in a grid cell independently.
Hence, to obtain an average output value for a certain grid cell the different strategies
have to be weighted. Since ecological interactions between species are not considered in
the model, it is not possible to determine the relative abundance and thus the weight of
each strategy. Therefore, the uncertainty due to the unknown weights of the strategies
has to be included into the results. As lower bound for net carbon uptake in a certain
grid cell it is assumed that all strategies are equally abundant and the estimate thus
corresponds to equal weights for all surviving strategies. This weighting method is
called “average”. Since strategies that do not grow much are probably not as abundant
as strongly growing strategies, the true net carbon uptake is probably underestimated
by this method. As an upper bound a weight of one is assumed for the strategy with
the highest growth and zero for all other strategies. This weighting method is called
“maximum” and it is probably an overestimate of the true value, since competition
between species would have to be very strong to reduce diversity to such an extent. The
upper and lower bounds derived from the two weighting methods are then used for the
evaluation of the model.

The model is evaluated by comparing model estimates to observational data for several
biomes. Hence, for each biome the spatial average of simulated net carbon uptake is
compared to a “characteristic”, observation-based value of net carbon uptake on an
order-of-magnitude basis. This rough method of model-data comparison results from
the difference in scale between model estimates and observations: The observational
data are spatially and temporally discrete point-scale measurements which show a high
variation, e.g. 8-1450 (g biomass) m~2yr~! for Sphagnum (Gunnarsson, 2005). It is very
problematic to extrapolate from these variable point measurements to large regions, such
as a model grid cell, which is about 50000 km? at 45°N. In order to quantify net carbon
uptake at the large scale of a model grid cell, the point-scale values would have to be
weighted by area coverage. High-resolution data that relate coverage to net carbon
uptake, however, are not available at large scales. Therefore, a “characteristic” value of
net carbon uptake for a large region is estimated instead. This region should not be a grid
cell of the model, since the grid is an artificial segmentation of the landscape. Instead,
the biome classification is used as a basis for the model-data comparison. Biomes are
homogeneous regarding climate and ecology at the large-scale. Hence, they allow for the
estimation of a “characteristic”, observation-based value of net carbon uptake.
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To obtain a “characteristic” value of net carbon uptake for each biome, the median
of all measurements is computed which are listed in the studies associated with this
biome. The median is used instead of the mean of all values, because computing the
mean implicitly assumes equal weights for all values. As discussed above, these weights
are not known.

The studies selected for the model-data comparison are limited to those which report
estimates of average, long-term net carbon uptake based on surface coverage of lichens
or bryophytes. Studies which estimate only maximum rates of carbon uptake or carbon
uptake per area lichen/bryophyte or per gram biomass cannot be used. To include
such studies, assumptions would have to be made about the active time of lichens and
bryophytes throughout the year, about their ground coverage etc. Hence, the modelled
estimates would not be compared to data but to another, empirical model. These
criteria lead to the exclusion of many studies which measure productivity of lichens and
bryophytes. Consequently, only 4 out of 14 biomes are represented in the field studies:
Tundra, boreal forest, desert and tropical rainforest.

For a list of studies used in the model-data comparison see Table 2.1. The list does
not comprise all existing studies which provide observational data on net carbon uptake
of lichens and bryophytes. It should be sufficient, however, to illustrate the order of
magnitude of net carbon uptake.

The model is run for 2000 years with an initial number of 3000 strategies. The
simulation length of 2000 years is sufficient to reach a dynamic steady state regarding
the carbon balance of every strategy, which also implies that the number of surviving
strategies has reached a constant value. Furthermore, the initial strategy number of 3000
is high enough to achieve a representative sampling of the ranges of possible parameter
values. This means running the model with 3000 different strategies leads to a very
similar result. The model output is averaged over the last 100 years of the simulation,
since this period corresponds to the longest disturbance interval in the model. The
simulation described above takes 7 days on 48 processors of a parallel computer. The
source code (written in Fortran 95) is available on request (pporad@bgc-jena.mpg.de).
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Table 2.1.: Overview of the studies used to evaluate the model. The value in brackets in the column
“Net carbon uptake” corresponds to the number of observations contained in the respective study. A
1-symbol denotes studies which provide one or more ranges instead of single values. In these cases, the
mean value is calculated of the upper and lower bound of each range and the range of these calculated
mean values is shown in the table. If net carbon uptake is reported in units of gram biomass, a factor

of 0.4 (relative weight of carbon in CH50) is used as a conversion factor for carbon.

Study Biome Net carbon uptake [(gC) m~2yr—!]
(Billings, 1987) Tundra 10
(Lange et al., 1998b) Tundra 4.7-20.4 (4)
(Oechel and Collins, 1976) Tundra 38.5 - 171 (2)
(Schuur et al., 2007) Tundra 12 - 60 (3)
(Shaver and Chapin III, 1991) Tundra 2-68(4)
(Uchida et al., 2006) Tundra 1.9
(Uchida et al., 2002) Tundra 6.5
(Billings, 1987) Boreal forest 9.7 - 78 (2)
(Bisbee et al., 2001) Boreal forest 25
(Camill et al., 2001) Boreal forest 9.2 -75.9 (8)
(Gower et al., 1997) Boreal forest 12
(Grigal, 1985) Boreal forest 128 - 152 (2)
(Harden et al., 1997) Boreal forest 60 - 280 (3) 1
(Bond-Lamberty et al., 2004) Boreal forest 0-297.1 (14)
(Mack et al., 2008) Boreal forest 0.4-16.2 (7)
(Oechel and Van Cleve, 1986) Boreal forest 40 - 44 (2)
(Reader and Stewart, 1972) Boreal forest 14.4
(Ruess et al., 2003) Boreal forest 29.2 - 31.2 (2)
(Swanson and Flanagan, 2001) Boreal forest 104
(Szumigalski and Bayley, 1996) Boreal forest 15.2 - 81.2 (10)
(Thormann, 1995) Boreal forest 23.2-73.2 (3)
(Vogel et al., 2008) Boreal forest 12 - 32 (9)
(Wieder and Lang, 1983) Boreal forest 216 - 316 (3)
(Brostoff et al., 2005) Desert 11.7
(Garcia-Pichel and Belnap, 1996) Desert 0.54
(Jeffries et al., 1993) Desert 0.07-15(3) 1
(Klopatek, 1992) Desert 5.3-29(4) 1
(Clark et al., 1998) Tropical forest 37 -64 (2)
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2.2. Results

The model presented here is designed to predict global net carbon uptake by lichens and
bryophytes. The predicted values are shown in form of maps as well as global average
numbers. Additionally, further properties of lichens and bryophytes estimated by the
model are presented to illustrate the large range of possible predictions. To assess the
quality of the predictions, the model estimates are compared to observational data. To
estimate the effect of uncertain model parameter values on the predictions of the model,
a sensitivity analysis is performed.

2.2.1. Modelled net carbon uptake

The global estimate of net carbon uptake by lichens and bryophytes amounts to 0.34 (Gt
C) yr~! for the “average” weighting method and 3.3 (Gt C) yr~! for the “maximum”
weighting method (for a description of the weighting methods see Sect. 2.1.3). The
global biomass is 4.0 (Gt C) (average) and 46 (Gt C) (maximum), respectively.

Maps are shown of the global net carbon uptake by lichens and bryophytes, biomass,
surface coverage, number of surviving strategies and two characteristic parameters, the
optimum temperature of gross photosynthesis and the fraction of organisms with a Car-
bon Concentration Mechanism (CCM). These maps are created from time averages over
the last 100 yr of the simulation described in Sect. 2.1.3. The maps are based on the
“average” weighting method. The “maximum” weighting shows very similar patterns
and the corresponding maps are shown in Fig. A.1 a) to d).

The net carbon uptake by lichens and bryophytes is shown in Fig. 2.5 a). In some
areas, such as Greenland and the driest parts of deserts, none of the simulated lichen
and bryophyte “strategies” (see Sect. 2.1.2) is able to survive and net carbon uptake
is equal to zero there. The biomes differ largely with respect to carbon uptake. While
deserts are characterised by the lowest productivity, the highest values are reached in
the boreal zone and in the moist tropics. In the tropical rainforest the high productivity
is mainly due to the high carbon uptake by epiphytic lichens and bryophytes (see Fig.
2.5 ¢)). In the boreal zone, lichens and bryophytes in the canopy as well as on the
ground contribute significantly to carbon uptake (see Fig. 2.5 d)). Biomass (Fig. 2.5
b)) exhibits a global pattern similar to carbon uptake. At high latitudes, however, the
ratio of biomass to carbon uptake seems to be slightly higher than in the tropics.
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Figure 2.5.: Global maps of model estimates. a) Net carbon uptake by lichens and
bryophytes. b) Biomass of lichens and bryophytes. ¢) Net carbon uptake by lichens and
bryophytes living in the canopy. d) Net carbon uptake by lichens and bryophytes living on
the ground. The estimates are based on time averages of the last 100 yr of a 2000-yr run
with 3000 initial strategies. They correspond to the “average” weighting method (see Sect.
2.1.3). Areas where no strategy has been able to survive are shaded in grey.
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Figure 2.6 a) shows the global absolute cover of lichens and bryophytes in m? projected
surface area of the organisms per m? ground. Since the available area can be higher than
one in the canopy, high values of absolute cover do not necessarily mean high fractional
cover. On the contrary, the fractional cover is highest in regions with low absolute cover,
especially grasslands and agricultural areas, since the available area in these regions is
very small. A map of fractional cover is shown in Fig. A.2. Figure 2.6 b) shows the
number of surviving strategies at the end of the simulation. The global pattern is slightly
different from the pattern of carbon uptake. Although forested regions show the highest
number of strategies, the high latitudes are richer in strategies than the tropics.

Figures 2.6 ¢) and 2.6 d) show the global patterns of two characteristic lichen and
bryophyte parameters. As described in Sect. 2.1.2 these parameters are sampled ran-
domly from ranges of possible values to create many artificial strategies. Thus, at the
start of a simulation possible values from the range of a certain parameter are present in
equal measure in each grid cell. During the simulation, however, parameter values from
certain parts of the range might turn out to be disadvantageous in a certain climate
and the corresponding strategies might die out. This leads to a narrowing of the range
and consequently to global patterns of characteristic parameters. These patterns reflect
the influence of climate on properties of surviving strategies. Figure 2.6 ¢) shows the
optimum temperature of gross photosynthesis of lichens and bryophytes living on the
ground. The optimum temperature shows a latitudinal pattern, with high values in the
tropics and low values towards the poles or at high altitudes. In Fig. 2.6 d) the fraction
of organisms on the ground is shown which have a Carbon Concentration Mechanism
(CCM). Also this parameter is characterised by a latitudinal pattern. The fraction of
organisms with a CCM is almost one in the tropics, while it is approximately 0.5 in
polar regions. Lichens and bryophytes living in the canopy exhibit global patterns of
optimum temperature and CCM fraction similar to those living on the ground. The
corresponding maps are shown in Fig. A.2.
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Figure 2.6.: Global maps of model estimates. a) Area covered by lichens and bryophytes
per m? ground. b) Number of surviving strategies at the end of a model run. c¢) Optimum
temperature of gross photosynthesis of lichens and bryophytes on the ground. d) Fraction
of lichens and bryophytes on the ground with a Carbon Concentration Mechanism (CCM).
The estimates are based on time averages of the last 100 yr of a 2000-yr run with 3000
initial strategies. They correspond to the “average” weighting method (see Sect. 2.1.3).
Areas where no strategy has been able to survive are shaded in grey.
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2.2.2. Evaluation

Figure 2.7 shows a comparison between model estimates and observational data with
regard to net carbon uptake for four biomes. As discussed in Sect. 2.1.3, the obser-
vational data are point-scale measurements which show high variation. Therefore, the
median of the observed values from a biome is used as a “characteristic” value of net
carbon uptake. This median value is compared to the upper and lower bound of simu-
lated net carbon uptake averaged over the biome (see Sect. 2.1.3 for a description how
the bounds are derived). Also the variation of carbon uptake between the most and the
least productive grid cell in a biome is shown for both bounds of the model estimates.
Figure 2.7 illustrates that the model estimates are characterised by high variation. The
range between the upper and lower bound of net carbon uptake is around one order of
magnitude. The range of productivity of the grid cells in a biome is up to four orders of
magnitude.
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Figure 2.7.: Comparison of net carbon uptake estimated by the model to observational data.
A magenta diamond corresponds to the median of the observed values in the respective
biome. The number left to the diamond is the number of observed values. See Table 2.1
for an overview of the studies on which the observations are based. The light blue colour
corresponds to the lower bound of the model estimate and the dark blue colour to the upper
bound. The vertical bars represent the range between the most and least productive grid
cell in a certain biome, while the dots show the mean productivity of all grid cells in this
biome. To be consistent with the measurements from the field studies, only the simulated
carbon uptake in the canopy is considered for the biome “Tropical Forest” while for the
other biomes only carbon uptake on the ground is considered. The model results are derived
from a 2000-yr run with 3000 initial strategies.

Considering the upper and lower bounds of simulated net carbon uptake in each biome,
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the model estimates agree relatively well with the “characteristic” values of net carbon
uptake derived from observational data. For the boreal zone and the tropical rainforest,
the “characteristic” values are closer to the upper bound of net carbon uptake. In the
boreal zone, the data-based value matches the simulated upper bound, in the tropical
rainforest it exceeds the upper bound. Possible reasons for these patterns are discussed
in Sect. 2.3.

2.2.3. Sensitivity analysis

As described in Sect. 2.1.2 model parameters that describe tradeoffs, physiological
constraints or environmental properties are assumed to have constant values. Some
of these parameter values have already been estimated in other studies and thus they
can be taken directly from the literature. Others, however, have yet to be determined.
A reliable estimate of these unknown parameter values would require a considerable
amount of experimental data, which exceeds the capacities of this work. Therefore, the
parameter values are derived by “educated guess” using the available information from
the literature (see Appendix B). To assess the impact of these parameter values on the
model result a sensitivity analysis is performed (see Table 2.2). Note that some of the
parameters tested in the sensitivity analysis are aggregated into a single process. For a
detailed overview of the parameters see Tables B.8 and B.10.

In general, the model is not very sensitive to the parameter values which applies both
for the “average” and “maximum” weighting methods. Regarding the environmental
parameters a change by 50 % leads to a 10 % or less change in the modelled net carbon
uptake in most cases. Only disturbance interval and rain interception efficiency have a
slightly larger influence. The parameters that describe tradeoffs have a larger impact.
Changing the relation of water content to diffusivity for CO5 by 50 %, for instance, leads
to a change in “average” net carbon uptake by almost 50 %. The effect of the respiratory
costs associated with Rubisco content is similarly strong. The climate forcing has only
a moderate influence on the simulated net carbon uptake. Note that the variation in
climate forcing is only 20 % compared to 50 % for the parameters. This is done to avoid
generating unrealistic climatic regimes.

The turnover parameter affects “maximum” and “average” net carbon uptake in op-
posite ways. Moreover, the effects of the parameters Jyax / Ve max, light extinction and
surface roughness on carbon uptake are not straightforward to explain. These points
are discussed in Sect. 2.3. For reasons of computation time a different simulation setup
(400 years, 300 strategies) is used for the sensitivity analysis. Therefore, the net carbon
uptake values for the control run (Table 2.2) differ from the ones presented above. The
pattern of productivity, however, is very similar to those of the longer run with more
strategies (see Fig. A.2). It is thus assumed that the sensitivity of the model does not
change significantly with increased simulation time and number of initial strategies.
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Table 2.2.: Influence of uncertain model parameters on simulated net carbon uptake. “Average” and
“Maximum” correspond to two different weighting methods for the results (see Sect. 2.1.3). The “+”
sign denotes an increase in the value of a parameter and “-” signs denotes a decrease. The rightmost
column shows the type of increase or decrease.

Net carbon uptake [(gC)m™2yr!] Average  Maximum
Change in parameter value - + - +  Type
Lichen or bryophyte parameters

CCM response 0.20 028 09 1.3 50 %
Ratio Jimax / Ve max 0.19 027 08 1.3 50 %
Diffusivity for COq 0.15 035 0.6 1.7 50 %
Turnover per respiration 0.19 029 1.3 1.0 50 %
Rubisco per respiration 0.16 032 06 1.6 50%
Environmental parameters

Disturbance interval 0.21 027 09 1.3 50%
Light extinction in canopy 0.25 024 1.2 1.1 50 %
Rain interception efficiency 0.23 027 1.0 1.3 50 %
Max. snow depth for activity 025 025 1.2 1.2 50 %
Heat conductivity of snow 0.25 025 12 1.2 50 %
Turnover of ice sheets 0.25 025 12 1.2 50 %
Soil heat conductivity 0.25 025 12 1.2 50 %
Soil heat capacity 025 025 1.2 1.2 50%
Surface roughness 026 025 1.2 1.1 50 %
Climate forcing

Shortwave radiation 025 025 1.1 1.2 20 %
Air temperature 026 0.25 1.2 1.2 2K
Rainfall / Snowfall 025 025 12 1.2 20%
Surface windspeed 026 025 1.2 1.1  20%
Control run 0.25 1.2
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2.3. Discussion

In this chapter global net carbon uptake by lichens and bryophytes is estimated using a
process-based model. In the following, the plausibility of the model estimates is discussed
with respect to the patterns and the absolute values. Furthermore, an overview is given
of the limits of the approach with a focus on the different sources of uncertainty in the
model and possible improvements.

2.3.1. Global patterns of net carbon uptake

The model predicts plausible patterns of productivity and biomass (see Fig. 2.5) as well
as cover, number of surviving strategies and characteristic parameters (see Fig. 2.6). The
productivity of lichens and bryophytes in deserts seems to be generally limited by low
water supply while the boreal zone and the moist tropics and subtropics are characterised
by high values of productivity. The vertical pattern of productivity in tropical forests
is different from the one in boreal forests and it probably can be attributed to forest
structure and temperature: The boreal forests have a relatively open canopy with large,
sunlit areas in between that allow for lichen or bryophyte growth. Since this is not the
case in the dense tropical lowland forests carbon uptake on the ground is lower than in
the boreal zone. Furthermore, in the moist lowland forest, high temperatures at night
together with high humidity near the soil surface cause high respiratory losses for lichens
and bryophytes and therefore constrain their growth (Nash III, 1996, p.178). This is
also reflected in the ratio of biomass to carbon uptake, which is slightly lower in the
tropics than at high latitudes. Tropical cloud forests, however, which also exist in the
lowland (Gradstein, 2006), may facilitate high productivity of lichens and bryophytes
near the ground. The description of topographic and climatic conditions used in the
model, however, is not specific enough to account for these ecosystems. Hence, at a
large spatial scale, the climate of the high latitudes seems to be more favourable for a
large range of lichen and bryophyte growth strategies than the tropical climate, which
is also illustrated by the higher number of strategies of the boreal forest zone compared
to the tropical one. Nevertheless, the potential for productivity seems to be highest in
the moist tropics, although survival in this region is more difficult.

The surface coverage shows a plausible range of values. In deserts, it is in the order
of 10 % or lower and in (sub)polar regions, it is around 30 %, which seems realistic. In
forested regions, it ranges from 40 to 65 %, which is plausible since the available area is
larger than 1 m? per m? ground for lichens and bryophytes living in the canopy.

The latitudinal pattern of the optimum temperature of gross photosynthesis is real-
istic, since the mean climate in the tropics is warmer than in polar regions or at high
altitudes. The fact that the edges of the parameter range are not represented in the
map can be explained as follows: Extreme climatic conditions, which could be associ-
ated with extreme values of the optimum temperature of gross photosynthesis, often do
not persist for long time periods. Lichens and bryophytes are usually inactive during
these periods and are therefore not affected by them. Extreme temperatures that last
for longer periods of time are probably only present at the microclimatic scale and are
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therefore absent from the grid cell climate. Same as optimum temperature, also the
latitudinal pattern of the fraction of organisms with a CCM makes sense. The form of
the CCM implemented in the model is useful in situations where CO, is limited, either
due to low supply from the atmosphere or due to the negative effect of high tempera-
tures on cellular CO4 concentration. These conditions are met in the tropics. The moist
climate in the rainforest generally leads to high water content of the thallus, which re-
sults in a low diffusivity for CO,. Additionally, the high temperatures in the tropics
result in low cellular solubility of COs compared to O,, further reducing CO, available
for photosynthesis. Although the global pattern is plausible, the fraction of lichens and
bryophytes with a CCM seems to be generally too high. The reason for this could be
that the metabolic costs of a CCM are underestimated in the model. As mentioned in
Sect. 2.2.3, the parameters describing the costs of the CCM are not very well known.
Moreover, this parameterisation is based on free living cyanobacteria. The CCM in
lichens and bryophytes could work differently. Furthermore, it has to be pointed out
that the CCM which cyanobacteria and some algae possess is not necessarily the reason
why they are part of the symbiosis. Not enough is known about how the CCM works
in lichens and bryophytes to make definitive statements. Thus, although the global pat-
terns of optimum temperature and CCM cannot be evaluated on a quantitative basis,
these patterns help to assess qualitatively the plausibility of the model results given the
assumptions made in the model.

2.3.2. Comparison of model estimates to data

The observational data used to evaluate the model show high variation. As explained
in Sect. 2.1.3 it is therefore problematic to extrapolate from these point-scale mea-
surements of carbon uptake to a value for a large region, such as a model grid cell.
The “characteristic”, observation-based values of net carbon uptake should therefore be
interpreted as order-of-magnitude estimates.

In the boreal zone and in the moist tropics, the “characteristic” values are closer
to the upper bound of simulated net carbon uptake than to the lower one (see Fig.
2.7). This indicates that the more productive model strategies may represent a better
approximation of the net carbon uptake by real lichens and bryophytes in these regions.
A possible explanation for this result is that the lichen and bryophyte species occurring in
these ecosystems are influenced by competition and are consequently driven towards high
productivity. Another explanation would be that the model underestimates productivity
in these regions.

For the tropics, it is difficult to make definitive statements due to the low number
of observations available. In the study of Elbert et al. (2012), net carbon uptake in
the tropical rainforest canopy is estimated to be only 15.2 (gC)m~2yr~!. This value
compares well to the modelled range. As discussed in Sect. 2.1.3, however, the estimates
from Elbert et al. (2012) are based on assumptions about active time and coverage of
lichens and bryophytes.

In the boreal zone, the “characteristic” value is more robust due to the large number
of observations. The fact, that it matches the upper bound of the spatial average model

29



estimate may be explained by the lack of an explicit simulation of the peat in the
model. The peat layer may represent an additional water storage for bryophytes that
is not associated with respiration costs. This is not reflected in the model, where the
strategies have to “pay” for the water storage in biomass via the respiration cost of
biomass. Hence, the model may underestimate the water supply in regions where peat
occurs. This effect is probably most pronounced in peatlands which are not explicitly
simulated in the model but included in the boreal forest biome. Given the limitations of
the model regarding simulating peat water storage, the model estimates for the boreal
zone averaged over the whole boreal landscape seem to be reasonable.

2.3.3. Sensitivity analysis

Considering the sensitivity analysis, the general behaviour of the model is plausible.
Increasing the Rubisco content per base respiration rate, for example, leads to an increase
in net carbon uptake and vice versa (see Table 2.2). Some effects, however, require
further explanation:

1. The turnover parameter affects net carbon uptake based on “maximum” and “av-
erage” weighting in opposite ways. The “maximum” estimate is as expected: a
higher turnover rate leads to lower biomass and therefore lower productivity. The
“average” estimate could be explained by a statistical effect: a higher turnover
rate causes the death of many less productive strategies, thereby increasing the
average value of productivity compared to lower turnover rates.

2. The ratio Jmax / Vo max 18 positively correlated with productivity, which is not self-
evident. The correlation is due to the fact that in the model, J,. is derived from
a given V¢ max via the ratio of the two. Hence, changing this ratio only affects

Jmax-

3. The light extinction parameter is negatively correlated with total productivity of
lichens and bryophytes. Since the parameter partitions the light input between
canopy and soil surface, the ground receives less light if the canopy absorbs more
and vice versa. Hence, the impact of this parameter on productivity can be ex-
plained by assuming that the decrease in carbon uptake on the ground overcom-
pensates the increase in the canopy.

4. Surface roughness and wind speed are both negatively correlated with the aero-
dynamic resistance to heat transfer. They consequently have a positive effect on
potential evaporation. Therefore the lichens and bryophytes are more frequently
desiccated and their productivity decreases.

The overall outcome of the sensitivity analysis of the model is satisfactory. Parameters
that describe environmental conditions do not have a large impact on simulated net
carbon uptake. This means that it is not absolutely necessary to specify ranges for
the environmental parameters in order to obtain a good estimate of the uncertainty of
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the model results. The model is, however, quite sensitive to parameters that describe
tradeoffs. Since these parameters are assumed to have constant values (Sect. 2.1.2),
they should be determined as accurately as possible.

2.3.4. Limitations and possible improvements

The modelling approach presented here has several limitations which lead to uncertainty
regarding the estimate of net carbon uptake. Different aspects of these limitations of
the model are discussed, namely spatial resolution, interactions of strategies, parameter
uncertainty and simplifying assumptions. Possible improvements in this respect are
mentioned.

Spatial resolution

The spatial resolution of the model grid is too coarse to represent microclimatic or
microtopographic features. It has been shown, however, that variation of environmen-
tal conditions at the small scale can have an effect on carbon uptake of lichens and
bryophytes (e.g. Nungesser (2003); Lange et al. (1998b)). This leads to the question, if
these differences in carbon uptake cancel out for large regions or not. The differences in
productivity would probably not cancel out if the relations between climate and carbon
uptake were strongly nonlinear. Then, the value of carbon uptake derived from the mean
climate of a large region would differ from the mean of the values of net carbon uptake
based on all the microclimates within that region. In this case, neglecting sub-grid scale
variation would lead to systematic biases in the model estimates.

To assess the effect of variation in environmental conditions on the model estimates
a sensitivity analysis is performed (see Table 2.2). The model does not seem to show
strong nonlinear behaviour. Compared to the effect of the parameters which describe
tradeoffs, the model estimates are rather insensitive to changes in environmental /climatic
conditions. Of course, it cannot be ruled out that small-scale variation has some effect
on the model estimates, but the lack of microclimatic and microtopographic data at the
global scale makes it impossible to quantify this effect.

Interactions of strategies

As shown in Fig. 2.7, the unknown relative abundance of the strategies (see Sect. 2.1.3)
leads to large differences between the “average” and the “maximum” estimates of net
carbon uptake. Hence, a significant reduction in the uncertainty of the model estimates
could be achieved by quantifying the relative abundance of the strategies. This could be
done, for instance, by implementing a scheme that simulates competition between lichen
or bryophyte strategies. Such a scheme would be a promising perspective for extending
the model. At the moment, however, not enough quantitative data are available about
competition and other ecological interactions between different lichen and bryophyte
species to integrate these processes into the model.
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Parameter uncertainty

The model has been shown to be sensitive to the parameters which describe tradeoffs
(see Sect. 2.2.3). For some of these tradeoff parameters, the data available in the
literature currently only allow “educated guesses”. Determining accurate values for
these parameters, however, is not per se difficult. Only one study, for instance, has
measured both Rubisco content and base respiration rate simultaneously, but in many
studies one of them has been determined. Considering the diffusivity of the thallus
for CO., a large body of studies describes the relation between productivity and water
content, but only one study could be found that quantified the diffusivity for CO, as a
function of water saturation. The latter, however, is much more useful for modelling CO,
diffusion through the thallus on a process basis. Hence, accumulating more empirical
data that is suitable to determine the values of the parameters that describe tradeoffs
with higher accuracy would be a very efficient way to improve the model. One example
of a such a study is the work of Wullschleger (1993) which analyses the ratio between
Jmax and Ve max. For a large number of vascular plants this ratio is approximately 2.
The reason for this constant ratio is the fact, that a high Jyax is not useful if the V¢ max
is low and vice versa, since productivity is the minimum of the two rates. As both rates
are associated with metabolic costs, a tradeoff emerges.

Even if relations between two parameters can be derived from data in a quantitative
way, they are usually characterised by some scatter. This is due to additional factors
which influence the relation but which are not considered in the model. Differences in
specific respiration across strategies, for example, are assumed to result only from differ-
ences in the Rubisco content of the strategies or properties that correlate with Rubisco
content, such as photosynthetic capacity (Palmqvist et al., 1998). This simple tradeoff is
an approximation, as illustrated by the scatter in the relation between Rubisco content
and respiration across lichen species (Palmqvist et al., 2002). There seem to be some
factors that contribute to respiration in lichens which are not correlated with Rubisco
content but which differ across species. It is, however, impractical to implement all
these factors into the model, since already the simple tradeoff-relation between Rubisco
content and respiration had to be established by “educated guess”.

Simplifying assumptions

To focus on the goal of modelling lichen and bryophyte productivity at the global scale,
several simplifying assumptions are made in the model. In the following some of these
assumptions are discussed which concern the representation of the organisms in the
model as well as the implementation of environmental conditions.

In the model, it is assumed that lichen respiration only depends on the Rubisco con-
tent averaged over the total biomass of the organism. Hence, a lichen with a high
fraction of algal/cyanobacterial biomass which has a low Rubisco content should have a
respiration similar to a lichen with a low fraction of algal/cyanobacterial biomass which
has a high Rubisco content, because the Rubisco content of the whole total biomass
would be similar. This assumption is valid as long as those components of fungal and
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algal/cyanobacterial biomass which are not related to Rubisco content exhibit similar
specific respiration. This might not be the case for all lichen species. Some of the ob-
served variation in the relation between Rubisco content and specific respiration rate
(Palmqvist et al., 2002) might be explained by different respiration rates of some com-
ponents of fungal and algal/cyanobacterial tissue which are not correlated with Rubisco
content. It is difficult, however, to separately quantify all components of lichen and
bryophyte biomass that contribute to respiration.

Another important aspect of lichen and bryophyte physiology is the relation between
water content and metabolic activity. Not all facets of this relation are included in the
model. Lichens with cyanobacterial photobionts, for instance, need liquid water to acti-
vate their metabolism. This physiological constraint seems to be a disadvantage for the
cyanolichens since it shortens the time available for carbon uptake. The disadvantage,
however, could be compensated by some other property of cyanobacteria that is bene-
ficial for the lichens, such as nitrogen fixation, for instance. This property cannot be
accounted for because nutrient limitation is not implemented in the model. Thus, since
not all distinct properties of cyanobacteria and the associated tradeoffs can be consis-
tently represented in the model, cyanolichens are not explicitly modelled. They may,
however, be implicitly simulated by model strategies which have physiological properties
similar to cyanolichens.

A further property of the relation between water content and metabolic activity is
that in some species, the metabolic activity corresponding to a certain water content is
only reached after a time delay (Jonsson et al., 2008; Jonsson Cabraji¢ et al., 2010; Lidén
et al., 2010). The delay is not only species-specific, but it also depends on the length of
the preceding dry period (Ried, 1960; Gray et al., 2007; Proctor, 2010). Possible reasons
for the delay of photosynthetic activation are the removal of protection mechanisms
against drying or the repair of damage resulting from dry conditions (Lidén et al.,
2010). These mechanisms are probably associated with carbon costs for the organism,
which means that the duration of the delay may be dependent on the amount of carbon
invested in repair or protection. Hence, there may be a tradeoff between the benefit of
a short delay of activation and the cost of investment into different mechanisms which
facilitate a short delay. Therefore, implementing the delay of activation into the model
is problematic since the carbon costs of the various protection or repair mechanisms are
not known.

As discussed in Sect. 2.3.2 the model does not explicitly simulate a peat layer. The
difficulty with including peat into the model lies in the additional information on envi-
ronmental conditions that is necessary to predict peat formation. The ability to form an
additional water storage which is not accompanied by respiration costs could be assigned
to the strategies in the model. If this ability for water storage was set to be independent
of environmental conditions, however, the strategies which have the ability of increased
water storage would grow everywhere. Since peat formation depends on anoxic condi-
tions, however, it cannot take place everywhere. Thus, productivity would be largely
overestimated. Consequently, a model that simulates the hydrological conditions at the
global land surface would be needed to determine which regions are suitable for peat
formation (see e.g. Wania et al. (2009)). This would add another level of complexity to
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the model and it would shift the focus from simulating net carbon uptake of lichens and
bryophytes towards land surface modelling.

2.4. Conclusions

In this chapter, estimates of global net carbon uptake by lichens and bryophytes are
presented which are derived by a process-based model. The simulated patterns of carbon
uptake and other properties of lichens and bryophytes are plausible, also the order of
magnitude of the estimated global net carbon uptake of 0.34 to 3.3 (Gt C) yr~! agrees
with other studies, e.g. the one by Elbert et al. (2012). Given the uncertainties regarding
the evaluation of the model, the estimates are in good agreement with observational data.
The sensitivity analysis shows that the model is quite robust concerning environmental
factors. It is sensitive, however, to changes in some physiological properties of lichens
and bryophytes. Limitations of the model are mainly due to the uncertainty associated
with some physiological parameters and the simplifications regarding the representation
of several physiological processes and environmental conditions.

The uncertainties in the evaluation and parameterisation of the model follow from
the large-scale nature of the approach presented here. Within these constraints, the
model is a useful tool to quantify the productivity of lichen and bryophytes at the global
scale. The model estimates confirm the suggestion by Elbert et al. (2012) that the role
of lichens and bryophytes in the global carbon cycle should not be neglected.
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3. Estimating impacts of lichens and bryophytes on
global biogeochemical cycles of nitrogen and
phosphorus and on chemical weathering

In this chapter, estimates are presented on the impacts of lichens and bryophytes on
global biogeochemical cycles of nitrogen, phosphorus and weathering. These estimates
complement the values of global net carbon uptake by the organisms which are presented
in the previous chapter. In this way, a comprehensive overview can be provided of the
role of lichens and bryophytes for global biogeochemistry.

While the previous chapter focuses on the description of the model of carbon uptake
and the assessment of the model predictions, this chapter lays more emphasis on the
application of the model estimates. This means that the contributions of lichens and
bryophytes to biogeochemical cycles of nitrogen, phosphorus and weathering which are
quantified in this chapter are not directly simulated by a model. Instead, potential
rates of nitrogen fixation, phosphorus uptake and chemical weathering are derived from
model-based estimates of carbon uptake. This is done in several steps: By combining
the net carbon uptake estimates with nitrogen and phosphorus content of lichens and
bryophytes, the requirements of the organisms for these nutrients and thus their potential
uptake are quantified. Since phosphorus is mainly derived from rocks, the potential for
chemical weathering is then calculated as a function of phosphorus requirements of
lichens and bryophytes growing on rock surfaces, combined with the phosphorus content
of surface rocks. The estimates of potential nitrogen fixation, phosphorus uptake and
chemical weathering are presented in form of global maps and they are evaluated by
comparison to observational data where possible. The potential contribution of lichens
and bryophytes to global biogeochemical cycles is discussed regarding the estimates
established here.

The chapter is structured in the following way: Sect. 3.1 describes how potential
rates of nitrogen fixation, phosphorus uptake and chemical weathering by lichens and
bryophytes are estimated based on the carbon uptake of the organisms. The results
of the calculation are presented in Sect. 3.2 together with an evaluation that shows
different sources of uncertainty in the approach. In Sect. 3.3 the plausibility of the
derived potential rates is assessed and limitations as well as possible improvements of
the approach presented here are discussed.
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3.1. Methods

3.1.1. The net carbon uptake model

Global estimates of net carbon uptake by lichens and bryophytes are used to derive their
potential rates of nitrogen fixation, phosphorus uptake and chemical weathering. The
carbon uptake is quantified by a process-based model which is described in detail in the
previous chapter. Therefore, only a short overview of the model is given here: Lichens
and bryophytes are simulated as reservoirs of biomass on a global rectangular grid with
a resolution of 2.8125 degrees, similar to many global vegetation models. The dynamics
of these reservoirs are controlled by exchange flows of carbon, such as photosynthesis or
respiration which are driven by gridded climate input data, taken from the WATCH data
set (Weedon et al., 2011). The model includes lichen and bryophyte-specific traits such
as poikilohydry or the dependence of CO, diffusivity on water content. Furthermore,
it separately simulates lichens and bryophytes living on the ground and in the canopy
since the two locations differ in many aspects such as light and precipitation regime. In
contrast to many other vegetation models, the model also accounts for the functional
variation of the organisms. This means that many random lichen and bryophyte “strate-
gies” are generated for each grid cell of the model. These “strategies” differ in certain
characteristic parameters, such as photosynthetic capacity or optimum temperature and,
consequently, also in their carbon uptake. “Strategies” without a sufficient carbon gain
do not “survive” in the model and are therefore not considered in the calculation of the
results. To obtain mean carbon uptake for a certain grid cell, the surviving “strategies”
have to be weighted. Since their abundance is unknown, the model predicts net carbon
uptake in form of a range of possible values. The lower bound corresponds to equal
weights for all “strategies” in a grid cell while the upper bound corresponds to a weight
of one for the most productive “strategy” and zero for all others.

As described in the previous chapter, the net carbon uptake model is run with repeat-
ing climate forcing and many initial “strategies” until a steady state is reached regarding
the fluxes and reservoirs of carbon as well as the number of surviving “strategies”. Es-
timates of global net carbon uptake of lichens and bryophytes are then calculated by
time averages over the last part of the model run. They are shown in Fig. 3.1 (see also
Fig. 2.5 and A.1 for details). In this chapter, these estimates are used to derive nutrient
requirements and chemical weathering. Note that the carbon uptake model itself does
not contain any representation of nutrients for simplicity. Hence, nutrient limitation of
carbon uptake is not included.

3.1.2. Nutrient content of lichens and bryophytes, resorption and leaching

The synthesis of biomass requires both the uptake of carbon and nutrients, such as
nitrogen and phosphorus. Hence, knowing the nutrient content of biomass, the nutrient
requirement associated with a certain value of net carbon uptake can be estimated.
Histograms of nitrogen and phosphorus content of lichens and bryophytes based on
values from the literature are shown in Fig. 3.2. The nutrient requirement for each grid
cell of the model is then calculated by multiplying the range of simulated net carbon
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Figure 3.1.: Simulated net carbon uptake by lichens and bryophytes from chapter 2. a)
Lower bound of the model estimates, obtained by equal weights for all surviving “strategies”
in each grid cell. b) Upper bound, corresponding to the net carbon uptake of the most
productive “strategy” in each grid cell.

uptake by the median of the possible values of nutrient content. Moreover, an upper
bound of nutrient requirement is estimated by multiplying the carbon uptake of the most
productive “strategy” in a grid cell by the maximum nutrient content from the literature.
A lower bound is then calculated by multiplying the carbon uptake corresponding to
equal weights for all “strategies” in a grid cell by the minimum nutrient content from
the literature.
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Figure 3.2.: a) Nitrogen and b) Phosphorus content of lichens and bryophytes in mg nutrient
per g biomass. The values are taken from Aerts et al. (1999); Chapin III et al. (1980);
Chapin IIT and Shaver (1988); Chapin III (1989); Hogan et al. (2010a,b); Johansson et al.
(2011); Lang et al. (1980); Shaver and Chapin IIT (1991); Tomassen et al. (2004); Waite and
Sack (2011); Palmqvist et al. (2002).

The nutrient content of biomass alone, however, is not sufficient to quantify the true
nutrient requirements of biomass synthesis. Also resorption of nutrients from senescent
tissue (Eckstein et al., 1999) and leaching of acquired nutrients prior to their integration
into biomass (Belnap, 2002) have to be considered. Only a few studies, however, provide
concrete estimates for nutrient resorption and leaching regarding lichens and bryophytes.
Therefore, three scenarios are used to account for the uncertainty associated with re-
sorption and leaching: a) a “high requirement” scenario where resorption is set to zero
and leaching to the maximum value found in the literature, 70 % (Belnap, 2002) b) a

37



“medium requirement” scenario where resorption for nitrogen is set to 66 % and for
phosphorus to 50 %. These values are based on data of a single species (Eckstein, 2000;
Chapin III and Shaver, 1989) and the general observation that lichens and bryophytes
are relatively efficient regarding nutrient resorption. Leaching is set to 35 % which is the
middle of the range of possible values from the literature (Belnap, 2002; Pike, 1978) c)
a “low requirement” scenario where resorption is set to the highest value observed, 80 %
(Eckstein et al., 1999) and leaching is set to zero. An overview of the different scenarios
of nutrient content, resorption and leaching is shown in Table 3.1.

Table 3.1.: Minimum, maximum and medium/median values of nutrient content, given in mg nutrient
per g biomass, and resorption and leaching, given in fractions. The first value for medium resorption
corresponds to nitrogen and the second to phosphorus. Regarding the other values of resorption and
leaching, no distinction between nitrogen and phosphorus is made due to lack of specific data. See text
for references for the values.

Factor Nitrogen Phosphorus Resorption Leaching
content content

Minimum 2 0.26 0.0 0.05

Median 8 0.7 - -

Medium value - - 0.66/0.5  0.35

Maximum 45.5 2.37 0.8 0.7

3.1.3. Validation of nitrogen requirement

Fixation of atmospheric nitrogen is not the only way for lichens and bryophytes to acquire
this nutrient. They can also extract organic nitrogen from wet and dry deposition,
for instance. Hence, the estimated nitrogen requirement is compared to observational
data of nitrogen fixation from the literature to assess whether requirement is a good
approximation to realised fixation by the organisms.

The comparison is done on a biome basis, which means that for each biome, the spatial
average of nitrogen requirement is compared to a “characteristic”, observation-based
value of nitrogen fixation on an order-of-magnitude basis. This method of comparison is
chosen due to the difference in scale between estimates and observations. The estimates
of nitrogen requirement are based on large regions which correspond to the grid cells of
the carbon uptake model. The observations of nitrogen fixation, however, are temporary
point-scale measurements which show high variation (see Table 3.2). It is problematic
to extrapolate from these measurements to large regions and long time periods (see e.g.
Liengen (1999) and Nash III (1996, p.229)). Hence a “characteristic” value is used
for these regions instead. For this purpose the median is computed of all measurements
contained in the studies associated with the respective region. The biome classification is
used as a basis for the comparison because biomes are relatively homogeneous regarding
climate and ecology at large scales. The biomes are defined by the map of Olson et al.

38



(2001) which is also used for the net carbon uptake model in chapter 2. Nine out of 14
biomes from this map, however, cannot be represented in the comparison because not
enough suitable studies could be found.

Due to the factors carbon uptake, nitrogen content, resorption and leaching (see Sect.
3.1) the estimates of nitrogen requirement exhibit some uncertainty. To assess this
uncertainty, the minimum and maximum values of carbon uptake, nitrogen content,
resorption and leaching (see Table 3.1) are stepwise multiplied. This means that the
uncertainty resulting from the range of net carbon uptake, for instance, is represented
by multiplying the lower and upper bound of carbon uptake by median nitrogen content
and medium values of resorption and leaching. The combined uncertainty due to the
ranges of carbon uptake and nitrogen content then corresponds to the upper bound of
carbon uptake multiplied by maximum observed nitrogen content and the lower bound
multiplied by minimum nitrogen content. These values are still multiplied by medium
resorption and leaching. The uncertainty resulting from resorption and leaching is then
obtained analogously. To illustrate the components of uncertainty, the corresponding
ranges are included in the comparison of the estimates of nitrogen requirement to ob-
servational data.
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Table 3.2.: Overview of the field studies used to compare nitrogen fixation by lichens and bryophytes
with their nitrogen requirements. Biomes are abbreviated as follows: TU = Tundra, BO-F = Boreal
forest floor, TE-C = Temperate evergreen canopy, DE = Desert, TR-F = Tropical rainforest floor and
TR-C = Tropical rainforest canopy. Some studies provide more than one observed value (e.g. due to
different habitats). The number of observations is put in brackets in the column “Nitrogen fixation”. A
1 symbol denotes studies which provide one or more ranges instead of single values. In these cases, the
mean value is calculated of the upper and lower bound of each range and the range of these calculated
mean values is shown in the table.

Study Biome Nitrogen fixation [gm™2yr—1]
(Alexander and Schell, 1973) TU 0.015
(Basilier et al., 1978) TU 1.0-6.4 (4)
(Crittenden, 1975) TU 0.0062 - 0.17
(Forman and Dowden, 1977) TU 0.022-0.18 (3) 1
(Granhall and Selander, 1973) TU 0.16 - 94 (2)
(Gunther, 1989) TU 0.0025 - 0.01 (3)
(Henry and Svoboda, 1986) TU 0.085 - 0.1 (2)
(Kallio, 1975) TU 0.15 - 0.38 (3)
(DeLuca et al., 2002) BO-F 0.17
(Gunther, 1989) BO-F 0.005 - 0.045 (2)
(Huss-Danell, 1977) BO-F 0.1
(Lagerstrom et al., 2007) BO-F 0.05-0.2 (3)
(Zackrisson et al., 2004) BO-F 0.025 - 0.15 (3) 1
(Zackrisson et al., 2009) BO-F 0.16
(Antoine, 2004) TE-C 0.15 - 1.65 (5)
(Brown and Dalton, 2002) TE-C 0.2
(Denison, 1973) TE-C 0.59 §
(Denison, 1979) TE-C 0.4
(Granhall and Lindberg, 1978) TE-C 0.035
(Green et al., 1980) TE-C 0.5 1
(Pike, 1978) TE-C 0.45
(Sucoff, 1979) TE-C 0.006 - 0.24 (4)
(Belnap, 2002) DE 1.3
(Coxson and Kershaw, 1983) DE 1.4
(Holst et al., 2009) DE 0.003 - 0.008 (2)
(Jeffries et al., 1992) DE 0.01-0.22 (3)
(Klopatek, 1992) DE 0.83 - 5.75 (4)
(Malam Issa et al., 2001) DE 0.35
(Russow et al., 2008) DE 1.3
(Rychert and Skujins, 1974) DE 5.5
(Skarpe and Henriksson, 1987) DE 0.2
(Thiet et al., 2005) DE 0.41 §
(Veluci et al., 2006) DE 0.13
(Zhao et al., 2010) DE 0.4
(Crews et al., 2001) TR-F 0.1-0.2(3)
(Cusack et al., 2009) TR-F 0.38
(Kurina and Vitousek, 2001) ~ TR-F 0.02 - 0.045 (3)
(Matzek and Vitousek, 2003) TR-F 0.008 - 0.06 (6)
(Forman, 1975) TR-C 0.48
(Freiberg, 1998) TR-C 0.35 1
(Matzek and Vitousek, 2003) TR-C 0.004 - 0.04 (6)
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3.1.4. Chemical weathering

The phosphorus requirements of lichens and bryophytes can be used to derive potential
rates of chemical weathering at rock surfaces. This implies that the organisms release
weathering agents in order to extract phosphorus from rocks. Although this has not
been proven yet, it is a realistic scenario for the following reasons: Releasing weathering
agents to extract nutrients is a common strategy among plants, as illustrated by the
widespread mycorrhiza (Landeweert et al., 2001; Lambers et al., 2008). Furthermore, it
has been shown that plants with mycorrhiza release more weathering agents when they
are limited by phosphorus (Smits et al., 2012). All lichens have a fungal component and
according to Taylor et al. (2009) also some bryophytes form symbiosis with fungi. Read
et al. (2000) show that some of these fungi also participate in mycorrhiza. Moreover,
there are examples for the solubilization of phosphorus from rock substrates by lichens
and bryophytes and free-living fungi (Seneviratne and Indrasena, 2006; Lenton et al.,
2012; Banfield et al., 1999; Sharma, 2011). Thus, given that the organisms are able
to derive phosphorus from rock material, it seems likely that they use it to meet their
phosphorus demands.

Calculating potential chemical weathering from phosphorus demand is done in several
steps. First, the net carbon uptake calculated by the model is constrained to that
fraction which is due to lichens and bryophytes growing on rock surfaces. This is done by
multiplying carbon uptake in each grid cell of the model by the fraction of rock surfaces
in this grid cell. As described in Sect. 3.1.2 the phosphorus content of biomass is used to
translate carbon uptake on rock surfaces into phosphorus requirements. The phosphorus
requirements on rock surfaces are then divided by the phosphorus content of surface
rocks (see Fig. 3.3). This yields an estimate of chemically weathered rock material. The
phosphorus content of rocks is obtained by assigning the values of phosphorus content
shown in Table 3.3 to the classes of a lithology map (Amiotte Suchet et al., 2003).

Phosphorus content of surface rocks [g m=3]

[]s00

[[]1000
[ 1500
[ 1590
[ 1820
| kg

Figure 3.3.: Phosphorus content of surface rocks for the six litho-
logical classes listed in Table 3.3.
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Table 3.3.: Lithological classes, rock density and phosphorus content (in g phosphorus per kg rock).
The classes are derived from Amiotte Suchet et al. (2003) and rock density is taken from Yang et al.
(2013) and references therein. The phosphorus content of surface rocks is taken from Newman (1995).
Phosphorus content of igneous rocks is only given in form of a range of values in Newman (1995). Thus,
the lower end of this range is assigned to Rhyolite and Granite and the upper end to Basalt.

Lithological class

Rock density Phosphorus content

kg m~?] [gkg™']
sandstone 2500 0.4
limestone 2500 0.2
shale 2600 0.7
granite 2650 0.6
rhyolite 2500 0.6
basalt 2900 1.3
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3.2. Results

Potential rates of nitrogen fixation, phosphorus uptake and chemical weathering by
lichens and bryophytes are presented in form of global maps in Fig. 3.4 a) to d). The
maps are based on the lower bound of net carbon uptake predicted by the model, mul-
tiplied by the median of the nutrient content and by “medium requirement” values of
resorption and leaching (see Sect. 3.1).

Nitrogen uptake a) Phosphorus uptake b)
A5
I \

&Y

lgm2yr] lgm2yr]
0 19 38 57 76 95 114 133 152 0 3 6 9 12 15 18 21 24

Phosphorus uptake on bare soil ) Chemical weathering d)

7

T i

[gm=2yr [em® m=2 yr]
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10 M

Figure 3.4.: a) Nitrogen and b) phosphorus requirement of lichens and bryophytes. c)
Phosphorus requirement of lichens and bryophytes growing on rock surfaces. d) Chemical
weathering of rock surfaces by lichens and bryophytes (cm® of rock). The maps correspond
to the lower bound of simulated net carbon uptake, multiplied by the median of the nutrient
content and by “medium requirement” values of resorption and leaching.

The nitrogen requirement of lichens and bryophytes is shown in Fig. 3.4 a). Since the
factors nutrient content, resorption and leaching are globally uniform and temporally
constant, the pattern of nitrogen requirement corresponds to that of average net carbon
uptake (see chapter 2). The same is true for the pattern of phosphorus requirement which
is shown in Fig. 3.4 b). Net carbon uptake is mainly controlled by water availability, with
maximum values in forested regions and minimum values in deserts. The phosphorus
requirement of lichens and bryophytes growing on rock surfaces is shown in Fig. 3.4 ¢).
This pattern differs markedly from the one of total net carbon uptake, with maximum
values in regions with a high fraction of rock surface area, such as mountain ranges and
deserts. Furthermore, productivity is higher in cool arid and semi-arid regions than in
hot regions. The pattern of potential chemical weathering associated with the uptake
of phosphorus, shown in Fig. 3.4 d), is similar to the one of phosphorus requirement on
rock surfaces. The phosphorus content of surface rocks (Fig. 3.3) does not seem to have
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a significant impact on the pattern.

Global total values of nitrogen and phosphorus requirements and chemical weathering
are derived by multiplying the values in each grid cell by the area of that cell and then
adding them up. They are shown in Table 3.4 for different combinations of net carbon
uptake, nutrient content, resorption and leaching.

Table 3.4.: Global total values of nitrogen and phosphorus requirements and chemical weathering.
Different combinations of three factors are shown which contribute to uncertainty in the estimates:
The lower and upper bound of net carbon uptake (Ciow/Cyp), minimum, median and maximum nu-
trient content (Nmin/Nmed/Nmax) and the low, medium and high scenario of resorption and leaching
(Siow/Smed/Shigh)- The factors are described in Sect. 3.1. The unit for nutrient requirement is [Tgyr—!]
and for weathering it is [km®yr=1] of rock. For comparison, estimates of nitrogen fixation by cryp-
togamic covers from Elbert et al. (2012) are shown as well as a range of global chemical weathering
rates from Newman (1995) and Gaillardet et al. (1999). Global estimates for chemical weathering or
phosphorus uptake by lichens and bryophytes could not be found.

Factors Cow GCup  Ciow Cuyp  Observations
Nmed Nmed Nmin Nmax
Smed Smed Slow Shigh
Nitrogen 3.5 34 0.35 1207 49
requirement
Phosphorus 0.46 4.6 0.046 65 -
requirement
Chemical 0.0568 1.1 0.0057 16 0.26 - 2.6
weathering

The nitrogen requirements of lichens and bryophytes based on net carbon uptake are
compared to median values of observed nitrogen fixation on a biome basis (see Fig. 3.5).
In this way, it can be tested whether nitrogen requirement is a reasonable approximation
to fixation from the atmosphere (see Sect. 3.1.3 for details).

Since the model separately simulates lichens and bryophytes living on the ground and
in the canopy, model estimates and observations are compared individually for ground
and canopy in the tropical forest biome. For the evergreen temperate forest biome, the
comparison is done only for the canopy since no suitable measurements for the ground
are available.

The uncertainty in the predicted rates of nitrogen requirement is illustrated by vertical
bars in Fig. 3.5. It results from three different factors (see Sect. 3.1): a) The range of
net carbon uptake predicted by the model, denoted by circles. b) The range of possible
nitrogen content of lichens and bryophytes, represented by rectangles. ¢) The uncertain
values of nitrogen resorption and leaching, illustrated by diamonds. These factors explain
the broad range of uncertainty regarding the estimates of nitrogen requirement of lichens
and bryophytes, which is up to four orders of magnitude.

The triangles in Fig. 3.5 illustrate the range of nitrogen requirement associated with
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Figure 3.5.: Comparison of nitrogen requirement estimated by the model to observational
data of nitrogen fixation. A magenta open diamond corresponds to the median of the ob-
served values in the respective biome. The number left to the diamond is the number of
observed values. See Table 3.2 for an overview of the studies on which the observations are
based. The blue vertical bars represent the uncertainty in the estimates of nitrogen require-
ment. The blue symbols denote several factors contributing to the uncertainty, namely net
carbon uptake (circles), nitrogen content (rectangles), resorption and leaching (diamonds).
The triangles illustrate the influence of climatic variation within a biome on the estimate of
nitrogen requirement. See text for more details.

climatic variability between the grid cells of a biome. They are calculated in the same
way as the diamonds, but instead of using net carbon uptake averaged over all grid cells
of a biome as a basis for the calculation, only the grid cells are used which have the
highest or lowest values of net carbon uptake in a biome, respectively.

The uncertainty in estimated nitrogen requirement is roughly equally partitioned be-
tween the three factors net carbon uptake, nitrogen content and resorption/leaching.
Each factor contributes around an order of magnitude, leading to a total uncertainty
of three to four orders of magnitude. The climatic variability differs between biomes,
being highest in deserts, intermediate in tropical forests and lowest in boreal forest and
tundra.

The median values of observed nitrogen fixation lie within the uncertainty range of
the estimates of nitrogen requirement. In deserts, however, the observations are located
towards the upper end of the uncertainty range while they are at the lower end in the
tropical forest canopy. Possible reasons for these patterns are discussed in Sect. 3.3.
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3.3. Discussion

In this chapter net carbon uptake by lichens and bryophytes combined with their nutrient
content is used as a basis to estimate potential rates of nitrogen fixation, phosphorus
uptake and chemical weathering by these organisms.

3.3.1. Potential nitrogen fixation

The medium estimates of nitrogen requirement ranging from 3.5 to 34 Tgyr~' (see

Table 3.4) are similar to the estimate of Elbert et al. (2012). This inspires further
confidence regarding the magnitude of global nitrogen fixation by lichens and bryophytes,
particularly because Elbert et al. (2012) use an approach different from ours. The
estimates suggest that the organisms play an important role in global biological nitrogen
fixation. A possible explanation for the estimates being lower than those of Elbert
et al. (2012) is the missing implementation of free-living cyanobacteria in the net carbon
uptake model. The fact that the carbon uptake estimated by the model is also lower
than that suggested by Elbert et al. (2012) supports this explanation.

As discussed in Sect. 3.1.3 the observed values of nitrogen fixation are short-term,
point-scale measurements which show a large variation. Since it is difficult to extrapolate
from these observations to annual values of nitrogen fixation for large regions, the median
values shown in Fig. 3.5 should be seen as “characteristic” order-of-magnitude estimates.

In general, the comparison of estimated nitrogen requirement and observed rates of
nitrogen fixation on a biome basis shows a reasonable agreement (see Fig. 3.5). All
observed “characteristic” values lie within the uncertainty range of the estimates.

With the exception of the tropical rainforest canopy, the “characteristic” values seem
to be slightly above the middle of the estimated ranges of nitrogen requirement, especially
in deserts. There are several possible explanations for this pattern:

First, only a small fraction of lichens and bryophytes host cyanobacteria, for example.
The net carbon uptake model, however, is not able to determine which of the simulated
“strategies” correspond to nitrogen-fixing lichens and bryophytes. Instead, it calculates
a weighted average of the carbon uptake of all “strategies”. Thus, if the carbon uptake of
the nitrogen-fixing lichens and bryophytes differed significantly from the carbon uptake
of the non-fixing species, estimates of nitrogen fixation based on nitrogen requirement
would be biased. The pattern in Fig. 3.5 would therefore suggest that nitrogen-fixing
lichens and bryophytes have a higher productivity than non-fixing species, except for
the tropical forest canopy, where the pattern is reversed.

Second, nitrogen-fixing lichens have a higher nitrogen concentration than green algal
lichens (Nash III, 1996, p.231). Applying a higher nitrogen concentration to the method
of estimating nitrogen requirement would result in increased values of requirement which
may better match the “characteristic” values of nitrogen fixation. As stated above,
however, the net carbon uptake model cannot separately compute the carbon uptake of
nitrogen-fixing lichens and bryophytes and therefore their nitrogen requirement cannot
be determined.

Third, the medium estimates of resorption and leaching may not be appropriate for
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every biome. In deserts, for example, high values of observed fixation relative to require-
ment could result from high losses by leaching, which often occur after rewetting of the
thallus.

Fourth, the “characteristic” values may not be representative for the associated biome.
The largest part of the observations for the tropical forest canopy, for instance, are made
on Hawaii (see Table 3.2). Hence, nitrogen fixation by Hawaiian epiphytic lichens and
bryophytes might be lower than the average fixation in the whole tropical rainforest
canopy.

In spite of the uncertainties in the estimates as well as in the observational data,
the model of nitrogen requirement seems to be a reasonable predictor of biotic nitrogen
fixation by lichens and bryophytes.

3.3.2. Potential phosphorus uptake and chemical weathering

No global estimates of phosphorus uptake and chemical weathering by lichens and
bryophytes were found except from the results presented here. Regarding chemical
weathering, the studies of Jackson and Keller (1970) and Stretch and Viles (2002) pro-
vide some regional estimates ranging from 1.1 to 2.9 em® m~2yr~! of rock. These values
are comparable to the estimates shown in Fig. 3.4 d). At the global scale, estimates
of total chemical weathering are available, which integrate all biotic and abiotic pro-
cesses contributing to chemical weathering. Newman (1995) give a value of 0.26 to 2.6
km? yr~! of rock and Gaillardet et al. (1999) state 0.85 km?yr—!. The estimate of 0.06
to 1.1 km?yr=! is on the same order of magnitude as these values, which seems reason-
able. Weathering by lichens and bryophytes should be lower than the total global value,
since also vascular plants and abiotic processes contribute to weathering at the surface.
Nevertheless, the estimated potential for chemical weathering by lichens and bryophytes
suggests that these organisms may contribute significantly to the biotic enhancement of
global chemical weathering.

3.3.3. Limitations and possible improvements

There are several possibilities to improve and extend the approach presented here. Im-
provements could be made regarding the considerable amount of uncertainty in the
estimates (see Table 3.4). The uncertainty results from several factors: The first one is
the range of average net carbon uptake predicted by the model, which results from the
unknown abundances of the different “strategies” in each grid cell (see Sect. 3.1.1 and
2.1.3). Consequently, the range could be reduced by determining the relative abundance
of each “strategy” in a grid cell. This could be done, for example, by implementing
ecological interactions of the “strategies” in the model. There are, however, not enough
quantitative data available about competition and other interactions between different
lichen and bryophyte species to integrate these processes into the model. The second
factor contributing to the uncertainty of the estimates is the relatively large spread of nu-
trient content of biomass (see Fig. 3.2). A possible way to reduce this uncertainty would
be to correlate nutrient content with some other property of lichens and bryophytes in

47



the model. Then, the nutrient content of each “strategy” would be determined. One can-
didate for such a property is the Rubisco content of the model “strategies”. Palmqvist
et al. (1998) showed that Rubisco content is correlated with chlorophyll a, which is
in turn correlated with nitrogen content (Palmqvist et al., 2002). Phosphorus content
could then be derived from nitrogen content via the N:P ratio of biomass. The rela-
tion between chlorophyll ¢ and nitrogen content, however, exhibits a large scatter. One
possible explanation for this is the fact that the fraction of nitrogen allocated to tissues
which are not related to chlorophyll a content, such as fungal cell walls, is not constant,
as shown by Palmqvist et al. (1998). Due to these problems possible correlations be-
tween nutrient content and Rubisco content of lichens and bryophytes are not taken into
account. The third factor that causes uncertainty in the estimates is nutrient resorption
and leaching. As discussed by Eckstein et al. (1999) and Belnap (2002), both processes
can be significant. According to Cornelissen et al. (2007); Ellis et al. (2005); Hyvérinen
and Crittenden (2000), lichens and bryophytes resorb nitrogen as well as phosphorus
from senescent tissue. Moreover, they seem to be relatively efficient at resorbing nu-
trients, with typical values around 50 % (Cornelissen et al., 2007; Eckstein, 2000). The
whole observed range of resorption from 0 to 80 %, however, is included since only one
species (Hylocomium splendens) was found in the literature for which both resorption
as well as nutrient content are specified (Eckstein, 2000; Chapin 11T and Shaver, 1989).
Also the whole range of possible values of leaching found in the literature, from 0 to
70 %, is included, because the factors that control the strength of leaching could not be
quantified. Therefore, more knowledge about the controlling factors of resorption and
leaching is needed to reduce the uncertainty associated with these processes.

3.4. Conclusions

In this chapter, potential rates of nitrogen fixation, phosphorus uptake and chemical
weathering by lichens and bryophytes are derived from global values of net carbon uptake
by these organisms. The estimated potential nitrogen fixation by lichens and bryophytes
of 3.5 to 34 Tgyr~! seems plausible and agrees both with the results of Elbert et al.
(2012) and with observational data. Also estimated potential phosphorus uptake (0.46
to 4.6 Tgyr—!) and chemical weathering (0.058 to 1.1 km3yr=' of rock) have realistic
orders of magnitude. The estimates are associated with relatively large uncertainties,
but the available data about nutrient dynamics in lichens and bryophytes do not allow
for a significant reduction of this uncertainty at the moment.

The calculated values of potential nitrogen fixation, phosphorus uptake and chemical
weathering suggest that the approach presented here is appropriate to derive upper
limits for the impacts of lichens and bryophytes on global biogeochemistry. Regarding
the order of magnitude of the estimates, lichens and bryophytes may play a significant
role for global biogeochemical cycles.
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4. Summary and conclusions

This thesis presents estimates of net carbon uptake and potential rates of nitrogen fix-
ation, phosphorus uptake and chemical weathering by lichens and bryophytes at the
global scale. This is achieved by developing a global-scale process-based model of lichen
and bryophyte productivity, which quantifies exchange flows of carbon between organ-
isms and environment as a function of climate and other environmental factors. The
modelled estimates of carbon uptake are then used as a basis to derive the nutrient
demand of lichens and bryophytes and, consequently, their potential for nitrogen fixa-
tion, phosphorus uptake and for chemical weathering at the surface. Where possible,
the estimates are evaluated by comparison to observational data and limitations as well
as potential improvements of the approach presented here are discussed.

4.1. General outcomes

As described in the introduction, the goal of this thesis is to quantify impacts of lichens
and bryophytes on global biogeochemical cycles by using a modelling approach. Re-
ferring to the three steps listed in Sect. 1.3, the following general outcomes can be
reported:

e The process-based numerical model described in Chapter 2 comprises the physio-
logical relationships necessary to predict net carbon uptake by lichens and bryophytes
as a function of climate and other environmental factors.

e The predicted global net carbon uptake of 0.34 to 3.3 (Gt C) yr~! has a realistic
order of magnitude compared to empirical studies (Elbert et al., 2012). The simu-
lated patterns of carbon uptake are plausible and a comparison of model estimates
to observational data on a biome basis shows good agreement. Also patterns of
lichen and bryophyte properties other than carbon uptake seem to be represented
by the model in a realistic way, such as biomass, area cover, physiological properties
and relative number of strategies.

e The medium estimates of nitrogen requirement which range from 3.5 to 34 Tgyr—!
compare well on an order of magnitude basis to the result of Elbert et al. (2012).
Comparing nitrogen requirement to observational data of nitrogen fixation for
several biomes also results in good agreement in general. This suggests that ni-
trogen requirement is a reasonable approximation of nitrogen fixation by lichens
and bryophytes. The presented estimates of carbon uptake and nitrogen fixation
are somewhat lower than those of Elbert et al. (2012). Their study, however, also
includes free-living algae and cyanobacteria which is a possible reason for their
higher estimates. An assessment of the estimated potential rates of phosphorus
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uptake by lichens and bryophytes is impractical since no observational data or
other global estimates in this respect could be found. Also the estimated num-
bers of potential chemical weathering by the organisms cannot be compared to
other estimates for the same reason. They seem, however, to have a realistic order
of magnitude compared to regional as well as global estimates of total chemical
weathering of surface rocks.

4.2. Limitations of the approach

The estimates presented here are associated with relatively large ranges of uncertainty
which result from several different factors: Regarding the model of carbon uptake, the
spatial and temporal resolution of the input data may lead to biases in the estimates
in case of strongly nonlinear model behaviour (see Sect. 2.3.4). Another important
factor that causes uncertainty in the estimate of net carbon uptake is the unknown
abundance of strategies. The uncertainty associated with this factor can at least be
quantified by the “average” and “maximum” scenarios of carbon uptake. Probably the
most important source of uncertainty in the model results from little-known values of
parameters which describe environmental factors or physiological processes of lichens,
such as carbon uptake and nutrient dynamics (see Sect. 2.3.4). In most cases, the
uncertainty associated with a certain parameter can be quantified and is included in the
model, e.g. via randomly sampling ranges of possible parameter values (Sect. 2.1.2)
or by scenarios of nutrient resorption and leaching (Sect. 3.1.2). Several parameters,
however, have to be determined by “educated guess”. This concerns mainly parameters
that describe tradeoffs (Sect. 2.1.2). At the moment, the only way to reduce this
parameter uncertainty is by more experimental work on the physiological properties of
lichens and bryophytes.

Like all models, the approach presented here makes several simplifying assumptions.
This concerns mainly the representation of the environment, since the focus of the model
is on the physiological processes of lichens and bryophytes that control their carbon
uptake. Consequently, some specific environments which contain lichens and bryophytes,
such as cloud forests and peatlands are not explicitly simulated. These small-scale
ecosystems are approximated in the model by large-scale environmental conditions. Also
the physiological processes of the lichens and bryophytes are modelled in a simplified
way. Only those processes which are supposed to be essential for carbon uptake are
considered in the model.

There are good reasons to simplify the model as much as possible given its purpose.
Introducing a new physiological process or a more complex representation of the envi-
ronment usually results in additional model parameters. Hence, the model estimates
can only be improved if the values of the new parameters are well known. Otherwise the
uncertainty due to a simplified representation of a process or an environmental factor is
merely replaced by the uncertainty due to additional unknown parameter values.

The lack of known parameter values is the reason why nitrogen fixation, phosphorus
uptake and chemical weathering by lichens and bryophytes are derived as potential
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rates, based on their carbon uptake. A direct estimate would require a large amount
of information about the environment, such as nutrient deposition rates, a phosphorus
budget of the soil solution or the kinetics of weathering reactions at the surface. Since
this information is not available at the global scale, the calculation of potential rates
represents a functional alternative to the direct approach.

Another aspect is the difference in scale between the observations used to evaluate the
model and the spatial resolution of the model. As discussed in Sect. 2.1.3 and 3.1.3 it
is problematic to obtain observation-based values for large regions such as a model grid
cell, since the measurements are sparse and highly variable. From a model development
perspective, however, observational data are crucial to understand which processes are
not correctly simulated by the model and need further refinement. Without sufficiently
exact observations, many different model parameterisations may agree with measured
data. Thus, to avoid this problem of “equifinality” it may be more useful to extend the
possibilities to evaluate the model than to implement more processes in the model and
to add more parameters.

4.3. Implications

In spite of the uncertainty in the estimates, the outcomes of this thesis suggest that
lichens and bryophytes contribute considerably to global biogeochemical cycles. The
global estimate of their net carbon uptake corresponds to approximately 1 to 6 % of the
global terrestrial Net Primary Productivity (NPP) (Ito, 2011) while the medium esti-
mate of potential nitrogen fixation amounts to 4 to 32 % of terrestrial biological nitrogen
fixation (Galloway et al., 2004). Hence, lichens and bryophytes can be a significant part
of the carbon and nitrogen cycles of ecosystems. This is especially true for regions with
low productivity of vascular plants or low supply of nutrients. In nitrogen-limited ecosys-
tems, the input of nitrogen into the system by lichens and bryophytes may represent
an important nutrient source for vascular plants. Furthermore, lichens and bryophytes
may significantly enhance surface weathering rates, since their potential for chemical
weathering estimated here has the same order of magnitude as total global weathering
rates at the surface (Newman, 1995; Gaillardet et al., 1999). This confirms suggestions
by Lenton et al. (2012) regarding the considerable influence of early non-vascular plants
on global climate in the geological past via the silicate weathering feedback.

4.4. QOutlook

The approach presented here could be extended in several possible directions. The
model of carbon uptake by lichens and bryophytes, for instance, could be run at a much
smaller spatial scale, such as a small catchment or even a hillslope. This would not re-
quire substantial changes to the model, since it resolves the physiological processes of the
organisms at a fundamental level. This means, that most of the model parameters that
describe physiological processes of lichens and bryophytes can be measured in the labo-
ratory and are therefore independent of the scale at which the model is applied. Only
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model parameters that describe the environment would have to be adapted to the re-
gional scale since they usually integrate many scale-dependent environmental processes.
Applying the model to small spatial scales has the following potential benefits: First,
the effect of microclimatic variation on the predicted carbon uptake could be quantified
by running the model with two sets of input data, one with coarse resolution and one
with fine resolution, and comparing the estimates to measurements from the same area.
Second, the availability of more accurate and diverse observational data of carbon up-
take at the regional scale could be used to assess particular processes implemented in
the model, such as dew formation and uptake or the activation of photosynthesis and
respiration as a function of water content. Third, it may be possible to obtain quantita-
tive data about ecological interactions between different lichen and bryophyte species at
a small spatial scale. Then, the abundance of the strategies in the model could be de-
termined by simulating competition, for example. In this way the uncertainty in carbon
uptake which results from the unknown abundance of model strategies could be signif-
icantly reduced. Fourth, also nitrogen and phosphorus balances might be available at
small spatial scales. This would allow for a better assessment of the estimated potential
rates of nitrogen fixation, phosphorus uptake and chemical weathering by lichens and
bryophytes.

An important aspect of these potential benefits is their consistency. This means that
climate forcing data with a high spatio-temporal resolution, for instance, should be
accompanied by measurements of carbon uptake which also have a high spatio-temporal
resolution and which originate from the same area. Only then is it possible to compare
the high-resolution model estimates directly to observational data, which is necessary
for an assessment of the model that goes beyond the one performed in this thesis.
Ideally, also the physiological properties of those lichen and bryophyte species would be
measured which are abundant in the region covered by the model simulation. In this
way, the ranges of possible parameter values could be further narrowed and more exact
model results could be obtained.

Also at the global scale, different applications of the model are possible. The method
of deriving chemical weathering from simulated net carbon uptake can also be applied
to the geological past. For this purpose, the sensitivity of modelled net carbon uptake
by lichens and bryophytes to atmospheric COs-concentration could be quantified. This
COg-sensitivity of carbon uptake could then be translated directly into a sensitivity of
chemical weathering by lichens and bryophytes to atmospheric COy. The sensitivity
of carbon uptake to factors other than CO,, such as temperature, for instance, could
be approximated by simple relationships between these factors and atmospheric CO,.
The history of atmospheric COs-concentration is relatively well known throughout the
geological past (e.g. Berner (1998)). Consequently, the contribution of early lichens and
bryophytes to global weathering rates in the course of Earth’s history could be quantified.
Since weathering also affects atmospheric CO,-concentration through silicate weathering
at long time scales, the role of lichens and bryophytes in the feedback between weathering
and atmospheric CO4 could be examined by this approach.

Impacts of climate change on the productivity of lichens and bryophytes represent
another potential application of the model at the global scale. The largest relative
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increase in surface temperature associated with global warming is expected to take
place at high latitudes. Thus, also the impacts of rising temperatures on ecosystems
might be most pronounced in these regions. At high latitudes, lichens and bryophytes
can be important contributors to carbon uptake, (e.g. Street et al. (2012); Turetsky
et al. (2010)). Consequently, it is important to quantify the effects of warming on the
productivity of these organisms. To achieve this, a process-based model is necessary since
it calculates productivity as a function of climate factors. In contrast, estimates derived
by empirical approaches, such as upscaling, for example, may not be valid anymore under
changed climatic conditions. Lichens and bryophytes are seldom considered explicitly
in modelling studies of climate change (Turetsky et al., 2012). Hence, the approach
presented here may allow for a quantitative assessment of the impacts of climate change
on the global biogeochemical functions of lichens and bryophytes.
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A. Additional model output

a) Net carbon uptake b) Biomass

[(g C) m2yr] R (o C) M)
0 18 3 54 72 90 108 126 144 162 1286 471 706 941 1176 1411 1646 1881 2116

d) Net carbon uptake on ground

[(gC) m2yr] . (9 C) M2 yr~']
17 0 18 36 54 72 90 108 126 144 162

0 13 26 39 52 65 78 91 104

Figure A.1.: Global maps of model estimates based on time averages of the last 100 yr of a
2000-yr run with 3000 initial strategies. The estimates shown in a) to d) are based on the
“maximum” weighting method while the ones shown in Fig. 2.5 are based on the “average”
weighting method. Areas where no strategy has been able to survive are shaded in grey.
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a) Topt Of gross photosynthesis b) Fraction of organisms with CCM

[ ———— s - |
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c) Relative coverage
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Figure A.2.: a) to c) are global maps of model estimates derived by time averages of the
last 100 yr of a 2000-yr run with 3000 initial strategies and they are based on the “average”
weighting method. a) and b) show optimum temperature and CCM fraction of lichens
and bryophytes living in the canopy, which adds to Fig. 2.6, where the corresponding
estimates for the ground are shown. In c) the fraction of available area covered by lichens
and bryophytes is shown, which is highest in regions where available area on ground is limited
due to agriculture. In d) carbon uptake by lichens and bryophytes is shown for a 400-run
with 300 initial strategies. This run is used for the sensitivity analysis. The estimate is
based on the “average” weighting method. Areas where no strategy has been able to survive
are shaded in grey.
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B. Model details

In the following sections, the technical details of the model are explained. Section B.1
describes how strategies are generated from parameter ranges. Moreover, references are
provided for these parameter ranges. Sections B.2 to B.7 contain all model equations
that are associated with physiological processes of lichens and bryophytes. Furthermore,
references are given for the theoretical background and the parameterisation of the
equations. The equations are ordered according to the structure of Sect. 2.1. The values
and the units of the parameters and variables used in the model equations are tabulated
in Sects. B.8 and B.9. The tables contain references to the respective equations. To
make the equations more easily readable, characteristic prefixes are added to the model
parameters and the associated tables are structured accordingly. The prefixes, the type
of parameter and the associated table(s) can be found in Table B.1.

Table B.1.: Overview of the nomenclature of parameters and variables in the model.

Prefix =~ Parameter or variable  Table(s)

c Natural constant B.7
D Parameter B.8 (Environment)
B.11 (Lichens and Bryophytes)
T Strategy parameter B.9
w Tradeoff parameter B.10
s State variable B.14
f Flow variable B.15
none Other variable B.12 (Boundary conditions)

B.13 (Environment)
B.16 (Lichens and Bryophytes)

For further details on the implementation of parameters and equations in the model see
the source code of the model which is available on request (pporad@bgc-jena.mpg.de).

B.1. Generation of strategies

To account for the large functional variability of lichens and bryophytes, many strategies
are generated in the model which differ from each other in 15 characteristic parameters
(see Sect. 2.1.2). To create the strategies, these 15 characteristic parameters are assigned
through randomly sampling ranges of possible values. The parameters and the corre-
sponding ranges are listed in Table B.9. Assignment of parameter values is performed
in two steps: a) for each strategy, a set of 15 random numbers uniformly distributed
between 0 and 1 is sampled. The random numbers are generated by a Latin Hypercube
algorithm (McKay et al., 1979). This facilitates an even sampling of the 15-dimensional

77



space of random numbers, since the space is partitioned into equal subvolumes from
which the random numbers are then sampled. b) The 15 random numbers are mapped
to values from the ranges of the parameters. Since the purpose of the sampling is to
represent the whole range of a parameter as evenly as possible, two different mapping
methods are used, a linear one for parameters that have only a small range of possi-
ble values, and an exponential one for parameters that span more than one order of
magnitude.

If the possible values of a parameter x span a relatively small range, a random number
between 0 and 1 is linearly mapped to this range according to:

T = N(:Bmax - xmin) + Tmin (Bl)

where N is a random number between 0 and 1. z. and T, are the maximum and
the minimum value from the range of possible values for the parameter x. To ensure that
the ranges are sufficiently broad, more extreme values than those found in the literature
are used as limits. For this purpose, the mean of the literature based parameter values
is computed. x.,;, is then calculated by subtracting the distance between the mean
and the lowest value found in the literature from this lowest value. ..« is calculated
by adding the distance between mean and highest value found in the literature to this
highest value. A precondition for this procedure is that the parameter values span a
relatively small range, as mentioned above. Otherwise, subtracting the above mentioned
distance from the mean would result in negative values.

If the possible values of a parameter span a large range, the mapping from a random
number between 0 and 1 to this range is exponential and written as:

v =z, e Voe(5m) (B.2)

where the symbols have the same meaning as in Eq. B.1. The exponential function
is used to represent each order of magnitude of the range equally. If the limits of
the range were 1 and 10000, for instance, using Eq. B.1 would result in 90 % of the
values lying between 1000 and 10000. Hence, values from the range 1 to 1000 would
be strongly underrepresented. By using Eq. B.2 this problem is avoided, which is
particularly important if the model is run with low numbers of strategies. In this case,
the underrepresentation of strategies with parameter values from the lower end of the
range could lead to unrealistic model results. To be consistent with the exponential
mapping, the limits of the range are also calculated differently than for Eq. B.1: z,
is assumed to be half the lowest value found in the literature, while x,.., is set to the
double of the highest value found in the literature.

Additionally random numbers can be transformed into categorical values. This is done
by assigning a lichen or bryophyte to a certain category if the corresponding random
number is below a threshold, and otherwise to another category. The threshold is a
number between 0 and 1.

In the following, each of the 15 strategy parameters is shortly described together with
references for the range of possible values.

78



B.1.1. Albedo

The albedo z,, of a lichen or bryophyte is assumed to vary from 0 to 1. The reason for this
assumption is that lichens and bryophytes show a large variety of colors and therefore
a large range of possible values for the albedo (Kershaw, 1975). For simplicity, each
strategy has a fixed value of x,. In reality, species can adapt their albedo to different
environmental conditions. This can be represented in the model by strategies differing
only in the value of z,.

A linear mapping is used for the parameter range since there should be no reason to
assume a priori that a certain value of the albedo is more frequent than the others.

B.1.2. Specific water storage capacity

The specific water storage capacity zg, . represents the maximum amount of water per
gram carbon a lichen or bryophyte can store (B.1). An exponential mapping is used for
the range of possible values.

Distribution References

25
(Valladares et al., 1998)

(Dahlman and Palmqvist, 2003)
(Gauslaa and Solhaug, 1998)
(Kohler et al., 2007)

(Proctor, 2000)

(Bond-Lamberty and Gower, 2007)
(Lange et al., 1993)
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Figure B.1.: Overview of the distribution of specific water storage capacity zg
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B.1.3. Specific projected area

The specific projected area x_, . represents the surface area per gram carbon of a lichen
or bryophyte projected onto a plane (B.2). An exponential mapping is used for the range
of possible values.

Distribution References

20

(Palmqvist and Sundberg, 2000)
(Valladares et al., 1998)
(Dahlman and Palmqvist, 2003)
(Gauslaa and Solhaug, 1998)
(Gaio-Oliveira et al., 2006)
(Gauslaa and Ustvedt, 2003)
(Cowan et al., 1992)
(Demmig-Adams et al., 1990)
(Hill and Woolhouse, 1966)
(Hilmo, 2002)

(Larson, 1979)
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(Huttunen et al., 2005)

(Green et al., 1998)

(Weber et al., 2012)
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Figure B.2.: Overview of the distribution of specific projected area x

spec ®

B.1.4. Location of growth

The location of growth z),. of a lichen or bryophyte is a categorical variable. Two
categories are possible: canopy and ground. Since no data could be found about the
relative abundance of lichens and bryophytes living in the canopy and the ones living
on the ground, the probability for each location of growth is 50 %.

B.1.5. Threshold saturation and shape of water potential curve

As described in Sect. 2.1.1 the water potential ¥y, 0 is an increasing function of the water
saturation of the thallus, ®g, which is described below in Sect. B.3.1. ¥y, has a value
of —oo at zero water content and reaches a maximum value of 0 at a certain threshold
saturation (see Fig. B.3). This threshold saturation represents the partitioning between
water stored in the cells of the thallus and extracellular water. It is described by the
parameter rg, . The theoretical limits of zg, ,, are 0 and 1, where 0 would mean
that the lichen or bryophyte stores all its water extracellularly and 1 would mean that
no extracellular storage capacity exists. A lower limit of 0 is physiologically unrealistic.
Some mosses have, however, a relatively large capacity to store water extracellularly
(Proctor, 2000). Hence, the lower limit of 2, is set to 0.3 An upper limit of 1.0
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seems realistic, since significant amounts of extracellular water do not seem to occur in
many lichens under natural conditions (Nash III, 1996, p. 161). Due to the small range
of possible values for ¢, a linear mapping is used for this parameter.

A second parameter, Tuy,o, determines the shape of the water potential curve from
zero water content to the threshold saturation. Given a certain value of g, ., the
parameter Ty, , controls the water content of the thallus in equilibrium with a certain
atmospheric vapour pressure deficit. Since the range of possible values of zy,,, is quite
limited a linear mapping is used. The limits for this range are estimated using the data
points in Fig. B.3 and are set to 5.0 and 25.0, respectively. The calculation of the water
potential Wy, o is given below in Sect. B.3.3.

Furthermore, the relation between water content and water potential influences the
tradeoff between CO, diffusivity and metabolic activity. This is explained in detail below
in Sect. B.3.5.

Overview References

0

(Nash III, 1996, p. 157)
(Scheidegger et al., 1995)
(Pintado and Sancho, 2002)
(Dilks and Proctor, 1979)
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Figure B.3.: Water potential Uy,o as a function of water saturation ®g. Four example curves are
shown. The two blue curves correspond to a value of 2y, = 15.0 which represents the middle of the
range of possible values. The dashed blue curve corresponds to zg ., = 0.3 and the solid blue curve
t0 Tog .., = 1.0 The two magenta curves correspond to a value of 2 sat = 0.3. The dashed magenta
curve corresponds to zy,,, = 5.0 and the solid magenta curve to zy,,, = 25.0. The black data points
are derived from the studies listed in the right column.

81



B.1.6. Molar carboxylation rate of Rubisco

The molar carboxylation rate of Rubisco xy,, .. represents the maximum carboxylation
velocity of a Rubisco molecule (B.4). The data are taken from a study that analyses
a broad range of photoautotrophs. An exponential mapping is used for the range of
possible values.

Distribution References
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Figure B.4.: Overview of the distribution of the molar carboxylation rate of Rubisco.
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B.1.7. Molar oxygenation rate of Rubisco

The molar oxygenation rate of Rubisco xv, .. represents the maximum oxygenation
velocity of a Rubisco molecule (B.5). The data are taken from a study that analyses

a broad range of photoautotrophs. A linear mapping is used for the range of possible

values.

Distribution References

5 T T T T T T T T
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Frequency

2.2

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Molar oxygenation rate [s'l]

Figure B.5.: Overview of the distribution of the molar oxygenation rate of Rubisco.

83



B.1.8. Reference maintenance respiration rate and Q, value of respiration

The specific respiration rate of lichens and bryophytes, Rgpec, is controlled by two pa-
rameters: The reference respiration rate at 10 °C, zg_,, and the Qo value of respiration,
zqQ,,- The distributions of these parameters are shown in Figs. B.6 and B.7. For zy_, an
exponential mapping is used while for xq,, a linear mapping is used. The limits of zq,,
are not calculated by the method described for Eq. B.1, since the resulting range would
be physiologically unrealistic. Instead, the values are rounded to the nearest integer.
The influences of the two parameters on respiration rate are shown in Fig. B.8.
Moreover, the respiration rate is related to Rubisco content and turnover rate of the
thallus, as described in Sect. 2.1.2. The details of these relationships are explained

below in section B.5.2 and B.5.6.
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Figure B.6.: Overview of the distribution of the reference maintenance respiration rate at 10 °C, zg
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Distribution References
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Figure B.7.: Overview of the distribution of the Qi value of respiration zq,,.
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Figure B.8.: Influence of reference maintenance respiration =, , and Q¢ value of respiration zq,, on
specific respiration rate Rgpec. The green line shows the response of respiration to temperature for
values of xRy, and xq,, which are both in the middle of their respective ranges. The blue lines show
the effect of the Q19 value zq,,: The dashed blue line corresponds to xq,, = 1 while the solid blue line
corresponds to zq,, = 3. The magenta lines illustrate the effect of reference respiration rate zg,,; at
10 °C: The dashed magenta line corresponds to zg,,, = 1E-7 (mol COs) (kgC)~'s~! while the solid
magenta line corresponds to zg,,, = 1.5E-4 (mol CO3) (kg C)~*s™!. The black data points are derived
from the studies listed in the right column.
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B.1.9. Optimum temperature of photosynthesis

The optimum temperature of photosynthesis zr, , . represents the temperature at which
gross photosynthesis shows a maximum (B.9). A linear mapping is used for the range of
possible values. The range is not calculated by the method described for Eq. B.1 since
the resulting values would be physiologically unrealistic. Instead, the limits derived from
the data are extended by 10 and 5 Kelvin, respectively.

Distribution References

(Palmqvist and Sundberg, 2000)
(Sundberg et al., 1997)
(Lange, 2002)
(Lange et al., 1998a)
(Uchida et al., 2006)

E (Palmqvist, 2002)
(Tretiach and Geletti, 1997)
(Kappen et al., 1989)
(Green et al., 1998)
(Lange et al., 1977)
(Oechel and Collins, 1976)

Frequency
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xr o [°C]

optPS

Figure B.9.: Overview of the distribution of the optimum temperature of photosynthesis @, .-
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B.1.10. Enzyme activation energy of K and Ko

K¢ and K are the Michaelis-Menten constants of the carboxylation and oxygenation
reactions of Rubisco. The enzyme activation energies g, k., and g, k, control the
temperature response of K¢ and Kg. The available data (see Table B.2) are not sufficient
to estimate the shapes of the ranges of zp, x, and zg, k,. It is assumed that the
parameters do not span several orders of magnitude and hence apply a linear mapping.
The limits of the parameter ranges are calculated according to the method described for
Eq. B.1.

Table B.2.: Overview of the enzyme activation energies F, of the Michaelis-Menten constants K¢ and
Ko.

E, [Jmol™1] Reference

K¢ Ko

79430 36380 (Medlyn et al., 2002)
59536 35948 "
109700 14500 "
80500 - "

B.1.11. Carbon Concentration Mechanism (CCM)

The parameter zccon is a categorical variable. It controls if a lichen or bryophyte pos-
sesses a Carbon Concentration Mechanism (CCM) or not. If a CCM is present, a part
of the energy acquired by the photosystems is not used to fix CO,, but to increase the
COsy concentration in the photobionts. Since no data could be found about the rela-
tive abundance of lichens and bryophytes with and without a CCM, the probability to
possess a CCM is set to 50 %.

B.1.12. Fraction of carbon allocated to growth

The parameter z,y.. represents the fraction of the sugar reservoir that is allocated to
growth each day. x... therefore describes the partitioning of assimilated carbon between
storage pools and biomass. Since no reason could be found for a fixed value of .. for
all strategies, the possible values are assumed to range from 0 to 1 and a linear mapping
is used.
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B.2. Living environment

The location of growth of a lichen or bryophyte strongly influences its radiation and
precipitation regime and the available area for growth (Sect. 2.1.1). The equations
describing these influences are listed and explained below in Sects. B.2.1 and B.2.2.
Further environmental effects on lichens and bryophytes depend not only on the loca-
tion of growth but also on the biome. These are disturbance frequency, aerodynamic
resistance to heat transfer and soil thermal properties as well as ground heat flux. The
equations related to these effects can be found below in Sects. B.2.3 to B.2.5.

B.2.1. Radiation and precipitation regime

Radiation and precipitation flows are partitioned between the canopy and the ground.
This partitioning is described by factors which represent the fraction of the flow that
reaches the surface of a lichen or bryophyte. For the partitioning of radiation, Beer’s law
is used (Bonan, 2008, p.254) and the associated factors for shortwave radiation ¢yaqq
and longwave radiation ¢,,q, are calculated by:

o (1.0 — z,) (1.0 — e P (Arart4sad) - if organism in canopy (B.3)
rads = (1.0 — 24)e P (ALar+Asar) if organism on ground '
and
b = pe (1.0 — e*PM(ALAIJFASAI)) if organism in canopy (B.A)
rad, = pee PN (Avar+Asar) if organism on ground '

where z,, is the albedo of a lichen or bryophyte for shortwave radiation and p. is the
emissivity of an organism for longwave radiation. p,, and p,, are extinction coefficients
for short-wave radiation (Bonan, 2008, p.254) and longwave radiation (Kustas and Nor-
man, 2000), respectively. Apa; and Aga; are Leaf Area Index (LAI) and Stem Area
Index (SAI).

The partitioning of precipitation is assumed to be a linearly decreasing function of
LAI and the fraction of precipitation that reaches a lichen or bryophyte is:

ALAI . . .
: if organism in cano
¢prec = Prrie PLAmax g b (B5)
1.0 — Awal if organism on ground
PLAImax

where p, . is the interception efficiency of the canopy for precipitation, Apar is Leaf
Area Index and ppap,,, is the maximum LAI in the data set, both derived from Bonan
et al. (2002).

B.2.2. Available area

The available area for growth of a lichen or bryophyte per m? ground depends on its
location of growth, which is either the ground or the canopy (see Sect. 2.1.1). The
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available area on the ground, Aground max, 18 determined by two factors: a) The amount
of bare soil, which means soil surface that is not occupied by herbaceous vegetation,
such as grasses or crops. Bare soil area is highest in non-vegetated areas such as deserts
or mountain tops, but also in forested areas, since the ground is not per se occupied
there. For simplicity, the area occupied by tree trunks is neglected. b) Leaf Area Index
(LAT), which affects the available area on ground through leaf fall by trees: Under dense
canopies (high LAI), a constantly renewed litter layer impedes the growth of lichens and
bryophytes. Under open canopies (low LAI), a certain fraction of the soil surface is not
affected by leaf fall, thus providing area for growth.
The available area on the ground is calculated according to:

A
Aground,max = min (Abaresoila 1.0 — LAl ) (B6)
PLALnax

where Aparesoil 1S the area of soil not occupied by herbaceous vegetation derived from
Bonan et al. (2002). Apa; is Leaf Area Index and ppap,,, is the maximum LAI in the
data set.

The available area in the canopy, Acanopymax is assumed to be the sum of LAI and
Stem Area Index (SAI). This means that the strategies are assumed to grow on all parts
of the canopy, which means stems (i.e. trunks and twigs) and leaves. Growth on leaves,
however, is assumed to be possible only for evergreen vegetation (see Sect. B.2.3 for
details). Thus the available area for growth is written as:

Acanopy,max = ALAI + ASAI (B7)

where Agag is SAL
The surface area of a lichen or bryophyte per m? ground, A¢pans, is calculated accord-
ing to:
Min(Ta,,.. 5B, Acanopy,max) if organism in canopy
Athallus . . . (B8)
min(za,,..58, Aground,max) if organism on ground

where x5 . is the specific area of a lichen or bryophyte, sg is the biomass per m?

ground and Acanopy,max ad Aground max are the available area in the canopy and on the
ground, respectively. This means that Ay is limited by the available area. Since
biomass is related to surface area via the specific area, also biomass is limited by available
area.

The fraction of available area that is covered by a lichen or bryophyte is described by
the variable ®,,.,. This variable is necessary to obtain flows per m? ground instead of
m? lichen or bryophyte. If the respiration flow per m? thallus is known, for instance,
multiplication by ®,.. gives the respiration flow per m? ground. This is important
because the purpose of the model is to predict global flows of carbon and water per m?
ground. ®,.., is calculated according to:

Athallus 3 : :
® D Rz w——i) if organism in canopy (B.9)
area . . .
Athallus if organism on ground
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where Agpanys is the surface area of a lichen or bryophyte and Acanopy,max is the available
area in the canopy. The maximum function is used in Eq. B.9 to ensure that the reference
for the exchange flows is a m? ground, not a m? of lichen or bryophyte. If, for example,
the available area in the canopy was 0.8 m? per m? ground and the thallus area was 0.6
m? per m? ground, the exchange flows per m? ground should be multiplied by a ®,.., of
0.6, and not by 0.6 / 0.8.

B.2.3. Disturbance interval

The disturbance interval 7., is assigned according to biome and location of growth
(see Table B.3). Disturbance leads to an instantaneous loss of biomass. The following
processes are represented in the model:

1. Fire or treefall. In this case the biomass of a strategy is set back to the initial
value each time a disturbance takes place. Fire and treefall are assumed to affect
both strategies living on the ground as well as those living in the canopy.

2. Leaf fall, which affects only strategies living in the canopy. As described in Sect.
B.2.2, strategies in the canopy are assumed to live on trunks and twigs as well
as on leaves. If leaf fall takes place, the biomass of a strategy is reduced to the
fraction that is sustained by stem area, while the fraction that was growing on
the leaf area is set to zero. Growth on leaves from deciduous forests is precluded,
since the leaves are all shed at the same time of year. Although leaf fall is not a
disturbance, its effect on biomass is represented similarly to a disturbance event
in the model. Hence, leaf fall is listed here.

3. Herbivory, which is restricted in the model to large-scale grazing by herds of ani-
mals. It is thus assumed to affect only strategies living on the ground of savanna,
grassland, desert or tundra. Other types of herbivory, which take place on smaller
scales and also more frequently, are included in the biomass loss term (e.g. epi-
phytic herbivory by snails).

The implementation of disturbance used here leads to an oscillation of biomass over
time, with a slow build-up between disturbance events and an instantaneous reduction
during the event. Such an oscillation is unrealistic on the scale of a grid cell where the
ecosystem is usually in a “shifting mosaic steady state”. This means, fires, treefall and
leaf fall do not affect the whole grid cell, but only a small fraction of it. The purpose of
the model, however, is to predict mean biomass. It does not matter if this mean value is
derived by averaging over many individuals in a grid cell which are in different states of
a disturbance cycle or if the mean is derived by the time average over a whole cycle for
just one individual. Hence, if the averaging period is at least as long as one disturbance
interval, the mean value is correct.
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Table B.3.: Overview of the disturbance intervals 7ye, of different biomes. The % symbol means that
values from other biomes are used, since no original references could be found. A “-” in the column
“Leaves” means that lichens and bryophytes cannot grow on the leaves of the respective vegetation
type. The values are derived by calculating the median of a set of values from the literature. These
are shown in Tables B.4 and B.5 below. Disturbance intervals for stems & ground are calculated as the
minimum of the median of fire intervals, the median of treefall intervals and the herbivory interval, if
present (see Tables B.4 and B.5).

Biome Tveg [years]

Stems & ground  Leaves

Tropical rainforest 100 1.4
Tropical dry forest 32 -
Tropical needleleaf forest 100 * 6.0 %
Temperate broadleaf forest 100 -
Temperate evergreen forest 100 % 1.4 %
Boreal forest 100 6.0
Savanna 5 -
Grassland, desert & tundra 15 -
Mediterranean vegetation 50 2.3

Table B.4.: References for the disturbance intervals Tyeg [years] of different biomes regarding fire and
treefall. A “-” means that the corresponding type of disturbance probably does not play a significant
role for lichens and bryophytes living in the biome.

Biome Fire Treefall

Tveg Reference Tveg Reference

Tropical rainforest >100 (Mouillot and Field, 2005) ~ 100 Lawton and Putz, 1988)

(
>800 (Thonicke et al., 2001) ~ 50 (Martinez-Ramos et al., 1988)
138 (Bongers et al., 1988)
83 (Chandrashekara and Ramakrishnan, 1994)
~ 240 (Jans et al., 1993)
Tropical dry forest 32 (Martin and Fahey, 2006) 98 (Ferreira de Lima et al., 2008)
Temperate broad- >100 (Mouillot and Field, 2005) ~ 100 (Turner et al., 1993)
leaf forest >200 (Thonicke et al., 2001) ~ 45 (Payette et al., 1990)
~ 145 (Tanaka and Nakashizuka, 1997)
Boreal forest ~ 100 (Angelstam, 1998) 303 (Foster and Reiners, 1986)
140 (Harvey et al., 2002)

>100 (Mouillot and Field, 2005)
~ 100 (Thonicke et al., 2001)

Savanna ~5 (Mouillot and Field, 2005) - -
~5 (Thonicke et al., 2001)

Grassland, - - - -
desert & tundra

Mediterranean ~ 50 (Thonicke et al., 2001) - -
vegetation
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Table B.5.: References for the disturbance intervals 7, [years] of different biomes regarding leaf fall

W

and herbivory. A

means that the corresponding type of disturbance probably does not play a

significant role for lichens and bryophytes living in the biome. The value for herbivory is estimated by

“best guess” due to lack of data.

Biome Leaf fall Herbivory
Tveg Reference Tveg
Tropical rainforest 1.4 (Condit et al., 1996) -
1.4 (Reich et al., 1998)
2.0 (Walters and Reich, 1999)
Tropical dry forest - - -
Temperate broadleaf forest - - -
Boreal forest 5.8 (Withington et al., 2006) -
6.2 (Reich et al., 1998)
Savanna - - 15
Grassland, desert & tundra - - 15
Mediterranean vegetation 1.6 (Navas et al., 2003) -
2.9 (Escudero and Mediavilla, 2003)
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B.2.4. Aerodynamic resistance to heat transfer

The aerodynamic resistance to heat transfer, ry, controls exchange flows of heat between
the surface of lichens or bryophytes and the atmosphere. It is calculated according to
Allen et al. (1998):

(pAu*Ad )

—-A
- (pAu d )

log
L (B.10)

log
TH —

piu

where p, is the von Karman constant, u is near surface wind speed, pa, is the mea-
surement height for wind speed, Aq is the displacement height for wind speed and zj
and 2y are the roughness length of momentum and humidity, respectively. The stability
corrections which are used in some cases to make Eq. B.10 more accurate (Liu et al.,
2007) are neglected here for simplicity.

The roughness length z, describes the impact of the surface on the flow of air above
it. zo is parameterised as one of three possible values (Stull, 1988, p. 380):

P20.canopy  1f OTZaNISM in canopy
20 = \ Pzo foor if organism on forest floor (B.11)
Pz cprs  1f organism on ground outside forest

Note that this parameterisation implies that large-scale structures such as forests
dominate the aerodynamic properties of the surface. The shape of lichens or bryophytes
growing on that surface is assumed to have only a small impact on the roughness length
and is consequently neglected in the model.

2 is related to zp 1 according to:

20,0 = Dz i 20 (B.12)

where p,, .. is the ratio between the roughness length of humidity and momentum
(Allen et al., 1998).
The displacement height is related to roughness length via:

Ad = Pry a0 (B.13)

where p,, , is the ratio between displacement height and roughness length. The value
of Py, is derived from the relations Aq = 2/3 vegetation height and 2o = 0.123 vegeta-
tion height. These relations are adapted from (Allen et al., 1998) and represent rough
approximations. Determining average values for displacement height for the each biome,
however, would be beyond the scope of this study.

B.2.5. Soil thermal properties

The ground heat flux fg affects the energy balance of a lichen or bryophyte if the
organism is living on the ground. Typically, the soil temperature is lower than the
surface temperature during the day and higher during the night, leading to heat exchange
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between thallus and soil. If a lichen or bryophyte is living in the canopy, heat exchange
with the soil is neglected, since it is assumed that thallus of the organism is in a thermal
equilibrium with the canopy layers below. The effect of location of growth on fg is
represented by the variable yq:

0 if organism in canopy

1 if organism on ground
The ground heat flux is not only affected by the temperature gradient between thallus
and soil, but also by soil properties. These are the soil heat capacity Cy and the
thermal conductivity of the soil kg (Lawrence and Slater, 2008; Anisimov et al., 1997;

Peters-Lidard et al., 1998). Since they depend on the average water content of the soil,
desert soils are parameterised differently from non-desert soils in the model:

Do, ps if organism in desert
C’soil = hP . . . (B15)
PCuonp, i Organism not in desert

.o, if organism in desert
ksoil = {pkso}l’D 8 (B16)

Dk s if Organism not in desert
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B.3. Water relations

The water saturation of a lichen or bryophyte is defined in Sect. B.3.1. It controls three
physiological properties: Diffusivity for CO5 (Sect. B.3.2), water potential (Sect. B.3.3)
and metabolic activity (Sect. B.3.4).

B.3.1. Water saturation

The water storage capacity O, describes how much water a lichen or bryophyte can
store per m? ground. O, is assumed to be proportional to biomass per m? ground:

o, S
Oy = Pmax”B (B.17)
Conyo
where zg_. is the specific water storage capacity, sg is the biomass of a lichen or
bryophyte and ¢, . is the density of liquid water. The water saturation ®g is then
calculated as the ratio of the actual water content sg and the water storage capacity:

Se

Do —
e @max

(B.18)

B.3.2. Diffusivity for CO,

The diffusivity of the thallus for COs is represented by the variable D¢o,. It decreases
from a maximum value to a minimum value with increasing water saturation (see Fig.
B.10) and it is calculated according to:

DCOQ = (wDCOQ,max - wDCOg,min)(l'O - (:DQ)MDCO2 + wDCOQ,min (Blg)

where wp, ., 18 the minimum value of CO, diffusivity, wp, ., 15 the maximum
value of CO, diffusivity, ®g is the water saturation of the thallus and wp,,, is a pa-
rameter that determines the shape of the diffusivity curve. wpq,, is estimated using
the data points in Fig. B.10, while wp, ., and wpg, ., are taken from the literature
(Cowan et al., 1992).

The relation between D¢, and ®g is an important component of the tradeoff between
CO, diffusivity and metabolic activity. This is explained below in Sect. B.3.5.
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Figure B.10.: Diffusivity for CO2, Dco,, as a function of water saturation ®g. The black data points
are derived from the studies listed in the right column.

96



B.3.3. Water potential

The water potential ¥y, is an increasing function of water saturation and it is calculated
according to:

T
Up,0 = min (o.o, To,0 (1.0 — &» (B.20)
2 (I)G

where ®g is the water saturation. The parameter zg, ,, is the threshold saturation.
If &g is above this threshold, all cells in the thallus are fully turgid. Additional water
is assumed to be stored extracellularly. @y, . is a parameter that determines the shape
of the water potential curve. The parameters of the water potential curve are discussed
in further detail in Sect. B.1.5 and the curve is shown in Fig. B.3. The influence of
the relation between water saturation and water potential on the tradeoff between COs
diffusivity and metabolic activity is explained below in Sect. B.3.5.

B.3.4. Metabolic activity

The metabolic activity of a lichen or bryophyte is represented by the variable &, and
it relates the processes photosynthesis and respiration to the water content of the organ-
ism (Nash III, 1996, p. 157). The papers of Lange (1980, 2002), for instance, show how
dark respiration increases with water content at constant temperature while the studies
by Jonsson Cabraji¢ et al. (2010); Williams and Flanagan (1998) show an increase of
photosynthetic activity /capacity with water content. A common feature of these exper-
iments with different species is that dark respiration as well as photosynthetic activity
saturate and assume a constant value above a species-specific threshold water content.
The shape of the activity curve from zero water content to this threshold water con-
tent is nonlinear and it shows species-specific variation. The extent of the nonlinearity,
however, is relatively small and can be approximated by a linear relationship where the
strategy parameter threshold saturation, s, ., , captures some variation. Hence, the
metabolic activity is assumed to increase linearly from 0 at zero water content to 1 at
the threshold saturation (Fig. B.11). @, is then written as:

®
D, = min (1.0, © > (B.21)

xq)(—),sat

where ®g is the water saturation of the thallus and g, ,, is the threshold saturation.
The relation between ®,.; and ®g is an important component of the tradeoff between
CO, diffusivity and metabolic activity. This is explained below in Sect. B.3.5.
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Figure B.11.: Metabolic activity ®,. as a function of water saturation ®g. The dashed line corresponds
to Tge .., = 0.3 and the solid line corresponds to g, ., = 1.0
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B.3.5. Tradeoff between CO, diffusivity and metabolic activity

The CO, diffusivity of the thallus, Dco,, decreases with increasing water saturation
dg (see Sect. B.3.2). The metabolic activity of a lichen or bryophyte ®,., however,
increases with ®g (see Sect. B.3.4). This leads to a tradeoff: At low ®g the potential
inflow of CO5 in the thallus and thus potential productivity are high, but the low ®,
limits the actual productivity. At high &g productivity is limited by low D¢o,, although
the lichen or bryophyte is active. Since both the relation between D¢, and ®g and the
relation between @, and ®g are controlled by underlying physiological constraints, the
associated parameters, such as wp., , are assumed to have constant values (see Sect.
2.1.2).

The tradeoff is illustrated in Fig. B.12: To maximise productivity, a lichen or
bryophyte should try to spend most of the time near the optimum water saturation. It
can achieve this goal through appropriate values of the characteristic parameters which
control water content. These are mainly zog .., Tuy,, and e,,,, but also parameters
that indirectly influence water content of the thallus, such as z, xa_,,. and x.

A
D002 q)act

% Productivity

:CD@

\optimum O

Figure B.12.: Effect of water saturation ®g on CO- diffu-
sivity Dco,, metabolic activity ®,.¢ and on the associated
productivity. The productivity has a maximum at an opti-
mum Pg.
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B.4. Climate relations

The climate forcing (air temperature, wind speed, relative humidity, precipitation and
downwelling short- and longwave radiation) influences almost all physiological processes
of lichens and bryophytes (see Fig. 2.3). Furthermore, it determines potential evapora-
tion and surface temperature. In the following sections the relations between potential
evaporation (Sect. B.4.3), surface temperature (Sect. B.4.4) and climate forcing are
described. The factors necessary for the calculation of these relations are:

1. Net radiation (see Sect. B.4.1)
2. Saturation vapour pressure (see Sect. B.4.2)
3. Aerodynamic resistance to heat transfer (see Sect. B.2.4)

4. Relative humidity

Also snow affects physiological processes of lichens and bryophytes. The dynamics
of the snow layer are explained in Sect. B.4.5 while the effects of the snow layer on
physiological processes are described in the sections related to these processes.

B.4.1. Net radiation

Net radiation is the sum of downwelling short- and longwave radiation, upwelling long-
wave radiation and the ground heat flux. Ingoing short- and longwave radiation are
derived from the climate forcing data.

Outgoing longwave radiation fraq;,y, i calculated as a function of surface temperature
and air temperature:

fradiwr = (4.0¢5 T Touet — 3.0¢,T55;) Pavea (B.22)

where T, is air temperature, Ty, is surface temperature and ¢, is the Stefan-
Boltzmann constant. KEquation B.22 is a linearisation of the standard equation for
power emitted by the surface of a black body (Stefan-Boltzmann law). It is taken from
Monteith (1981). The factor @, is the fraction of available area that is covered by the
thallus (see Eq. B.9). This factor thus converts frad,,y, to Watts per m* ground.

The ground heat flux fq_, is written as a function of the temperature difference
between the thallus of a lichen or bryophyte and the soil:

Tsur - i
stoil = kSOilfp—STSOﬂ(I)areaXG (B23)

z

where kg is the thermal conductivity of the soil (see Eq. B.16), Ty, is the surface
temperature of the thallus, st is soil temperature and pa, is the damping depth of
the soil for a diurnal cycle (Bonan, 2008, p.134). ®,., is the fraction of available area
that is covered by the thallus. xg is a switch to set fq_, to zero if a lichen or bryophyte
is living in the canopy (see Eq. B.14).

100



To compute soil temperature st_., the balance for the soil heat reservoir is used:

soil ?

J Qsoil
STy = STeon T mpAt (B24)
where fq_., is the ground heat flux, Cs is soil heat capacity, ®,rea is the fraction of
available area covered by a lichen or bryophyte, pa, is the damping depth of the soil for
a diurnal cycle and pa, is the time step of the model.
Net radiation fy is written as:

fH = (brads fradswi (I)area + ¢radL frade¢ q)area - ¢radL frade¢ - stoi] (B25>

where ¢r.q, is a conversion factor for shortwave radiation (see Eq. B.3) and ¢yaq, is
a conversion factor for longwave radiation (see Eq. B.4). fradgy, and fraa,y, are the
downwelling shortwave and longwave radiation flows derived from the climate forcing
data. ®,... is a factor to reduce the radiation flows to the fraction per m? ground that
reaches the thallus of a lichen or bryophyte (see Eq. B.9). frady, is already multiplied
by ®urea in Eq. B.22, the same applies for fq_, in Eq. B.23.

1

B.4.2. Saturation vapour pressure

The saturation vapour pressure above an open water surface ego is calculated as a
function of air temperature according to Allen et al. (1998):

pesleair,C
T,
€sat,0 = DPeg 3epe572+ ain @ (B26)

where pe, ,, Pe,, and pe,, are empirical parameters and T, ¢ is the air temperature in
degree Celsius, calculated as Thirc = Tair = CT a0

If the water saturation of a lichen or bryophyte is below the threshold saturation
T, (see Sects. B.1.5 and B.3.3), the water potential at the surface of the thallus
becomes negative. Hence the saturation vapour pressure is reduced by the factor ¢,
which is calculated according to Nikolov et al. (1995):

- 1'0E6\I/HQOCMH20

€sat ~

(B.27)

CRgasTair7CCpH2O

where Wy,o is the water potential of the thallus, ¢y, is the molar mass of water,
CR,., 18 the universal gas constant, T ¢ is the air temperature, Conyo is the density of
liquid water and the factor 1.0E6 is used to convert from MPa to Pa.

Hence the saturation vapour pressure above the thallus of a lichen or bryophyte, egat,
is written as (Nikolov et al., 1995):

¢

€sat = €7 €Cgat 0 (B28)

The slope of the saturation vapour pressure curve, d._,, is calculated by differentiating
esar after Th,
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Peg Tair,
d _ e(peséiijﬂmi‘*‘(ﬁesat) < pes,1pes,2pes,3 o ¢esat) (B29>
(pes,Q + iTauir,C)2 Tair

B.4.3. Potential evaporation

The potential evaporation E, above the thallus of a lichen or bryophyte is written as
the sum of two independent potential flows: One driven by net radiation and another
one driven by the vapour pressure deficit of the atmosphere (Monteith, 1981):

esat—Prpesat
fHdesat + ccair = TH = Qarea

Epoy = (B.30)

(desat + ny) CAHyap 1,0 Cpry0

where fy is net radiation, d._, is the slope of the saturation vapour pressure curve, eg,
is saturation vapour pressure and ®gy is relative humidity. cc,,, is the heat capacity of
air, ri is the aerodynamic resistance to heat transfer, c, is the psychrometric constant,
CAH,ap 1,0 18 the enthalpy of vaporisation and ¢,y , is the density of liquid water. The
factor @, reduces the part of E,q related to vapour pressure deficit to the fraction
per m? ground covered by the thallus of a lichen or bryophyte. The part of E,q driven
by net radiation is already corrected for surface coverage in Eq. B.25.

Note that both parts of E,, can be negative. If net radiation is negative, the thallus
emits more energy to the ground or the atmosphere than it receives. Consequently, dew
forms on the thallus surface. This process can be an important source of moisture for
lichens or bryophytes, especially in deserts (Nash III, 1996, p.6). If relative humidity
is larger than one and therefore the vapour pressure deficit is negative, fog forms above
the thallus surface. Also this process can contribute to the water supply of a lichen or
bryophyte.

B.4.4. Surface temperature

Lichen surface temperature T, is derived from the same factors as potential evapora-
tion. It is written according to Monteith (1981) as:

4 Esoil
T  eent—PRuesa n (‘z’rads fradSW,L +¢radL (fradLW¢ +3~OCUTair> + PA, STsoiIXG) CyTH
air degyy +HCy CCyuiy (desat +c7)

Tourt = (B.31)

ko s
(d)radL 4.0co TsirJr ﬁoj XG) CyTH

1.0
+ CChir (desat JFC"/)

where T};, is air temperature, eg, is saturation vapour pressure, ®ry is relative humid-
ity, d..,, is the slope of the saturation vapour pressure curve and ¢, is the psychrometric
constant. ¢raqs and ¢raq, are conversion factors for shortwave and longwave radiation,
Jradsw, and frad;y,, are the downwelling shortwave and longwave radiation flows and ¢,
is the Stefan-Boltzmann constant. kg is the thermal conductivity of the soil, pa, is
the damping depth of the soil for a diurnal cycle, st_. is soil temperature and xq is a

soil

102



switch to set fq_, to zero if a lichen or bryophyte is living in the canopy. cc,, is the

heat capacity of air and ry is the aerodynamic resistance to heat transfer.

air

B.4.5. Snow layer

The snow cover leads to a reduction of light input for lichens and bryophytes. Further-
more, it changes the dynamics of the water supply and the temperature regime compared
to a situation without snow cover. It is assumed in the model that lichens and bryophytes
are not able to photosynthesise if the snow cover above them exceeds a certain critical
thickness pa_,.., (Pannewitz et al., 2003). Since it is impractical to simulate the water
content of the organisms under snow, also dark respiration is assumed to be negligible
in this situation. This means that no metabolic activity takes place except for turnover
of biomass.

To calculate the thickness of the snow cover a mass balance is used. It consists of
input by snowfall and output by snowmelt and slow, lateral movement of the snow pack
due to gravity. The latter term has only a negligible effect on a seasonal snow cover.
The snow balance for Greenland, however, would be always positive without ice moving
laterally towards the ocean in form of glaciers.

Snowmelt fsowmer 18 calculated as a function of air temperature (Bergstrom, 1992):

max (0.0, Ty, — chelt7H2O) Senow B.39
86400 - 1000 " pa, | 4 S“"W"“m) (B:32)
where Ty is air temperature and cr,,, 4, 18 the melting temperature of water, the
factor 86400 is the number of seconds per day, the factor 1000 converts from mm to m
and the factor 3.22 is a dimensionless empirical parameter. Sq,ow iS the snow reservoir
on the surface, measured in m?3 liquid water equivalents per m?, pa, is the time step of
the model and fonow atm 1 the input flow of snow from the atmosphere.
The balance of the snow reservoir sg,. 1S written as:

fsnowmelt = min (322

Ssnow — IMax (OO; Ssnow + (fsnow,atm - fsnowmelt - Ssnowp‘rice>pAt> <B33)

where the last term describes lateral movement of the snow pack. The parameter p,,
represents the turnover of ice shields and it is set by “best guess” to 1 % per year.

To convert the snow reservoir sq,o from water equivalents to thickness of snow cover
Agnow 1N meters, Sqow is multiplied by the fraction of density of water and density of
snow (Domine et al., 2011):

C
Asnow = Ssnow 0 (B . 34)

Psnow
In case a lichen or bryophyte is covered by a snow layer that exceeds the critical
thickness pa,,.., a different method than Eq. B.31 is used to compute the surface
temperature Ty, ¢ of the thallus:
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Thir, if organism in canopy

p Koo
Tsurf = WTMH— soil STs0il (B35)

e T if organism on ground

pksnow_;’_ s0il
Asnow PA,

where py_,.. is the thermal conductivity of snow (Domine et al., 2011), Ao is the
thickness of the snow layer, T,; is air temperature, kg is the thermal conductivity
of the soil, pa, is the damping depth of the soil for a diurnal cycle and st is soil
temperature. Note that Eq. B.35 does not have any effects on the metabolism of lichens
or bryophytes, since they are assumed to be inactive under snow. Eq. B.35 is only
implemented in the model to compute approximate values for the surface temperature
under snow. In a snow-covered canopy, the surface temperature is assumed to be equal
to air temperature, for simplicity. On the snow-covered ground, the surface temperature
is assumed to be controlled only by heat conduction from atmosphere to surface and
from surface to soil. Equation B.35 results from assuming a steady state of the surface.
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B.5. Carbon exchange flows
The model simulates the following flows of carbon related to lichens and bryophytes:

1. Inflow of COs from the atmosphere into the pore space of the thallus (see Sect.
B.5.1)

2. Uptake of COy from the pore space (Gross Primary Productivity, GPP) and storage
as sugars (see Sect. B.5.2)

3. Maintenance and growth respiration (see Sect. B.5.4)

4. Growth, which is the transformation of the stored sugars into biomass (see Sect.
B.5.4)

5. Biomass loss (see Sect. B.5.6)

The relations of these flows to the balances of the carbon reservoirs of a lichen or
bryophyte are described in Sect. B.5.7.

B.5.1. Inflow of CO; into the thallus

The inflow of CO, from the atmosphere into the pore space of the thallus, fco,.n, is
proportional to the gradient between the partial pressures of CO5 in the atmosphere and
in the pore space. It is written as:

COQ,atm - COZ,thallus
1.0E6
where Dco, is the diffusivity of the thallus for COy, C'Os 4tm is the atmospheric CO,
concentration, C'Og thanus 1S the COy concentration in the pore space of the thallus and
the factor 1.0E6 is used to convert the gradient from ppm to a fraction between 0 and
1. The variable ®,., converts fco,m from a flow per m? lichen or bryophyte into a
flow per m? ground. Note that fco, i can also be negative, which means that the CO,
concentration inside the thallus is higher than in the atmosphere and consequently COs
flows out of the thallus.

(B.36)

fco,.in = Dco,

B.5.2. GPP

The uptake of CO; from the pore space (Gross Primary Productivity, GPP) is computed
according to Farquhar and von Caemmerer (1982) as a minimum of a light-limited
rate and a COs-limited rate. The light-limited rate is an increasing function of the
absorption of light by a lichen or bryophyte. The organism, however, cannot absorb
light to an arbitrary extent. Hence, the light-limited rate is constrained to a maximum
rate Jpax. The COo-limited rate is an increasing function of the COg concentration in
the chloroplasts of a lichen or bryophyte. It saturates, however, at very high values of
CO; concentration. The maximum rate at saturation is Vi max-
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The maximum carboxylation rate Vi max of a lichen or bryophyte is calculated as:

T — 2
surf xTopt,PS
PQ

(B.37)

where xy. . is the molar carboxylation rate of Rubisco (see Sect. B.1.6) and Zgup
is the specific Rubisco content of a lichen or bryophyte. The exponential describes the
influence of surface temperature Ty, on Vi max (Medlyn et al., 2002). Vi max is assumed
to peak around an optimum surface temperature xr_, . (see Sect. B.1.9) and the shape
of the temperature response curve is determined by the parameter pg (June et al., 2004).

The Rubisco content =g, is a function of the reference respiration rate at 10 °C,
TR, This relationship represents a tradeoff and results from a physiological constraint,
namely maintenance costs of enzymes (see Sect. 2.1.2). The exact shape of this relation
could not be determined, since not enough studies could be found where both =g, and
TR, are measured. Thus, a simple linear function is assumed:

VC,maX = TV max —Rub€ (

ZRub = WRub,RTR, (B.38)

where the tradeoff-parameter wgryu, r, which represents the slope of the line, is de-
termined by two points: the origin (0,0) and the point (Er.p,Tr.,), where Tg_, is the
average reference respiration rate and Zg,y, is the average Rubisco content. Ty is cal-
culated by Eq. B.2 with N = 0.5. The limits of the range of possible values of zy_, can
be found in Table B.9. To compute Zgy, also Eq. B.2 is used with N = 0.5, although
the range of possible values of =gy, (see Table B.6) does not span several orders of
magnitude. This small range of values is probably due to the small sample size (3 data
points). The assumption of a linear relationship for Eq. B.38, however, implies that
both the range of zy_, and the range of =g, have the same shape. Hence, using Eq.
B.2 to estimate Zgyp, is a consistent approach. Note that using the median of the values
from Table B.6 to compute Zgy, instead of using Eq. B.2 does not significantly change
the value of wrup R-

Table B.6.: Overview of the Rubisco content Egyyp, of lichens and bryophyte.

ZRub [(mol Rubisco) (kg C) 1] Reference
1.4E-5 (Balaguer et al., 1999)
2.1E-5 (Sundberg et al., 2001)
9.0E-6 "

The maximum electron transport rate J,., of a lichen or bryophyte is calculated as:

Jmax = ¢JVVC,rnax (B39)

where Vi max is the maximum carboxylation rate and ¢;v is the ratio of Jyax to Vo max-
¢yv depends on the surface temperature of a lichen or bryophyte and is written as:
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¢yv = max <0-0, wiv,1 (Tsurf - CTmelt,HQO) + wJV,Q) (B.40)

where T, is surface temperature and CT ete 1,0 is the melting temperature of water.
The two parameters wyy,; and wyy o are derived by the data shown in Fig. B.13. ¢jv
is limited to non-negative values since a negative Jy., would make no sense from a
physiological viewpoint.

Overview References

9

(Wullschleger, 1993)
(Kattge and Knorr, 2007)

Gyl

Temperature in [°C]

Figure B.13.: Ratio of Jyax t0 Vo max, ¢yv, (black line) as a function of temperature. The magenta
data points are taken from the study of Wullschleger (1993) while the blue points are derived by the
equations used in Kattge and Knorr (2007).

The fact that Vi max and Jyax are positively correlated implies a tradeoff between
these two variables. This tradeoff results from physiological constraints (see Sect. 2.1.2)
in form of metabolic costs of Vi ax and Jyax. Since both the maximum of the light-
dependent rate and the maximum of the COs-dependent rate are associated with costs
for the organism, but GPP is computed as a minimum of the two rates it would be
inefficient if Vi max and Jax were independent from each other.

The actual rate of electron transport J is calculated as the minimum of the maximum
rate of the photosystems J,.x and the supply by shortwave radiation:

J = min (fradswi¢radspPAquuantwCCM,e(I)area7 JmaxSB) (B41)

where fraqgy, 18 the flow of shortwave radiation, ¢r.qq is a conversion factor that
includes albedo and LAI (see Sect. B.2.1), ppar is a factor that converts shortwave
radiation into photosynthetically active radiation and pquant converts quanta of light
into electrons. wccwme is a factor that represents the investment of electrons in a Carbon
Concentration Mechanism if present (see Sect. B.5.3 below). ®,., reduces the electron
flow to the area covered by a lichen or bryophyte and sg is the biomass of the organism.
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Besides Vi max and Jymax, the Michaelis-Menten constants of the carboxylation and
oxygenation reactions of Rubisco, K¢ and K¢, affect the shape of the light-dependent
rate and the COs-dependent rate of GPP. They are calculated as:

C%Uﬁ‘meﬂPs>lEmKC
WK 2 PT CRgas Lsurf
Ko = 0.00110[(0’1.73\/0 S] ref,PS “Tigas sul (B42)

,max

and

(Tsurf _pTref,PS > mEa,KO

pTref,PS cRgasTsurf (B43)

a:VO,max

WKo,2
w xvC,max
Ko, “Kg,2
wKCJ Ivc,max

where zv,, . is the molar carboxylation rate of Rubisco (see Sect. B.1.6) and zv,, ..
is the molar oxygenation rate of Rubisco (see Sect. B.1.7). The factor 0.001 is used to
convert K¢ and Kg into mol per m3. The exponentials in Eqs. B.42 and B.43 describe
the influence of surface temperature Tyt on K¢ and Ko. pr,,; s 18 the reference temper-
ature of photosynthesis and cg,,, is the universal gas constant. g, k. and rg, k, are the
enzyme activation energies of the carboxylation and oxygenation reactions, respectively
(see Sect. B.1.10).

The parameters wi,, ,, Wk ,, Wk, and wk, , relate K¢ and Ko to Ty .. and Ty, .. -
According to Savir et al. (2010), these relations result from a tradeoff between the
carboxylation velocity and the COy affinity of the Rubisco enzyme.

The variable I', represents the CO, compensation point of photosynthesis in the ab-
sence of respiration as described in Farquhar and von Caemmerer (1982). It is written
as:

Ko =0.001

:EVO max KC
F* = 0-502,0611—

B.44
xVC,max KO ( )

where Oj e is the concentration of Os in the chloroplast of a lichen or bryophyte,
TV max A Ty, . are the maximum velocities and K¢ and Ko are the Michaelis-Menten
constants of the carboxylation and oxygenation reactions, respectively.

The Oy concentration in the chloroplast Oj e is calculated as a function of the O
concentration in the pore space of the thallus, which is assumed to be equal to the
atmospheric one:

. 02 atm (B45)

where Og a4m 1s the atmospheric O, concentration and Pso, is the solubility of Os (von
Caemmerer, 2000, p.9). The factor 1000 is used to write Oy ¢ in mol per m?.

Accordingly, the CO4 concentration in the chloroplast C'O; cep is calculated as a func-
tion of the COy concentration in the pore space of the thallus, which depends on the

exchange flows of carbon between the organism and the atmosphere:
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—C O thalus (B.46)
Sco,
where C'Oj thaius 18 the pore space CO;y concentration and PSco, is the solubility of
COy (von Caemmerer, 2000, p.9). The factor 1000 is used to write COgcen in mol per
3
m°.
Knowing COs e, Ozcen, J, Kc, Ko, Tve ., and Ty, .., the light-limited rate and
the COs-limited rate of photosynthesis can be calculated. They are written according

to Farquhar and von Caemmerer (1982) as:

COgcen — I's
=J 2 d,. B.47
feppa 4.0C0q cen + 8.0, ™ (B47)
and
cO ce '_:F*
JGPPW = TVe naxS 2icel Dot (B.48)

B 1.0+02 cenn
C102,(:(311 + KC KO’Ce

where C'Og cqp is the concentration of CO; in the chloroplast, I'y is the CO5 compen-
sation point, K¢ and Ko are the Michaelis-Menten constants of the carboxylation and
oxygenation reactions, respectively, and Oj ey is the Oy concentration in the chloroplast.
®,.¢ is the metabolic activity of a lichen or bryophyte (see Sect. B.3.4). It accounts for
the effect of poikilohydry on photosynthesis and it represents an extension to the origi-
nal equations of Farquhar and von Caemmerer (1982). zv, . is the maximum specific
carboxylation rate and sg is the biomass of a lichen or bryophyte.

The GPP of a lichen or bryophyte is then calculated as the minimum of fgpp; and

fGPP,WI
fapp = min (fGPP,La fGPP,W) (B-49)

B.5.3. Carbon Concentration Mechanism

Some lichens and bryophytes possess a Carbon Concentration Mechanism (CCM, see
Sects. 2.1.2 and B.1.11). If a CCM is active, a fraction of the electrons generated by
the photosystems is invested in increasing the CO, concentration in the chloroplasts
instead of being used in the Calvin cycle. It is assumed here that the CCM in lichens
works similarly than in free living cyanobacteria. The increased COs concentration in
the chloroplasts can then be calculated as a function of pore space CO, concentration:

CO3,cen = min (weem,1C 02 thaltuss Ween, 2C O thallus + WeeM 3) (B.50)

where COg cen and C'Og thanis are the COy concentrations in the chloroplast and the
pore space, respectively. wcem,1, Weem2 and weewm,s are parameters derived from the
data of Reinhold et al. (1989) which is shown in Fig. B.14.

The form of the CCM implemented in the model represents a tradeoff for a lichen
or bryophyte: The increased CO, concentration in the chloroplasts which depends on

109



Overview References

(Reinhold et al., 1989)
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Figure B.14.: CO2 concentration in the chloroplasts, COz ccn1, as a function of pore space CO2 con-
centration C'Og thanus- The black data points are taken from the study of Reinhold et al. (1989). The
minimum of the magenta and blue lines is used to fit the data.

weem,1, Weem,2 and weewm 3 directly leads to higher productivity, but the maintenance of
the high concentration requires energy which is taken from the electron transport chain
in the thylakoid membranes. These costs are represented by the parameter weome (see
Eq. B.41). The relation between pore space CO5 and COs in the chloroplasts as well

as the costs of establishing this relation constitute the physiological constraints of the
CCM.

B.5.4. Respiration & growth

Respiration consists of two parts: Maintenance respiration and growth respiration. The
specific maintenance respiration rate Rgpe. is modelled by a Qi relationship (Kruse
et al., 2011). It is illustrated in Fig. B.8 in Sect. B.1.8 and it is written as:

Tsurf_pTref’R
— pTref,R 76Tmelt,H (0] ( )
Rspec = TR, L Q1o 2 B.51

where oy, is the reference respiration rate at 10 °C, zq,, is the Qo value of respiration,
Tyt is the surface temperature of the organism, pr ;. is the reference temperature and
CT e mp0 18 the melting temperature of water.

The maintenance respiration of a lichen or bryophyte, fr
function of Rypec and the biomass of the organism:

is then calculated as a

main ?

meain - mln (—

CMCpAt

where s is the sugar reserve of a lichen or bryophyte, ¢y, is the molar mass of carbon,

pa, is the time step of the model, Rgpec is the specific maintenance respiration rate, sg
is the biomass of the organism and ®,. is its metabolic activity.

) RspecsB(I)act> (B52)
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The minimum in Eq. B.52 is used because a lichen or bryophyte cannot respire more
carbon per time step than is stored in the sugar reservoir. The respired CO, is released
into the pore space.

The growth of a lichen or bryophyte is computed as the minimum of the available
amount of sugar per time step and a potential flow, which is a function of the sugar
reservoir:

‘SC
(; R i xaHOC
CM Cpﬁ t main? C V] fe 86400

fgI'OWth - mln ( éaCt) pngrowth (B53)

where s¢ is the sugar reserve of a lichen or bryophyte, cyp,, is the molar mass of carbon,
pa, is the time step of the model and fgr,_, is maintenance respiration. =z,.. is the
fraction of the sugar reservoir allocated to growth per day, 86400 is the number of seconds
per day, ®, is metabolic activity, and py_,.., 1 the efficiency of the transformation of
sugars to biomass.

The respiration associated with growth, fr
efficiency py,. .., and growth fgowth:

srowen 18 then written as a function of growth

1.0
ngrowth = ( - 10) fgI‘OWth (B54)

p Tlgrowth

B.5.5. Steady State of internal CO,

Two carbon exchange flows depend on the internal COy concentration of the thallus
CO3 thailus, namely the inflow of CO, from the atmosphere into the pore space, fco,.n
(Eq. B.36), and the uptake of COy from the pore space by GPP, fqpp (Eq. B.49).
The model, however, does not simulate explicitly the pore space of the thallus. Hence,
it is not possible to determine the absolute amount of COy in the thallus. Instead, a
steady-state approach is used to calculate C'Oj tpanus. It is assumed that the exchange
flow of CO, between pore space and atmosphere, fco, in, balances the net COy exchange
flow between pore space and the cells of the organism. This net exchange flow is equal
to the sum of uptake from the pore space fgpp and release of CO5 into the pore space,
consisting of maintenance respiration fg,,, and growth respiration fg, ... (Eqs. B.52
and B.54). The equation for the steady state of pore space COy is thus written as:

main

f0027in - meain + ngrowth - fGPP (B55)

Equation B.55 is then solved for C'Og thamus to determine the values for fco,n and
fapp.

B.5.6. Biomass loss

The turnover rate of the biomass of lichens or bryophytes, 7, is calculated similarly to
the Rubisco content (see Sect. B.5.2) as a function of the reference respiration rate at
10 °C, zg,,,. The relation between 75 and zg, , represents a tradeoff and results from a
physiological constraint, namely metabolic stability of enzymes (see Sect. 2.1.2). The

ref
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exact shape of this relation could not be determined, since not enough studies could be
found where both 75 and zy_, are measured. Thus, a simple linear function is assumed:

TB = Wioss,RUR,e¢ (B56)

where the tradeoff-parameter wioss g, which represents the slope of the line, is deter-
mined by two points: the origin (0,0) and the point (75,7, ), where Tg_, is the average
reference respiration rate and 73 is the average turnover rate. g, is calculated by Eq.
B.2 with N = 0.5. The limits of the range of possible values of zg,, can be found in
Table B.9. To compute 75 also Eq. B.2 is used with N = 0.5 (see Fig. B.15). The range
of possible values of 75 is set to 0.03 - 1.5 (see Sect. B.1).

Distribution References

(Stevenson and Coxson, 2003)
(Boucher and Nash III, 1990a)
(Boucher and Nash III, 1990b)
(Russell, 1990)

(Peltoniemi et al., 2004)
(Clark et al., 1998)

Frequency

0 01 02 03 04 05 06 07 08
T ]

Figure B.15.: Overview of the distribution of turnover rate 7g.

The flow of biomass loss fi,ss, is then calculated as a function of 75 and the biomass
of the organism:

SB
oss — B.57
Jross = 75 crig3.1536E7 (B.57)

where 75 is the turnover rate, sg is the biomass of a lichen or bryophyte and cy, is

the molar mass of carbon. The factor of 3.1536E7 is used to convert 75 from yr=* to s~

Note that fis also includes leaching of carbohydrates and small-scale regular herbivory.

B.5.7. Carbon balance

Two carbon reservoirs of lichens and bryophytes are simulated in the model: Biomass
and sugar reserves. The balance of the sugar reservoir s¢ is written as:

Sc = Inax (007 sc + (fGPP - meain - ngrowth - ngOWth) CMCpAt) (B58)
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where fgpp is GPP, fgr,,,, 1S maintenance respiration, fr,,,,, is growth respiration,
Jerowtn 18 growth ey, is the molar mass of carbon and pj, is the time step of the model.
The balance of the biomass reservoir sg is written as:

main

Sp = Imax (007 S + (fgrowth - floss) CMCpAt) (B59)

where fgrowth 15 growth, fioss is biomass loss, cu, is the molar mass of carbon and pa,
is the time step of the model.

B.6. Water exchange flows

The water exchange between a lichen or bryophyte and its environment is represented
by three flows: Water uptake via rainfall or snowmelt, evaporation from the surface of
the thallus and runoff.

Water uptake fyaterup 1S calculated as:

fwater,up == (frain,atm + fsnowmelt) (bprecq)area (B60)

where fiainatm 1 rainfall, fogowmerr i snowmelt, ¢pec is the fraction of precipitation
that reaches the thallus surface and ®,,., reduces water uptake to the area covered by
a lichen or bryophyte.

Evaporation fevp is calculated as a minimum of demand by potential evaporation and
supply by the water reservoir of a lichen or bryophyte:

fevap = min (;79’ Epot) (B61)

where sg is the water content of a lichen or bryophyte, pa, is the time step of the
model and E,. is potential evaporation (see Eq. B.30).

Runoff fiuof is generated when net water uptake exceeds the water storage capacity
of the thallus:

max (0.0, s + max (0.0, fwaterup — fevap) PA;, — Omax)
Pa;

where sg is the water content of a lichen or bryophyte, fuater,up is Water uptake, fevap
is evaporation, pa, is the time step of the model and ©,,.x is the water storage capacity
of the thallus (see Eq. B.17).

The water balance is then written as:

frunoff = (B62)

S — max (OO, So + (fwator,up - fcvap - frunoﬁ) pAt) (B63)

where sg is the water content of a lichen or bryophyte, fuaterup is Water uptake, fevap
is evaporation, fiunoft is runoff and pa, is the time step of the model.
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B.7. Exchange flows of energy

Additionally to exchange flows of carbon and water, the model computes the exchange
of energy between lichens and bryophytes and the atmosphere. The flow of latent heat,
JQumr» 18 calculated from evaporation as:

antm,L = fevapcAHvap,HgOcpHQO (B64)

where fevap 18 evaporation, cam,,, », i the enthalpy of vaporisation and ¢,y , is the
density of liquid water. The flow of sensible heat, fq,,. s, 15 Written as:

T. f — T, Ccair
antm,S = ( = THalr) (Darea + (Epot - fevap) CAHvaDaHQOCpH2O (B65)

where Ty, is surface temperature, T,; is air temperature, cc,, is the heat capacity
of air, ryg is the aerodynamic resistance to heat transfer and ®,.., is the fraction of
available area covered by a lichen or bryophyte. FE,. is potential evaporation, fevap iS
actual evaporation, cam,,,u,o 18 the enthalpy of vaporisation and Cpuyo 18 the density
of liquid water. Note that fq,,, s consists of two parts. The first part depends on the
gradient between surface temperature of the organism and air temperature. The second
part is the difference between the potential flow of latent heat and the actual one (see
Eq. B.64). This means, that the ratio of latent heat to sensible heat decreases if the
supply of water is not sufficient to support potential evaporation.

The energy balance of the thallus surface, which can be either on the ground or in the
canopy, is then calculated as:

fH - antm,L + antm,S (B66)

where fy is net radiation (see Eq. B.25), fq,..., is the flow of latent heat and fq,,,,
is the flow of sensible heat.
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B.8. Model parameters

Table B.7.: Overview of natural constants used in the model.

Parameter Description Value Unit Reference

Co Stefan-Boltzmann constant 567E-8 Wm 2K 4 Egs. B.22, B.31

CAHyapm,o  Enthalpy of vaporisation 2.45E6  Jkg~! Egs. B.30, B.64, B.65

CCyir Heat capacity of air 1297.0 Jm—3K-! Egs. B.30, B.31, B.65

Cpry0 Density of liquid water 1000.0 kgm™3 Egs. B.17, B.27, B.30, B.34, B.64
Cy Psychrometric constant 65.0 PaK™! Eqgs. B.30, B.31

M0 Molar mass of water 0.018 kg mol ! Eq. B.27

Mg Molar mass of carbon 0.012 kg mol ! Egs. B.52, B.53, B.57, B.58, B.59
CRgas Universal gas constant 8.3145 Jmol-'K~1 Egs. B.27, B.42, B.43

CT mets, Hy 0 Melting temperature of water  273.0 K Egs. B.32, B.40, B.51
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Table B.8.: Overview of model parameters describing environmental conditions. Parameters marked by the % symbol are included in a sensitivity
analysis (see Table 2.2) because their values are not known very accurately.

Parameter  Description Value Unit Reference
PSco, Solubility of CO2 in water 0.0334  mmolm~3 Eq. B.46

PSo, Solubility of Og in water 0.00126 mmolm™3 Eq. B.45

De Emissivity of organism (long-wave radiation) 0.97 [] Eq. B4

(2% Extinction coefficient (short-wave radiation) * 05 [] Eq. B.3

2% Extinction coefficient (long-wave radiation) 0.95 [] Eq. B4

Deg 1 Parameter for saturation vapour pressure 17.27 [] Eqgs. B.26, B.29
Peg. 2 Parameter for saturation vapour pressure 237.3 °C Eqgs. B.26, B.29
Des. 3 Parameter for saturation vapour pressure 610.8 Pa Egs. B.26, B.29
Pk von Karman constant 0.41 [] Eq. B.10

PAy Measurement height for wind speed 10.0 m Eq. B.10

P20, canopy Roughness length of forest % 0.1 m Eq. B.11

P20 floor Roughness length of forest floor % 0.01 m Eq. B.11
Pzo.GpT Roughness length of grassland, desert & tundra %  0.05 m Eq. B.11

Pzo mn Ratio between zg of momentum and humidity 0.1 [] Eq. B.12

Dzg 4 Ratio between displacement height and zg 5.42 [] Eq. B.13

PA, Damping depth of the soil for a diurnal cycle 0.15 m Eqgs. B.23, B.24, B.31, B.35
PCoilp Heat capacity of desert soil % 1.1E6 Jm3K™! Eq. B.15

PCyoil ¢ Heat capacity of non-desert soil % 2.2E6 Jm3K~! Eq. B.15

Pkeoil. D Thermal conductivity of desert soil *k 0.3 Wm~1K~! Eq. B.16
pksoil;F Thermal conductivity of non-desert soil ¥ 1.5 Wm—1K-1 Eq. B.16
DPkenow Thermal conductivity of snow % 0.15 Wm~1K~! Eq. B.35
Ppsnow Density of snow 250.0 kgm—3 Eq. B.34
DAcnow Critical snow depth for activity % 0.1 m Sect. B.4.5
Price Turnover rate of ice sheets % 0.01 yr—1 Eq. B.33
PLATmax Maximum Leaf Area Index in data set 5.7 [] Egs. B.5, B.6
DPhrain Interception efficiency of canopy * 0.15 [] Eq. B.5

DA, Time step of the model 3600 S Eqgs. B.32, B.33, B.24, B.52, B.53, B.58, B.59, B.61, B.62, B.63
PToet r Reference temperature of respiration 283 K Eq. B.51
pTrcf;PS Reference temperature of photosynthesis 298 K Eqgs. B.42, B.43
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Table B.9.: Overview of lichen or bryophyte random parameters used in the model.

Parameter  Description Range Unit Reference

T Albedo 0-1 [] Sect. B.1.1, Eq. B.3

TOmax Specific water storage capacity 1-160 (kg H20) (kg C)~1 Fig. B.1, Egs. B.17, B.62
TAgpee Specific projected area 0.3 - 240 m? (kg C)~1 Fig. B.2, Eq. B.8

Tloc Location of growth Canopy or ground [] Sect. B.1.4

Tde st Threshold saturation for water potential 0.3-1 [] Fig. B.3, Egs. B.20, B.21

Ty, o Shape parameter for water potential curve 5 - 25 [] Fig. B.3, Egs. B.20, B.27

TVE max Molar carboxylation rate of Rubisco 0.6 - 26.8 s—1 Fig. B.4, Egs. B.37, B.42, B.43, B.44, B.48
VG, max Molar oxygenation rate of Rubisco 0.1-25 s™1 Fig. B.5, Egs. B.43, B.44

TR,; Reference maintenance respiration 1E-7 - 1.5E-4 (mol CO2) (kgC)~1s~!  Fig. B.6, Egs. B.38, B.51, B.56
Qg Q10 value of respiration 1-3 [] Fig. B.7, Eq. B.51

Ty ps Optimum temperature of photosynthesis 278 - 313 K Fig. B.9, Eq. B.37

TE,,Kg Enzyme activation energy of K¢ 3E4 - 1.3E5 Jmol 1 Table B.2, Eq. B.42

TE, Ko Enzyme activation energy of Ko 5E3 - 5.5E4 Jmol~! Table B.2, Eq. B.43

ToCcM Carbon Concentration Mechanism (CCM)  CCM present or not [ ] Sect. B.1.11

Talloc Fraction of carbon allocated to growth 0-1 [] Sect. B.1.12, Eq. B.53




Table B.10.: Overview of model parameters associated with lichen or bryophyte tradeoffs. Parameters
marked by the % symbol are included in a sensitivity analysis (see Table 2.2) because their values are
not known very accurately. Note that in some cases several parameters are changed simultaneously to

test model sensitivity towards a certain property, e.g. both wp,,

,max

and Wpgo, i, for CO2 diffusivity.

Only one of the CCM parameters is included in the sensitivity analysis: Changing wccom,e would be
redundant since decreasing the costs of the CCM is analogous to increasing its positive effect. wccm,2

and wcewm,3 are only relevant at a transient state of very high pore space CO; levels.

Parameter Description Value Unit Reference

WD o, max Maximum thallus diffusivity for CO2 ¥ 0.14 (mol CO2) m~2s1 Eq. B.19
WDGoy min ~ Minimum thallus diffusivity for COz % 5.7E-4 (molCO2)m 257! Eq. B.19
Whgo, Factor for water COz diffusivity curve 12 [] Fig. B.10, Eq. B.19
WRub,R Rubisco per respiration * 3.6 (mol Rubisco) (mol CO2)~'s Eq. B.38
Wioss,R Turnover per respiration %k 54771 (kg C) s (mol CO2)~Lyr—1! Eq. B.56

wyv,1 Slope of ¢jv % -0.06 [] Eq. B.40

wIVv,2 Intercept of ¢jv * 3.7 [] Eq. B.40

WK Parameter for K¢ 1.32 [] Egs. B.42, B.43
ch:z Parameter for K¢ 2.03 [] Egs. B.42, B.43
WKg 4 Parameter for Ko 5.7E-3 [] Eq. B.43

WKq 5 Parameter for Ko 0.51 ] Eq. B.43
WCCM, e Cost parameter for CCM 0.67 [] Eq. B.41
weeM, 1 Parameter for CCM * 45 [] Eq. B.50
WCCeM, 2 Parameter for CCM 3.6 [] Eq. B.50
weeM,3 Parameter for CCM 6 [] Eq. B.50

Table B.11.: Constant model parameters associated with lichen or bryophyte properties.

Parameter  Description Value Unit Reference
PPAR Conversion factor for photosynthetically active radiation  2.0699E-6 molJ~! Eq. B.41
Dquant Conversion of quanta light into electrons 0.5 [] Eq. B.41
j29) Shape parameter for T response of photosynthesis 18 K Eq. B.37
Phgrowth Efficiency of sugar to biomass conversion 0.75 [] Egs. B.53, B.54
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B.9. Model variables

Table B.12.: Boundary conditions for the model.

Variable Description Unit Reference

CO2,atm Atmospheric CO2 concentration ppm Eq. B.36

O2,atm Atmospheric Oz concentration ppm Eq. B.45

Thair Air temperature K Eqs. B.22, B.26, B.27, B.29, B.31, B.32, B.35, B.65
fradsw¢ Ingoing shortwave radiation Wm—? Eqgs. B.25, B.31, B.41
Fradpw, Ingoing longwave radiation Wm~—2 Egs. B.25, B.31

frain,atm Rainfall m3m~—2s~! Eq. B.60

fenow,atm  Snowfall m3m—2s~1 Egs. B.32, B.33

Pru Relative humidity [] Egs. B.30, B.31

u Near surface wind speed ms— 1! Eq. B.10

Abparesoil Area fraction of unoccupied soil m2m—2 Eq. B.6

ALAT Leaf Area Index (monthly resolution) m2m—2 Egs. B.3, B.4, B.5, B.6, B.7
Asat Stem Area Index (monthly resolution) m?m™2 Egs. B.3, B4, B.7

Table B.13.: Variables associated with the environment.

Variable Description Unit Reference
20 Roughness length of surface for momentum m Egs. B.10, B.11, B.12, B.13
20,h Roughness length of surface for humidity m Egs. B.10, B.12
TH Aerodynamic resistance to heat transfer sm~! Egs. B.10, B.30, B.31, B.65
Agq Displacement height for wind speed m Egs. B.10, B.13
Tveg Disturbance interval years Table B.3
Clsoil Soil heat capacity Jm—3K-1 Egs. B.15, B.24
Ksoil Soil thermal conductivity Wm—1K-! Egs. B.16, B.25, B.31, B.35
Sfsnowmelt Snowmelt m3m~2s~1  Egs. B.32, B.33, B.60
Ssnow Snow reservoir m3m~2 Eqgs. B.32, B.33, B.34
Asnow Thickness of Snow cover m Egs. B.34, B.35
Aground,max  Available area for growth on ground m2m—2 Egs. B.6, B.8

canopy,max  Available area for growth in canopy m?m~2 Egs. B.7, B.§, B.9
ST Soil temperature K Eqgs. B.23, B.24, B.31, B.35
Esat Saturation vapour pressure Pa Egs. B.28, B.30, B.31
€sat,0 Saturation vapour pressure (open water) Pa Eqgs. B.26, B.28
Pegat Reduction factor for saturation vapour pressure [ ] Egs. B.27, B.28, B.29
degat Slope of saturation vapour pressure curve [] Egs. B.29, B.30, B.31
FEpot Potential evaporation mé3m—2s"1 Egs. B.30, B.61, B.65
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Table B.14.: State variables of lichens or bryophytes.

Variable  Description Unit Reference

SB Biomass of lichen or bryophyte (kgC)m~—2 Egs. B.8, B.17, B.41, B.48, B.52, B.57, B.59
sc Sugar reservoir of lichen or bryophyte (kgC)m~2 Egs. B.52, B.53, B.58

se Thallus water content m3 m—2 Egs. B.18, B.61, B.62, B.63

Table B.15.: Variables describing flows between lichens or bryophytes and their environment.

Variable Description Unit Reference

fradva Outgoing longwave radiation Wm—2 Egs. B.22, B.25

fQuon Ground heat flux Wm~—? Eqgs. B.23, B.24, B.25

fu Net radiation Wm—2 Egs. B.25, B.30

FQutm.1L. Latent heat flow Wm—2 Eqgs. B.64, B.66

antm,S Sensible heat flow Wm~2 Egs. B.65, B.66

fwater,up ~ Water uptake m3m—2s~1 Egs. B.60, B.62, B.63

Sevap Evaporation from thallus surface m3m—2s~1 Egs. B.61, B.62, B.63, B.64, B.65
Sfrunoff Runoff m3m—2s~1 Eqgs. B.62, B.63

fcog,in Inflow of COg into the thallus (molCO2)m~2s~1  Egs. B.36, B.55

25—l Eqgs. B.47, B.49

s
fapP,L Light-limited rate of photosynthesis  (molCO2)m™<s
—25-1  Eqgs. B.48, B.49
‘s
s

farp,w CO2-limited rate of photosynthesis (mol CO2) m—2

fapp Gross Primary Productivity (GPP)  (molCO2)m~2s~!  Egs. B.49, B.55, B.58
TRonain Maintenance respiration (molCO2)m~2s~!  Egs. B.52, B.53, B.55, B.58

Rgrowsn  OTOWth respiration (molCO2)m~2s~!  Egs. B.54, B.55, B.58
farowth Growth (molC)m~2s~1 Eqgs. B.53, B.54, B.58, B.59
Sfloss Biomass loss (molC)m~2s~1 Egs. B.57, B.59
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Table B.16.: Variables associated with lichens or bryophytes.

Variable Description Unit Reference
YH,0 Water potential MPa Fig. B.3, Eq. B.20
Rspec Specific maintenance respiration rate (mol CO3) (kgC)~ts™1 Egs. B.51, B.52
Pradg Conversion factor for shortwave radiation [] Egs. B.3, B.25, B.31, B.41
brady, Conversion factor for longwave radiation [] Egs. B.4, B.25, B.31
@prec Conversion factor for precipitation [] Egs. B.5, B.60
Parea Fraction of available area covered by organism || Egs. B.9, B.22, B.23, B.24, B.25, B.30, B.36, B.41, B.60, B.65
Athallus Thallus area per m? ground m?m—2 Eqgs. B.8, B.9
XG Switch for ground heat flux [] Egs. B.14, B.23, B.31
Omax Water storage capacity m Egs. B.17, B.18
g Water saturation [] Egs. B.18, B.19, B.20, B.21
Dco, Diffusivity for CO2 (mol CO2)m—2s~1 Egs. B.19, B.36
Pact Metabolic activity [] Egs. B.21, B.47, B.48, B.52, B.53
Tsurt Surface temperature K Eqgs. B.22, B.23, B.31, B.35, B.37, B.40, B.42, B.43, B.51, B.65
CO3 thallus  CO2 concentration in thallus pore space ppm Eqgs. B.36, B.46, B.50
COg cen CO2 concentration in chloroplast molm—3 Eqgs. B.46, B.47, B.48, B.50
Ve, max Maximum carboxylation rate (mol CO2) (kgC)~1s~!  Egs. B.37, B.39
Jmax Maximum electron transport rate (mole™) (kgC)~1s™?! Egs. B.39, B.41
ZRub Specific Rubisco content (mol Rubisco) (kg C) 1 Egs. B.37, B.38
dav Ratio of Jmax t0 VG max [ Egs. B.39, B.40
K¢ Michaelis-Menten constant of carboxylation (mol CO2) m—3 Eqgs. B.42, B.44, B.48
Ko Michaelis-Menten constant of oxygenation (mol O2) m~3 Eqgs. B.42, B.44, B.48
O3 cell O2 concentration in chloroplast molm—3 Eqgs. B.44, B.45, B.48
« CO2 compensation point (mol CO2) m—3 Eqs. B.44, B.47, B.48
J Actual electron transport rate (mole”)m™2s~! Eqgs. B.41,
B Turnover rate of biomass yr—1 Fig. B.15, Eq. B.56, B.57




C. Short summary of the thesis

This thesis presents a process-based modelling approach to quantify carbon uptake by
lichens and bryophytes at the global scale. Based on the modelled carbon uptake,
potential global rates of nitrogen fixation, phosphorus uptake and chemical weathering
by the organisms are estimated. In this way, the significance of lichens and bryophytes
for global biogeochemical cycles can be assessed.

The model uses gridded climate data and key properties of the habitat (e.g. distur-
bance intervals) to predict processes which control net carbon uptake, namely photosyn-
thesis, respiration, water uptake and evaporation. It relies on equations used in many
dynamical vegetation models, which are combined with concepts specific to lichens and
bryophytes, such as poikilohydry or the effect of water content on CO, diffusivity. To
incorporate the great functional variation of lichens and bryophytes at the global scale,
the model parameters are characterised by broad ranges of possible values instead of a
single, globally uniform value. The predicted terrestrial net uptake of 0.34 to 3.3 Gt yr~—*
of carbon and global patterns of productivity are in accordance with empirically-derived
estimates.

Based on the simulated estimates of net carbon uptake, further impacts of lichens
and bryophytes on biogeochemical cycles are quantified at the global scale. Thereby the
focus is on three processes, namely nitrogen fixation, phosphorus uptake and chemical
weathering. The presented estimates have the form of potential rates, which means that
the amount of nitrogen and phosphorus is quantified which is needed by the organisms to
build up biomass, also accounting for resorption and leaching of nutrients. Subsequently,
the potential phosphorus uptake on bare ground is used to estimate chemical weathering
by the organisms, assuming that they release weathering agents to obtain phosphorus.
The predicted requirement for nitrogen ranges from 3.5 to 34 Tgyr~—! and for phosphorus
it ranges from 0.46 to 4.6 Tgyr~!. Estimates of chemical weathering are between 0.058
and 1.1 km3yr~! of rock. These values seem to have a realistic order of magnitude
and they support the notion that lichens and bryophytes have the potential to play an
important role for global biogeochemical cycles.
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