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Abstract

Lichens and bryophytes are abundant globally and they may even form the dominant
autotrophs in (sub)polar ecosystems, in deserts and at high altitudes. Moreover, they
can be found in large amounts as epiphytes in old-growth forests. Here, we present the
first process-based model which estimates the net carbon uptake by these organisms5

at the global scale, thus assessing their significance for biogeochemical cycles. The
model uses gridded climate data and key properties of the habitat (e.g. disturbance
intervals) to predict processes which control net carbon uptake, namely photosynthe-
sis, respiration, water uptake and evaporation. It relies on equations used in many
dynamical vegetation models, which are combined with concepts specific to lichens10

and bryophytes, such as poikilohydry or the effect of water content on CO2 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 carbon up-
take of 0.34 to 3.3 (Gt C) yr−1 and global patterns of productivity are in accordance with15

empirically-derived estimates. Considering that the assimilated carbon can be invested
in processes such as weathering or nitrogen fixation, lichens and bryophytes may play
a significant role in biogeochemical cycles.

1 Introduction

Lichens and bryophytes are different from vascular plants: Lichens are no real plants,20

but a symbiosis of a fungus and at least one green alga or cyanobacterium, whereas
bryophytes, such as mosses or liverworts, are plants which have no specialised tissue
such as roots or stems. Both groups are poikilohydrous, which means that they cannot
actively control their water content because they do not have an effective epidermal
tissue, a cuticle or stomata. Mainly due to their ability to tolerate dessication, combined25

with large functional variation, they are extremely adaptive organisms that can cope
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with a great range of climatic conditions (Nash III, 1996). They grow as epiphytes on
the bark or even on the leaves of trees, they cover rock outcrops and they form carpets
on the forest floor at high latitudes. As a part of biological soil crusts, they also populate
the surface of desert soils (Belnap and Lange, 2003).

In spite of their global abundance, however, the effect of lichens and bryophytes on5

global biogeochemical cycles has been examined only by a few studies. The work of
Elbert et al. (2012), for instance, suggests a significant contribution of cryptogamic
covers, which largely consist of lichens and bryophytes, to global cycles of carbon and
nitrogen. They use a large amount of data from field experiments or lab measurements
to estimate characteristic mean values of net carbon uptake and nitrogen fixation for10

each of the world’s biomes. By multiplying these mean values with the area of the
respective biome they arrive at global numbers for uptake of carbon and nitrogen. While
their estimate for global net carbon uptake amounts to 7 % of terrestrial net primary
productivity (NPP), the derived value of nitrogen fixation corresponds to around 50 %
of the terrestrial uptake, representing a large impact on the global nitrogen cycle.15

Lichens and bryophytes may have also played an important role with respect to bio-
geochemical cycles in the geological past. From the early Paleozoic on, the prede-
cessors of today’s lichens and bryophytes have likely contributed to the enhancement
of surface weathering rates (Lenton et al., 2012). The organisms accelerate chemical
weathering reactions of the substrate by releasing organic acids, complexing agents,20

hydroxide ions or respiratory CO2 (Jackson and Keller, 1970; Berthelin, 1988; Chen
et al., 2000; Büdel et al., 2004; Weber et al., 2011). On long time scales, weather-
ing rates of silicates control atmospheric CO2 concentration and thus have a large
influence on global climate. The work of Schwartzmann and Volk (1989) shows, for
example, that without biotic enhancement of weathering in the course of evolution,25

atmospheric CO2 would have remained at a high level. The surface temperature asso-
ciated with this CO2 level would probably have been too high for complex life to evolve.
Lenton et al. (2012) focus on the effect of the predecessors of modern bryophytes on
atmospheric CO2 concentration during the Ordovician. According to their experiments,
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these early non-vascular plants could have caused a considerable drawdown in atmo-
spheric CO2 levels via the silicate weathering feedback and, consequently, a decrease
in global surface temperature. Furthermore, the release of phosphorus from the weath-
ered rocks into the oceans could have led to a rise in marine productivity and therefore
to further cooling. According to Lenton et al. (2012) this could explain two temporary5

glaciations at the end of the Ordovician period.
Here, we present a process-based modelling approach to estimate the global net

carbon uptake of lichens and bryophytes. In this way, we are able to assess the role of
these organisms regarding global biogeochemical cycles.

The model is called “LiBSi” (Lichen and Bryophyte Simulator). It is similar to many10

global vegetation models (see Fig. 1). These models describe plants in a simplified way
instead of simulating them with all their detailed structures. Vegetation is usually rep-
resented by a reservoir of biomass, which changes as a function of exchange flows of
carbon. These exchange flows depend on processes such as photosynthesis and res-
piration, which are represented by a set of equations. The equations use environmental15

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, our model describes lichens and bryophytes as reservoirs
of biomass located either on the soil or in the canopy and it is based on equations20

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 CO2 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 model25

equations. Most models use parameter values that describe an “average” organism,
such as a typical rain forest tree, for example. Our 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
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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.

The paper is structured in the following way: Sect. 2 contains a description of the5

model, including an overview of the reservoirs and exchange flows as well as the envi-
ronmental factors that control these flows. In addition, the method for simulating func-
tional variation of lichens and bryophytes by parameter ranges is explained. Estimates
of net carbon uptake are presented in Sect. 3 together with an evaluation of the model
performance. The model is evaluated by comparing simulated productivity of lichens10

and bryophytes with observational data. Furthermore, the uncertainty regarding the
values of model parameters is assessed through a sensitivity analysis. In Sect. 4 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 eval-
uation and sensitivity analysis. Several potential improvements of the model and its15

applicability to further research are discussed.

2 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 CO2 concentration.20

Changes in the size of these 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 CO2 diffusion.25

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
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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 Model processes

In the following, we describe the physiological processes implemented in the model.5

First, we name the effects of the living environment on lichens and bryophytes. Then,
we explain how water content and climatic factors relate to physiological properties of
the organism. Finally, we describe the exchange flows between the organism and its
environment.

For simplicity, we will not present any equations. All equations used in the model can10

be found in Appendix B and are explained there. The parameters associated with the
equations are listed in Tables B7 to B13 in the Appendix.

2.1.1 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 regime15

the organism is exposed to (see Fig. 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 on20

(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). Once
a lichen or bryophyte covers the available area completely it cannot grow anymore.
Since the biomass of an organism is related to its surface area, also biomass is limited
by the available area.25
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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 frequen-
cies of disturbance events, such as fire or treefall, for instance. Furthermore, both loca-
tion 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 flat5

desert. Together with wind speed, surface roughness has a large impact on the aerody-
namic 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.

2.1.2 Water relations10

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 CO2 which is inversely related to water content,
since water leads to a swelling of cells and thus to a narrowing of the diffusion15

pathways (Cowan et al., 1992).

2. The water potential which increases from −∞ at zero water content to a maximum
value of 0 at a certain threshold saturation. If the water content is above this
threshold, all cells in the thallus are fully turgid and extracellular water may exist
inside the thallus or on its surface.20

3. The metabolic activity of a lichen or bryophyte which is assumed to increase lin-
early from 0 at zero water content to 1 at the threshold saturation. It remains 1 if
the water content 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. At constant temperature, the relation of metabolic25
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activity and water content is proportional to the one of dark respiration and water
content.

Note that the water relations implemented in the model allow to represent the
species-specific dependency of photosynthesis on water content. At low water con-
tent, photosynthesis is limited by metabolic activity while at higher water content it is5

limited by the diffusivity of the thallus for CO2. Depending on the relative strength of
these limitations, different shapes of the relation between photosynthesis and water
content can be simulated.

2.1.3 Climate relations

The climate forcing consists of air temperature, wind speed, relative humidity, precipi-10

tation and downwelling short- and longwave radiation. These climatic factors influence
exchange flows of carbon and water between lichens and bryophytes and their envi-
ronment. 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-15

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 tempera-
ture (Allen et al., 1998). It is also influenced by the water potential of a lichen20

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, it25
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is assumed that the metabolism of the organisms is reduced due to lack of light and
low temperature.

2.1.4 Exchange flows

A schematic of the exchange flows of carbon and water between lichens and
bryophytes and their environment is shown in Fig. 3 together with relations to climate5

forcing and reservoirs inside the thallus.
The inflow of CO2 into the pore space of the lichen or bryophyte depends on the gra-
dient between the partial pressure of CO2 in the atmosphere and in the pore space as
well as the diffusivity of the thallus for CO2.

The uptake of CO2 from the pore space (Gross Primary Productivity, GPP) is com-10

puted as a minimum of a light-limited rate, which depends on intercepted shortwave
radiation, and a CO2-limited rate, which is a function of pore space CO2 (Farquhar
and von Caemmerer, 1982). Both rates also depend on the surface temperature of
the organism (Medlyn et al., 2002) and its metabolic activity status. Photosynthesis is
assumed to peak around an optimum surface temperature (June et al., 2004).15

Respiration is modelled by a Q10 relationship as function of biomass and temperature
(Kruse et al., 2011). Same as GPP it also depends on metabolic activity. The respired
CO2 is released into the pore space.

Hence, the CO2 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 is20

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 bal-
ance of the biomass reservoir is then determined by NPP and biomass loss, which in-
cludes regular processes such as tissue turnover or leaching of carbohydrates (Melick
and Seppelt, 1992). Additionally, disturbance events which occur at characteristic time25

intervals lead to a reduction of biomass.
Evaporation from the lichen or bryophyte thallus is computed as a minimum of wa-

ter content and potential evaporation. Since lichens and bryophytes cannot actively
3743
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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
storage capacity, surplus water is redirected to runoff. The water balance of the lichen
or bryophyte is thus determined by evaporation and water uptake.

2.2 Model parameters5

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 proper-
ties, such as specific area or photosynthetic capacity, are characterised by large ranges10

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. We call these parameterisations “strategies” 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 physiological15

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 com-20

puted 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. 4).

The studies of Bloom et al. (1985) and Hall et al. (1992) analyse from a theoretical
perspective the relations between the “strategy” of an organism and the success of this25

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
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method to modelling biogeochemical fluxes of terrestrial vegetation has been success-
fully 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 B9 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 describe5

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 concentration10

mechanism (CCM) or not. 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 parameters15

“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 re-
lationship 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 high20

turnover rate. These relationships are called tradeoffs. The parameters which describe
the tradeoffs are assumed to have constant values.

Six tradeoffs are implemented in the model. The first tradeoff describes the rela-
tion between Rubisco content, respiration rate and turnover rate explained above. The
second tradeoff relates the diffusivity for CO2 to the metabolic activity of the lichen or25

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 (VC,max). Since both rates represent costs for the
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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 CO2, but to increase
the CO2 concentration in the photobionts. If the organism is limited by low CO2 or high5

photorespiration but enough light is available, a CCM can lead to higher productivity.
The fifth and sixth tradeoffs concern the Michaelis-Menten constants of the carboxy-
lation 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 in10

Table B10.
The model contains several additional lichen or bryophyte parameters which are

not directly associated with tradeoffs, but which represent physiological or physical
constraints. Therefore, they are assumed to have constant values. They can be found
in Table B11.15

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 disturbance20

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 of25

parameters related to environmental conditions, see Table B8.
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2.3 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 com-
prises shortwave radiation, downwelling longwave radiation, rainfall, snowfall, air tem-5

perature at 2 m height, wind speed at 10 m height, surface pressure and specific hu-
midity. The latter two variables are used to compute relative humidity. The temporal
resolution of the data is 3 h 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 LAI and SAI in a monthly resolution and a temporally constant10

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 repre-
sent disturbance by assigning characteristic disturbance intervals to each biome (see
Table B3). Furthermore, surface roughness is determined as a function of the biome.15

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 consid-
ered 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 the20

strategies has to be included into the results. As lower bound for net carbon uptake in
a certain grid cell we assume 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 underestimated25

by this method. As an upper bound we assume a weight of one for the strategy with the
highest growth and zero for all other strategies. This weighting method is called “max-
imum” and it is probably an overestimate of the true value, since competition between
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species would have to be very strong to reduce diversity to such an extent. The up-
per 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 on a
biome basis. Hence, data from several field study sites located in a certain biome are5

compared to the simulated net carbon uptake averaged over all grid cells of this biome.
Only studies which report estimates of net carbon uptake based on surface coverage
of lichens or bryophytes are used for evaluating the model. This facilitates a direct
comparison of model estimates and observations. The estimates from these studies
show a large variability, even for the same site they differ by more than an order of10

magnitude. Moreover, the number of studies is quite limited. Only 4 out of 14 biomes
are represented in the field studies: Tundra, boreal forest, desert and tropical rainforest.
For both forest biomes only one study site is available, respectively, making reliable
estimates of net carbon uptake difficult. Nevertheless, we think that the data from the
field studies is suitable to give a rough idea of the mean net carbon uptake in a certain15

biome.
The model is run for 2000 yr with an initial number of 3000 strategies. The simulation

length of 2000 yr 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 high20

enough to achieve a representative sampling of the ranges of possible parameter val-
ues. This means running the model with 3000 different strategies leads to a very similar
result. The model output is averaged over the last 100 yr of the simulation, since this
period corresponds to the longest disturbance interval in the model.

3 Results25

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
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average numbers. Additionally, further properties of lichens and bryophytes estimated
by the model are presented to illustrate the large range of possible predictions. To as-
sess the quality of the predictions, the model estimates are compared to observational
data. Since this study is the first process-based approach to quantify the productivity of
lichens and bryophytes at the global scale, comparison of the results with other mod-5

els is not possible. To estimate the effect of uncertain model parameter values on the
predictions of the model, a sensitivity analysis is performed.

3.1 Modelled net carbon uptake

The global estimate of net carbon uptake by lichens and bryophytes amounts to
0.34 (Gt C) yr−1 for the “average” weighting method and 3.3 (Gt C) yr−1 for the “maxi-10

mum” weighting method (for a description of the weighting methods see Sect. 2.3). The
global biomass is 4.0 (Gt C) (average) and 46 (Gt C) (maximum), respectively. Note that
we use a capital “C” to abbreviate carbon throughout the manuscript. To avoid confu-
sion with unit symbols, we put C and the associated unit in brackets.

We show maps of the global net carbon uptake by lichens and bryophytes, biomass,15

surface coverage, number of surviving strategies and two characteristic parameters,
the optimum temperature of gross photosynthesis and the fraction of organisms with a
Carbon Concentration Mechanism (CCM). These maps are created from time averages
over the last 100 yr of the simulation described in Sect. 2.3. The maps are based on
the “average” weighting method. The “maximum” weighting shows very similar patterns20

and the corresponding maps are shown in Fig. A1a to d.
The net carbon uptake by lichens and bryophytes is shown in Fig. 5a. In some areas,

such as Greenland and the driest parts of deserts, no strategy is able to survive and net
carbon uptake is equal to zero there. The biomes differ largely with respect to carbon
uptake. While dry areas are characterised by the lowest productivity, the highest values25

are reached in forested areas. In the tropical rainforest the high productivity is mainly
due to the high carbon uptake by epiphytic lichens and bryophytes (see Fig. 5c). In the
boreal zone, lichens and bryophytes in the canopy as well as on the ground contribute
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significantly to carbon uptake (see Fig. 5d). Biomass (Fig. 5b) 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.

Figure 6a shows the global absolute cover of lichens and bryophytes in m2 projected
surface area of the organisms per m2 ground. Since the available area can be higher5

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 ab-
solute 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. A2. Figure 6b
shows the number of surviving strategies at the end of the simulation. The global pat-10

tern 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.

Figure 6c and 6d shows the global patterns of two characteristic lichen and bryophyte
parameters. As described in Sect. 2.2 these parameters are sampled randomly from15

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 cer-
tain 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 range20

and consequently to global patterns of characteristic parameters. These patterns re-
flect the influence of climate on properties of surviving strategies. Figure 6c 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. 6d the fraction of25

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 or-
ganisms 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
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temperature and CCM fraction similar to those living on the ground. The corresponding
maps are shown in Fig. A2.

3.2 Evaluation

Figure 7 shows a comparison between model estimates and observational data with
regard to net carbon uptake for 4 biomes. Considering the order of magnitude and5

the large scale patterns of net carbon uptake, the model results agree well with the
observations. There are, however, large uncertainties due to variability in the data,
the difference between “average” and “maximum” estimate and the climatic differences
between the grid cells of a certain biome. Furthermore, there a too few data points
to make any definitive statements. More detailed comparisons between modelled and10

observed carbon uptake, however, are beyond the scope of this study (as discussed
in Sect. 4). The field studies corresponding to the data points in Fig. 7 are listed in
Table 1.

3.3 Sensitivity analysis

As described in Sect. 2.2 model parameters that describe tradeoffs, physiological con-15

straints 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 is beyond the scope of this study. Therefore, the20

parameter values were 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 we perform a sensitivity analysis (see Table 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 B8 and B10.25
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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 pa-
rameters 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.5

Changing the relation of water content to diffusivity for CO2 by 50 %, for instance, leads
to a change in “average” net carbon uptake by almost 50 %. The effect of the respira-
tory 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 to10

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 Jmax/VC,max, light extinction and
surface roughness on carbon uptake are not straightforward to explain. These points
are discussed in Sect. 4. For reasons of computation time we used a different simula-15

tion setup (400 yr, 300 strategies) for the sensitivity analysis. Therefore, the net carbon
uptake values for the control run (Table 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. A2). We thus assume that the sensitivity of the model does not
change significantly with increased simulation time and number of initial strategies.20

4 Discussion

In this study we estimate global net carbon uptake by lichens and bryophytes using
a process-based model. In the following, we discuss the plausibility of the model esti-
mates with respect to the patterns and the absolute values. Furthermore, we give an
overview of the limits regarding the accuracy of the predictions as well as the certainty25

of parameter values.
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The model predicts plausible patterns of productivity and biomass (see Fig. 5) as well
as cover, number of surviving strategies and characteristic parameters (see Fig. 6).
The productivity of lichens and bryophytes in deserts seems to be generally limited by
low water supply while forested areas are characterised by high values of productivity.
The vertical pattern of productivity in tropical forests is different from the one in boreal5

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 near10

the soil surface cause high respiratory losses for lichens and bryophytes and therefore
constrain their growth (Nash III, 1996). 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 spatial resolution of15

the climate data and the biome map, however, is not high enough to represent 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 productivity20

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 m2 per m2 ground for lichens and bryophytes living in the canopy.25

The latitudinal pattern of the optimum temperature of gross photosynthesis is realis-
tic, since the mean climate in the tropics is warmer than in polar regions or at high alti-
tudes. 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 associated
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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
therefore absent from the grid cell climate. Same as optimum temperature, also the lat-5

itudinal pattern of the fraction of organisms with a CCM makes sense. A CCM is useful
in situations where CO2 is limited, either due to low supply from the atmosphere or due
to high photorespiration. These conditions are met in the tropics. The moist climate in
the rainforest generally leads to high water content of the thallus, which results in a
low diffusivity for CO2. Additionally, the high temperatures in the tropics result in high10

photorespiration, further reducing the available CO2 in the pore space. 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. 3.3, the parameters de-
scribing the costs of the CCM are not very well known. Although the global patterns of15

optimum temperature and CCM probably cannot be evaluated on a quantitative basis,
these patterns help to assess qualitatively the plausibility of the model results.

The model results are in good agreement with observational data (see Fig. 7). There
are, however, relatively large uncertainties associated with this comparison, mainly
due to the large variability in the observational data. One reason for this variability in20

productivity might be differences in microclimate at the study sites. These differences
can be considerable, although the sites belong to the same large-scale mean climate.
Another reason for the variability in the observations might be the effect of biodiver-
sity on net carbon uptake. While one site might be dominated by a species that is
very well adapted to the local climate and thus exhibits a high productivity, another25

site might be populated by less productive species. This would lead to differing esti-
mates of net carbon uptake. The model results suggest that both mechanisms play a
role (Fig. 7): due to physiological variation between the strategies, the estimates for
the “average” and “maximum” weighting methods differ largely. Also, the difference in
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productivity between the grid cells with the most and the least favourable climate of a
certain biome is substantial.

Another source of uncertainty is the spatial resolution of the model. Even if the num-
ber of field studies was high enough to reliably estimate a mean productivity for each
biome, comparing the study sites to the model grid cells is not straightforward. Due5

to the much larger spatial scale, the climate of a grid cell represents a mean state of
the local climates that can be found in the cell. Hence, the climatic variability derived
from the grid cells belonging to a certain biome might be smaller than the correspond-
ing microclimatic variability in this biome. Depending on the degree of nonlinearity in
the relation between climate and net carbon uptake, an estimate of mean net carbon10

uptake based on the climate of grid cells might be biased compared to the mean of
the observed values. Since the relation between climate and net carbon uptake is a
complex function of many variables, quantifying its nonlinearity is difficult. Reducing
the spatial resolution of the model down to the microclimatic scale, however, is virtu-
ally impossible. While the limited amount of observational data and the coarse spatial15

resolution of the model are issues that cannot be resolved easily, a significant improve-
ment in the accuracy of the model predictions could be achieved by quantifying the
abundance of the strategies as described in Sect. 2.3. By implementing a scheme that
simulates competition between lichen or bryophyte strategies, the large difference be-
tween the “average” and the “maximum” estimate (Fig. 7) could be reduced. Such a20

scheme would be a promising perspective for extending the model.
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). Some effects, however,
require further explanation:25

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
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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/VC,max is positively correlated with productivity, which is not self-
evident. The correlation is due to the fact that in the model, Jmax is derived from a
given VC,max via the ratio of the two. Hence, changing this ratio only affects Jmax.5

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
explained by assuming that the decrease in carbon uptake on the ground over-10

compensates 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.15

The overall outcome of the sensitivity analysis of the model is satisfactory. Param-
eters 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
the model results. The model is, however, quite sensitive to parameters that describe20

tradeoffs. Since these parameters are assumed to have constant values (Sect. 2.2),
they should be determined as accurately as possible. Unfortunately, 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 many25

studies one of them has been determined. Considering the diffusivity of the thallus for
CO2, a large body of studies describes the relation between productivity and water

3756

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3735/2013/bgd-10-3735-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3735/2013/bgd-10-3735-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 3735–3846, 2013

Estimating global
carbon uptake by

lichens and
bryophytes

P. Porada et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

content, but we found only one study that quantified the diffusivity for CO2 as a function
of water content. The latter, however, is much more useful for modelling CO2 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 such5

a study is the work of Wullschleger (1993) which analyses the ratio between Jmax and
VC,max. For a large number of vascular plants this ratio is approximately 2. The rea-
son for this constant ratio is the fact, that a high Jmax is not useful if the VC,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.10

To summarise, the model is able to produce realistic global patterns of net carbon
uptake by lichens and bryophytes. The uncertainty concerning the absolute value of
carbon uptake is relatively high, but the observational data available to evaluate the
model also show large variability. Given that this study is supposed to be a first order
estimate of global lichen and bryophyte productivity, the outcomes are satisfying. Re-15

garding possible improvements of the model it would be useful to implement competi-
tion between the strategies. In this way, the uncertainty due to the unknown abundance
of the strategies could be eliminated. Furthermore, it would be beneficial if values of
model parameters that describe tradeoffs could be determined more accurately.

5 Conclusions and outlook20

In this paper, we present the first process-based model of global net carbon uptake by
lichens and bryophytes. The model explicitly simulates processes such as photosyn-
thesis and respiration to quantify exchange flows of carbon between organisms and
environment. The predicted global net carbon uptake of 0.34 to 3.3 (Gt C) yr−1 has a
realistic order of magnitude compared to empirical studies (Elbert et al., 2012). The25

values of productivity correspond to approximately 1 to 6 % of the global terrestrial Net
Primary Productivity (NPP) (Ito, 2011). Furthermore, the model represents the large
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functional variation of lichens and bryophytes by simulating many different physiologi-
cal strategies. The performance of these strategies under different climatic regimes is
used to narrow the range of possible values of productivity. This method is an efficient
way to incorporate the effects of biodiversity on productivity into a vegetation model
(Pavlick et al., 2012). The predicted global patterns of surviving strategies are plausi-5

ble from a qualitative perspective. To further reduce the number of possible values for
productivity, competition between the different strategies could be implemented. This
would also make the representation of functional variation of lichens and bryophytes in
the model more realistic.

The uptake of carbon is only one of many global biogeochemical processes where10

lichens and bryophytes are involved. They probably also play an important role in the
global nitrogen cycle due to the ability of some lichens to fix nitrogen (around 50 % of
terrestrial uptake) (Elbert et al., 2012). The fixation of nitrogen, however, is relatively
expensive from a metabolic viewpoint. It would be interesting to quantify the costs of
this process at the global scale and its relation to nutrient limitation.15

While nitrogen can be acquired from the atmosphere, phosphorus usually has to be
released from rocks by weathering. Thus, lichens and bryophytes might increase their
access to phosphorus or other important nutrients by enhancing weathering rates at the
surface through exudation of organic acids and complexing agents. Since weathering
rates control atmospheric CO2 concentration on geological time scales, lichens and20

bryophytes might have influenced global climate considerably throughout the history of
the earth (Lenton et al., 2012).

Lichens and bryophytes have to invest carbon in order to fuel nitrogen fixating en-
zymes or produce organic acids necessary for weathering. Hence, these investments
could be implemented as a cost function into the model, making it possible to quantify25

the associated processes at the global scale. Quantifying the carbon budget of lichens
and bryophytes can thus be seen as a first step towards estimating the impact of these
organisms on other biogeochemical cycles.
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Appendix A

See Figs. A1–A2.

Appendix B

Model details

In the following sections, the technical details of the model are explained. Section B15

describes how strategies are generated from parameter ranges. Moreover, references
are provided for these parameter ranges. Sections B2 to B7 contain all model equa-
tions that are associated with physiological processes of lichens and bryophytes. Fur-
thermore, references are given for the theoretical background and the parameterisation
of the equations. The equations are ordered according to the structure of Sect. 2. The10

values and the units of the parameters and variables used in the model equations are
tabulated in Sects. “Model parameters” and “Model variables” (see Tables B6 to B15).
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 as-
sociated tables are structured accordingly. The prefixes, the type of parameter and the15

associated table(s) can be found in Table B1.
For further details on the implementation of parameters and equations in the model

we refer to the source code of the model which is available on request (pporad@bgc-
jena.mpg.de).

B1 Generation of strategies20

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 parame-
ters (see Sect. 2.2). To create the strategies, these 15 characteristic parameters are
assigned through randomly sampling ranges of possible values. The parameters and
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the corresponding ranges are listed in Table B9. 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 space of random numbers, since the space is partitioned into equal5

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 possible values, and an exponential one for parameters that span more10

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:

x = N(xmax −xmin)+xmin (B1)

where N is a random number between 0 and 1. xmax and xmin are the maximum and15

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 param-
eter values is computed. xmin is then calculated by subtracting the distance between
the mean and the lowest value found in the literature from this lowest value. xmax is20

calculated by adding the distance between mean and highest value found in the litera-
ture 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 random25

number between 0 and 1 to this range is exponential and written as:

x = xmine
N log

(
xmax
xmin

)
(B2)
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where the symbols have the same meaning as in Eq. (B1). The exponential function
is used to represent each order of magnitude of the range equally. If the limits of the
range were 1 and 10 000, for instance, using Eq. (B1) would result in 90 % of the
values lying between 1000 and 10 000. Hence, values from the range 1 to 1000 would
be strongly underrepresented. By using Eq. (B2) this problem is avoided, which is5

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. (B1): xmin
is assumed to be half the lowest value found in the literature, while xmax is set to the10

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 1.15

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

B1.1 Albedo

The albedo xα 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 and20

therefore a large range of possible values for the albedo (Kershaw, 1975). For simplicity,
each strategy has a fixed value of xα. 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 xα.

A linear mapping is used for the parameter range since we found no reason to as-25

sume a priori that a certain value of the albedo is more frequent than the others.
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B1.2 Specific water storage capacity

The specific water storage capacity xΘmax
represents the maximum amount of water

per gram carbon a lichen or bryophyte can store (Fig. B1). An exponential mapping is
used for the range of possible values.

B1.3 Specific projected area5

The specific projected area xAspec
represents the surface area per gram carbon of a

lichen or bryophyte projected onto a plane (Fig. B2). An exponential mapping is used
for the range of possible values.

B1.4 Location of growth

The location of growth xloc of a lichen or bryophyte is a categorical variable. Two cat-10

egories 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 %.

B1.5 Threshold saturation and shape of water potential curve

As described in Sect. 2.1.2 the water potential ΨH2O is an increasing function of the15

water saturation of the thallus, ΦΘ, which is described below in Sect. B3.1. ΨH2O has
a value of −∞ at zero water content and reaches a maximum value of 0 at a certain
threshold saturation (see Fig. B3). This threshold saturation represents the partitioning
between water stored in the cells of the thallus and extracellular water. It is described by
the parameter xΦΘ,sat

. The theoretical limits of xΦΘ,sat
are 0 and 1, where 0 would mean20

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 xΦΘ,sat

is set to 0.3. An upper limit of 1.0 seems
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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 xΦΘ,sat

a linear mapping is used for this parameter.
A second parameter, xΨH2O

, determines the shape of the water potential curve from
zero water content to the threshold saturation. Given a certain value of xΦΘ,sat

, the5

parameter xΨH2O
controls the water content of the thallus in equilibrium with a certain

atmospheric vapour pressure deficit. Since the range of possible values of xΨH2O
is

quite limited a linear mapping is used. The limits for this range are estimated using the
data points in Fig. B3 and are set to 5.0 and 25.0, respectively. The calculation of the
water potential ΨH2O is given below in Sect. B3.3.10

Furthermore, the relation between water content and water potential influences the
tradeoff between CO2 diffusivity and metabolic activity. This is explained in detail below
in Sect. B3.5.

B1.6 Molar carboxylation rate of Rubisco

The molar carboxylation rate of Rubisco xVC,max
represents the maximum carboxylation15

velocity of a Rubisco molecule (Fig. B4). 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.

B1.7 Molar oxygenation rate of Rubisco

The molar oxygenation rate of Rubisco xVO,max
represents the maximum oxygenation20

velocity of a Rubisco molecule (Fig. B5). 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.
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B1.8 Reference maintenance respiration rate and Q10 value of respiration

The specific respiration rate of lichens and bryophytes, Rspec, is controlled by two pa-
rameters: the reference respiration rate at 10 ◦C, xRref

, and the Q10 value of respiration,
xQ10

. The distributions of these parameters are shown in Figs. B6 and B7. For xRref

an exponential mapping is used while for xQ10
a linear mapping is used. The limits of5

xQ10
are not calculated by the method described for Eq. (B1), since the resulting range

would be physiologically unrealistic. Instead, the values were rounded to the nearest
integer. The influences of the two parameters on respiration rate are shown in Fig. B8.

Moreover, the respiration rate is related to Rubisco content and turnover rate of the
thallus, as described in Sect. 2.2. The details of these relationships are explained below10

in Sects. B5.2 and B5.6.

B1.9 Optimum temperature of photosynthesis

The optimum temperature of photosynthesis xTopt,PS
represents the temperature at

which gross photosynthesis shows a maximum (Fig. B9). A linear mapping is used
for the range of possible values. The range is not calculated by the method described15

for Eq. (B1) since the resulting values would be physiologically unrealistic. Instead, the
limits derived from the data were extended by 10 and 5 Kelvin, respectively.

B1.10 Enzyme activation energy of KC and KO

KC and KO are the Michaelis-Menten constants of the carboxylation and oxygenation
reactions of Rubisco. The enzyme activation energies xEa,KC

and xEa,KO
control the20

temperature response of KC and KO. The available data (see Table B2) are not suffi-
cient to estimate the shapes of the ranges of xEa,KC

and xEa,KO
. We assume 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. (B1).25
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B1.11 Carbon Concentration Mechanism (CCM)

The parameter xCCM 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 CO2, but to increase the
CO2 concentration in the photobionts. Since no data could be found about the rela-5

tive abundance of lichens and bryophytes with and without a CCM, the probability to
possess a CCM is set to 50 %.

B1.12 Fraction of carbon allocated to growth

The parameter xalloc represents the fraction of the sugar reservoir that is allocated
to growth each day. xalloc therefore describes the partitioning of assimilated carbon10

between storage pools and biomass. Since we found no reason for a fixed value of
xalloc for all strategies, the possible values are assumed to range from 0 to 1 and a
linear mapping is used.

B2 Living environment

The location of growth of a lichen or bryophyte strongly influences its radiation and15

precipitation regime and the available area for growth (Sect. 2.1.1). The equations
describing these influences are listed and explained below in Sects. B2.1 and B2.2.
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. The20

equations related to these effects can be found below in Sects. B2.3 to B2.5.

B2.1 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
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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
φradS

and longwave radiation φradL
are calculated by:

φradS
=

{
(1.0−xα)

(
1.0−e−pλ,s(ALAI+ASAI)

)
if organism in canopy

(1.0−xα)e−pλ,s(ALAI+ASAI) if organism on ground
(B3)

and5

φradL
=

{
pε

(
1.0−e−pλ, l(ALAI+ASAI)

)
if organism in canopy

pεe
−pλ, l(ALAI+ASAI) if organism on ground

(B4)

where xα is the albedo of a lichen or bryophyte for shortwave radiation and pε is the
emissivity of an organism for longwave radiation. pλ,s and pλ, l are extinction coefficients
for short-wave radiation (Bonan, 2008, p. 254) and longwave radiation (Kustas and
Norman, 2000), respectively. ALAI and ASAI are Leaf Area Index (LAI) and Stem Area10

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:

φprec =

pηrain

ALAI
pLAImax

if organism in canopy

1.0− ALAI
pLAImax

if organism on ground
(B5)

where pηrain
is the interception efficiency of the canopy for precipitation, ALAI is Leaf15

Area Index and pLAImax
is the maximum LAI in the data set, both derived from Bonan

et al. (2002).

B2.2 Available area

The available area for growth of a lichen or bryophyte per m2 ground depends on its
location of growth, which is either the ground or the canopy (see Sect. 2.1.1). The20

3766

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3735/2013/bgd-10-3735-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3735/2013/bgd-10-3735-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 3735–3846, 2013

Estimating global
carbon uptake by

lichens and
bryophytes

P. Porada et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

available area on the ground, Aground,max, is 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) Leaf5

Area Index (LAI), 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:10

Aground,max = min

(
Abaresoil,1.0−

ALAI

pLAImax

)
(B6)

where Abaresoil is the area of soil not occupied by herbaceous vegetation derived from
Bonan et al. (2002). ALAI is Leaf Area Index and pLAImax

is the maximum LAI in the data
set.

The available area in the canopy, Acanopy,max is assumed to be the sum of LAI and15

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. B2.3 for
details). Thus the available area for growth is written as:

Acanopy,max = ALAI +ASAI (B7)20

where ASAI is SAI.
The surface area of a lichen or bryophyte per m2 ground, Athallus, is calculated ac-

cording to:

Athallus =

{
min(xAspec

sB,Acanopy,max) if organism in canopy

min(xAspec
sB,Aground,max) if organism on ground

(B8)
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where xAspec
is the specific area of a lichen or bryophyte, sB is the biomass per m2

ground and Acanopy,max and Aground,max are the available area in the canopy and on
the ground, respectively. This means that Athallus is limited by the available area. Since
biomass is related to surface area via the specific area, also biomass is limited by
available area.5

The fraction of available area that is covered by a lichen or bryophyte is described
by the variable Φarea. This variable is necessary to obtain flows per m2 ground instead
of m2 lichen or bryophyte. If the respiration flow per m2 thallus is known, for instance,
multiplication by Φarea gives the respiration flow per m2 ground. This is important be-
cause the purpose of the model is to predict global flows of carbon and water per m2

10

ground. Φarea is calculated according to:

Φarea =

{ Athallus
max(Acanopy,max,1.0) if organism in canopy

Athallus if organism on ground
(B9)

where Athallus is the surface area of a lichen or bryophyte and Acanopy,max is the avail-
able area in the canopy. The maximum function is used in Eq. (B9) to ensure that the
reference for the exchange flows is a m2 ground, not a m2 of lichen or bryophyte. If, for15

example, the available area in the canopy was 0.8 m2 per m2 ground and the thallus
area was 0.6 m2 per m2 ground, the exchange flows per m2 ground should be multiplied
by a Φarea of 0.6, and not by 0.6/0.8.

B2.3 Disturbance interval

The disturbance interval τveg is assigned according to biome and location of growth20

(see Table B3). Disturbance leads to an instantaneous loss of biomass. The following
processes are represented in the model:
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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. B2.2, strategies in the canopy are assumed to live on trunks and twigs as5

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 event10

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-15

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 and20

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 disturbance25

interval, the mean value is correct.
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B2.4 Aerodynamic resistance to heat transfer

The aerodynamic resistance to heat transfer, rH, controls exchange flows of heat be-
tween the surface of lichens or bryophytes and the atmosphere. It is calculated accord-
ing to Allen et al. (1998):

rH =
log(

p∆u−∆d

z0
) log(

p∆u−∆d

z0,h
)

p2
κu

(B10)5

where pκ is the von Karman constant, u is near surface wind speed, p∆u
is the mea-

surement height for wind speed, ∆d is the displacement height for wind speed and z0
and z0,h are the roughness length of momentum and humidity, respectively. The sta-
bility corrections which are used in some cases to make Eq. (B10) more accurate (Liu
et al., 2007) are neglected here for simplicity.10

The roughness length z0 describes the impact of the surface on the flow of air above
it. z0 is parameterised as one of three possible values (Stull, 1988, p. 380):

z0 =


pz0,canopy

, if organism in canopy

pz0,floor
, if organism on forest floor

pz0,GDT
, if organism on ground outside forest

(B11)

Note that this parameterisation implies that large-scale structures such as forests
dominate the aerodynamic properties of the surface. The shape of lichens or15

bryophytes growing on that surface is assumed to have only a small impact on the
roughness length and is consequently neglected in the model. z0 is related to z0,h
according to:

z0,h = pz0,mhz0 (B12)

where pz0,mh is the ratio between the roughness length of humidity and momentum20

(Allen et al., 1998).
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The displacement height is related to roughness length via:

∆d = pz0,dz0 (B13)

where pz0,d is the ratio between displacement height and roughness length. The value
of pz0,d is derived from the relations ∆d = 2/3 vegetation height and z0 = 0.123 veg-
etation height. These relations are adapted from (Allen et al., 1998) and represent5

rough approximations. Determining average values for displacement height for the
each biome, however, would be beyond the scope of this study.

B2.5 Soil thermal properties

The ground heat flux fG affects the energy balance of a lichen or bryophyte if the or-
ganism is living on the ground. Typically, the soil temperature is lower than the surface10

temperature during the day and higher during the night, leading to heat exchange be-
tween 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 ther-
mal equilibrium with the canopy layers below. The effect of location of growth on fG is
represented by the variable χG:15

χG =

{
1 if organism in canopy

0 if organism on ground
(B14)

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 Csoil and the
thermal conductivity of the soil ksoil (Lawrence and Slater, 2008; Anisimov et al., 1997;
Peters-Lidard et al., 1998). Since they depend on the average water content of the soil,20

desert soils are parameterised differently from non-desert soils in the model:

Csoil =

{
pCsoil,D, if organism in desert

pCsoil,F , if organism not in desert
(B15)
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ksoil =

{
pksoil,D, if organism in desert

pksoil,F , if organism not in desert
(B16)

B3 Water relations

The water saturation of a lichen or bryophyte is defined in Sect. B3.1. It controls three
physiological properties: diffusivity for CO2 (Sect. B3.2), water potential (Sect. B3.3)5

and metabolic activity (Sect. B3.4).

B3.1 Water saturation

The water storage capacity Θmax describes how much water a lichen or bryophyte can
store per m2 ground. Θmax is assumed to be proportional to biomass per m2 ground:

Θmax =
xΘmax

sB

cρH2O

(B17)10

where xΘmax
is the specific water storage capacity, sB is the biomass of a lichen or

bryophyte and cρH2O
is the density of liquid water. The water saturation ΦΘ is then

calculated as the ratio of the actual water content sΘ and the water storage capacity:

ΦΘ =
sΘ

Θmax
(B18)

B3.2 Diffusivity for CO215

The diffusivity of the thallus for CO2 is represented by the variable DCO2
. It decreases

from a maximum value to a minimum value with increasing water saturation (see
Fig. B10) and it is calculated according to:

DCO2
= (wDCO2,max

−wDCO2,min
)(1.0−ΦΘ)

wDCO2 +wDCO2,min
(B19)
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where wDCO2,min
is the minimum value of CO2 diffusivity, wDCO2,max

is the maximum value
of CO2 diffusivity, ΦΘ is the water saturation of the thallus and wDCO2

is a parameter
that determines the shape of the diffusivity curve. wDCO2

is estimated using the data
points in Fig. B10, while wDCO2,min

and wDCO2,max
are taken from the literature (Cowan

et al., 1992).5

The relation between DCO2
and ΦΘ is an important component of the tradeoff be-

tween CO2 diffusivity and metabolic activity. This is explained below in Sect. B3.5.

B3.3 Water potential

The water potential ΨH2O is an increasing function of water saturation and it is calcu-
lated according to:10

ΨH2O = min
(

0.0,xΨH2O

(
1.0−

xΦΘ,sat

ΦΘ

))
(B20)

where ΦΘ is the water saturation. The parameter xΦΘ,sat
is the threshold saturation. If

ΦΘ is above this threshold, all cells in the thallus are fully turgid. Additional water is
assumed to be stored extracellularly. xΨH2O

is a parameter that determines the shape
of the water potential curve. The parameters of the water potential curve are discussed15

in further detail in Sect. B1.5 and the curve is shown in Fig. B3. The influence of the
relation between water saturation and water potential on the tradeoff between CO2
diffusivity and metabolic activity is explained below in Sect. B3.5.

B3.4 Metabolic activity

The metabolic activity of a lichen or bryophyte is represented by the variable Φact. It is20

assumed to increase linearly from 0 at zero water content to 1 at the threshold satura-
tion (Fig. B11). This assumption is based on the fact, that metabolic activity of lichens
and bryophytes increases with their water content (Nash III, 1996, p. 157). The exact
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shape of this relation is not known, but it should be proportional to the relation between
dark respiration and water content at constant temperature. We thus approximate this
relation by a linear one. Φact is written as:

Φact = min

(
1.0,

ΦΘ

xΦΘ,sat

)
(B21)

where ΦΘ is the water saturation of the thallus and xΦΘ,sat
is the threshold saturation.5

The relation between Φact and ΦΘ is an important component of the tradeoff between
CO2 diffusivity and metabolic activity. This is explained below in Sect. B3.5.

B3.5 Tradeoff between CO2 diffusivity and metabolic activity

The CO2 diffusivity of the thallus, DCO2
, decreases with increasing water saturation

ΦΘ (see Sect. B3.2). The metabolic activity of a lichen or bryophyte Φact, however,10

increases with ΦΘ (see Sect. B3.4). This leads to a tradeoff: at low ΦΘ the potential
inflow of CO2 in the thallus and thus potential productivity are high, but the low Φact
limits the actual productivity. At high ΦΘ productivity is limited by low DCO2

, although
the lichen or bryophyte is active. Since both the relation between DCO2

and ΦΘ and the
relation between Φact and ΦΘ are controlled by underlying physiological constraints,15

the associated parameters, such as wDCO2
, are assumed to have constant values (see

Sect. 2.2).
The tradeoff is illustrated in Fig. B12: 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 control20

water content. These are mainly xΦΘ,sat
, xΨH2O

and xΘmax
, but also parameters that

indirectly influence water content of the thallus, such as xα, xAspec
and xloc.
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B4 Climate relations

The climate forcing (air temperature, wind speed, relative humidity, precipitation and
downwelling short- and longwave radiation) influences almost all physiological pro-
cesses of lichens and bryophytes (see Fig. 3). Furthermore, it determines potential
evaporation and surface temperature. In the following sections the relations between5

potential evaporation (Sect. B4.3), surface temperature (Sect. B4.4) and climate forcing
are described. The factors necessary for the calculation of these relations are:

1. Net radiation (see Sect. B4.1).

2. Saturation vapour pressure (see Sect. B4.2).

3. Aerodynamic resistance to heat transfer (see Sect. B2.4).10

4. Relative humidity.

Also snow affects physiological processes of lichens and bryophytes. The dynamics
of the snow layer are explained in Sect. B4.5 while the effects of the snow layer on
physiological processes are described in the sections related to these processes.

B4.1 Net radiation15

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 fradLW↑
is calculated as a function of surface temperature

and air temperature:20

fradLW↑
=
(

4.0cσT
3
airTsurf −3.0cσT

4
air

)
Φarea (B22)

where Tair is air temperature, Tsurf is surface temperature and cσ is the Stefan-
Boltzmann constant. Equation (B22) is a linearisation of the standard equation for
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power emitted by the surface of a black body (Stefan-Boltzmann law). It is taken from
Monteith (1981). The factor Φarea is the fraction of available area that is covered by the
thallus (see Eq. B9). This factor thus converts fradLW↑

to Watts per m2 ground.
The ground heat flux fQsoil

is written as a function of the temperature difference be-
tween the thallus of a lichen or bryophyte and the soil:5

fQsoil
= ksoil

Tsurf − sTsoil

p∆z

ΦareaχG (B23)

where ksoil is the thermal conductivity of the soil (see Eq. B16), Tsurf is the surface
temperature of the thallus, sTsoil

is soil temperature and p∆z
is the damping depth of the

soil for a diurnal cycle (Bonan, 2008, p. 134). Φarea is the fraction of available area that
is covered by the thallus. χG is a switch to set fQsoil

to zero if a lichen or bryophyte is10

living in the canopy (see Eq. B14).
To compute soil temperature sTsoil

, the balance for the soil heat reservoir is used:

sTsoil
= sTsoil

+
fQsoil

CsoilΦareap∆z

p∆t
(B24)

where fQsoil
is the ground heat flux, Csoil is soil heat capacity, Φarea is the fraction of

available area covered by a lichen or bryophyte, p∆z
is the damping depth of the soil15

for a diurnal cycle and p∆t
is the time step of the model.

Net radiation fH is written as:

fH =φradS
fradSW↓

Φarea +φradL
fradLW↓

Φarea −φradL
fradLW↑

− fQsoil
(B25)

where φradS
is a conversion factor for shortwave radiation (see Eq. B3) and φradL

is a
conversion factor for longwave radiation (see Eq. B4). fradSW↓

and fradLW↓
are the down-20

welling shortwave and longwave radiation flows derived from the climate forcing data.
Φarea is a factor to reduce the radiation flows to the fraction per m2 ground that reaches
the thallus of a lichen or bryophyte (see Eq. B9). fradLW↑

is already multiplied by Φarea in
Eq. (B22), the same applies for fQsoil

in Eq. (B23).
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B4.2 Saturation vapour pressure

The saturation vapour pressure above an open water surface esat,0 is calculated as a
function of air temperature according to Allen et al. (1998):

esat,0 = pes,3
e

pes,1 Tair,C
pes,2+Tair,C (B26)

where pes,1
, pes,2

and pes,3
are empirical parameters and Tair,C is the air temperature in5

degree Celsius, calculated as Tair,C = Tair −cTmelt,H2O
.

If the water saturation of a lichen or bryophyte is below the threshold saturation xΦΘ,sat

(see Sects. B1.5 and B3.3), the water potential at the surface of the thallus becomes
negative. Hence the saturation vapour pressure is reduced by the factor φesat

which is
calculated according to Nikolov et al. (1995):10

φesat
=

1.0E6ΨH2OcMH2O

cRgas
Tair,CcρH2O

(B27)

where ΨH2O is the water potential of the thallus, cMH2O
is the molar mass of water, cRgas

is the universal gas constant, Tair,C is the air temperature, cρH2O
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, esat,15

is written as (Nikolov et al., 1995):

esat = eφesatesat,0 (B28)

The slope of the saturation vapour pressure curve, desat
, is calculated by differentiat-

ing esat after Tair,C:

desat
= e

(
pes,1 Tair,C
pes,2+Tair,C

+φesat

)(
pes,1

pes,2
pes,3

(pes,2
+ Tair,C)2

−
φesat

Tair

)
(B29)20
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B4.3 Potential evaporation

The potential evaporation Epot 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):

Epot =
fHdesat

+cCair

esat−ΦRHesat
rH

Φarea(
desat

+cγ

)
c∆Hvap,H2O

cρH2O

(B30)5

where fH is net radiation, desat
is the slope of the saturation vapour pressure curve, esat

is saturation vapour pressure and ΦRH is relative humidity. cCair
is the heat capacity of

air, rH is the aerodynamic resistance to heat transfer, cγ is the psychrometric constant,
c∆Hvap,H2O

is the enthalpy of vaporisation and cρH2O
is the density of liquid water. The

factor Φarea reduces the part of Epot related to vapour pressure deficit to the fraction10

per m2 ground covered by the thallus of a lichen or bryophyte. The part of Epot driven
by net radiation is already corrected for surface coverage in Eq. (B25).

Note that both parts of Epot 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 moisture15

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.
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B4.4 Surface temperature

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

Tsurf =
Tair −

esat−ΦRHesat
desat

+cγ
+

(
φradS

fradSW↓+φradL

(
fradLW↓+3.0cσT

4
air

)
+

ksoil
p∆z

sTsoil
χG

)
cγrH

cCair(desat
+cγ)

1.0+

(
φradL

4.0cσT
3
air+

ksoil
p∆z

χG

)
cγrH

cCair(desat
+cγ)

(B31)

where Tair is air temperature, esat is saturation vapour pressure, ΦRH is relative humid-5

ity, desat
is the slope of the saturation vapour pressure curve and cγ is the psychrometric

constant. φradS
and φradL

are conversion factors for shortwave and longwave radiation,
fradSW↓

and fradLW↓
are the downwelling shortwave and longwave radiation flows and cσ

is the Stefan-Boltzmann constant. ksoil is the thermal conductivity of the soil, p∆z
is

the damping depth of the soil for a diurnal cycle, sTsoil
is soil temperature and χG is a10

switch to set fQsoil
to zero if a lichen or bryophyte is living in the canopy. cCair

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

B4.5 Snow layer

The snow cover leads to a reduction of light input for lichens and bryophytes. Fur-
thermore, it changes the dynamics of the water supply and the temperature regime15

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 p∆snow

(Pannewitz et al., 2003). Since it is impractical to simu-
late 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 except20

for turnover of biomass.
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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.5

Snowmelt fsnowmelt is calculated as a function of air temperature (Bergström, 1992):

fsnowmelt = min

(
3.22

max(0.0,Tair −cTmelt,H2O
)

86400 ·1000
,
ssnow

p∆t

+ fsnow,atm

)
(B32)

where Tair is air temperature and cTmelt,H2O
is the melting temperature of water, the factor

86 400 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. ssnow is the snow reservoir on10

the surface, measured in m3 liquid water equivalents per m2, p∆t
is the time step of the

model and fsnow,atm is the input flow of snow from the atmosphere.
The balance of the snow reservoir ssnow is written as:

ssnow = max
(

0.0,ssnow + (fsnow,atm − fsnowmelt − ssnowpτice
)p∆t

)
(B33)

where the last term describes lateral movement of the snow pack. The parameter pτice
15

represents the turnover of ice shields and it is set by “best guess” to 1 % per year.
To convert the snow reservoir ssnow from water equivalents to thickness of snow

cover ∆snow in meters, ssnow is multiplied by the fraction of density of water and density
of snow (Domine et al., 2011):

∆snow = ssnow

cρH2O

pρsnow

(B34)20

In case a lichen or bryophyte is covered by a snow layer that exceeds the critical
thickness p∆snow

, a different method than Eq. (B31) is used to compute the surface
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temperature Tsurf of the thallus:

Tsurf =


Tair, if organism in canopy
pksnow
∆snow

Tair+
ksoil
p∆z

sTsoil
pksnow
∆snow

+
ksoil
p∆z

if organism on ground
(B35)

where pksnow
is the thermal conductivity of snow (Domine et al., 2011), ∆snow is the

thickness of the snow layer, Tair is air temperature, ksoil is the thermal conductivity of
the soil, p∆z

is the damping depth of the soil for a diurnal cycle and sTsoil
is soil tem-5

perature. Note that Eq. (B35) does not have any effects on the metabolism of lichens
or bryophytes, since they are assumed to be inactive under snow. Equation (B35) is
only implemented in the model to compute approximate values for the surface temper-
ature 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 surface10

temperature is assumed to be controlled only by heat conduction from atmosphere to
surface and from surface to soil. Equation (B35) results from assuming a steady state
of the surface.

B5 Carbon exchange flows

The model simulates the following flows of carbon related to lichens and bryophytes:15

1. Inflow of CO2 from the atmosphere into the pore space of the thallus (see
Sect. B5.1).

2. Uptake of CO2 from the pore space (Gross Primary Productivity, GPP) and stor-
age as sugars (see Sect. B5.2).

3. Maintenance and growth respiration (see Sect. B5.4).20

4. Growth, which is the transformation of the stored sugars into biomass (see
Sect. B5.4).
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5. Biomass loss (see Sect. B5.6).

The relations of these flows to the balances of the carbon reservoirs of a lichen or
bryophyte are described in Sect. B5.7.

B5.1 Inflow of CO2 into the thallus

The inflow of CO2 from the atmosphere into the pore space of the thallus, fCO2, in, is5

proportional to the gradient between the partial pressures of CO2 in the atmosphere
and in the pore space. It is written as:

fCO2, in = DCO2

CO2,atm −CO2, thallus

1.0E6
Φarea (B36)

where DCO2
is the diffusivity of the thallus for CO2, CO2,atm is the atmospheric CO2

concentration, CO2, thallus is the CO2 concentration in the pore space of the thallus and10

the factor 1.0E6 is used to convert the gradient from ppm to a fraction between 0 and
1. The variable Φarea converts fCO2, in from a flow per m2 lichen or bryophyte into a

flow per m2 ground. Note that fCO2, in can also be negative, which means that the CO2
concentration inside the thallus is higher than in the atmosphere and consequently
CO2 flows out of the thallus.15

B5.2 GPP

The uptake of CO2 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 CO2-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 ar-20

bitrary extent. Hence, the light-limited rate is constrained to a maximum rate Jmax. The
CO2-limited rate is an increasing function of the CO2 concentration in the chloroplasts
of a lichen or bryophyte. It saturates, however, at very high values of CO2 concentra-
tion. The maximum rate at saturation is VC,max.
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The maximum carboxylation rate VC,max of a lichen or bryophyte is calculated as:

VC,max = xVC,max
ΞRube

−
( Tsurf−xTopt,PS

pΩ

)2

(B37)

where xVC,max
is the molar carboxylation rate of Rubisco (see Sect. B1.6) and ΞRub is

the specific Rubisco content of a lichen or bryophyte. The exponential describes the
influence of surface temperature Tsurf on VC,max (Medlyn et al., 2002). VC,max is assumed5

to peak around an optimum surface temperature xTopt,PS
(see Sect. B1.9) and the shape

of the temperature response curve is determined by the parameter pΩ (June et al.,
2004).

The Rubisco content ΞRub is a function of the reference respiration rate at 10 ◦C,
xRref

. This relationship represents a tradeoff and results from a physiological constraint,10

namely maintenance costs of enzymes (see Sect. 2.2). The exact shape of this relation
could not be determined, since we could not find enough studies where both ΞRub and
xRref

are measured. Thus, we assume a simple linear function:

ΞRub = wRub,RxRref
(B38)

where the tradeoff-parameter wRub,R , which represents the slope of the line, is de-15

termined by two points: the origin (0,0) and the point (ΞRub, xRref
), where xRref

is the

average reference respiration rate and ΞRub is the average Rubisco content. xRref
is

calculated by Eq. (B2) with N =0.5. The limits of the range of possible values of xRref

can be found in Table B9. To compute ΞRub we also use Eq. (B2) with N =0.5, although
the range of possible values of ΞRub (see Table B6) does not span several orders of20

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. (B38), however, implies that both
the range of xRref

and the range of ΞRub have the same shape. Hence, using Eq. (B2) to

estimate ΞRub is a consistent approach. Note that using the median of the values from
3783
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Table B6 to compute ΞRub instead of using Eq. (B2) does not significantly change the
value of wRub,R .

The maximum electron transport rate Jmax of a lichen or bryophyte is calculated as:

Jmax =φJV VC,max (B39)

where VC,max is the maximum carboxylation rate and φJV is the ratio of Jmax to VC,max.5

φJV depends on the surface temperature of a lichen or bryophyte and is written as:

φJV = max
(

0.0,wJV ,1

(
Tsurf −cTmelt,H2O

)
+wJV ,2

)
(B40)

where Tsurf is surface temperature and cTmelt,H2O
is the melting temperature of water.

The two parameters wJV ,1 and wJV ,2 are derived by the data shown in Fig. B13. φJV
is limited to non-negative values since a negative Jmax would make no sense from a10

physiological viewpoint.
The fact that VC,max and Jmax are positively correlated implies a tradeoff between

these two variables. This tradeoff results from physiological constraints (see Sect. 2.2)
in form of metabolic costs of VC,max and Jmax. Since both the maximum of the light-
dependent rate and the maximum of the CO2-dependent rate are associated with costs15

for the organism, but GPP is computed as a minimum of the two rates it would be
inefficient if VC,max and Jmax were independent from each other.

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

J = min
(
fradSW↓

φradS
pPARpquantwCCM,eΦarea,JmaxsB

)
(B41)20

where fradSW↓
is the flow of shortwave radiation, φradS

is a conversion factor that includes
albedo and LAI (see Sect. B2.1), pPAR is a factor that converts shortwave radiation into
photosynthetically active radiation and pquant converts quanta of light into electrons.
wCCM,e is a factor that represents the investment of electrons in a Carbon Concentration
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Mechanism if present (see Sect. B5.3 below). Φarea reduces the electron flow to the
area covered by a lichen or bryophyte and sB is the biomass of the organism.

Besides VC,max and Jmax, the Michaelis-Menten constants of the carboxylation and
oxygenation reactions of Rubisco, KC and KO, affect the shape of the light-dependent
rate and the CO2-dependent rate of GPP. They are calculated as:5

KC = 0.001wKC,1
x
wKC, 2

VC,max
e

(
Tsurf−pTref,PS

)
xEa,KC

pTref,PS
cRgas Tsurf (B42)

and

KO = 0.001
xVO,max

wKO,1

(
xVC,max

wKC,1
x
wKC,2
VC,max

)wKO,2
e

(
Tsurf−pTref,PS

)
xEa,KO

pTref,PS
cRgas Tsurf (B43)

where xVC,max
is the molar carboxylation rate of Rubisco (see Sect. B1.6) and xVO,max

is
the molar oxygenation rate of Rubisco (see Sect. B1.7). The factor 0.001 is used to10

convert KC and KO into mol per m3. The exponentials in Eqs. (B42) and (B43) describe
the influence of surface temperature Tsurf on KC and KO. pTref,PS

is the reference tem-
perature of photosynthesis and cRgas

is the universal gas constant. xEa,KC
and xEa,KO

are the enzyme activation energies of the carboxylation and oxygenation reactions,
respectively (see Sect. B1.10).15

The parameters wKC,1
, wKC,2

, wKO,1
and wKO,2

relate KC and KO to xVC,max
and xVO,max

.
According to Savir et al. (2010), these relations result from a tradeoff between the
carboxylation velocity and the CO2 affinity of the Rubisco enzyme.

The variable Γ∗ represents the CO2 compensation point of photosynthesis in the ab-
sence of respiration as described in Farquhar and von Caemmerer (1982). It is written20
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as:

Γ∗ = 0.5 O2,cell

xVO,max
KC

xVC,max
KO

(B44)

where O2,cell is the concentration of O2 in the chloroplast of a lichen or bryophyte,
xVC,max

and xVO,max
are the maximum velocities and KC and KO are the Michaelis-Menten

constants of the carboxylation and oxygenation reactions, respectively.5

The O2 concentration in the chloroplast O2,cell is calculated as a function of the O2
concentration in the pore space of the thallus, which is assumed to be equal to the
atmospheric one:

O2,cell =
1000.0
pSO2

O2,atm (B45)

where O2,atm is the atmospheric O2 concentration and pSO2
is the solubility of O2 (von10

Caemmerer, 2000, p. 9). The factor 1000 is used to write O2,cell in mol per m3.
Accordingly, the CO2 concentration in the chloroplast CO2,cell is calculated as a func-

tion of the CO2 concentration in the pore space of the thallus, which depends on the
exchange flows of carbon between the organism and the atmosphere:

CO2,cell =
1000.0
pSCO2

CO2, thallus (B46)15

where CO2, thallus is the pore space CO2 concentration and pSCO2
is the solubility of CO2

(von Caemmerer, 2000, p. 9). The factor 1000 is used to write CO2,cell in mol per m3.
Knowing CO2,cell, O2,cell, J , KC, KO, xVC,max

and xVO,max
, the light-limited rate and the

CO2-limited rate of photosynthesis can be calculated. They are written according to
Farquhar and von Caemmerer (1982) as:20

fGPP,L = J
CO2,cell −Γ∗

4.0CO2,cell +8.0Γ∗
Φact (B47)
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and

fGPP,W = xVC,max
sB

CO2,cell −Γ∗

CO2,cell +KC
1.0+O2,cell

KO

Φact (B48)

where CO2,cell is the concentration of CO2 in the chloroplast, Γ∗ is the CO2 compensa-
tion point, KC and KO are the Michaelis-Menten constants of the carboxylation and oxy-
genation reactions, respectively, and O2,cell is the O2 concentration in the chloroplast.5

Φact is the metabolic activity of a lichen or bryophyte (see Sect. B3.4). 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). xVC,max

is the maximum specific
carboxylation rate and sB is the biomass of a lichen or bryophyte.

The GPP of a lichen or bryophyte is then calculated as the minimum of fGPP,L and10

fGPP,W:

fGPP = min
(
fGPP,L, fGPP,W

)
(B49)

B5.3 Carbon Concentration Mechanism

Some lichens and bryophytes possess a Carbon Concentration Mechanism (CCM,
see Sects. 2.2 and B1.11). If a CCM is active, a fraction of the electrons generated by15

the photosystems is invested in increasing the CO2 concentration in the chloroplasts
instead of being used in the Calvin cycle.

This increased CO2 concentration in the chloroplasts can be calculated as a function
of pore space CO2 concentration:

CO2,cell = min
(
wCCM,1CO2, thallus,wCCM,2CO2, thallus +wCCM,3

)
(B50)20

where CO2,cell and CO2, thallus are the CO2 concentrations in the chloroplast and the
pore space, respectively. wCCM,1, wCCM,2 and wCCM,3 are parameters derived from the
data of Reinhold et al. (1989) which is shown in Fig. B14.
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The CCM represents a tradeoff for a lichen or bryophyte: The increased CO2 concen-
tration in the chloroplasts which depends on wCCM,1, wCCM,2 and wCCM,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 wCCM,e (see Eq. B41). The relation between5

pore space CO2 and CO2 in the chloroplasts as well as the costs of establishing this
relation constitute the physiological constraints of the CCM.

B5.4 Respiration & growth

Respiration consists of two parts: Maintenance respiration and growth respiration. The
specific maintenance respiration rate Rspec is modelled by a Q10 relationship (Kruse10

et al., 2011). It is illustrated in Fig. B8 in Sect. B1.8 and it is written as:

Rspec = xRref
xQ10

Tsurf−pTref,R
pTref,R

−cTmelt,H2O (B51)

where xRref
is the reference respiration rate at 10 ◦C, xQ10

is the Q10 value of respiration,
Tsurf is the surface temperature of the organism, pTref,R

is the reference temperature and
cTmelt,H2O

is the melting temperature of water.15

The maintenance respiration of a lichen or bryophyte, fRmain
, is then calculated as a

function of Rspec and the biomass of the organism:

fRmain
= min

(
sC

cMC
p∆t

,RspecsBΦact

)
(B52)

where sC is the sugar reserve of a lichen or bryophyte, cMC
is the molar mass of carbon,

p∆t
is the time step of the model, Rspec is the specific maintenance respiration rate, sB20

is the biomass of the organism and Φact is its metabolic activity.
The minimum in Eq. (B52) is used because a lichen or bryophyte cannot respire

more carbon per time step than is stored in the sugar reservoir. The respired CO2 is
released into the pore space.
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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:

fgrowth = min

(
sC

cMC
p∆t

− fRmain
,xalloc

sC
cMC

86400
Φact

)
pηgrowth

(B53)

where sC is the sugar reserve of a lichen or bryophyte, cMC
is the molar mass of carbon,5

p∆t
is the time step of the model and fRmain

is maintenance respiration. xalloc is the frac-
tion of the sugar reservoir allocated to growth per day, 86 400 is the number of seconds
per day, Φact is metabolic activity, and pηgrowth

is the efficiency of the transformation of
sugars to biomass.

The respiration associated with growth, fRgrowth
is then written as a function of growth10

efficiency pηgrowth
and growth fgrowth:

fRgrowth
=

(
1.0

pηgrowth

−1.0

)
fgrowth (B54)

B5.5 Steady State of internal CO2

Two carbon exchange flows depend on the internal CO2 concentration of the thallus
CO2, thallus, namely the inflow of CO2 from the atmosphere into the pore space, fCO2, in15

(Eq. B36), and the uptake of CO2 from the pore space by GPP, fGPP (Eq. B49). The
model, however, does not simulate explicitly the pore space of the thallus. Hence, it is
not possible to determine the absolute amount of CO2 in the thallus. Instead, a steady-
state approach is used to calculate CO2, thallus. It is assumed that the exchange flow
of CO2 between pore space and atmosphere, fCO2,in, balances the net CO2 exchange20

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 CO2 into the pore space,
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consisting of maintenance respiration fRmain
and growth respiration fRgrowth

(Eqs. B52 and
B54). The equation for the steady state of pore space CO2 is thus written as:

fCO2, in = fRmain
+ fRgrowth

− fGPP (B55)

Equation (B55) is then solved for CO2, thallus to determine the values for fCO2, in and
fGPP.5

B5.6 Biomass loss

The turnover rate of the biomass of lichens or bryophytes, τB, is calculated similarly to
the Rubisco content (see Sect. B5.2) as a function of the reference respiration rate at
10 ◦C, xRref

. The relation between τB and xRref
represents a tradeoff and results from

a physiological constraint, namely metabolic stability of enzymes (see Sect. 2.2). The10

exact shape of this relation could not be determined, since we could not find enough
studies where both τB and xRref

are measured. Thus, we assume a simple linear func-
tion:

τB = wloss,RxRref
(B56)

where the tradeoff-parameter wloss,R , which represents the slope of the line, is deter-15

mined by two points: the origin (0,0) and the point (τB,xRref
), where xRref

is the average
reference respiration rate and τB is the average turnover rate. xRref

is calculated by
Eq. (B2) with N =0.5. The limits of the range of possible values of xRref

can be found in
Table B9. To compute τB we also use Eq. (B2) with N =0.5 (see Fig. B15). The range
of possible values of τB is set to 0.03–1.5 (see Sect. B1).20

The flow of biomass loss floss, is then calculated as a function of τB and the biomass
of the organism:

floss = τB
sB

cMC
3.1536E7

(B57)
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where τB is the turnover rate, sB is the biomass of a lichen or bryophyte and cMC
is

the molar mass of carbon. The factor of 3.1536E7 is used to convert τB from yr−1 to
s−1. Note that floss also includes leaching of carbohydrates and small-scale regular
herbivory.

B5.7 Carbon balance5

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

sC = max
(

0.0,sC +
(
fGPP − fRmain

− fRgrowth
− fgrowth

)
cMC

p∆t

)
(B58)

where fGPP is GPP, fRmain
is maintenance respiration, fRgrowth

is growth respiration, fgrowth

is growth cMC
is the molar mass of carbon and p∆t

is the time step of the model.10

The balance of the biomass reservoir sB is written as:

sB = max
(

0.0,sB +
(
fgrowth − floss

)
cMC

p∆t

)
(B59)

where fgrowth is growth, floss is biomass loss, cMC
is the molar mass of carbon and p∆t

is the time step of the model.

B6 Water exchange flows15

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 fwater,up is calculated as:

fwater,up =
(
frain,atm + fsnowmelt

)
φprecΦarea (B60)20
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where frain,atm is rainfall, fsnowmelt is snowmelt, φprec is the fraction of precipitation that
reaches the thallus surface and Φarea reduces water uptake to the area covered by a
lichen or bryophyte.

Evaporation fevap is calculated as a minimum of demand by potential evaporation and
supply by the water reservoir of a lichen or bryophyte:5

fevap = min

(
sΘ
p∆t

,Epot

)
(B61)

where sΘ is the water content of a lichen or bryophyte, p∆t
is the time step of the model

and Epot is potential evaporation (see Eq. B30).
Runoff frunoff is generated when net water uptake exceeds the water storage capacity

of the thallus:10

frunoff =
max

(
0.0,sΘ +max

(
0.0, fwater,up − fevap

)
p∆t

−Θmax

)
p∆t

(B62)

where sΘ is the water content of a lichen or bryophyte, fwater,up is water uptake, fevap is
evaporation, p∆t

is the time step of the model and Θmax is the water storage capacity
of the thallus (see Eq. B17).

The water balance is then written as:15

sΘ = max
(

0.0,sΘ +
(
fwater,up − fevap − frunoff

)
p∆t

)
(B63)

where sΘ is the water content of a lichen or bryophyte, fwater,up is water uptake, fevap is
evaporation, frunoff is runoff and p∆t

is the time step of the model.

B7 Exchange flows of energy

Additionally to exchange flows of carbon and water, the model computes the exchange20

of energy between lichens and bryophytes and the atmosphere. The flow of latent heat,
3792
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fQatm,L
, is calculated from evaporation as:

fQatm,L
= fevapc∆Hvap,H2O

cρH2O
(B64)

where fevap is evaporation, c∆Hvap,H2O
is the enthalpy of vaporisation and cρH2O

is the
density of liquid water. The flow of sensible heat, fQatm,S

, is written as:

fQatm,S
=

(Tsurf − Tair)cCair

rH
Φarea +

(
Epot − fevap

)
c∆Hvap,H2O

cρH2O
(B65)5

where Tsurf is surface temperature, Tair is air temperature, cCair
is the heat capacity of air,

rH is the aerodynamic resistance to heat transfer and Φarea is the fraction of available
area covered by a lichen or bryophyte. Epot is potential evaporation, fevap is actual
evaporation, c∆Hvap,H2O

is the enthalpy of vaporisation and cρH2O
is the density of liquid

water. Note that fQatm,S
consists of two parts. The first part depends on the gradient10

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. B64). 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 in15

the canopy, is then calculated as:

fH = fQatm,L
+ fQatm,S

(B66)

where fH is net radiation (see Eq. B25), fQatm,L
, is the flow of latent heat and fQatm,S

is the
flow of sensible heat.
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Table 1. Overview of the studies used to evaluate the model. The symbols refer to the data
points shown in Fig. 7.

Study site Symbol Net carbon uptake References
[(g C) m−2 yr−1]

Barrow, Alaska ✖ 38.5, 171.0 Oechel and Collins (1976)
10.0 Billings (1987)

Brooks range, Alaska ✚ 4.7, 9.6, 15.7, 20.4 Lange et al. (1998)
Svalbard ◆ 1.9 Uchida et al. (2006)

6.5 Uchida et al. (2002)
Saskatchewan, Canada ▲ 12 Gower et al. (1997)

25 Bisbee et al. (2001)
104 Swanson and Flanagan (2001)

Kaiparowits basin, USA ■ 0.6, 2.3 Jeffries et al. (1993)
Mojave desert, USA � 11.7 Brostoff et al. (2005)
Costa Rica ▼ 37, 64 Clark et al. (1998)
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Table 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. 2.3).
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 [(g C) m−2 yr−1] Average Maximum

Change in parameter value − + − + Type

Lichen or bryophyte parameters

CCM response 0.20 0.28 0.9 1.3 50 %
Ratio Jmax/VC,max 0.19 0.27 0.8 1.3 50 %
Diffusivity for CO2 0.15 0.35 0.6 1.7 50 %
Turnover per respiration 0.19 0.29 1.3 1.0 50 %
Rubisco per respiration 0.16 0.32 0.6 1.6 50 %
Environmental parameters

Disturbance interval 0.21 0.27 0.9 1.3 50 %
Light extinction in canopy 0.25 0.24 1.2 1.1 50 %
Rain interception efficiency 0.23 0.27 1.0 1.3 50 %
Max. snow depth for activity 0.25 0.25 1.2 1.2 50 %
Heat conductivity of snow 0.25 0.25 1.2 1.2 50 %
Turnover of ice sheets 0.25 0.25 1.2 1.2 50 %
Soil heat conductivity 0.25 0.25 1.2 1.2 50 %
Soil heat capacity 0.25 0.25 1.2 1.2 50 %
Surface roughness 0.26 0.25 1.2 1.1 50 %
Climate forcing

Shortwave radiation 0.25 0.25 1.1 1.2 20 %
Air temperature 0.26 0.25 1.2 1.2 2 K
Rainfall/Snowfall 0.25 0.25 1.2 1.2 20 %
Surface windspeed 0.26 0.25 1.2 1.1 20 %

Control run 0.25 1.2
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Table B1. Overview of the nomenclature of parameters and variables in the model.

Prefix Parameter or variable Table(s)

c Natural constant B7
p Parameter B8 (Environment)

B11 (Lichens and Bryophytes)
x Strategy parameter B9
w Tradeoff parameter B10
s State variable B14
f Flow variable B15
none Other variable B12 (Boundary conditions)

B13 (Environment)
B16 (Lichens and Bryophytes)
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Table B2. Overview of the enzyme activation energies Ea of the Michaelis-Menten constants
KC and KO.

Ea [J mol−1] Reference

KC KO

79 430 36 380 Medlyn et al. (2002)
59 536 35 948 Medlyn et al. (2002)

109 700 14 500 Medlyn et al. (2002)
80 500 – Medlyn et al. (2002)
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Table B3. Overview of the disturbance intervals τveg 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 B4 and B5 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 B4 and B5).

Biome τveg [yr]

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
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Table B4. References for the disturbance intervals τveg [yr] 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

τveg Reference τveg 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 B5. References for the disturbance intervals τveg [yr] of different biomes regarding leaf
fall 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
was estimated by “best guess” due to lack of data.

Biome Leaf fall Herbivory

τveg Reference τveg

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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Table B6. Overview of the Rubisco content ΞRub of lichens and bryophyte.

ΞRub [(mol Rubisco) (kg C)−1] Reference

1.4 E-5 Balaguer et al. (1999)
2.1 E-5 Sundberg et al. (2001)
9.0 E-6 Sundberg et al. (2001)
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Model parameters

Table B7. Overview of natural constants used in the model.

Parameter Description Value Unit Reference

cσ Stefan-Boltzmann constant 5.67E-8 W m−2 K−4 Eqs. B22, B31
c∆Hvap,H2O

Enthalpy of vaporisation 2.45E6 J kg−1 Eqs. B30, B64, B65

cCair
Heat capacity of air 1297.0 J m−3 K−1 Eqs. B30, B31, B65

cρH2O
Density of liquid water 1000.0 kg m−3 Eqs. B17, B27, B30, B34, B64

cγ Psychrometric constant 65.0 Pa K−1 Eqs. B30, B31
cMH2O

Molar mass of water 0.018 kg mol−1 Eq. B27

cMC
Molar mass of carbon 0.012 kg mol−1 Eqs. B52, B53, B57, B58, B59

cRgas
Universal gas constant 8.3145 J mol−1 K−1 Eqs. B27, B42, B43

cTmelt,H2O
Melting temperature of water 273.0 K Eqs. B32, B40, B51
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Table B8. Overview of model parameters describing environmental conditions. Parameters
marked by the ✱ symbol are included in a sensitivity analysis (see Table 2) because their
values are not known very accurately.

Parameter Description Value Unit Reference

pSCO2
Solubility of CO2 in water 0.0334 mmol m−3 Eq. B46

pSO2
Solubility of O2 in water 0.00126 mmol m−3 Eq. B45

pε Emissivity of organism (long-wave radiation) 0.97 [ ] Eq. B4
pλ,s Extinction coefficient (short-wave radiation) ✱ 0.5 [ ] Eq. B3
pλ, l Extinction coefficient (long-wave radiation) 0.95 [ ] Eq. B4
pes,1

Parameter for saturation vapour pressure 17.27 [ ] Eqs. B26, B29
pes,2

Parameter for saturation vapour pressure 237.3 ◦C Eqs. B26, B29
pes,3

Parameter for saturation vapour pressure 610.8 Pa Eqs. B26, B29
pκ von Karman constant 0.41 [ ] Eq. B10
p∆u

Measurement height for wind speed 10.0 m Eq. B10
pz0,canopy

Roughness length of forest ✱ 0.1 m Eq. B11
pz0,floor

Roughness length of forest floor ✱ 0.01 m Eq. B11
pz0,GDT

Roughness length of grassland, desert & tundra ✱ 0.05 m Eq. B11
pz0,mh

Ratio between z0 of momentum and humidity 0.1 [ ] Eq. B12
pz0,d

Ratio between displacement height and z0 5.42 [ ] Eq. B13
p∆z

Damping depth of the soil for a diurnal cycle 0.15 m Eqs. B23, B24, B31, B35
pCsoil,D

Heat capacity of desert soil ✱ 1.1E6 J m−3 K−1 Eq. B15

pCsoil,F
Heat capacity of non-desert soil ✱ 2.2E6 J m−3 K−1 Eq. B15

pksoil,D
Thermal conductivity of desert soil ✱ 0.3 W m−1 K−1 Eq. B16

pksoil,F
Thermal conductivity of non-desert soil ✱ 1.5 W m−1 K−1 Eq. B16

pksnow
Thermal conductivity of snow ✱ 0.15 W m−1 K−1 Eq. B35

pρsnow
Density of snow 250.0 kg m−3 Eq. B34

p∆snow
Critical snow depth for activity ✱ 0.1 m Sect. B4.5

pτice
Turnover rate of ice sheets ✱ 0.01 yr−1 Eq. B33

pLAImax
Maximum Leaf Area Index in data set 5.7 [ ] Eqs. B5, B6

pηrain
Interception efficiency of canopy ✱ 0.15 [ ] Eq. B5

p∆t
Time step of the model 3600 s Eqs. B32, B33, B24, B52, B53, B58,

B59, B61, B62, B63
pTref,R

Reference temperature of respiration 283 K Eq. B51
pTref,PS

Reference temperature of photosynthesis 298 K Eqs. B42, B43
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Table B9. Overview of lichen or bryophyte random parameters used in the model.

Parameter Description Range Unit Reference

xα Albedo 0–1 [ ] Sect. B1.1, Eq. B3
xΘmax

Specific water storage capacity 1–160 (kg H2O) (kg C)−1 Fig. B1, Eqs. B17, B62
xAspec

Specific projected area 0.3–240 m2 (kg C)−1 Fig. B2, Eq. B8
xloc Location of growth Canopy or ground [ ] Sect. B1.4
xΦΘ,sat

Threshold saturation for water potential 0.3–1 [ ] Fig. B3, Eqs. B20, B21
xΨH2O

Shape parameter for water potential curve 5–25 [ ] Fig. B3, Eqs. B20, B27

xVC,max
Molar carboxylation rate of Rubisco 0.6–26.8 s−1 Fig. B4, Eqs. B37, B42,

B43, B44, B48
xVO,max

Molar oxygenation rate of Rubisco 0.1–2.5 s−1 Fig. B5, Eqs. B43, B44

xRref
Reference maintenance respiration 1E-7–1.5E-4 (mol CO2) (kg C)−1 s−1 Fig. B6, Eqs. B38, B51, B56

xQ10
Q10 value of respiration 1–3 [ ] Fig. B7, Eq. B51

xTopt,PS
Optimum temperature of photosynthesis 278–313 K Fig. B9, Eq. B37

xEa,KC
Enzyme activation energy of KC 3E4–1.3E5 J mol−1 Table B2, Eq. B42

xEa,KO
Enzyme activation energy of KO 5E3–5.5E4 J mol−1 Table B2, Eq. B43

xCCM Carbon Concentration Mechanism (CCM) CCM present or not [ ] Sect. B1.11
xalloc Fraction of carbon allocated to growth 0–1 [ ] Sect. B1.12, Eq. B53
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Table B10. Overview of model parameters associated with lichen or bryophyte tradeoffs. Pa-
rameters marked by the ✱ symbol are included in a sensitivity analysis (see Table 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 wDCO2,max

and wDCO2,min
for CO2 diffusivity. Only one of the CCM parameters is included in the sensitivity

analysis: changing wCCM,e would be redundant since decreasing the costs of the CCM is anal-
ogous to increasing its positive effect. wCCM,2 and wCCM,3 are only relevant at a transient state
of very high pore space CO2 levels.

Parameter Description Value Unit Reference

wDCO2,max
Maximum thallus diffusivity for CO2 ✱ 0.14 (mol CO2) m−2 s−1 Eq. B19

wDCO2,min
Minimum thallus diffusivity for CO2 ✱ 5.7E-4 (mol CO2) m−2 s−1 Eq. B19

wDCO2
Factor for water CO2 diffusivity curve 12 [ ] Fig. B10, Eq. B19

wRub,R Rubisco per respiration ✱ 3.6 (mol Rubisco) (mol CO2)−1 s Eq. B38
wloss,R Turnover per respiration ✱ 54771 (kg C) s (mol CO2)−1 yr−1 Eq. B56
wJV ,1 Slope of φJV ✱ −0.06 [ ] Eq. B40
wJV ,2 Intercept of φJV ✱ 3.7 [ ] Eq. B40
wKC,1

Parameter for KC 1.32 [ ] Eqs. B42, B43
wKC,2

Parameter for KC 2.03 [ ] Eqs. B42, B43
wKO,1

Parameter for KO 5.7E-3 [ ] Eq. B43
wKO,2

Parameter for KO 0.51 [ ] Eq. B43
wCCM,e Cost parameter for CCM 0.67 [ ] Eq. B41
wCCM,1 Parameter for CCM ✱ 45 [ ] Eq. B50
wCCM,2 Parameter for CCM 3.6 [ ] Eq. B50
wCCM,3 Parameter for CCM 6 [ ] Eq. B50
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Table B11. Constant model parameters associated with lichen or bryophyte properties.

Parameter Description Value Unit Reference

pPAR Conversion factor for photosynthetically active radiation 2.0699E-6 mol J−1 Eq. B41
pquant Conversion of quanta light into electrons 0.5 [ ] Eq. B41
pΩ Shape parameter for T response of photosynthesis 18 K Eq. B37
pηgrowth

Efficiency of sugar to biomass conversion 0.75 [ ] Eqs. B53, B54
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Model variables

Table B12. Boundary conditions for the model.

Variable Description Unit Reference

CO2,atm Atmospheric CO2 concentration ppm Eq. B36
O2,atm Atmospheric O2 concentration ppm Eq. B45
Tair Air temperature K Eqs. B22, B26, B27, B29, B31, B32, B35, B65
fradSW↓

Ingoing shortwave radiation W m−2 Eqs. B25, B31, B41

fradLW↓
Ingoing longwave radiation W m−2 Eqs. B25, B31

frain,atm Rainfall m3 m−2 s−1 Eq. B60
fsnow,atm Snowfall m3 m−2 s−1 Eqs. B32, B33
ΦRH Relative humidity [ ] Eqs. B30, B31
u Near surface wind speed m s−1 Eq. B10
Abaresoil Area fraction of unoccupied soil m2 m−2 Eq. B6
ALAI Leaf Area Index (monthly resolution) m2 m−2 Eqs. B3, B4, B5, B6, B7
ASAI Stem Area Index (monthly resolution) m2 m−2 Eqs. B3, B4, B7
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Table B13. Variables associated with the environment.

Variable Description Unit Reference

z0 Roughness length of surface for momentum m Eqs. B10, B11, B12, B13
z0,h Roughness length of surface for humidity m Eqs. B10, B12
rH Aerodynamic resistance to heat transfer s m−1 Eqs. B10, B30, B31, B65
∆d Displacement height for wind speed m Eqs. B10, B13
τveg Disturbance interval yr Table B13
Csoil Soil heat capacity J m−3 K−1 Eqs. B15, B24
ksoil Soil thermal conductivity W m−1 K−1 Eqs. B16, B25, B31, B35
fsnowmelt Snowmelt m3 m−2 s−1 Eqs. B32, B33, B60
ssnow Snow reservoir m3 m−2 Eqs. B32, B33, B34
∆snow Thickness of Snow cover m Eqs. B34, B35
Aground,max Available area for growth on ground m2 m−2 Eqs. B6, B8
Acanopy,max Available area for growth in canopy m2 m−2 Eqs. B7, B8, B9
sTsoil

Soil temperature K Eqs. B23, B24, B31, B35
esat Saturation vapour pressure Pa Eqs. B28, B30, B31
esat,0 Saturation vapour pressure (open water) Pa Eqs. B26, B28
φesat

Reduction factor for saturation vapour pressure [ ] Eqs. B27, B28, B29
desat

Slope of saturation vapour pressure curve [ ] Eqs. B29, B30, B31
Epot Potential evaporation m3 m−2 s−1 Eqs. B30, B61, B65
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Table B14. State variables of lichens or bryophytes.

Variable Description Unit Reference

sB Biomass of lichen or bryophyte (kg C) m−2 Eqs. B8, B17, B41, B48, B52, B57, B59
sC Sugar reservoir of lichen or bryophyte (kg C) m−2 Eqs. B52, B53, B58
sΘ Thallus water content m3 m−2 Eqs. B18, B61, B62, B63
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Table B15. Variables describing flows between lichens or bryophytes and their environment.

Variable Description Unit Reference

fradLW↑
Outgoing longwave radiation W m−2 Eqs. B22, B25

fQsoil
Ground heat flux W m−2 Eqs. B23, B24, B25

fH Net radiation W m−2 Eqs. B25, B30
fQatm,L

Latent heat flow W m−2 Eqs. B64, B66

fQatm,S
Sensible heat flow W m−2 Eqs. B65, B66

fwater,up Water uptake m3 m−2 s−1 Eqs. B60, B62, B63
fevap Evaporation from thallus surface m3 m−2 s−1 Eqs. B61, B62, B63, B64, B65
frunoff Runoff m3 m−2 s−1 Eqs. B62, B63
fCO2, in Inflow of CO2 into the thallus (mol CO2) m−2 s−1 Eqs. B36, B55
fGPP,L Light-limited rate of photosynthesis (mol CO2) m−2 s−1 Eqs. B47, B49
fGPP,W CO2-limited rate of photosynthesis (mol CO2) m−2 s−1 Eqs. B48, B49
fGPP Gross Primary Productivity (GPP) (mol CO2) m−2 s−1 Eqs. B49, B55, B58
fRmain

Maintenance respiration (mol CO2) m−2 s−1 Eqs. B52, B53, B55, B58
fRgrowth

Growth respiration (mol CO2) m−2 s−1 Eqs. B54, B55, B58

fgrowth Growth (mol C) m−2 s−1 Eqs. B53, B54, B58, B59
floss Biomass loss (mol C) m−2 s−1 Eqs. B57, B59

3822

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/3735/2013/bgd-10-3735-2013-print.pdf
http://www.biogeosciences-discuss.net/10/3735/2013/bgd-10-3735-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 3735–3846, 2013

Estimating global
carbon uptake by

lichens and
bryophytes

P. Porada et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table B16. Variables associated with lichens or bryophytes.

Variable Description Unit Reference

ΨH2O Water potential MPa Fig. B3, Eq. B20
Rspec Specific maintenance respiration rate (mol CO2) (kg C)−1 s−1 Eqs. B51, B52
φradS

Conversion factor for shortwave radiation [ ] Eqs. B3, B25, B31, B41
φradL

Conversion factor for longwave radiation [ ] Eqs. B4, B25, B31
φprec Conversion factor for precipitation [ ] Eqs. B5, B60
Φarea Fraction of available area covered by organism [ ] Eqs. B9, B22, B23, B24, B25,

B30, B36, B41, B60, B65
Athallus Thallus area per m2 ground m2 m−2 Eqs. B8, B9
χG Switch for ground heat flux [ ] Eqs. B14, B23, B31
Θmax Water storage capacity m Eqs. B17, B18
ΦΘ Water saturation [ ] Eqs. B18, B19, B20, B21
DCO2

Diffusivity for CO2 (mol CO2) m−2 s−1 Eqs. B19, B36
Φact Metabolic activity [ ] Eqs. B21, B47, B48, B52, B53
Tsurf Surface temperature K Eqs. B22, B23, B31, B35, B37, B40,

B42, B43, B51, B65
CO2, thallus CO2 concentration in thallus pore space ppm Eqs. B36, B46, B50
CO2,cell CO2 concentration in chloroplast (mol CO2) m−3 Eqs. B46, B47, B48, B50
VC,max Maximum carboxylation rate (mol CO2) (kg C)−1 s−1 Eqs. B37, B39
Jmax Maximum electron transport rate (mol e−) (kg C)−1 s−1 Eqs. B39, B41
ΞRub Specific Rubisco content (mol Rubisco) (kg C)−1 Eqs. B37, B38
φJV Ratio of Jmax to VC,max [ ] Eqs. B39, B40
KC Michaelis-Menten constant of carboxylation (mol CO2) m−3 Eqs. B42, B44, B48
KO Michaelis-Menten constant of oxygenation (mol O2) m−3 Eqs. B42, B44, B48
O2,cell O2 concentration in chloroplast (mol O2) m−3 Eqs. B44, B45, B48
Γ∗ CO2 compensation point (mol CO2) m−3 Eqs. B44, B47, B48
J Actual electron transport rate (mol e−) m−2 s−1 Eqs. B41,
τB Turnover rate of biomass yr−1 Fig. B15, Eq. B56, B57
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Input Model equations Output

Climate forcing data
on a global grid

Maps of environmental
factors (e.g. disturbance)

Basic vegetation modelling
(e.g. photosynthesis)

Lichen / Bryophyte specific
traits (e.g. poikilohydry)

Exchange flows

Global maps of:

Biomass
reservoir

Fig. 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.
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Available area
on canopy

Available area on ground

Partitioning = f(LAI)

Precipitation

Radiation

occupied

Leaf fall

Fig. 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 LAI.
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Input dataFlows EffectsReservoirs Processes

CO2

[ CO2 ]

H2O

BiomassSugars
NPP

Biomass loss

GPP Runoff

Heat PrecipitationLight

Photosynthesis
Respiration

TAir & Humidity & Wind

Evaporation
Water uptake

Disturbance

Living environment

TSurface

Fig. 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).
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Rubisco content

Specific area

Strategy no. 1

Strategy no. 2

Range of possible values

...

Hot desert

Moist forest

a)

b)

Fig. 4. Generation of physiological strategies and their survival. (a) Many random parameter
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.
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a) b)

c) d)

Net carbon uptake

0 2 4 6 8 10 12 14 16
[(g C) m−2 yr−1]

Biomass

0 15 30 45 60 75 90 105 120
[(g C) m−2]

Net carbon uptake in canopy

0 1 2 3 4 5 6 7 8 9 10
[(g C) m−2 yr−1]

Net carbon uptake on ground

0 1 2 3 4 5 6 7 8
[(g C) m−2 yr−1]

Fig. 5. Global maps of model estimates. (a) Net carbon uptake by lichens and bryophytes.
(b) Biomass of lichens and bryophytes. (c) 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. 2.3). Areas where
no strategy has been able to survive are shaded in grey.
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Fig. 6. Global maps of model estimates. (a) Area covered by lichens and bryophytes per m2

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. 2.3). Areas where no strategy has
been able to survive are shaded in grey.
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Fig. 7. Comparison of net carbon uptake estimated by the model to observational data. Each
symbol corresponds to a different field study site. Model estimates based on “average” as well
as “maximum” weighting are shown (see Sect. 2.3). 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 was considered for the biome
“Tropical Forest”, while for the other biomes only carbon uptake on the ground was considered.
The model results are derived from a 2000-yr run with 3000 initial strategies.
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Additional model output
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c) d)

Net carbon uptake
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Biomass
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0 18 36 54 72 90 108 126 144 162
[(g C) m−2 yr−1]

Fig. A1. 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. 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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c) d)
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Fig. A2. (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. 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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Fig. B2. Overview of the distribution of specific projected area xAspec
.
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Fig. B3. Water potential ΨH2O as a function of water saturation ΦΘ. Four example curves are
shown. The two blue curves correspond to a value of xΨH2O

=15.0 which represents the middle
of the range of possible values. The dashed blue curve corresponds to xΦΘ,sat

=0.3 and the solid
blue curve to xΦΘ,sat

=1.0 The two magenta curves correspond to a value of xΦΘ,sat
=0.3. The

dashed magenta curve corresponds to xΨH2O
=5.0 and the solid magenta curve to xΨH2O

=25.0.
The black data points are derived from the studies listed in the right column.
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Fig. B4. Overview of the distribution of the molar carboxylation rate of Rubisco.
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Fig. B5. Overview of the distribution of the molar oxygenation rate of Rubisco.
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Fig. B7. Overview of the distribution of the Q10 value of respiration xQ10
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Fig. B8. Influence of reference maintenance respiration xRref
and Q10 value of respiration

xQ10
on specific respiration rate Rspec. The green line shows the response of respiration to

temperature for values of xRref
and xQ10

which are both in the middle of their respective
ranges. The blue lines show the effect of the Q10 value xQ10

: The dashed blue line corre-
sponds to xQ10

=1 while the solid blue line corresponds to xQ10
=3. The magenta lines il-

lustrate the effect of reference respiration rate xRref
at 10 ◦C: the dashed magenta line cor-

responds to xRref
=1E-7 (mol CO2) (kg C)−1 s−1 while the solid magenta line corresponds to

xRref
=1.5E-4 (mol CO2) (kg C)−1 s−1. The black data points are derived from the studies listed

in the right column.
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Fig. B10. Diffusivity for CO2, DCO2
, as a function of water saturation ΦΘ. The black data points

are derived from the studies listed in the right column.
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Fig. B11. Metabolic activity Φact as a function of water saturation ΦΘ. The dashed line corre-
sponds to xΦΘ,sat

=0.3 and the solid line corresponds to xΦΘ,sat
=1.0.
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Fig. B12. Effect of water saturation ΦΘ on CO2 diffusivity DCO2
, metabolic activity Φact and on

the associated productivity. The productivity has a maximum at an optimum ΦΘ.
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Fig. B13. Ratio of Jmax to VC,max, φJV , (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).
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Fig. B14. CO2 concentration in the chloroplasts, CO2,cell, as a function of pore space CO2
concentration CO2, thallus. 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.
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Fig. B15. Overview of the distribution of turnover rate τB.
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