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Abstract. Lichens and bryophytes are abundant globally andcialised tissue such as roots or stems. Both groups are poik-
they may even form the dominant autotrophs in (sub)polarilohydric, which means that they cannot actively control their
ecosystems, in deserts and at high altitudes. Moreover, thewater content because they do not have an effective epider-
can be found in large amounts as epiphytes in old-growthmal tissue, a cuticle or stomata. Mainly due to their ability
forests. Here, we present the first process-based model whidio tolerate desiccation, combined with large functional vari-
estimates the net carbon uptake by these organisms at tregion, they are extremely adaptive organisms that can cope
global scale, thus assessing their significance for biogeowith a great range of climatic conditionslgsh 11, 1996.
chemical cycles. The model uses gridded climate data and’hey grow as epiphytes on the bark or even on the leaves
key properties of the habitat (e.g. disturbance intervals) toof trees, they cover rock outcrops and they form carpets on
predict processes which control net carbon uptake, namelyhe forest floor at high latitudes. As a part of biological soil
photosynthesis, respiration, water uptake and evaporation. krusts, they also populate the surface of desert sBétap
relies on equations used in many dynamical vegetation modand Lange2003.
els, which are combined with concepts specific to lichens In spite of their global abundance, however, the effect of
and bryophytes, such as poikilohydry or the effect of wa- lichens and bryophytes on global biogeochemical cycles has
ter content on C@diffusivity. To incorporate the great func- been examined only by a few studies. The workEdibert
tional variation of lichens and bryophytes at the global scale et al.(2012), for instance, suggests a significant contribution
the model parameters are characterised by broad ranges of cryptogamic covers, which largely consist of lichens and
possible values instead of a single, globally uniform value.bryophytes, to global cycles of carbon and nitrogen. They use
The predicted terrestrial net uptake of 0.34 to 3.3 Gtyof a large amount of data from field experiments or lab measure-
carbon and global patterns of productivity are in accordancements to estimate characteristic mean values of net carbon
with empirically-derived estimates. Considering that the as-uptake and nitrogen fixation for each of the world’s biomes.
similated carbon can be invested in processes such as weatBy multiplying these mean values with the area of the respec-
ering or nitrogen fixation, lichens and bryophytes may play ative biome, they arrive at global numbers for uptake of car-
significant role in biogeochemical cycles. bon 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 total terrestrial biological nitrogen fixa-
1 Introduction tion (BNF), representing a large impact on the global nitro-
gen cycle.
Lichens and bryophytes are different from vascular plants: | ichens and bryophytes may have also played an impor-
Lichens are not real plants, but a symbiosis of a fungus and afnt role with respect to biogeochemical cycles in the geo-

least one green alga or cyanobacterium, whereas bryophytegygical past. From the early Paleozoic on, the predecessors
such as mosses or liverworts, are plants which have no spe-
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of today’s lichens and bryophytes have likely contributed to predicting NPP to a reasonable accuraRgariderson et al.
the enhancement of surface weathering ratesnton et al. 2009.
2012. The organisms accelerate chemical weathering re- Similar to these models, our model describes lichens and
actions of the substrate by releasing organic acids, combryophytes as reservoirs of biomass located either on the
plexing agents, hydroxide ions or respiratory £(Jack-  soil or in the canopy and it is based on equations to repre-
son and Keller197Q Berthelin 1988 Chen et al. 200Q sent photosynthesis and other physiological processes. These
Bidel et al, 2004 Weber et al.2011). On long timescales, concepts are combined with properties and processes specific
weathering rates of silicates control atmospheric,@0On-  to lichens and bryophytes, such as the decrease of diffusiv-
centration and thus have a large influence on global cli-ity for CO, with increasing water content or the proportional
mate. The work ofSchwartzmann and Volkl989 shows, relationship between metabolic activity and water saturation.
for example, that without biotic enhancement of weather-The model differs from most other vegetation models with
ing in the course of evolution, atmospheric £@ould have  respect to the parameters contained in the model equations.
remained at a high level. The surface temperature associMost models use parameter values that describe an “average”
ated with this CQ level would probably have been too high organism, such as a typical rain forest tree, for example. Our
for complex life to evolveLenton et al.(2012 focus on  model uses ranges of possible parameter values which are de-
the effect of the predecessors of modern bryophytes on atrived from the literature. This approach is similar to the one
mospheric CQ concentration during the Ordovician. Ac- used in the JeDi-DGVM (Jena Diversity-Dynamic Global
cording to their experiments, these early non-vascular plant§/egetation Model), which predicts global biogeochemical
could have caused a considerable drawdown in atmospherittows as well as biodiversity patternBgvlick et al, 2012).
CO, levels via the silicate weathering feedback and, consein this way, the model accounts for the large functional vari-
quently, a decrease in global surface temperature. Furthe@tion of lichens or bryophytes at the global scale concerning
more, the release of phosphorus from the weathered rockproperties such as photosynthetic capacity or specific area.
into the oceans could have led to a rise in marine produc- The paper is structured in the following way: Setton-
tivity and therefore to further cooling. According teenton  tains a description of the model, including an overview of
et al.(2012), this could explain two temporary glaciations at the reservoirs and exchange flows as well as the environmen-
the end of the Ordovician period. tal factors that control these flows. In addition, the method
Here, we present the first process-based modelling apfor simulating functional variation of lichens and bryophytes
proach to estimate net carbon uptake of lichens andby parameter ranges is explained. Estimates of net carbon
bryophytes at the global scale. In this way, we are able touptake are presented in Se8ttogether with an evaluation
assess the role of these organisms regarding global bioge®f the model performance. The model is evaluated by com-
chemical cycles. paring simulated productivity of lichens and bryophytes with
Most previous modelling studies that include lichens andobservational data. Furthermore, the uncertainty regarding
bryophytes focus on net primary productivity (NPP) of mossthe values of model parameters is assessed through a sen-
in boreal and arctic regions, especially in peatlands (see, e.gitivity analysis. In Sect4 the plausibility of the simulated
Wania et al.2009 Frolking et al, 2002 Yurova et al, 2007). patterns of productivity is discussed. Also the limitations of
Others focus on ecosystem responses to climate changbe approach presented here are analysed considering the out-
(Bond-Lamberty and GoweR007, Euskirchen et al.2009 comes of model evaluation and sensitivity analysis. Several
Zhuang et a].2006 Turetsky et al.2012), simulating peat  potential improvements of the model and its applicability to
accumulationFrolking et al, 2010 or peatland microtopog- further research are discussed.
raphy (Nungesser2003. Our model aims at a more general  Note that we use the term “net carbon uptake” throughout
representation of lichens and bryophytes that makes it posthe manuscript instead of “net primary productivity” (NPP).
sible to estimate the productivity of these organisms under aVhile NPP is a standard term for vascular vegetation which
broad range of environmental conditions around the globe. is frequently used in the modelling community, “net carbon
The model is called “LiBSi” (Lichen and Bryophyte Sim- uptake” is more general and descriptive. In the context of this
ulator). It is similar to many global vegetation models (see manuscript, it corresponds to NPP.
Fig. 1). These models describe plants in a simplified way in- We abbreviate “carbon” with a capital “C” and place
stead of simulating them with all their detailed structures.it next to the corresponding unit symbol throughout the
Vegetation is usually represented by a reservoir of biomassmanuscript. This is done in order to avoid confusion with
which changes as a function of exchange flows of carbonbiomass or C@. To distinguish “C” from another unit sym-
These exchange flows depend on processes such as phioel, we put “C” and the associated unit symbol in brackets. In
tosynthesis and respiration, which are represented by a sd¢ihe appendix, we use further abbreviations to clarify the units
of equations. The equations use environmental factors suchf model parameters and variables where necessary. These
as radiation or water supply as input values, which are ei-are CQ, Oy, “Rubisco”,e™ (electrons) and L.
ther prescribed or derived from climate forcing data. In spite
of their simplicity, global vegetation models are capable of
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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.

2 Model description 2.1.1 Living environment

Lichens a_nd bryophytes are described in the model byIn the model, lichens and bryophytes can be located either
a reservoir approach, which means that they are repre: : :

. . in the canopy or on the ground. The location of growth is
sented by pools of chemical substances. These are biomass

sugar reserves, water and internal C@ncentration. Re- important for the radiation and precipitation regime the or-
garding Iichens’ the biomass of the fungal and‘the al_ganism is exposed to (see F@. Lichens and bryophytes

; . ; gving in the upper part of the canopy, for example, may re-
gal/cyanobacterial partner are simulated in an aggregated . - -
form as one pool of biomass with average properties ceive more shortwave radiation than those living beneath the

Changes in the size of the pools are due to input and OutlOucf‘anopy. Additionally, the location of growth determines the

flows of carbon or water. Carbon is assimilated by photos r]_available area for growth. The available area in the canopy is
| yp Y assumed to be the sum of leaf area index (LAI) and stem area

thesis from the atmosphere and temporarily stored as sugars.dex (SAI). The available area on the ground depends on (a)

The sugars are then respired for maintenance or transforme, : : .
. : . . the amount of soil not occupied by other vegetation and (b)
into biomass. Water is taken up and evaporates via the thallu . ; . .

Al, since the litter layer resulting from leaf fall impedes the

surface. The water content of the thallus influences severa ) .
physiological processes, such as giiffusion. growth of lichens and bryophytes (see Ej.Once a lichen

The processes which determine the carbon and water flows" bryophyte covers the available area completely, it cannot

are driven by climate. In addition to the climate forcing, grow anymore. Since. the biomass of.ar) organism is rglated
. L . . to its surface area, biomass is also limited by the available
properties of the living environment also affect lichens and
bryophytes in the model. These properties depend on the quria. ther factor that sh the livi : t of
as well as the surrounding vegetation, which is described by . .
a biome classification. are I.ocated. In the model, the b|ome controls the fre_quenmes
of disturbance events, such as fire or treefall, for instance.
Furthermore, both location of growth and biome determine

the aerodynamic roughness of the surface where lichens or

In the following, we describe the physiological processes im-bryophytes grow. A forest, for example, has a higher rough-
plemented in the model. First, we name the effects of the liv-ness than a flat desert. Together with wind speed, surface
ing environment on lichens and bryophytes. Then, we explairfoughness has a large impact on the aerodynamic resistance
how water content and climatic factors relate to physiologicalto heat transfer between the surface and the atmosphere
properties of the organism. Finally, we describe the exchangéAllen et al, 1998. Lichens and bryophytes in the canopy of
flows between the organism and its environment. an open forest, for instance, exchange heat faster than those

For simplicity, we will not present any equations. All equa- on the flat surface of a desert.
tions used in the model can be found in Appendiand are
e_xplained_therg. The parameter§ associated yvith the equarq > \water relations
tions are listed in TableB7 to B13in the appendix.

2.1 Model processes

The water saturation of a lichen or bryophyte is the ratio of
actual water content to water storage capacity of the thallus,
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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 LAl 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 LAL.

where the latter is proportional to biomass. The water satura2.1.3 Climate relations

tion controls three important physiological properties:
The climate forcing consists of air temperature, wind speed,

1. The diffusivity of the thallus for C@ which is in-  relative humidity, precipitation and downwelling short- and
versely related to water saturation since water leadgongwave radiation. These climatic factors influence ex-
to a swelling of cells and thus to a narrowing of the change flows of carbon and water between lichens and
diffusion pathwaysCowan et al.1992; bryophytes and their environment. Furthermore, the cli-

matic 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 telonteith(1981) as a function of four
factors:

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

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

3. The metabolic activity of a lichen or bryophyte, which
determines both the relative strength of photosynthe-
sis as well as that of respiration as a function of wa-

ter saturationl(ange 1980 2002 Lidén et al, 201Q 2. Saturation vapour pressure, which is calculated as a
Williams and Flanagaril998. The metabolic activity function of air temperatureA(len et al, 1998. It is

is assumed to increase linearly from O at zero water also influenced by the water potential of a lichen or
saturation to 1 at the threshold saturation. It remains 1 bryophyte {ikolov et al, 1995;

if the water saturation exceeds the threshold saturation. ) ]
This relation accounts for the fact that water is needed 3 A€rodynamic resistance to heat transfer; and
in the cells of the organism to activate enzymes andto 4 Rejative humidity.
enable chemical reactions.
) . ] Additionally to the climate forcing, physiological pro-
Note that the water relations implemented in the model al-cegses of lichens and bryophytes are affected by the presence
low for representation of the species-specific dependency obt snow. If the snow layer exceeds a certain thickness, it is as-

photosynthesis on water content. At low water content, phosymed that the metabolism of the organisms is reduced due
tosynthesis is limited by metabolic activity, while at higher g |ack of light and low temperature.

water content it is limited by the diffusivity of the thallus for

COs. Depending on the relative strength of these limitations,2.1.4 Exchange flows

different shapes of the relation between photosynthesis and

water content can be simulated. A schematic of the exchange flows of carbon and water be-
tween lichens and bryophytes and their environment is shown
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in Fig. 3 together with relations to climate forcing and reser- any species that can be found in nature. Nevertheless, these
voirs inside the thallus. strategies are assumed to represent the physiological proper-
The inflow of CQ into the pore space of the lichen or ties of real lichen and bryophyte species in a realistic way.
bryophyte depends on the gradient between the partial preddence, the functional variation of the organisms can be sim-
sure of CQ in the atmosphere and in the pore space as wellulated without knowing the exact details of each species.
as the diffusivity of the thallus for CO The model is then run with all strategies, but not every
The uptake of CQ from the pore space (gross primary strategy is able to maintain a positive biomass in each grid
productivity, GPP) is computed as a minimum of a light- cell, which is necessary to survive. The results are computed
limited rate, which depends on intercepted shortwave radiby averaging only over the surviving strategies of each grid
ation, and a C@limited rate, which is a function of pore cell. Thus, climate is used as a filter to narrow the ranges of
space CQ (Farquhar and von Caemmer&B82. Both rates  possible parameter values in each grid cell and therefore to
also depend on the surface temperature of the organismmake the results more accurate (see gjg.
(Medlyn et al, 2002 and its metabolic activity status. Pho-  The studies oBloom et al.(1985; Hall et al.(1992 anal-
tosynthesis is assumed to peak around an optimum surfacgse from a theoretical perspective the relations between the
temperatureJune et al.2004). “strategy” of an organism and the success of this organism
Respiration is modelled by a;Qrelationship as a function regarding natural selection in a certain environmeEntlows
of biomass and temperatur&r(ise et al. 2011). Same as and DutkiewicZ2011) apply this approach to marine ecosys-
GPP, it too depends on metabolic activity. The respired CO tems, whileKleidon and Mooney2000 use it to predict bio-
is released into the pore space. diversity patterns of terrestrial vegetation. The applicability
Hence, the C@ balance of the lichen or bryophyte pore of this method to modelling biogeochemical fluxes of terres-
space is controlled by inflow, GPP and respiration. GPP idrial vegetation has been successfully demonstrated by the
added to the sugar reservoir, while respiration is subtractedleDi-DGVM (Pavlick et al, 2012).
Then, a certain fraction of the sugar reservoir is transformed The 15 model parameters which are included in the ran-
into biomass with a certain efficiency. This constitutes thedom sampling method are listed in Tal@@ in the appendix.
net primary productivity (NPP). The balance of the biomassThey represent structural properties of the thallus of a lichen
reservoir is then determined by NPP and biomass loss, whicler bryophyte, such as specific area or water storage capacity.
includes regular processes such as tissue turnover or leaciihey also describe implications of the thallus structure, such

ing of carbohydratesMelick and Seppe|t1992. Addition- as the relation between water content and water potential.
ally, disturbance events which occur at characteristic time in+urthermore, characteristics of the metabolism are consid-
tervals lead to a reduction of biomass. ered, such as optimum temperature. Parameters which have

Evaporation from the lichen or bryophyte thallus is com- categorical values are also used: a lichen or bryophyte can ei-
puted as a minimum of water content and potential evapo+ther live in the canopy or at the soil surface (see Szdt]).
ration. Since lichens and bryophytes cannot actively controlAnother categorical parameter determines if the organism
water loss, evaporation is not affected by the activity statushas a carbon concentration mechanism (CCM) or not. For
of the organism. Water uptake takes place via the thallus surthe model, it is assumed that the CCM in lichens works sim-
face. Where water input exceeds maximum storage capacitylarly to those in free-living cyanobacteria. Based on this as-
surplus water is redirected to runoff. The water balance ofsumption, the CCM implemented in our model represents an
the lichen or bryophyte is thus determined by evaporationadvantage for the organisms in cases of low internap CO

and water uptake. concentrations in a water saturated thallus. Although regu-
lation of the CCM has been observadigra et al, 2002,

2.2 Model parameters the model contains a fixed representation of the CCM for
simplicity.

The equations that describe physiological processes in the Some of the 15 parameters mentioned above are related to
model are parameterised and the parameters can be sufurther lichen or bryophyte parameters. The respiration rate
divided into two categories: (1) properties of lichens andat a certain temperature, for instance, is assumed to be re-
bryophytes, and (2) characteristics of the environment of thdated to Rubisco content and turnover rate. Hence, the pa-
organisms. Since lichens and bryophytes have a large funadametersRubisco conteréndturnover rateare not sampled
tional variation, the parameters that represent their properfrom ranges of possible values, but determined by the value
ties, such as specific area or photosynthetic capacity, aref the parameterespiration rate The reason for this re-
characterised by large ranges of possible values. To incorationship is an underlying physiological constraint, in this
porate the functional variation of lichens and bryophytescase, maintenance costs of enzymes. A lichen or bryophyte
into the model, many physiological strategies are generwith a high concentration of Rubisco, for example, has to
ated by randomly sampling the ranges of possible paramemaintain these enzymes and therefore also shows a high res-
ter values. We call these parameterisations “strategies” angiration rate and a high turnover rate. Note that in lichens,
not “species” because they do not correspond exactly tdungal as well as algal/cyanobacterial biomass contribute to
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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 associates
with exchange flows (solid arrows) of carbon (black), water (blue) and energy (red).

respiration, while only the algal/cyanobacterial biomass conthe CG concentration in the photobionts. If the organism is
tains Rubisco. In the model, however, lichen respiration islimited by low CQ but enough light is available, a CCM
assumed to be controlled by the Rubisco content averagedan lead to higher productivity. The fifth and sixth tradeoffs
over the total biomass. concern the Michaelis—Menten constants of the carboxyla-
The relationships between parameters are called tradeoffson and oxygenation reactions of Rubisco. They relate these
and they are assumed to have constant values. This mearsnstants to the molar carboxylation and oxygenation rates
that although the value of one parameter (e.g. Rubisco conef Rubisco. One tradeoff is usually associated with more than
tent) may vary across species, the tradeoff-function whichone parameter. The model parameters that describe tradeoffs
relates this parameter to another one (e.g. respiration) shouldre listed in Tablé10.
be more or less the same for many different species. The model contains several additional lichen or bryophyte
Six tradeoffs are implemented in the model. The first parameters which are not directly associated with tradeoffs,
tradeoff describes the relation between Rubisco content, redsut which represent physiological or physical constraints.
piration rate and turnover rate explained above. The secon@herefore, they are assumed to have constant values. They
tradeoff relates the diffusivity for COto the metabolic ac- can be found in Tabl811.
tivity of the lichen or bryophyte via its water content. This  In addition to the parameters that describe properties of
means that a high diffusivity is associated with a low waterthe lichens and bryophytes, the model contains parameters
content, which results in a low activity. The third tradeoff de- that represent environmental conditions. They describe the
scribes the positive correlation between the maximum elecextinction of light as a function of LAI, the interception ef-
tron transport rate of the photosysterdg4x) and the maxi-  ficiency for precipitation of the canopy, characteristics of the
mum carboxylation rateWc may. Since both rates represent snow cover, thermal properties of the upper soil layer, rough-
costs for the organism and photosynthesis is the minimurmess of the surface regarding wind and the time intervals for
of the two, it would be inefficient if they were independent disturbance in the different biomes. For the sake of simplic-
from each other. The fourth tradeoff is associated with theity, no ranges are specified for these parameters; only average
carbon concentration mechanism (CCM). In case a lichen owalues of the corresponding variables are used. The density
bryophyte possesses a CCM, a part of the energy acquired byf snow, for instance, varies typically from 100-500 kg'm
the photosystems is not used to fix &®ut rather to increase (Domine et al. 2011, depending on many factors, such as
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The model provides output for each surviving strategy in

a)

Range of possible values a grid cell independently. Hence, to obtain an average output
Rubisco content ~ F—@p——@— @ Strategyno. 1 value for a certain grid cell, the different strategies have to be
R ° A @ Suategyno. 2 weighted. Since ecological interactions between species are

not considered in the model, it is not possible to determine
the relative abundance and thus the weight of each strategy.
Therefore, the uncertainty due to the unknown weights of
Hot desert . . p 4 the strategies has to be included into the results. As a 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 un-

(a) Man L . gerestimated by this method. As an upper bound we assume
y random parameter combinations (strategies) are sample . . .
from ranges of possible values. The strategies are then run in eachl weight of one for the S_”atng W'th_the_ highest groyvth and
grid cell of the model(b) Example: In a hot desert, strategy 1 sur- 2€T0 for all other strategies. This weighting method is called
vives because a small specific area reduces water loss by evapordhaximum” and it is probably an overestimate of the true
tion and a high Rubisco content is adequate to high intensities oivalue since competition between species would have to be
light. Strategy 2, however, dies out since too much water evapovery strong to reduce diversity to such an extent. The upper
rates due to a large specific area. In a moist forest, strategy 1 dieand lower bounds derived from the two weighting methods
out because a high Rubisco content is associated with high respigre then used for the evaluation of the model.
ration costs which cannot be covered by low light conditions under  The model is evaluated by comparing model estimates
a canopy. Strategy 2 can survive since it does not have high respig gpservational data for several biomes. Hence, for each
ration costs. Note that these examples are not generally applicablgy,, e the spatial average of simulated net carbon uptake
High specific area, for instance, could also be useful in a desert to “ e .
collect dew. is compared to a “characteristic”, observapon-baseq valu_e
of net carbon uptake on an order-of-magnitude basis. This
rough method of model-data comparison results from the
age, for example, which are not considered in the modeldifference in scale between model estimates and observa-
Hence, snow density is set to a constant global average valudions: the observational data are spatially and temporally
For a list of parameters related to environmental conditionsdiscrete point-scale measurements which show a high vari-

b)

Moist forest x
—o— e

Fig. 4. Generation of physiological strategies and their survival.

see Tables. ation, e.g. 8-1450 (g biomass) Ryr—1 for Sphagnum
(Gunnarsso2005. It is very problematic to extrapolate
2.3 Simulation setup from these variable point measurements to large regions,

such as a model grid cell, which is about 50 00Flatd5 N.
The model runs on a global rectangular grid with a resolutionin order to quantify net carbon uptake at the large scale of
of 2.8125 degrees (T42); hence, all input data are remapped model grid cell, the point-scale values would have to be
to this resolution. The land mask and the climate forcingweighted by area coverage. High-resolution data that relate
are taken from the WATCH data saiéedon et a).2011). coverage to net carbon uptake, however, are not available
This data set comprises shortwave radiation, downwellingat large scales. Therefore, we try to estimate a characteristic
longwave radiation, rainfall, snowfall, air temperature at 2 mvalue of net carbon uptake for a large region instead. This re-
height, wind speed at 10 m height, surface pressure and spgfion should not be a grid cell of the model since the grid is an
cific humidity. The latter two variables are used to computeartificial segmentation of the landscape. Instead, we use the
relative humidity. The temporal resolution of the data is 3 hbiome classification as a basis for our model-data compari-
and the years 1958-2001 are used. Since the model runs @on. Biomes are homogeneous regarding climate and ecology
an hourly time step, the data are interpolated. In addition toat the large-scale. Hence, they allow for the estimation of a
the climate forcing, the model uses maps of LAl and SAIl in characteristic, observation-based value of net carbon uptake.
a monthly resolution and a temporally constant map of bare To obtain a characteristic value of net carbon uptake for
soil area, all of which are taken from the Community Land each biome, we compute the median of all measurements
Model (Bonan et al.2002. They are used to provide esti- listed in the studies associated with this biome. We use the
mates for the available area for growth and the light environ-median instead of the mean of all values because computing
ment. A biome map taken fro@Ison et al(200) isused to  the mean implicitly assumes equal weights for all values. As
represent disturbance by assigning characteristic disturbanadiscussed above, these weights are not known.
intervals to each biome (see Tal#8). Furthermore, surface
roughness is determined as a function of the biome.
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The studies selected for the model-data comparison argable 1. Overview of the studies used to evaluate the model. The
limited to those which report estimates of average, long-termvalue in brackets in the column “Net carbon uptake” corresponds
net carbon uptake based on surface coverage of lichens d@ the number of observations contained in the respective study. A
bryophytes. Studies which estimate only maximum rates of -Symbol denotes studies which provide one or more ranges instead
carbon uptake or carbon uptake per area lichen/bryophyte ng single values. In these cases, we calculated the mean value of
per gram biomass cannot be used. To include such studie%}e upper and lower bound of each range and show the range of
we would have to make assumptions about the active tim ese cal_culatgd mean vall_Jes in the table. If net carbon uptake was

. _%eported in units of gram biomass, we used a factor of 0.4 (relative
of lichens and bryophytes throughout the year, about the'R/veight of carbon in CHO) as a conversion factor for carbon.
ground coverage, etc. Hence, we would not compare our
modelled estimates to data but to another, empirical model.

=y X ' c Study Biome Net carbon uptake
Our criteria lead to the exclusion of many studies which mea- [(gC)ym2yr 1
sure productivity pf lichens and bryophyt_es. Co.nsequen.tly, (Billings, 1987 Tundra 10
only 4 out of 14 biomes are represented in the field studies: (Lange et al.1998 Tundra 4.7-20.4 (4)
tundra, boreal forest, desert and tropical rainforest. (Cechel and Collins1976 Tundra 38.5-171(2)
; ; : N ; (Schuur et al.2007) Tundra 12-60 (3)
For a list of stu_dles used in the m_odel dat_a COMPANSON, o e+ and Chapin 1199 Tundra. 268 (4)
see Tablel._The list doe_s not comprise all existing studies  (ychida et al, 2009 Tundra 1.9
which provide observational data on net carbon uptake of (Uchida et al.2002 Tundra 6.5
lichens and bryophytes. In our opinion, however, it is suf- ES!”'QQS' 19?2001) gorea: IOFGSE 9-7—78%
) . . Ispee et al. oreal fores
ficient to illustrate the order of magnitude of net carbon up- (Camill et al, 200) Boreal forest 9.2-75.9 (8)
take. (Gower et al, 1997 Boreal forest 12
The model is run for 2000yr with an initial number of  (Grigal 1989 Boreal forest 128-152 (2)
3000 strategies. The simulation length of 2000 yr is sufficient (Harden etal.1997 Boreal forest 60-280 (3)
t h a dynamic steady state regarding the carbon baIance(Em"d"‘a1mberty etal2009 Boreal forest 0-297.1(14)
oreac y . y . ) g9 g (Mack et al, 2008 Boreal forest 0.4-16.2 (7)
of every strategy, which also implies that the number of sur- (oechel and Van Cleva 986 Boreal forest 40-44 (2)
viving strategies has reached a constant value. Furthermore,(Reader and Stewart972 Boreal forest 144
Fit i hi ; (Ruess et 2003 Boreal forest 29.2-31.2 (2)
the initial strategy numk_)er of 3000 is high enough to achieve (Swanson and Flanagz200) Boreal forest Toa
a representat!ve sampling O_f the ranges Of_p055|b|e parame- (Szumigalski and Baylgyi999  Boreal forest 15.2-81.2 (10)
ter values. This means running the model with 3000 different (Thormann1995 Boreal forest 23.2-73.2(3)
strategies leads to a very similar result. The model output is (Vogel etal, 200§ Boreal forest 12-32(9)
averaged over the last 100 years of the simulation, since this ?E’xggti;fﬂdafzg%lssa ggrsee"’;'tforeﬁ 216_31161(3)
period corresponds_to the Ior_lgest disturbance interval in the (Garcia_piche'| and Belnai99§ Desert 0.54
model. The simulation described above takes 7 days on 48 (Jeffries et al.1993 Desert 0.07-1.5 (3)
processors of a parallel computer. The source code (written (Klopatek 1992 Desert 5.3-29 (4)
(Clark et al, 1998 Tropical forest 37-64 (2)

in Fortran 95) is available on request.

weighting method (for a description of these weighting meth-
ods see Sec?.3). The global biomass is 4.0 (Gt C) (average)
The model presented here is designed to predict global neand 46 (Gt C) (maximum), respectively.

carbon uptake by lichens and bryophytes. The predicted val- We show maps of the global net carbon uptake by lichens
ues are shown in the form of maps as well as global averand bryophytes, biomass, surface coverage, number of sur-
age numbers. Additionally, further properties of lichens andviving strategies and two characteristic parameters, the opti-
bryophytes estimated by the model are presented to illustratum temperature of gross photosynthesis and the fraction of
the large range of possible predictions. To assess the quabrganisms with a carbon concentration mechanism (CCM).
ity of the predictions, the model estimates are compared torhese maps are created from time averages over the last
observational data. 100yr of the simulation described in Se@t3 The maps

To estimate the effect of uncertain model parameter val-are based on the average-weighting method. The maximum-
ues on the predictions of the model, a sensitivity analysis isveighting shows very similar patterns and the corresponding
performed. maps are shown in Fighla—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, none of the simulated lichen and bryophyte
The global estimate of net carbon uptake by lichens andstrategies (see Se@.2) is able to survive and net carbon
bryophytes amounts to 0.34 (Gt C)¥rfor the average- uptake is equal to zero there. The biomes differ largely with
weighting method and 3.3 (Gt C)yt for the maximum-  respect to carbon uptake. While deserts are characterised by

3 Results

3.1 Modelled net carbon uptake
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the lowest productivity, the highest values are reached in thgoint-scale measurements which show high variation. There-
boreal zone and in the moist tropics. In the tropical rainforestfore, the median of the observed values from a biome is used
the high productivity is mainly due to the high carbon uptake as a characteristic value of net carbon uptake. This median
by epiphytic lichens and bryophytes (see Fbg). In the bo-  value is compared to the upper and lower bound of simulated
real zone, lichens and bryophytes in the canopy as well asiet carbon uptake averaged over the biome (see 38dor
on the ground contribute significantly to carbon uptake (seea description of how the bounds are derived). Also shown
Fig. 5d). Biomass (Fig5b) exhibits a global pattern simi- is the variation of carbon uptake between the most- and the
lar to carbon uptake. At high latitudes, however, the ratio ofleast-productive grid cell in a biome for both bounds of the
biomass to carbon uptake seems to be slightly higher than imodel estimates. Figuf&illustrates that the model estimates
the tropics. are characterised by high variation. The range between the

Figure6a shows the global absolute cover of lichens andupper and lower bound of net carbon uptake is around one or-
bryophytes in m projected surface area of the organisms perder of magnitude. The range of productivity of the grid cells
m? ground. Since the available area can be higher than oné a biome is up to four orders of magnitude.
in the canopy, high values of absolute cover do not neces- Considering the upper and lower bounds of simulated net
sarily mean high fractional cover. On the contrary, the frac-carbon uptake in each biome, the model estimates agree rela-
tional cover is highest in regions with low absolute cover, tively well with the characteristic values of net carbon uptake
especially grasslands and agricultural areas, since the avaitierived from observational data. For the boreal zone and the
able area in these regions is very small. A map of fractionaltropical rainforest, the characteristic values are closer to the
cover is shown in FigA2. Figure6b shows the number of upper bound of net carbon uptake. In the boreal zone, the
surviving strategies at the end of the simulation. The globaldata-based value matches the simulated upper bound; in the
pattern is slightly different from the pattern of carbon up- tropical rainforest it exceeds the upper bound. Possible rea-
take. Although forested regions show the highest number okons for these patterns are discussed in 3ect.
strategies, the high latitudes are richer in strategies than the
tropics. 3.3 Sensitivity analysis

Figures6c and d show the global patterns of two char-
acteristic lichen and bryophyte parameters. As describedAs described in SecR.2 model parameters that describe
in Sect.2.2, these parameters are sampled randomly fromtradeoffs, physiological constraints or environmental prop-
ranges of possible values to create many artificial strategieserties are assumed to have constant values. Some of these
Thus, at the start of a simulation, possible values from theparameter values have already been estimated in other stud-
range of a certain parameter are present in equal measuies and thus they can be taken directly from the literature.
in each grid cell. During the simulation, however, parame-Others, however, have yet to be determined. A reliable es-
ter values from certain parts of the range might turn out totimate of these unknown parameter values would require a
be disadvantageous in a certain climate and the correspondonsiderable amount of experimental data, which is beyond
ing strategies might die out. This leads to a narrowing of thethe scope of this study. Therefore, the parameter values were
range and consequently to global patterns of characteristiderived by educated guess using the available information
parameters. These patterns reflect the influence of climate ofiom the literature (see AppendB). To assess the impact
properties of surviving strategies. FiguBe shows the op- of these parameter values on the model result we perform a
timum temperature of gross photosynthesis of lichens andensitivity analysis (see Tab®). Note that some of the pa-
bryophytes living on the ground. The optimum temperaturerameters tested in the sensitivity analysis are aggregated into
shows a latitudinal pattern, with high values in the tropics anda single process. For a detailed overview of the parameters
low values towards the poles or at high altitudes. Figide see Table®88 andB10.
shows the fraction of organisms on the ground that have a In general, the model is not very sensitive to the parameter
carbon concentration mechanism (CCM). This parameter isalues, which applies both for the average- and maximum-
also characterised by a latitudinal pattern. The fraction of or-weighting methods. Regarding the environmental parame-
ganisms with a CCM is almost one in the tropics, while it is ters, a change by 50 % leads to a 10% or less change in
approximately 0.5 in polar regions. Lichens and bryophytesthe modelled net carbon uptake in most cases. Only distur-
living in the canopy exhibit global patterns of optimum tem- bance interval and rain interception efficiency have a slightly
perature and CCM fraction similar to those living on the larger influence. The parameters that describe tradeoffs have

ground. The corresponding maps are shown in AR. a larger impact. Changing the relation of water content to
diffusivity for CO, by 50 %, for instance, leads to a change
3.2 Evaluation in average net carbon uptake by almost 50 %. The effect of

the respiratory costs associated with Rubisco content is sim-
Figure7 shows a comparison between model estimates andlarly strong. The climate forcing has only a moderate influ-
observational data with regard to net carbon uptake for fourence on the simulated net carbon uptake. Note that the vari-
biomes. As discussed in Se2t3, the observational data are ation in climate forcing is only 20 % compared to 50 % for

www.biogeosciences.net/10/6989/2013/ Biogeosciences, 10, G283-2013



6998 P. Porada et al.: Estimating global carbon uptake by lichens and bryophytes

a) Net carbon uptake b) Biomass
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Fig. 5. Global maps of model estimatggs) Net carbon uptake by lichens and bryophy{®3.Biomass of lichens and bryophytds) Net

carbon uptake by lichens and bryophytes living in the can@yNet 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 Sec2.3). Areas where no strategy has been able to survive are shaded in grey.

the parameters. This is done to avoid generating unrealistid.1 Global patterns of net carbon uptake
climatic regimes.

The turnover parameter affects maximum and average nethe model predicts plausible patterns of productivity and
carbon uptake in opposite ways. Moreover, the effects of thebiomass (see Figh) as well as cover, number of surviv-
parametersmax/ Ve max light extinction and surface rough- ing strategies and characteristic parameters (seéFighe
ness on carbon uptake are not straightforward to explainproductivity of lichens and bryophytes in deserts seems to
These points are discussed in Sdcfor reasons of compu- be generally limited by low water supply while the boreal
tation time we used a different simulation setup (400 yr, 300zone and the moist tropics and subtropics are characterised
strategies) for the sensitivity analysis. Therefore, the net carby high values of productivity. The vertical pattern of pro-
bon uptake values for the control run (TaB)adiffer fromthe  ductivity in tropical forests is different from the one in bo-
ones presented above. The pattern of productivity, howevereal forests and it probably can be attributed to forest struc-
is very similar to those of the longer run with more strate- ture and temperature: the boreal forests have a relatively
gies (see FigA2). We thus assume that the sensitivity of the open canopy with large, sunlit areas in between that allow
model does not change significantly with increased simulafor lichen or bryophyte growth. Since this is not the case
tion time and number of initial strategies. 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
4 Discussion with high humidity near the soil surface cause high respi-

. . . ratory losses for lichens and bryophytes and therefore con-
In this study we estimate global net carbon uptake by IICher]%train their growth Nash Ill, 1996. This is also reflected in

and bryophytes using a process-based model. In the fOIIOWthe ratio of biomass to carbon uptake, which is slightly lower
ing, we discuss the plausibility of the model estimates with, in the tropics than at high latitudes. Tropical cloud forests,
respect to the patterns and the absolute values. Furthermorﬁowever which also exist in the lowlan@¥adstein 2008,

we givetre]ln g_\;fervie\;v of the Iim:cts of Oltjr.afp.m?ﬁh Witr:jal fo- (ﬂway facilitate high productivity of lichens and bryophytes
cus on the different sources of uncertainty in the model ant,q 5 the ground. Our description of topographic and climatic
possible improvements.

conditions, however, is not specific enough to account for
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a) Surface coverage b) Number of strategies
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Fig. 6. Global maps of model estimatgs) Area covered by lichens and bryophytes p@rgnound.(b) Number of surviving strategies at

the end of a model rur{c) Optimum temperature of gross photosynthesis of lichens and bryophytes on the da)ufrdction of lichens

and bryophytes on the ground with a carbon concentration mechanism (CCM). The estimates are based on time averages of the last 100y
of a 2000 yr run with 3000 initial strategies. They correspond to the average-weighting method (s@e35daeas where no strategy has

been able to survive are shaded in grey.

these ecosystems. Hence, at a large spatial scale, the climatest for longer periods of time are probably only present at the
of the high latitudes seems to be more favourable for a largemicroclimatic scale and are therefore absent from the grid
range of lichen and bryophyte growth strategies than the tropeell climate. Same as optimum temperature, the latitudinal
ical climate, which is also illustrated by the higher number of pattern of the fraction of organisms with a CCM also makes
strategies of the boreal forest zone compared to the tropicadense. The form of the CCM implemented in the model is
one. Nevertheless, the potential for productivity seems to baiseful in situations where CGQs limited, either due to low
highest in the moist tropics, although survival in this region supply from the atmosphere or due to the negative effect of
is more difficult. high temperatures on cellular G@oncentration. These con-
The surface coverage shows a plausible range of values. Iditions are met in the tropics. The moist climate in the rain-
deserts, it is in the order of 10 % or lower and in (sub)polarforest generally leads to high water content of the thallus,
regions, it is around 30 %, which seems realistic. In forestedwhich results in a low diffusivity for C@. Additionally, the
regions, it ranges from 40 to 65 %, which is plausible sincehigh temperatures in the tropics result in low cellular solu-
the available area is larger than Zmer n? ground for  bility of CO, compared to @, further reducing C@ avail-
lichens and bryophytes living in the canopy. able for photosynthesis. Although the global pattern is plau-
The latitudinal pattern of the optimum temperature of sible, the fraction of lichens and bryophytes with a CCM
gross photosynthesis is realistic since the mean climate irseems to be generally too high. The reason for this could be
the tropics is warmer than in polar regions or at high al- that the metabolic costs of a CCM are underestimated in the
titudes. The fact that the edges of the parameter range ammodel. As mentioned in Se@.3, the parameters describing
not represented on the map can be explained as follows: exhe costs of the CCM are not very well known. Moreover,
treme climatic conditions, which could be associated withthis parameterisation is based on free-living cyanobacteria.
extreme values of the optimum temperature of gross photoThe CCM in lichens and bryophytes could work differently.
synthesis, often do not persist for long time periods. LichensFurthermore, it has to be pointed out that the CCM which
and bryophytes are usually inactive during these periods andyanobacteria and some algae possess is not necessarily the
are therefore not affected by them. Extreme temperatures thaeason why they are part of the symbiosis. Not enough is
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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 S€cB). The “+” signs denote an increase in the value of a parameter afigsigns denote a
decrease. The rightmost column shows the type of increase or decrease.

Net carbon uptake [(gC)nfyr~1]  Average  Maximum
Change in parameter value — + - +  Type

Lichen or bryophyte parameters

CCM response 020 028 09 13 50%
Ratio Jmax/ Vc,max 0.19 027 08 13 50%
Diffusivity for CO» 0.15 035 06 17 50%
Turnover per respiration 019 029 13 10 50%
Rubisco per respiration 016 032 06 16 50%

Environmental parameters

Disturbance interval 021 027 09 13 50%
Light extinction in canopy 025 024 12 11 50%
Rain interception efficiency 0.23 027 10 13 50%
Max. snow depth for activity 025 025 12 12 50%
Heat conductivity of snow 025 025 12 12 50%
Turnover of ice sheets 025 025 12 12 50%
Soil heat conductivity 025 025 12 12 50%
Soil heat capacity 025 025 12 1.2 50%
Surface roughness 026 025 12 11 50%
Climate forcing

Shortwave radiation 025 025 11 12 20%
Air temperature 026 025 12 12 2K
Rainfall/ snowfall 025 025 12 12 20%
Surface wind speed 026 025 12 11 20%
Control run 0.25 1.2

known about how the CCM works in lichens and bryophytesthis result is that the lichen and bryophyte species occurring
to make definitive statements. Thus, although the global patin these ecosystems are influenced by competition and are
terns of optimum temperature and CCM cannot be evaluatedonsequently driven towards high productivity. Another ex-
on a quantitative basis, these patterns help to assess qualitalanation would be that the model underestimates productiv-
tively the plausibility of the model results given the assump- ity in these regions.

tions made in the model. For the tropics, it is difficult to make definitive state-
ments due to the low number of observations available.
4.2 Comparison of model estimates to data In the study ofElbert et al.(2012, net carbon uptake in

the tropical rainforest canopy is estimated to be only 15.2

, . ~2vr-1 Thi i
The observational data used to evaluate the model show higff C) M “yr—. This value compares well to our estimated
variation. range. As discussed in Se2t3, however, the estimates from

As explained in Sec®.3it is therefore problematic to ex- ElPert etal(2012 are based on assumptions about active
trapolate from these point-scale measurements of carbon ugime and coverage of lichens and bryophytes.
take to a value for a large region, such as a model grid cell. In the boreal zone, the “characterlsuc’j value is more ro-
The characteristic, observation-based values of net carboRUSt due to the large number of observations. The fact that it
uptake should therefore be interpreted as order-of-magnitudg'atches the upper bound of the spatial average model es-
estimates. timate may be explained by the lack of an explicit simu-

In the boreal zone and in the moist tropics, the characterislation of the peat in the model. The peat layer may repre-
tic values are closer to the upper bound of simulated net carS€nt an additional water storage for bryophytes that is not
bon uptake than to the lower one (see Fig.This indicates associated with respiration costs. This is not reflected in the
that the more productive model strategies may represent g10del, where the strategies have to “pay” for the water stor-
better approximation of the net carbon uptake by real lichens2g€ in biomass via the respiration cost of biomass. Hence, the
and bryophytes in these regions. A possible explanation fofodel may underestimate the water supply in regions where

Biogeosciences, 10, 6989633 2013 www.biogeosciences.net/10/6989/2013/



P. Porada et al.: Estimating global carbon uptake by lichens and bryophytes 7001

1000 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 modelynax is derived

690 } 2% from a givenVc max Via the ratio of the two. Hence,
changing this ratio only affectfnax.
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90
. The light extinction parameter is negatively corre-
lated 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
0.01 + ‘ ‘ ‘ ‘ 1 impact of this parameter on productivity can be ex-
Tundra Boreal Forest Desert Tropical Forest plained by assuming that the decrease in carbon up-
Floor Canopy : .
take on the ground overcompensates the increase in the
Fig. 7. Comparison of net carbon uptake estimated by the model to canopy.
observational data. A magenta diamond corresponds to the median .
of the observed values in the respective biome. The number leftto  4- Surface roughness and wind speed are both nega-

Net carbon uptake [(g C) m? yr“]
o
L
w

the diamond is the number of observed values. See Taftean tively correlated with the aerodynamic resistance to
overview of the studies on which the observations are based. The heat transfer. They consequently have a positive effect
light blue colour corresponds to the lower bound of the model es- on potential evaporation. Therefore the lichens and
timate and the dark blue colour to the upper bound. The vertical bryophytes are more frequently desiccated and their

bars represent the range between the most and least productive grid productivity decreases.

cell in a certain biome, while the dots show the mean productivity

of all grid cells in this biome. To be consistent with the measure- The overall outcome of the sensitivity analysis of the
ments from the field studies, only the simulated carbon uptake inmodel is satisfactory. Parameters that describe environmen-

the canopy was considered for the biome “Tropical Forest”, while 13| conditions do not have a large impact on simulated net

for the other biomes only carbon uptake on the ground was consid- : .
carbon uptake. This means that it is not absolutely necessar

ered. The model results are derived from a 2000 yr run with 3000 P y Y

o ) to specify ranges for the environmental parameters in order
initial strategies. . . .
to obtain a good estimate of the uncertainty of the model re-
sults. The model is, however, quite sensitive to parameters
that describe tradeoffs. Since these parameters are assumed
peat occurs. This effect is probably most pronounced in peatto have constant values (Sezt2), they should be determined
lands which are not explicitly simulated in the model but in- as accurately as possible.
cluded in the boreal forest biome. Given the limitations of the
model regarding simulating peat water storage, we think the4.4 Limitations and possible improvements
model estimates for the boreal zone averaged over the whole

boreal landscape are reasonable. Our modelling approach has several limitations which lead to
uncertainty regarding the estimate of net carbon uptake. We
4.3 Sensitivity analysis discuss the different aspects of the limitations of the model,

namely spatial resolution, interactions of strategies, parame-
}er uncertainty and simplifying assumptions and we mention

Considering the sensitivity analysis, the general behaviou L
Possmle improvements.

of the model is plausible. Increasing the Rubisco content pe
base respiration rate, for example, leads to an increase in net
carbon uptake and vice versa (see TadleSome effects, '
however, require further explanation:

4.1 Spatial resolution

The spatial resolution of the model grid is too coarse to repre-

sent microclimatic or microtopographic features. It has been

1. The turnover parameter affects net carbon uptakeshown, however, that variation of environmental conditions
based on maximum- and average-weighting in oppo-at the small scale can have an effect on carbon uptake of
site ways. The maximum estimate is as expected: dichens and bryophytes (e.jlungesser2003 Lange et al.
higher turnover rate leads to lower biomass and there-1998. This leads to the question if these differences in car-
fore lower productivity. The average estimate could bebon uptake cancel out for large regions or not. The differ-
explained by a statistical effect: a higher turnover rateences in productivity would probably not cancel out if the
causes the death of many less productive strategiegelations between climate and carbon uptake were strongly
thereby increasing the average value of productivity nonlinear. Then, the value of carbon uptake derived from the
compared to lower turnover rates. mean climate of a large region would differ from the mean
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of the values of net carbon uptake based on all the micro-minimum of the two rates. As both rates are associated with
climates within that region. In this case, neglecting sub-gridmetabolic costs, a tradeoff emerges.
scale variation would lead to systematic biases in the model Even if relations between two parameters can be derived
estimates. from data in a quantitative way, they are usually charac-
To assess the effect of variation in environmental condi-terised by some scatter. This is due to additional factors
tions on the model estimates we performed a sensitivity analwhich influence the relation but which are not considered in
ysis (see Tabl@). The model does not seem to show strong the model. Differences in specific respiration across strate-
nonlinear behaviour. Compared to the effect of the paramegies, for example, are assumed to result only from differ-
ters which describe tradeoffs, the model estimates are rathences in the Rubisco content of the strategies or properties
insensitive to changes in environmental/climatic conditions.that correlate with Rubisco content, such as photosynthetic
Of course, we cannot rule out that small-scale variation hasapacity Palmqvist et al.1998. This simple tradeoff is an
some effect on the model estimates, but the lack of microcli-approximation, as illustrated by the scatter in the relation be-
matic and microtopographic data at the global scale makes itween Rubisco content and respiration across lichen species

impossible to quantify this effect. (Palmqvist et al.2002. There seem to be some factors that
contribute to respiration in lichens which are not correlated
4.4.2 Interactions of strategies with Rubisco content but which differ across species. It is,

however, impractical to implement all these factors into the
As shown in Fig.7, the unknown relative abundance of the model, since already the simple tradeoff-relation between
strategies (see Se@.3) leads to large differences between Rubisco content and respiration had to be established by ed-
the average and the maximum estimates of net carbon upicated guess.
take. Hence, a significant reduction in the uncertainty of the
model estimates could be achieved by quantifying the rel-4.4.4 Simplifying assumptions
ative abundance of the strategies. This could be done, for
instance, by implementing a scheme that simulates competo focus on the goal of modelling lichen and bryophyte pro-
tition between lichen or bryophyte strategies. Such a schemeductivity at the global scale, several simplifying assumptions
would be a promising perspective for extending the model.are made in the model. In the following we discuss some of
At the moment, however, not enough quantitative data arghese assumptions which concern the representation of the
available about competition and other ecological interactionsorganisms in the model as well as the implementation of en-
between different lichen and bryophyte species to integratevironmental conditions.

these processes into the model. In the model, it is assumed that lichen respiration only de-
pends on the Rubisco content averaged over the total biomass
4.4.3 Parameter uncertainty of the organism. Hence, a lichen with a high fraction of al-

gal/cyanobacterial biomass which has a low Rubisco content
The model has been shown to be sensitive to the parameshould have a respiration similar to a lichen with a low frac-
ters which describe tradeoffs (see S&8). For some of tion of algal/cyanobacterial biomass which has a high Ru-
these tradeoff parameters, the data available in the literaturbisco content because the Rubisco content of the whole to-
currently only allow educated guesses. Determining accutal biomass would be similar. This assumption is valid as
rate values for these parameters, however, is not difficult petong as those components of fungal and algal/cyanobacterial
se. Only one study, for instance, has measured both Rubiscoiomass which are not related to Rubisco content exhibit
content and base respiration rate simultaneously, but in mangimilar specific respiration. This might not be the case for
studies one of them has been determined. Considering thall lichen species. Some of the observed variation in the
diffusivity of the thallus for CQ, a large body of studies de- relation between Rubisco content and specific respiration
scribes the relation between productivity and water contentrate Palmqgvist et al.2002 might be explained by differ-
but we found only one study that quantified the diffusivity for ent respiration rates of some components of fungal and al-
CO, as a function of water saturation. The latter, however, isgal/cyanobacterial tissue which are not correlated with Ru-
much more useful for modelling GQliffusion through the  bisco content. It is difficult, however, to separately quantify
thallus on a process basis. Hence, accumulating more empiall components of lichen and bryophyte biomass that con-
ical data that is suitable to determine the values of the paramtribute to respiration.
eters that describe tradeoffs with higher accuracy would be a Another important aspect of lichen and bryophyte phys-
very efficient way to improve the model. One example of aiology is the relation between water content and metabolic
such a study is the work &ullschleger(1993, which anal-  activity. Not all facets of this relation were included in
yses the ratio betweefmax and Ve max For a large number  the model. Lichens with cyanobacterial photobionts, for in-
of vascular plants this ratio is approximately 2. The reasonstance, need liquid water to activate their metabolism. This
for this constant ratio is the fact that a higlax is not useful  physiological constraint seems to be a disadvantage for the
if the Vc maxis low, and vice versa, since productivity is the cyanolichens since it shortens the time available for carbon
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uptake. The disadvantage, however, could be compensatesl Conclusions and outlook

by some other property of cyanobacteria that is beneficial

for the lichens, such as nitrogen fixation, for instance. Weln this paper, we present the first process-based model of
cannot account for this property because nutrient limitationglobal net carbon uptake by lichens and bryophytes. The
is not implemented in the model. Thus, since we cannotmodel explicitly simulates processes such as photosynthesis
consistently represent all distinct properties of cyanobacteand respiration to quantify exchange flows of carbon between
ria and the associated tradeoffs in our model, we decided ngerganisms and environment. The predicted global net carbon
to model cyanolichens explicitly. They may, however, be im- uptake of 0.34-3.3 (Gt C) y* has a realistic order of mag-
plicitly simulated by model strategies which have physiolog- Nitude compared to empirical studieEliert et al, 2012).

ical properties similar to cyanolichens. The values of productivity correspond to approximately 1—

A further property of the relation between water con- 6% of the global terrestrial net primary productivity (NPP)
tent and metabolic activity is that in some species, the(lto,2011). Furthermore, the model represents the large func-
metabolic activity corresponding to a certain water contenttional variation of lichens and bryophytes by simulating
is only reached after a time delajopnsson et 312008 Jons- ~ many different physiological strategies. The performance of
sonéabraji: etal, 201Q Lidén et al, 2010. The delay isnot  these strategies under different climatic regimes is used to
only species-specific, but it also depends on the length of thé@arrow the range of possible values of productivity. This
preceding dry periodRied 196Q Gray et al, 2007 Proc-  method is an efficient way to incorporate the effects of biodi-
tor, 2010. Possible reasons for the delay of photosyntheticversity on productivity into a vegetation mode¥vlick et al,
activation are the removal of protection mechanisms agains€013. The predicted global patterns of surviving strategies
drying or the repair of damage resulting from dry conditions are plausible from a qualitative perspective. To further reduce
(Lidén et al, 2010. These mechanisms are probably asso-the number of possible values for productivity, competition
ciated with carbon costs for the organism, which means thabetween the different strategies could be implemented. This
the duration of the delay may be dependent on the amount ovould also make the representation of functional variation of
carbon invested in repair or protection. Hence, there may bdichens and bryophytes in the model more realistic.

a tradeoff between the benefit of a short delay of activation The uptake of carbon is only one of many global bio-
and the cost of investment into different mechanisms whichgeochemical processes where lichens and bryophytes are in-
facilitate a short delay. Therefore, implementing the delayvolved. They probably also play an important role in the
of activation into the model is problematic since the carbonglobal nitrogen cycle due to the ability of some lichens to
costs of the various protection or repair mechanisms are nofix hitrogen (around 50 % of total terrestrial biological nitro-
known. gen fixation) Elbert et al, 2012. The fixation of nitrogen,

As discussed in Sect.? the model does not exp||c|t|y however, is relatively expensive from a metabolic viewpoint.
simulate a peat layer. The difficulty with including peat into It would be interesting to quantify the costs of this process at
the model lies in the additional information on environmen- the global scale and its relation to nutrient limitation.
tal conditions that is necessary to predict peat formation. While nitrogen can be acquired from the atmosphere,
The ability to form an additional water storage which is Phosphorus usually has to be released from rocks by weath-
not accompanied by respiration costs could be assigned t6ring. Thus, lichens and bryophytes might increase their ac-
the strategies in the model. If this ability for water storage Cess to phosphorus or other important nutrients by enhancing
was set to be independent of environmental conditions, howWweathering rates at the surface through exudation of organic
ever, the strategies which have the ability of increased watefcids and complexing agents. Since weathering rates control
storage would grow everywhere. Since peat formation de-2tmospheric C@ concentration on geological timescales,
pends on anoxic conditions, however, it cannot take placdichens and bryophytes might have influenced global cli-
everywhere. Thus, productivity would be largely overesti- mate considerably throughout the history of the edrém{on
mated. Consequently, a model that simulates the hydrologet al, 2012.
ical conditions at the global land surface would be needed Lichens and bryophytes have to invest carbon in order to
to determine which regions are suitable for peat formationfuel nitrogen fixating enzymes or produce organic acids nec-
(see, e.gWania et al,2009. This would add another level essary for weathering. Hence, these investments could be im-
of complexity to our model and it would shift the focus from Pplemented as a cost function into the model, making it pos-

simulating net carbon uptake of lichens and bryophytes toSible to quantify the associated processes at the global scale.
wards land surface modelling. 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

Additional model output

a) Net carbon uptake b) Biomass

S
3 i
[ )
R (g C) M2 yr] — S (g C) M~
0 18 36 54 72 920 108 126 144 162 1 236 471 706 941 1176 1411 1646 1881 2116
Net carbon uptake in canopy d) Net carbon uptake on ground

(ﬂu- i

[(g C) m=2yrT] 1 C) M~ yr']
0 13 26 39 52 65 78 91 104 117 0 18 8 54 72 90 108 126 144 162

Fig. Al. 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—d) to are based on the maximum-weighting method while the ones shown if &ig.based on the average-weighting method.
Areas where no strategy has been able to survive are shaded in grey.

a) Topt Of gross photosynthesis b) Fraction of organisms with CCM

[C] [ — ]|
5 10 15 20 25 30 35 40 0.00 012 025 038 050 062 075 088 1.00

Relative coverage d) Net carbon uptake

| — Y]
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[@C) m2yr]
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Fig. A2. (a—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 mettednd(b) show optimum temperature and CCM fraction of lichens and bryophytes living

in the canopy, which adds to Fif, where the corresponding estimates for the ground are showe).thre 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 agricdjwrartdan

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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Appendix B ranges are sufficiently broad, more extreme values than those
found in the literature are used as limits. For this purpose, the
Model details mean of the literature-based parameter values is computed.

xmin is then calculated by subtracting the distance between
In the following sections, the technical details of the modelthe mean and the lowest value found in the literature from
are explained. SectioB1 describes how strategies are gen- this lowest valuexmay is calculated by adding the distance
erated from parameter ranges. Moreover, references are prgretween mean and highest value found in the literature to this
vided for these parameter ranges. SectiBRso B7 contain  hjghest value. A precondition for this procedure is that the
all model equations that are associated with physiologicabarameter values span a relatively small range, as mentioned
processes of lichens and bryophytes. Furthermore, referencegpove. Otherwise, subtracting the above mentioned distance
are given for the theoretical background and the parameteffrom the mean would result in negative values.
isation of the equations. The equations are ordered accord- |f the possible values of a parameter span a large range,

ing to the structure of Sec®. The values and the units of the mapping from a random number between 0 and 1 to this
the parameters and variables used in the model equations afgnge is exponential and written as

tabulated in TableB7 to B16. The tables contain references

to the respective equations. To make the equations more eas- Nlo (max)

ily readable, characteristic prefixes are added to the modet = xmin€ Fmin

parameters and the associated tables are structured accord-

ingly. The prefixes, the type of parameter and the associated/here the symbols have the same meaning as in E. (

table(s) can be found in TabE:l. The exponential function is used to represent each order of
For further details on the implementation of parametersmagnitude of the range equally. If the limits of the range

and equations in the model, we refer to the source code ofvere 1 and 10000, for instance, using EBLY would result

(B2)

the model, which is available on request. in 90 % of the values lying between 1000 and 10000. Hence,
_ ) values from the range 1 to 1000 would be strongly under rep-
B1 Generation of strategies resented. By using EgBR) this problem is avoided, which is

particularly important if the model is run with low numbers

Tﬁ dat():rcour;]t Ior t;e r:argt? Iunictlon;’:ll va::a:allgtyé ?rf tlrIIChrinsd (?f strategies. In this case, the under-representation of strate-
and bryophytes, many strategies are generate € mo egies with parameter values from the lower end of the range
which differ from each other in 15 characteristic parameters

. ._..could lead to unrealistic model results. To be consistent with
(see SecR.2). To create the strategies, these 15 characteristi

" ianed th h randoml i he exponential mapping, the limits of the range are also cal-
parameters are assigned through randomly sampling ranges o4 differently than for EqQB{1): xmin is assumed to be

of possible values. The parameters and the correspondlnﬁalf the lowest value found in the literature, whil@ax is set

ranges are listed in TabR9. Assignment of parameter val- O}o the double of the highest value found in the literature.

ues is performed in two steps: (a) for each strategy, a set o .
15 random numbers uniformly distributed between 0 and 1 Additionally, random numbers can be transformed into

is sampled. The random numbers are generated by a I_ati(éategorical values. This is done by assigning a lichen or
Hypercube algorithmNicKay et al, 1979, This facilitates ryophyte to a certain category if the corresponding random

- . . number is below a threshold, and otherwise to another cate-
an even sampling of the 15-dimensional space of rando

. ; . : ory. The threshold is a number between 0 and 1.
numbers, since the space is partitioned into equal subvol- In the following, each of the 15 strategy parameters is
umes from which the random numbers are then sampled. (b%hortly described together with references for the range of
The 15 random numbers are then mapped to values from th ossible values
ranges of the parameters. Since the purpose of the sampling '
is to represent the whole range of a parameter as evenly 3511 Albedo
possible, two different mapping methods are used, a linear
one for parameters that have only a small range of possiblq_he albedox, of a lichen or bryophyte is assumed to

values, and an exponential one for parameters that span more . o
P ) P P vary from 0 to 1. The reason for this assumption is that
than one order of magnitude.

If the possible values of a parameteispan a relatively lichens and bryophytes show a large variety of colours and

L therefore a large range of possible values for the albedo

small range, a random number between 0 and 1 is linearly, 0 :
. ) (Kershaw 1975. For simplicity, each strategy has a fixed

mapped to this range according to

value ofx,. In reality, species can adapt their albedo to dif-

x = N (Xmax— Xmin) - Xmin 1)  ferent envwonmental_ conqnlqns. Thls_ can be represented in
the model by strategies differing only in the valuexpf
whereN is a random number between 0 and dax andxmin A linear mapping is used for the parameter range since we

are the maximum and the minimum value from the rangefound no reason to assume a priori that a certain value of the
of possible values for the parameter To ensure that the albedo is more frequent than the others.
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Table B1. Overview of the nomenclature of parameters and vari- icant amounts of extracellular water do not seem to occur

ables in the model. in many lichens under natural conditioridgsh 111, 1996 p.
. . 161). Due to the small range of possible valuesxgy . a
Prefix  Parameter or variable ~ Table(s) linear mapping is used for this parameter.
c Natural constant B7 A second parameteky,, ., determines the shape of the
p Parameter B8 (environment) water potential curve from zero water content to the thresh-
B11 (lichens and bryophytes) old saturation. Given a certain valuexf, .., the parameter
Strategy parameter B9 ; ; ik
* Xy, o controls the water content of the thallus in equilibrium
H>O
w Tradeoff parameter  B10 .2 . - o
' with a certain atmospheric vapour pressure deficit. Since the
s State variable B14 . . R .
¥ Flow variable B15 range of p053|ble value_zs _Qflszo is quite limited, a linear
none  Other variable B12 (boundary conditions) mapping is used. The limits for this range are estimated us-
B13 (environment) ing the data points in FigB3 and are set to 5.0 and 25.0,
B16 (lichens and bryophytes) respectively. The calculation of the water potentigl,o is

given below in SectB3.3,
Furthermore, the relation between water content and wa-
B1.2 Specific water storage capacity ter potential influences the tradeoff betweenGiifusivity
and metabolic activity. This is explained in detail below in
The specific water storage capacity,,,, represents the max- Sect.B3.5.
imum amount of water per gram carbon a lichen or bryophyte
can store (FigB1). An exponential mapping is used for the ) .
range of possible values. B1.6 Molar carboxylation rate of Rubisco
B1.3 Specific projected area The molar carboxylation rate of Rubisagy .., represents
. , the maximum carboxylation velocity of a Rubisco molecule
The specific projected area,,. represents the surface area iy B4y The data are taken from a study that analyses a

per gram garbon of a lichen or bryophytg projected ONtoy 554 range of photoautotrophs. An exponential mapping is
a plane (Fig.B2). An exponential mapping is used for the <o for the range of possible values.
range of possible values.

B1.4 Location of growth B1.7 Molar oxygenation rate of Rubisco

The location of growthx o of a lichen or bryophyte is a cat- ) )
egorical variable. Two categories are possible: canopy and "€ molar oxygenation rate of Rubiseg, ..., represents the
ground. Since no data could be found about the relative abun@ximum oxygenation velocity of a Rubisco molecule (Fig.

dance of lichens and bryophytes living in the canopy and theB®)- The data are taken from a study that analyses a broad
ones living on the ground, the probability for each location "@nge of photoautotrophs. A linear mapping is used for the
of growth is 50 %. range of possible values.

B1.5 Threshold saturation and shape of water potential

curve B1.8 Reference maintenance respiration rate and21g

value of respiration

As described in Sec?. 1.2 the water potentialy,o is an in-

creasing function of the water saturation of the thallbg, The specific respiration rate of lichens and bryophyRageo
which is described below in Se®3.1 Wh,o has a value of  is controlled by two parameters: the reference respiration rate
—oo at zero water content and reaches a maximum value of @t 10°C, xg; and theQ1o value of respirationxg,,. The

at a certain threshold saturation (see B8). This threshold  distributions of these parameters are shown in Fgsand
saturation represents the partitioning between water store87. Forxg,, an exponential mapping is used while fqj,,

in the cells of the thallus and extracellular water. It is de- a linear mapping is used. The limits op,, are not calcu-
scribed by the parametety,, ... The theoretical limits of Ilated by the method described for Eg1] since the result-
Xog o @re 0 and 1, where 0 would mean that the lichen oring range would be physiologically unrealistic. Instead, the
bryophyte stores all its water extracellularly and 1 would values were rounded to the nearest integer. The influences of
mean that no extracellular storage capacity exists. A lowerthe two parameters on respiration rate are shown inBdg.
limit of O is physiologically unrealistic. Some mosses have, Moreover, the respiration rate is related to Rubisco con-
however, a relatively large capacity to store water extraceltent and turnover rate of the thallus, as described in Qezt.
lularly (Proctor 2000. Hence, the lower limit ofcg,, ., IS The details of these relationships are explained below in
set to 0.3 An upper limit of 1.0 seems realistic since signif- Sect.B5.2andB5.6.
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Distribution References
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Fig. B1. Overview of the distribution of specific water storage capaciy,,.
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Fig. B2. Overview of the distribution of specific projected areg, ..

B1.9 Optimum temperature of photosynthesis physiologically unrealistic. Instead, the limits derived from
the data were extended by 10 and 5 Kelvin, respectively.

B1.10 Enzyme activation energy oK¢c and Ko
The optimum temperature of photosynthesis,, . repre-
sents the temperature at which gross photosynthesis showsk¥c and Ko are the Michaelis—-Menten constants of the
maximum (Fig.B9). A linear mapping is used for the range carboxylation and oxygenation reactions of Rubisco. The
of possible values. The range is not calculated by the methognzyme activation energies, k. and xg, g, control the
described for Eq.B1) since the resulting values would be temperature response @&c and Ko. The available data
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Overview References

(Nash 1II, 1996 p. 157)
(Scheidegger et al1995
(Pintado and Sanch&002
(Dilks and Proctor1979
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Fig. B3. Water potential,o as a function of water saturatiahg. Four example curves are shown. The two blue curves correspond to a
value ofxq,HZO = 15.0, which represents the middle of the range of possible values. The dashed blue curve corresppnds 0.3 and

the solid blue curve tag, ., = 1.0. The two magenta curves correspond to a valuegat= 0.3. The dashed magenta curve corresponds
to N0 = 5.0 and the solid magenta curvethHzo = 25.0. The black data points are derived from the studies listed in the right column.
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(Savir et al, 2010
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Molar carboxylation rate s

Fig. B4. Overview of the distribution of the molar carboxylation rate of Rubisco.

(see Tabld32) are not sufficient to estimate the shapes of theacquired by the photosystems is not used to fixp it is
ranges ofcg, k. andxg, k. We assume that the parameters used instead to increase the £€ncentration in the photo-
do not span several orders of magnitude and hence apply bionts. Since no data could be found about the relative abun-
linear mapping. The limits of the parameter ranges are calcudance of lichens and bryophytes with and without a CCM,
lated according to the method described for B{.)( the probability to possess a CCM is set to 50 %.

B1.11 Carbon concentration mechanism (CCM) B1.12 Fraction of carbon allocated to growth

The parameterccy is a categorical variable. It controls if a The parametengioc represents the fraction of the sugar
lichen or bryophyte possesses a carbon concentration mecheeservoir that is allocated to growth each dayjec there-
nism (CCM) or not. If a CCM is present, a part of the energy fore describes the partitioning of assimilated carbon between
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Fig. B5. Overview of the distribution of the molar oxygenation rate of Rubisco.
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Fig. B6. Overview of the distribution of the reference maintenance respiration rate’&, 1@

Table B2. Overview of the enzyme activation energig of the
Michaelis—Menten constani§c and K.

Ea[Imol 1] Reference
Kc Ko
79430 36380 Nedlyn etal, 2002
59536 35948 ”
109700 14500 ”
80500 - "

www.biogeosciences.net/10/6989/2013/

ref*

storage pools and biomass. Since we found no reason for a
fixed value ofxgoc 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 in-
fluences its radiation and precipitation regime and the avail-
able area for growth (Sec®.1.]). The equations describ-
ing 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 location of growth
but also on the biome. These are disturbance frequency,

Biogeosciences, 10, GO32-2013
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Fig. B7. Overview of the distribution of th@1¢ value of respiration g, .
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Fig. B8. Influence of reference maintenance respiratigp, and Q10 value of respiration o, , on specific respiration ratespec The green
line shows the response of respiration to temperature for valueg 9fandxg,,, which are both in the middle of their respective ranges.
The blue lines show the effect of th@,g valuexg,,: the dashed blue line correspondsig,, = 1 while the solid blue line corresponds
to xp,, = 3. The magenta lines illustrate the effect of reference respirationvjgieat 10°C: the dashed magenta line corresponds to

XRyeg = 1% 1¢7 (mol COy) (kg cyls1 while the solid magenta line correspondsitg,, = 1.5 x 104 (mol CO) (kgC)1s~1. The
black data points are derived from the studies listed in the right column.

aerodynamic resistance to heat transfer and soil thermadurface of a lichen or bryophyte. For the partitioning of ra-
properties as well as ground heat flux. The equations relatediation, Beer’s law is usedpnan 2008 p. 254) and the as-
to these effects can be found below in SeBi2.3to B2.5. sociated factors for shortwave radiatippy and longwave

radiationgraq are calculated by
B2.1 Radiation and precipitation regime

Radiation and precipitation flows are partitioned between the

canopy and the ground. This partitioning is described by fac- (20— xy) (1.0— e Pis(Aru+Asad) if organism in canopy (B3)
tors which represent the fraction of the flow that reaches thefras = (10— xp)ePs(ALai+Asa) if organism on ground
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Fig. B9. Overview of the distribution of the optimum temperature of photosynthg§£§Ps

and area occupied by tree trunks is neglected. The second de-
termining factor is (b) leaf area index (LAI), which affects
Pe (1.0— e Pt +ASA')) if organism in canopy B4) theavailable area on ground through leaf fall by trees: under
pee PuAartasa) if organism on ground dense canopies (high LAI), a constantly renewed litter layer
. . impedes the growth of lichens and bryophytes. Under open
where.x, is the albedo of a lichen or bryophyte for short- cangpies (low LA, a certain fraction of the soil surface is
wave radiation ang. is the emissivity of an organism for ot affected by leaf fall, thus providing area for growth.

longwave radiationp, and p,, are extinction coefficients  The available area on the ground is calculated according
for shortwave radiationBonan 2008 p. 254) and longwave g

radiation Kustas and Normar2000, respectivelyA 5 and
. - _ ALal
Asp are Ie_af area index (_LAI) and_ stem area index (S_AI). Aground, max= min < Abaresoil 1.0 — > (B6)
The partitioning of precipitation is assumed to be a linearly DLAI max
decreasing function of LAl and the fraction of precipitation
that reaches a lichen or bryophyte is

trad. = {

whereAparesoiliS the area of soil not occupied by herbaceous
vegetation derived frorBonan et al(2002. A is leaf area

P AL if organism in canopy index and]{wmax is thg maximum LAl in the da}ta set.
Pprec= Piimax ) (B5) The available area in the canopyganopy, max is assumed
10— Giams 'TOrganismon ground to be the sum of LAl and stem area index (SAl). This

) ) ] o means that the strategies are assumed to grow on all parts
where p,, is the interception efficiency of the canopy qf the canopy, which means stems (i.e. trunks and twigs) and
for precipitation, Aia is leaf area index anghiaim., IS |eaves. Growth on leaves, however, is assumed to be possi-
the maximum LAl in the data set, both derived from e gniy for evergreen vegetation (see SE&.3for details).
Bonan et al(2002. Thus, the available area for growth is written as

B2.2 Available area Acanopy, max= ALAl + Asal (B7)

The available area for growth of a lichen or bryophyte pérm whereAsp, is SA.

ground depends on its location of growth, which is either the  The surface area of a lichen or bryophyte pérground,
ground or the canopy (see Se2tl.]). The available area 4.5 is calculated according to

on the groundAground,max is determined by two factors: (a)

the amount of bare soil, which means soil surface that isA | min(xapessB. Acanopy, may  if organism in canopy B8
not occupied by herbaceous vegetation, such as grasses of@"s~ MIN(X AgpecSB- Aground, max  if Organism on ground (B8)
crops. Bare soil area is highest in non-vegetated areas such

as deserts or mountain tops, and also in forested areas sin®¥é1erex 4. is the specific area of a lichen or bryophytgis
the ground is not occupied there per se. For simplicity, thethe biomass per fnground andA canopy, max@nd Aground, max
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Table B3. Overview of the disturbance intervaigeg of different 1. Fire or tree fall. In this case the biomass of a strategy
biomes. The*-symbol means that values from other biomes are is set back to the initial value each time a disturbance
used, since no original references could be found. A “-" in the takes place. Fire and tree fall are assumed to affect both
column “Leaves” means that lichens and bryophytes cannot grow strategies living on the ground as well as those living

on the leaves of the respective vegetation type. The values are de-

, i ) ) in the canopy.
rived by calculating the median of a set of values from the literature.

These are shown in Tabl& andB5 below. Disturbance intervals 2. Leaf fall, which affects only strategies living in the
for stems & ground are calculated as the minimum of the median canopy. As described in Sed2.2, strategies in the
of fire intervals, the median of treefall intervals and the herbivory canopy are assumed to live on trunks and twigs as well

interval, if present (see Tabl@st andBS). 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 decidu-

Biome Tveg [years]
Stems & ground  Leaves

Tropical rainforest 100 1.4 ous forests is precluded since the leaves are all shed at
Tropical dry forest 32 - the same time of year. Although leaf fall is not a dis-
Tropical needleleaf forest 100 6.0 turbance, its effect on biomass is represented similarly
Temperate broadleaf forest 100 - to a disturbance event in the model. Hence, leaf fall is
Temperate evergreen forest 100 1.4 listed here.

Boreal forest 100 6.0

Savanna 5 - 3. Herbivory, which is restricted in the model to large-
Grassland, desert & tundra 15 - scale grazing by herds of animals. It is thus assumed to
Mediterranean vegetation 50 2.3 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 fre-

are the available area in the canopy and on the ground, re- ~ dquently, are included in the biomass loss term (e.g. epi-
spectively. This means thatnaiusis limited by the available phytic herbivory by snails).
area. Since biomass is related to surface area via the specific The implementation of disturbance used here leads to an
area, also biomass is limited by available area. oscillation of biomass over time, with a slow build-up be-
The fraction of available area that is covered by a lichentyeen disturbance events and an instantaneous reduction dur-
or bryophyte is described by the variaberea This vari-  ing the event. Such an oscillation is unrealistic on the scale
able is necessary to obtain flows pef ground instead of  of 5 grid cell where the ecosystem is usually in a “shifting
m? lichen or bryophyte. If the respiration flow pefrthallus  mosaic steady state”. This means that fires, tree fall and leaf
is known, for instance, multiplication b®areagives the res-  fa)| 4o not affect the whole grid cell but only a small fraction
piration flow per nf ground. This is important because the of it. The purpose of the model, however, is to predict mean
purpose of the model is to predict global flows of carbon andpjomass. It does not matter if this mean value is derived by

water per M ground.®areqis calculated according to averaging over many individuals in a grid cell, which are in
different states of a disturbance cycle, or if the mean is de-

Wm if organism in canopy B9 rived by the time average over a whole cycle for just one

Parea= thallus ' if organism on ground ) individual. Hence, if the averaging period is at least as long

as one disturbance interval, the mean value is correct.

whereAinalusis the surface area of a lichen or bryophyte and B2.4 Aerodynamic resistance to heat transfer

Acanopy, madS the available area in the canopy. The maximum

function is used in Eqag) to ensure that the reference for The aerodynamic resistance to heat trangfﬁr, controls

the exchange flows is arground, not a rf of lichen or  exchange flows of heat between the surface of lichens or

bryophyte. If, for example, the available area in the canopypryophytes and the atmosphere. It is calculated according to
was 0.8 per n? ground and the thallus area was 06 m Ajien et al.(1999:

per nt ground, the exchange flows pef ground should be
multiplied by adareaof 0.6, and not by B/0.8. log ("AZ—;A") log (”A—‘Ad)

20,h
rH =

2 (B10)
wherep, is the von Karman constant,is near surface wind

The disturbance intervaleg is assigned according to biome speed,p,, is the measurement height for wind speeg,

and location of growth (see TabBES). Disturbance leads to is the displacement height for wind speed, agdand zo

an instantaneous loss of biomass. The following processeare the roughness length of momentum and humidity, respec-

are represented in the model: tively. The stability corrections which are used in some cases

B2.3 Disturbance interval

Biogeosciences, 10, 6989633 2013 www.biogeosciences.net/10/6989/2013/
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Table B4. References for the disturbance intervasg [years] of different biomes regarding fire and tree fall. A “~" means that the corre-
sponding type of disturbance probably does not play a significant role for lichens and bryophytes living in the biome.

Biome Fire Treefall
Tveg Reference Tveg Reference
Tropical rainforest > 100 (Mouillot and Field 2005 ~100 (Lawton and Putz1989
>800 (Thonicke et al.200]) ~50 (Martinez-Ramos et 311988
138 Bongers et a).1988
83 (Chandrashekara and Ramakrishr#p4)
~240 Jansetal.1993
Tropical dry forest 32 Kartin and Fahey200§ 98 (Ferreira de Lima et 812008
Temperate broad- > 100 (Mouillot and Field 2005 ~100 (Turneretal.1993
leaf forest > 200 (Thonicke et al.200]) ~ 45 (Payette et al. 1990
~145 (Tanaka and Nakashizukk997)
Boreal forest ~100 (Angelstam 1998 303 (Foster and Reiner4 986
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.2002)
Grassland, - - - -
desert & tundra
Mediterranean ~50 (Thonicke et al.200]) - -

vegetation

Table B5. References for the disturbance intervalgg [years] 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

veg Reference Tveg
Tropical rainforest 1.4 Qonditetal, 1996 -

1.4  (Reichetal. 1998

2.0  (Walters and Reichl999
Tropical dry forest - - -
Temperate broadleaf forest — - -
Boreal forest 5.8 \{ithington et al, 2006 -

6.2 (Reichetal.1998
Savanna - - 15
Grassland, desert & tundra — — 15

Mediterranean vegetation

2.9

1.6 N4vas et al.2003 -
(Escudero and Mediavil|l2003

www.biogeosciences.net/10/6989/2013/
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to make Eq. B10) more accuratelfu et al, 2007 are ne-  average water content of the soil, desert soils are parame-
glected here for simplicity. terised differently from non-desert soils in the model:

The roughness lengtty describes the impact of the sur- _ o
face on the flow of air above ito is parameterised as one of ¢_ ., — | PCsoilp’ ff organismin dgsert (B15)
three possible value${ull, 1988 p. 380): PCsie»  ITOrganism notin desert
Pz0.canopy iforgan?sm in canopy ket — | Phsoilns if organism in desert (B16)
20 = | Pzomoor» I Organism on forest floor (B11) soil = Dhas.  ifOFganism notin desert

Pueor»  ITOrganism on ground outside forest
B3 Water relations

Note that this parameterisation implies that large-scale struc-
tures such as forests dominate the aerodynamic properties die water saturation of a lichen or bryophyte is defined in
the surface. The shape of lichens or bryophytes growing or>ect.B3.1 It controls three physiological properties: diffu-
that surface is assumed to have only a small impact on théivity for CO; (Sect.B3.2), water potential (SecB3.3), and
roughness length and is consequently neglected in the modeletabolic activity (SecB3.4).

2o is related tazo,h according to B3.1 Water saturation

20.h = Pzomn0 (B12) The water storage capacitynax describes how much wa-

ter a lichen or bryophyte can store pef ground.®may is

h is th i h h I h of hu- . .
wherepz,,, is the ratio between the roughness length of hu assumed to be proportional to biomass pégmound:

midity and momentumAllen et al, 1998.
The displacement height is related to roughness length vigy XOmaxSB (B17)
Con,0

wherexg,,,, is the specific water storage capacity.is the
biomass of a lichen or bryophyte ango is the density of
liquid water. The water saturatiobg is then calculated as
the ratio of the actual water conterd and the water storage

Ad = Pzp420 (B13)

where p,, , is the ratio between displacement height and
roughness length. The value pf, , is derived from the rela-

tions Ag = 2/3 vegetation height anch = 0.123 vegetation capacity:
height. These relations are adapted fralien et al. (1998 Do = 50 (B18)
and represent rough approximations. Determining average Omax

values for displacement height for the each biome, howeverg3 2  Diffusivity for CO »
would be beyond the scope of this study.

The diffusivity of the thallus for CQ@is represented by the
B2.5 Soil thermal properties variableDco,. It decreases from a maximum value to a min-

) imum value with increasing water saturation (see Bgj0)
The ground heat fluxc affects the energy balance of alichen gn it is calculated according to

or bryophyte if the organism is living on the ground. Typ- o,
ically, the soil temperature is lower than the surface tem-2co, = (Wbco, max — WDco, min) (10— ®6) "% + wpeo, i (B19)
perature during the day and higher during the night, Iead'wherewDC _is the minimum value of C@diffusivity,
ing to heat exchange between thallus and soil. If a lichen Ol e is the maximum value of CEXiffusivity, ®e is the
T . . . ,max 1 U
bryophyte is living in the canopy, heat exchange with the SO|Iwaté? saturation of the thallus amth,,, is a parameter that
is neglected since it is assumed that thallus of the organism i§etermines the shape of the diffusivity curvep,, is esti-
in a thermal equilibrium with the canopy layers below. The 5teq using the data points in FB10, while wDCC ~and
effect of location of growth oryg is represented by the vari- Deoymax @r€ taken from the literatur€pwan et al.1992.

able xg: The relation betwee®co, and ®¢ is an important com-
. o ponent of the tradeoff between G@iffusivity and metabolic
Y6 = 0 if organism in canopy (B14) activity. This is explained below in Sed&3.5.

1 if organism on ground
B3.3 Water potential

The ground heat flux is not only affected by the tempera- h W | _ ing f : f
ture gradient between thallus and soil, but also by soil proper- N€ Water potentiall,o is an increasing function of water

ties: the soil heat capacitysej and the thermal conductivity saturation and it is calculated according to
of the soilksej (Lawrence and SlateP008 Anisimov et al, Xbg sat
0.0, xyy 0| 1LO— —=—=

1997 Peters-Lidard et 311998. Since they depend on the YHz0 =Min Do (B20)
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Overview Reference

(Cowan et al.1992

[(mol CO,) m? st
(=]
=
®

Do,

Py [

Fig. B10. Diffusivity for CO2, Dco,, as a function of water saturatiahg. The black data points are derived from the study listed in the
right column.

wheredg is the water saturation. The parameitgy, . isthe  threshold saturation (Fi11). ®actis then written as
threshold saturation. bg is above this threshold, all cells
in the thallus are fully turgid. Additional water is assumed
to be stored extracellularly.y,, , is a parameter that deter-
mines the shape of the water potential curve. The parameters

of the water potential curve are discussed in further detail inwheredg is the water saturation of the thallus angl, ., is
Sect.B1.5and the curve is shown in Fi@®3. The influence  the threshold saturation.

of the relation between water saturation and water potential The relation betweectand®g is an important compo-
on the tradeoff between GQiffusivity and metabolic activ-  nent of the tradeoff between G@iiffusivity and metabolic
ity is explained below in SecB3.5. activity. This is explained below in Sed®3.5.

. D¢
d)actzmln(l.o, © ) (B21)

X®g sat

B3.4 Metabolic activity B3.5 Trgd_eoff between CQ diffusivity and metabolic
activity
The metabolic activity of a lichen or bryophyte is representedThe CQ diffusivity of the thallus,Dco,, decreases with in-
by the variabled,; and it relates the processphotosyn-  creasing water saturatiabg (see SectB3.2). The metabolic
thesisandrespirationto the water content of the organism activity of a lichen or bryophyteb,., however, increases
(Nash Ill, 1996 p. 157). The papers dfange(1980 2002, with ®¢ (see SectB3.4). This leads to a tradeoff: at low
for instance, show how dark respiration increases with wa-®¢g the potential inflow of C@ in the thallus and thus po-
ter content at constant temperature, while the studie®hy  tential productivity are high, but the low e limits the ac-
ssonéabraj(': et al. (2010; Williams and Flanagai(1998 tual productivity. At high®g productivity is limited by low
show an increase of photosynthetic activity/capacity with Dco,, although the lichen or bryophyte is active. Since both
water content. A common feature of these experiments withthe relation betwee®co, and®g and the relation between
different species is that dark respiration as well as photosyn®,c.;and®g are controlled by underlying physiological con-
thetic activity saturate and assume a constant value abovstraints, the associated parameters, suchz@&z, are as-
a species-specific threshold water content. The shape of theumed to have constant values (see S22}.
activity curve from zero water content to this threshold wa- The tradeoff is illustrated in Figd12: to maximise produc-
ter content is nonlinear and it shows species-specific varitivity, a lichen or bryophyte should try to spend most of the
ation. The extent of the nonlinearity, however, is relatively time near the optimum water saturation. It can achieve this
small and can be approximated by a linear relationship whergyoal through appropriate values of the characteristic param-
the strategy parametehreshold saturationxe,, .., Captures  eters which control water content. These are maily
some variation. Hence, the metabolic activity is assumed tory,,,, andxe,,,, but also parameters that indirectly influence
increase linearly from O at zero water content to 1 at thewater content of the thallus, such.as X Aspec andxjoc.

www.biogeosciences.net/10/6989/2013/ Biogeosciences, 10, G283-2013
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Overview References

(Nash 11, 1996 p. 157)
1.2 - . . . (Lange 1980
(Lange 2002
1| . (JonssorCabrajt et al, 2010
(Williams and Flanagari999

Do [ ]

Fig. B11. Metabolic activity ®act as a function of water saturatiohg. The dashed line correspondsitg,, .= 0.3 and the solid line
corresponds t@g¢g ¢, = 1.0

A 3. Aerodynamic resistance to heat transfer
D ® (see SectB2.4)
t
€O = 4. Relative humidity
Snow also affects physiological processes of lichens and
bryophytes. The dynamics of the snow layer are explained in
Sect.B4.5while the effects of the snow layer on physiolog-
/ Productivity ;:raolcr;rs(?;essses are described in the sections related to these
B4.1 Net radiation

\ ] > Do Net radiation is the sum of downwelling short- and longwave
optimum ®g radiation, upwelling longwave radiation and the ground heat

flux. Ingoing short- and longwave radiation are derived from
Fig. B12. Effect of water saturatiodg on CQ, diffusivity Dco,, the climate forcing data.

metabolic activity®actand on the associated productivity. The pro-

Outgoing longwave radiatio is calculated as a
ductivity has a maximum at an optimudg . gong 9 ffrad_m

function of surface temperature and air temperature:
B4 Climate relations Jradw; = (4.ch T Tsurt = 3.0¢cq Taﬁr) Parea (B22)

The climate forcing (air temperature, wind speed, relative hu-VNeré7air is air temperaturelsu is surface temperature and

midity, precipitation and downwelling short- and longwave ¢o IS the Stefan-Boltzmann constant. Equati&?23) is a

radiation) influences almost all physiological processes ofinearisation of the standard equation for power emitted by
lichens and bryophytes (see Fig). Furthermore, it deter- the surface of a black body (Stefan—-Boltzmann law). It is

mines potential evaporation and surface temperature. In thi#ken fromMonteith (1981). The factor®areals the fraction

following sections the relations between potential evapora2f available area that is covered by the thallus (seeE).

tion (Sect.B4.3), surface temperature (Se@4.4) and cli- 1S factor thus convertgag,,, to Watts per rA ground.

mate forcing are described. The factors necessary for the cal- The ground hegt fluxfoy is written as a functlo.n of
culation of these relations are the following: the temperature difference between the thallus of a lichen or

bryophyte and the soil:
1. Net radiation (see Sedd4.1)
— ke Tsurf—STSO” o B23
2. Saturation vapour pressure (see SBét2) S0so1 = SOII—pAz areaXG (B23)

Biogeosciences, 10, 6989633 2013 www.biogeosciences.net/10/6989/2013/



P. Porada et al.: Estimating global carbon uptake by lichens and bryophytes

where ksoil is the thermal conductivity of the soil (see

Eqg.B16), Tsurt is the surface temperature of the thallug,,
is soil temperature angy, is the damping depth of the soil
for a diurnal cycle Bonan 2008 p. 134).®4e4is the fraction
of available area that is covered by the thallys.is a switch
to set fo,; to zero if a lichen or bryophyte is living in the
canopy (see EB14).

To compute soil temperatusg,,,, the balance for the soil
heat reservoir is used:

stoiI

_— B24
CsoiI(DareaPAz Pa ( )

STsoil = STsoil +

wherefo..; is the ground heat fluxCsoi is soil heat capacity,

7017

Hence, the saturation vapour pressure above the thallus of
a lichen or bryophytezsa;, is written as Nikolov et al, 1995

(B28)

esat= eqbesa‘tesat,o

The slope of the saturation vapour pressure cufyg, is
calculated by differentiatingsa: after Tair c:

Pes 1Tair,C
d _ e( peS,2+Taif,C+¢€Sat> ( pesvlpesyzpesyg _ ¢esat
esat —
* (Pesyz + Tair,C)Z Tair

B4.3 Potential evaporation

). (B29)

Pareals the fraction of available area covered by a lichen or The potential evaporatiofpet above the thallus of a lichen
bryophyte,p,, is the damping depth of the soil for a diurnal or bryophyte is written as the sum of two independent poten-

cycle andpa, is the time step of the model.
Net radiationfy is written as

fH = ¢rad5frad5W¢ Dareat ¢7raq frad_w¢ Darea— ¢7raq frad_wT - ston (825)

where ¢rags iS @ conversion factor for shortwave radiation Epot=

(see EqB3) and¢raq is a conversion factor for longwave ra-

tial flows, one driven by net radiation and another one driven
by the vapour pressure deficit of the atmosph&feriteith,
1981):

esat—PRHesat
JHdegq + g == =% Parea
(B30)
(deSat + c),) CA HyapH,0€pH,0

diation (see EB4). frag,, and frad,y, are the downwelling — where fy is net radiationd., is the slope of the saturation
shortwave and longwave radiation flows derived from the cli- vapour pressure curves,tis saturation vapour pressure and
mate forcing datadareais a factor to reduce the radiation ®gy is relative humiditycc,, is the heat capacity of airy
flows to the fraction per fhground that reaches the thallus of is the aerodynamic resistance to heat transiefs the psy-
a lichen or bryophyte (see EB9). fradw, is already mul-  chrometric constanta .0 IS the enthalpy of vaporisa-
tiplied by ®areain Eq. B22); the same applies fofyp,; in tion andc,,, , is the density of liquid water. The factdrarea
Eq. B23). reduces the part oo related to vapour pressure deficit to
the fraction per riground covered by the thallus of a lichen
B4.2 Saturation vapour pressure or bryophyte. The part ofpq driven by net radiation is al-
. ready corrected for surface coverage in BRY).
The saturation vapour pressure above an open water surface Note that both parts of por can be negative. If net radiation
esat,0iS calculated as a function of air temperature accordingjg negative, the thallus emits more energy to the ground or
toAllen et al.(1998: the atmosphere than it receives. Consequently, dew forms on
the thallus surface. This process can be an important source
of moisture for lichens or bryophytes, especially in deserts
(Nash 11, 1996 p. 6). If relative humidity is larger than
one and therefore the vapour pressure deficit is negative, fog
forms above the thallus surface. This process can also con-
tribute to the water supply of a lichen or bryophyte.

Peg 17air,C
€sat,0= Pes,3epes'2+Tair’C (B26)
wherep, ,, p.,, andp, ; are empirical parameters aigl c
is the air temperature in degree Celsius, calculatet}as =
Tair = CTeitpy0- ) . )

If the water saturation of a lichen or bryophyte is below the
threshold saturatione,, ., (See SectsB1.5 and B3.3), the
water potential at the surface of the thallus becomes negativg.;-han surface temperatutBy is derived from the same

Hence, the saturation vapour pressure is reduced by the factql oo as potential evaporation. It is written according to
dessy Which is calculated according dikolov et al.(1995: Monteith (198 as

B4.4 Surface temperature

k
rads fradgyy, +Hrad. (/raqw ,+30cs TQ,) +elsry xe) i
Cair (desartcy)
- ke
(draq 40¢0 T3+ 1 )y e

Cair (desartcy)

. _ esa—PRHesat (
Tair p—— +

1.0x 106\IJH20cMH20

(B27) (B31)

¢e sat — Tsurf=

CRgasTaierCPHZO 1.0+

whereW,o is the water potential of the thallugy,, . is the
molar mass of water,gy,. is the universal gas constafiki c

whereTyj is air temperaturegsy; is saturation vapour pres-
sure,®ry is relative humidity,.,, is the slope of the satura-

is the air temperature,,, , is the density of liquid water, and
the factor 1.0« 10° is used to convert from MPa to Pa.

www.biogeosciences.net/10/6989/2013/

tion vapour pressure curve angl is the psychrometric con-
stant.¢rag; and ¢raq are conversion factors for shortwave
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and longwave radiationfrags,, and fraq,,, are the down- In case a lichen or bryophyte is covered by a snow layer
welling shortwave and longwave radiation flows agdsthe  that exceeds the critical thickneps,,,. a different method
Stefan—Boltzmann constaritj is the thermal conductivity than Eq. B31) is used to compute the surface temperature
of the soil, p,, is the damping depth of the soil for a diurnal Tgyt of the thallus:

cycle,st,,; is soil temperature angg is a switch to sefy.;

to zero if a lichen or bryophyte is living in the canopy,,, is Tair, if organism in canopy
the heat capacity of air ang} is the aerodynamic resistance 7= ”A"ggggyTair+isT°;'sTsoi, " ] g (B35)
to heat transfer. — Tinaw ki TOrganismon groun

Asnow ' PA,

B4.5  Snow layer where py,.,, IS the thermal conductivity of snowDpmine

The snow cover leads to a reduction of light input for lichens etal, 2011, Asnowis the thickness of the snow laydhir is

and bryophytes. Furthermore, it changes the dynamics of thé"ir t(_amperaturek_son I the thermal C_OHdUCtiYity of the soil,
water supply and the temperature regime compared to a sit?2z 1S the. damping depth of the soil for a diurnal cycle and
uation without snow cover. It is assumed in the model that®7soi 'S soil temperature. N,Ote thaF E@35) does not havg
lichens and bryophytes are not able to photosynthesise if th&"Y effects on the metab'ollsm of lichens or bryophytes since
snow cover above them exceeds a certain critical thicknesghey are assumed to _be inactive under snow. EquaBGE_)(
Pac, (PANNEWitz et al2003. Since it is impractical to sim- Is only implemented in the model to compute approximate

ulate the water content of the organisms under snow, dari@Ues for the surface temperature under snow. In a snow-

respiration is also assumed to be negligible in this situationCCVered canopy, the surface temperature is assumed to be

This means that no metabolic activity takes place except foffgual to air temperature for S|mpI!C|ty. On the snow-covered
turnover of biomass. ground, the surface temperature is assumed to be controlled

To calculate the thickness of the snow cover, a mass baI9nly by heat cono!uction f_rom atmosphere to surfac_e and
ance is used. It consists of input by snowfall and output byfrom surface to soil. EquatiorB@5) results from assuming

snowmelt and slow, lateral movement of the snow pack dué® steady state of the surface.
to gravity. The latter term has only a negligible effect on a B5 Carbon exchange flows
seasonal snow cover. The snow balance for Greenland, how-
ever, would always be positive without ice moving laterally e model simulates the following flows of carbon related to
towards the ocean in form of glaciers. lichens and bryophytes:
Snowmelt fsnowmeltiS calculated as a function of air tem-

perature Bergstrom 1992): 1. Inflow of CO, from the atmosphere into the pore space
of the thallus (see Sed5.1)

max(0.0, Tair — CTmeILHZO) Ssnow
86400 1000 N

Sfsnowmelt= Min <3-22 + fsnow, atm) (832)

2. Uptake of CQ from the pore space (gross primary pro-
whereTyr is air temperature ant, . . is the melting tem- ductivity, GPP) and storage as sugars (see B&cp)
perature of water, the factor 86 400 Is the number of seconds
per day, the factor 1000 converts from mm to m, and the fac-
tor 3.22 is a dimensionless empirical paramedgiw is the
snow reservoir on the surface, measured $rliquid water
equivalents perfy pa, is the time step of the model and

Ssnow, atmiS the input flow of snow from the atmosphere. 5. Biomass loss (see Se&5.6)
The balance of the snow reserveifow is written as

3. Maintenance and growth respiration (see SBbt4)

4. Growth, which is the transformation of the stored sug-
ars into biomass (see SeBb.4)

The relations of these flows to the balances of the car-
ssnow=Max(0.0, ssnow-+ (fsnow, atm— fsnowmelt— ssnowPriee)Pa;)  (B33)  bon reservoirs of a lichen or bryophyte are described in

) Sect.B5.7.
where the last term describes lateral movement of the snow

pack. The parametep,. represents the turnover of ice B5.1 Inflow of CO; into the thallus
shields and it is set by best guess to 1% per year.
To convert the snow reservoig,owfrom water equivalents  The inflow of CQ from the atmosphere into the pore space

to thickness of snow covekgngw in Metres,ssnow is multi- of the thallus,fco,, in, is proportional to the gradient between
plied by the fraction of density of water and density of snow the partial pressures of G@n the atmosphere and in the pore
(Domine et al.2011): space. It is written as
Cp C -C
Asnow= Ssno Hy0 (B34) fCOz,in _ DC02 Oz,atm Oz,thallusq)alrea (836)
ppsnow 1.0x 106
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where Dco, is the diffusivity of the thallus for CQ Table B6. Overview of the Rubisco conterEgrp of lichens and
COy atmis the atmospheric C concentration, CQtnalusis bryophyte.
the CQ concentration in the pore space of the thallus and
the factor 1.&x 10° is used to convert the gradient from ppm ERub [(Mol Rubisco) (kg CJ1] Reference
to a fraction between 0 and 1. The varialdiges cOnverts

_ c 1.4x10°° Balaguer et a).199
fco,.,in from a flow pern% lichen or bryophyte into a flow 5 1X 10-5 (S dgb aJ|2009
m? ground. Note thafco, in can also be negative, which g (Sundberg et al2003
pernrg ’ CO,in ' 9.0x 1076 (Sundberg et al2007)

means that the C£xoncentration inside the thallus is higher
than in the atmosphere and consequently, @@ws out of

the thallus. Table B6) does not span several orders of magnitude. This

B5.2 GPP small range of values is probably due to the small sample
size (3 data points). The assumption of a linear relationship
The uptake of C@from the pore space (gross primary pro- for Eq. B38), however, implies that both the rangeqf
ductivity, GPP) is computed according Farquhar and von and the range oErup have the same shape. Hence, using
Caemmeref1982 as a minimum of a light-limited rate and a Ed. B2) to estimateErup is a consistent approach. Note that
COy-limited rate. The light-limited rate is an increasing func- Using the median of the values from Tali8é to compute
tion of the absorption of light by a lichen or bryophyte. The Erubinstead of using EqH?2) does not significantly change
organism, however, cannot absorb light to an arbitrary extentthe value ofwrup,r
Hence, the light-limited rate is constrained to a maximum The maximum electron transport ralgax of a lichen or
rate Jmax. The CQ-limited rate is an increasing function bryophyte is calculated as
of the CQ concentration in the chloroplasts of a lichen or

bryophyte. It saturates, however, at very high values of CO Jmax= dav Ve max (B39)

concentration. The maximum rate at saturatioldgnax where Ve maxis the maximum carboxylation rate agg is
The maximum carboxylation ratéc max of a lichen or  the ratio of/max to Ve, max ¢3v depends on the surface tem-

bryophyte is calculated as perature of a lichen or bryophyte and is written as

Tsurf_XToptva) 2

_ ( o by = max(0.0, wiv,1 (Tsurf — CTmenHzo) + va,z) (B40)
Ve max= XV max&Rub€

(B37)
. i . whereTsyrfis surface temperature ang,, .. is the melting
wherexy, ... is the mqlar carboxy!a}tlon rate of Rubisco (see temperature of water. The two parametegs,; andwy,» are
Sect.B1.6) and Erup is the specific Rubisco content of & gerived by the data shown in FiB13. ¢,y is limited to non-
lichen or bryophyte. The exponential describes the '”ﬂuencshegative values since a negativigax would make no sense
of surfape temperaturByf on Vc,max(MedIyn et al, 2009. from a physiological viewpoint.
Ve, maxis assumed to peak around an optimum surface tem- The fact that/c maxandJmax are positively correlated im-
peraturexr, .5 (see SectB1.9) and the shape of the tem- pjies a tradeoff between these two variables. This tradeoff
perature response curve is determined by the parameter yegyits from physiological constraints (see S&a) in form
(June et al._2004). _ _ of metabolic costs 0f/c maxand Jmax. Since both the max-
The Rubisco conterEryp is a function of the reference  jmum of the light-dependent rate and the maximum of the
respiration rate at 11C, xg . This relationship represents a c(,-dependent rate are associated with costs for the organ-
tradeoff and results from a physiological constraint, namelyism put GPP is computed as a minimum of the two rates
maintenance costs of enzymes (see S?}G). The exact it would be inefficient if Ve max and Jmax Were independent
shape of this relation could not be determined since we coulg;om each other.
not find enough studies where bdkyp andxg,.; are mea- The actual rate of electron transpdris calculated as the
sured. Thus, we assume a simple linear function: minimum of the maximum rate of the photosystefsxand

the supply by shortwave radiation:
ERub = WRUb,RY Rret (B38) PPy by

. J =min Prads PPAR weeM,eParea Jmass)  (B41
where the tradeoff-parameteryp g, Which represents the (fradsm racs PPARPquan € area Tmax ) ( )

slope of the line, is determined by two points: the origin where frag,, is the flow of shortwave radiationgrag

(0,0) and the pointErunxr.). Wherexg,, is the average is a conversion factor that includes albedo and LAl (see
reference respiration rate arkyp is the average Rubisco Sect.B2.1), ppar is a factor that converts shortwave radia-
content.xg is calculated by Eq.B2) with N =0.5. The tion into photosynthetically active radiation apguantcon-
limits of the range of possible values ok, can be found verts quanta of light into electronsiccwm,e is a factor that

in Table B9. To computeEryp, we also use Eq.B2) with represents the investment of electrons in a carbon concen-
N = 0.5, although the range of possible valuesEpfyp (see  tration mechanism if present (see Sé&%5.3 below). ®4rea
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(Wullschleger 1993
9 : . T . ‘ ' (Kattge and Knorr2007)
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Fig. B13. Ratio of Jmax t0 Vc max ¢Jv (black line) as a function of temperature. The magenta data points are taken from the study of
Waullschlegen(1993, while the blue points are derived by the equations usdthitge and Knor(2007).

reduces the electron flow to the area covered by a lichen oFarquhar and von Caemme(@©82. It is written as
bryophyte andsg is the biomass of the organism.

BesidesVc,maxandJ/max the Michaelis—-Menten constants 1 _ g 50, Ce”xVo.maxKC (B44)
of the carboxylation and oxygenation reactions of Rubisco, X Ve maxKO
K¢ andKo, affect the shape of the light-dependent rate and

the CQ-dependent rate of GPP. They are calculated as where Q celis the concentration of £in the chloroplast of a
lichen or bryophyteyy,. ., andxyg ., are the maximum ve-

(Tsurf,prrefvps)x,ia,,(c locities andK ¢ and Ko are the Michaelis—Menten constants

WKC2 = T o Ronourt of the carboxylation and oxygenation reactions, respectively.
Kc = 0.001w C2g  PlTrefps Ryas’surf B42 o g
¢ Keatve max ( ) The & concentration in the chloroplasty@g is calcu-
and lated as a function of the Oconcentration in the pore space
of the thallus, which is assumed to be equal to the atmo-
v, (surPretps) Ea ko spheric one:
Ko = 0.001 O e PhetpsRgas’sut — (B43)
Ve ma ' 100Q0
WKo1 (%) O2,cel| = OZ,atm (B45)
u)KCleVC,max psoz

where XVe max is the molar carboxylation rate of Rubisco where Q’atmis the atmosphericg;oncentration anf}So is
(see SectB1.6) and xyg ., IS the molar oxygenation rate the solubility of @ (von Caemmere200Q p. 9). The factor

of Rubisco (see SecB1.7). The factor 0.001 is used to 1000 is used to write €ell in Mol per ny.

convert K¢ and Ko into mol pernt. The exponentials in Accordingly, the CQ concentration in the chloroplast
Eqgs. B842) and B43) describe the influence of surface tem- COy cell is calculated as a function of the G@oncentra-
peratureTsyif on Kc and Ko. prps is the reference tem-  tion in the pore space of the thallus, which depends on the

perature of photosynthesis ang,is the universal gas con-  exchange flows of carbon between the organism and the at-
stant.xg, k. andxg, ko are the enzyme activation energies mosphere:

of the carboxylation and oxygenation reactions, respectively
(see Sect1.10. COz,cell = 1OOOOCOZ,thaIIus (B46)
The parametersik. ;, Wkc,, Wko, andwg,, relate Kc Psco,
and Ko 10 xyg . @Nd Xyp 0, According to Savir et al.
(2010), these relations result from a tradeoff between the carWhere CQ tnaiius is the pore space GOconcentration and
boxylation velocity and the Cgaffinity of the Rubisco en-  Psco, is the solubility of CQ (von Caemmerei200Q p. 9).
zyme. The factor 1000 is used to write G@ejin mol perrr?.
The variabld™, represents the G{rompensation point of Knowing CQycel Ozcell, /5, Kc, Ko, Xvgma and
photosynthesis in the absence of respiration as described iny, ... the light-limited rate and the Cg&limited rate of
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(Reinhold et al.1989

>, ce11 [mol n ]
uw

€Oy, ce11

Fig. B14.CO, concentration in the chloroplasts, @&, as a function of pore space G@oncentration C@thaius The black data points
are taken from the study &einhold et al(1989. The minimum of the magenta and blue lines is used to fit the data.

photosynthesis can be calculated. They are written accordin free-living cyanobacteria. The increased £€édncentra-
ing to Farquhar and von Caemme(@082 as tion in the chloroplasts can then be calculated as a function
of pore space C@concentration:
CO2,ce|| - F*

feppL="J 4.0COp cel+ 8.0T, Pact (B47) COzcell = Min (weem 102 thallus weem,2C02 thallus+ weem,3) (BSO)
and where CQ cen and CQ thanus are the CQ@ concentrations
in the chloroplast and the pore space, respectivetysm 1,
COz cell — '« w andw are parameters derived from the data of
- : @ B48 CCM,2 ccwm,3 are parat -rive
JaPPIW=Xve naSB COp call+ Kc 1.04;{02,ceu act (B48) Reinhold et al(1989, which is shown in FigB14.
! (o)

The form of the CCM implemented in the model repre-
where CQ ¢ is the concentration of COin the chloro-  sents a tradeoff for a lichen or bryophyte: the increased CO
plast,I", is the CQ compensation poinc andKo are the  concentration in the chloroplasts, which dependsigawm,1,
Michaelis—Menten constants of the carboxylation and oxy-wccwm,2 and wcewm,s, directly leads to higher productivity,
genation reactions, respectively, angldg) is the @ concen-  but the maintenance of the high concentration requires en-
tration in the chloroplastbact is the metabolic activity of a  €rgy which is taken from the electron transport chain in the
lichen or bryophyte (see Se@3.4). It accounts for the effect  thylakoid membranes. These costs are represented by the pa-
of poikilohydry on photosynthesis and it represents an extenfameterwccwm,e (see Eq.B41). The relation between pore
sion to the original equations dfarquhar and von Caem- space C@and CQ in the chloroplasts as well as the costs
merer(1982). xv, . is the maximum specific carboxylation of establishing this relation constitute the physiological con-
rate andsg is the biomass of a lichen or bryophyte. straints of the CCM.

The GPP of a lichen or bryophyte is then calculated as the o
minimum of feppLand feppw B5.4 Respiration and growth

(B49) Respiration consists of two parts: maintenance respiration
and growth respiration. The specific maintenance respiration

B5.3 Carbon concentration mechanism rate Rspecis modelled by aQiq relationship Kruse et al.

2011). Itis illustrated in FigB8 in Sect.B1.8and it is writ-

Some lichens and bryophytes possess a carbon concentratié@n as

mechanism (CCM, see Sec2andB1.1]). If a CCM is Tsurt~PTyer R

active, a fraction of the electrons generated by the photosysg,  _ XRoX PTief R TmeltHy0 (B51)

tems is invested in increasing the €@oncentration in the spee ref 10

chloroplasts instead of being used in the Calvin cycle. Itis aswherexg, is the reference respiration rate at°1 xo,, is

sumed here that the CCM in lichens works similarly to thosethe Q19 value of respiration7sy is the surface temperature

fepp=min(feppL foPPW
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Fig. B15.Overview of the distribution of turnover ratg.

of the organism,pr,, is the reference temperature and The respiration associated with growtfig,,,., is then

CTmenr,o 1S the melting temperature of water. written as a function of growth efficiengy; ., and growth
The maintenance respiration of a lichen or bryophyte, fgrowth:

SfRmai 1S then calculated as a function @fspec and the

biomass of the organism: 10
ngrowth = —1.0 fgrowth (B54)
. Ngrowth
S Rimain = mm( » RspessB cI>act) (B52) '
CMcP A B5.5 Steady state of internal CQ

wheresc is the sugar reserve of a lichen or bryophyig, is
the molar mass of carbopy,, is the time step of the model,
Rspecis the specific maintenance respiration ratgjs the
biomass of the organism aniigl,¢; is its metabolic activity.

The minimum in Eqg. B52) is used because a lichen or
bryophyte cannot respire more carbon per time step than i
stored in the sugar reservoir. The respired,GOreleased

into the pore space. a steady-state approach is used to calculate s It is

The growth of a lichen or bryophyte is computed as theassumed that the exchange flow of Ci@tween pore space

minimum of the ava}llaple amount of sugar per time step_ andand atmosphere/co, in, balances the net G@xchange flow
a potential flow, which is a function of the sugar reservoir:

between pore space and the cells of the organism. This net
. sc exchange flow is equal to the sum of uptake from the pore

- meainvxa"Ocmq’act) Prgown (B53) spacefgpp and release of CQinto the pore space, consist-
ing of maintenance respiratiofy,,,,, and growth respiration

wheresc is the sugar reserve of a lichen or bryophyige is  fz .. (Eqs.B52andB54). The equation for the steady state

the molar mass of carbopy, is the time step of the model of pore space Cgis thus written as

and fr,..;, IS maintenance respiratiorgjioc is the fraction of

the sugar reservoir allocated to growth per day, 86400 is thefco,,in = fRmain T fRgrowtn — SGPP (B55)

number of seconds per da@,ct is metabolic activity, and . _ _

Pigoutn 1S the efficiency of the transformation of sugars to EQuationB55is then solved for C@aiusto determine the

biomass. values forfco,,in and fopp

Two carbon exchange flows depend on the internaj €G-
centration of the thallus CQnhaius Namely the inflow of CQ@
from the atmosphere into the pore spafig, in (EQ. B36),
and the uptake of COfrom the pore space by GPPspp
Eq.B49). The model, however, does not simulate explicitly
e pore space of the thallus. Hence, it is not possible to de-
termine the absolute amount of @@ the thallus. Instead,

Jarowth = min(
CMcP A
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B5.6 Biomass loss dreareduces water uptake to the area covered by a lichen or
bryophyte.

The turnover rate of the biomass of lichens or bryophytgs, Evaporationfevapis calculated as a minimum of demand

is calculated similarly to the Rubisco content (see 3#812) by potential evaporation and supply by the water reservoir of

as a function of the reference respiration rate at@0Oxg, . a lichen or bryophyte:

The relation betweemg andxg,, represents a tradeoff and

resu'lt.s from a physiological constraint, namely metabpllc Ffovap= Min ( Se , Epot) (B60)

stability of enzymes (see Se@.2). The exact shape of this At

relation could not be determined since we could not find
enough studies where both andxg,; are measured. Thus,
we assume a simple linear function:

wheresg is the water content of a lichen or bryophyte,, is

the time step of the model anfhot is potential evaporation
(see EqB30).

TB = Wioss, R Rres (B56) Runoff frunotf is generated when net water uptake exceeds

_ the water storage capacity of the thallus:
where the tradeoff-parametaross r Which represents the

slope of the line, is determined by two points, the origin (0,0) » max(0.0, se + max(0.0. fwaterup— fevap) Pa, — Omax) (B61)
and the point{g X&), Wherexg., is the average reference Pa
respiration rate ands is the average turnover ral€g. IS here s is the water content of a lichen or bryophyte,
calcula;ed by Eq.B2) with N = 0.5. Th_e limits of the range fuater upiS Water uptakefevapis evaporationp,, is the time
of possible values ofg,,; can be found in TablB9. To com-  ste of the model an@mayx is the water storage capacity of
pute7g we also use Eq.H2) with N = 0.5 (see FigB15).  ine thallus (see E@®17).
The range of possible values of is set to 0.03—-1.5 (seeé  Tnhe water balance is then written as
Sect.B1).

The flow of biomass losgiossis then calculated as a func-  se = max(0.0, se + ( fwater,up— fevap— frunoff) Pa;) (B62)
tion of tg and the biomass of the organism:

where sg is the water content of a lichen or bryophyte,
B S—B7 (B57) Swater,upiS Water uptakefevapis evaporation frunoff is runoff
cMc3.1536x 10 andp,, is the time step of the model.

whererg is the turnover rateg is the biomass of a lichen or

bryophyte and.. is the molar mass of carbon. The factor of
7 i ~1tn 1

3.1536¢ 10" is used to converts fromyr-~tos™=. Note that |, aqgition to exchange flows of carbon and water, the

fiossalso includes leaching of carbohydrates and small-scalgy,yqg| computes the exchange of energy between lichens

regular herbivory. and bryophytes and the atmosphere. The flow of latent heat,
fQam,» IS calculated from evaporation as

fioss=T1

B7 Exchange flows of energy

B5.7 Carbon balance

. . . = B63
Two carbon reservoirs of lichens and bryophytes are simu. Qami = Jeva Atuapnzocip o (B63)

lated in the model: biomass and sugar reserves. The bala”Wherefe\,ap is evaporationcAHvaszo is the enthalpy of va-

of the sugar reservoii is written as porisation and:,, ,, is the density of liquid water. The flow

sc = max(0.0,5c+ (f6PP— fRman — [Ryoun — Jarowth) cMcpa)  (B58) of sensible hea/g,, s, Is written as

. . . . . (Tsurf— Tair) cc,;
where fgppis GPP,fg,,, IS maintenance respiratiofig, o, fOums= S‘"TM%E# (Epot— fevap) €A HappoConyo  (B64)
is growth respirationfgrowth is growthcwm is the molar mass

of carbon andb,, is the time step of the model. where Tgyrf iS surface temperaturdy;r is air temperature,
ccyy 18 the heat capacity of airy is the aerodynamic re-
B6 Water exchange flows sistance to heat transfer afdeais the fraction of available

. _area covered by a lichen or bryophyfgt is potential evap-
The water exchange between a lichen or bryophyte and 't%ration,fe\,apis actual evaporatiom'AHvanHzo is the enthalpy

en_vironment is represented b_y three flows: water uptake vig vaporisation a”dezo is the density of liquid water. Note
lr:;”f:rlll(;): jrr]‘gf"f‘.’melt' evaporation from the surface of the thal- ¢ f0umsCONSists of two parts. The first part depends on the
' . gradient between surface temperature of the organism and air
Water uptakefiater,upis calculated as temperature. The second part is the difference between the
(B59) potential flow of latent heat and the actual one (seeE64).
This means that the ratio of latent heat to sensible heat de-
where frain,atmis rainfall, fsnowmeltis snowmeltgprec is the creases if the supply of water is not sufficient to support po-
fraction of precipitation that reaches the thallus surface, andential evaporation.

fwater,up: (frain,atm+ fsnowmelb ¢precq>area
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Table B7.Overview of natural constants used in the model.

Parameter  Description Value Unit Reference

Co Stefan-Boltzmann constant ~ 5620°8 Wm~2K~4 Egs. 822), (B31)

CAHypnyo  Enthalpy of vaporisation 2.4510°  Jkg! Eqgs. 830), (B63), (B64)

cCup Heat capacity of air 1297.0 JMK-1  Egs. 830), (B31), (B64)

€pHy0 Density of liquid water 1000.0 kg P Egs. 817), (B27), (B30), (B34), (B63)
cy Psychrometric constant 65.0 Pa Egs. 830), (B31)

M0 Molar mass of water 0.018 kg mot Eq. B27)

CMc Molar mass of carbon 0.012 kg 1ol Egs. 852), (B53), (B57), (B58), (B66)
CRgas Universal gas constant 8.3145 JmbK~1  Egs. B27), (B42), (B43)

CTmeltHy0 Melting temperature of water  273.0 K EqB32), (B40), (B51)

Table B8. Overview of model parameters describing environmental conditions. Parameters marked-syniieol are included in a sensi-
tivity analysis (see Tablg) because their values are not known very accurately.

Parameter  Description Value Unit Reference

PSco, Solubility of CO, in water 0.0334 mmolm3  Eq. B46)

PSo, Solubility of Oy in water 0.00126 mmolm®  Eq. B45)

De Emissivity of organism (longwave radiation) 0.97 [1 E&4)

Dis Extinction coefficient (shortwave radiation) * 0.5 [1 Eq. B3)

P Extinction coefficient (longwave radiation) 0.95 [] E®4)

Des Parameter for saturation vapour pressure 17.27 [1 B#6)( (B29)

Pes Parameter for saturation vapour pressure 237.3 °C Egs. B26), (B29)

Des 3 Parameter for saturation vapour pressure 610.8 Pa B2a6),((B29)

D von Karman constant 0.41 [1 EBL0)

DAy Measurement height for wind speed 10.0 m B1LQ)

Procanopy ~ ROUGhNEss length of forest * 01 m Eq. B11)

P20 fioor Roughness length of forest floor * 001 m Eqg. B11)

Pz0.60T Roughness length of grassland, desert & tundra  0.05 m Eq. B11)

Pzo.mn Ratio betweerng of momentum and humidity 0.1 [1 EgB(2)

Pz0d Ratio between displacement height apd 5.42 [1 Eq. 813

PA, Damping depth of the soil for a diurnal cycle 0.15 m Ed23), (B24), (B31), (B35

PCsoitn Heat capacity of desert soil * 11x10° Jm3Kk-!  Eq. @19

PCooitr Heat capacity of non-desert soil * 22x100 Jm3K1l Eq. B15

Pksoilp Thermal conductivity of desert soil * 03 wnmik-1 Eq. B16)

PksoiLr Thermal conductivity of non-desert soil * 15 wnrlk—1  Eq. B16)

Pkenow Thermal conductivity of snow * 0.15 wnrik-1 Eq. B35

Ppsnow Density of snow 250.0 kg m? Eq. B34)

P Asnow Critical snow depth for activity * 01 m SectB4.5

Ptice Turnover rate of ice sheets * 0.01 yrl Eq. B33

PLAI max Maximum leaf area index in data set 5.7 [1 EdB5), (B6)

Piirain Interception efficiency of canopy * 015 [] Eq. B5)

PAt Time step of the model 3600 s EqB32), (B33), (B24), (B52), (B53),
(B58), (B66), (B60), (B61), (B62)

PTietr Reference temperature of respiration 283 K BHY)

PTietps Reference temperature of photosynthesis 298 K BE2)( (B43)

Biogeosciences, 10, 6989633 2013
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Table B9. Overview of lichen or bryophyte random parameters used in the model.
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Parameter  Description Range Unit Reference

Xa Albedo 0-1 [] SectB1.1, Eq. B3)

XOmax Specific water storage capacity 1-160 (kg (kg Cy 1 Fig. (B1), Egs. B17), (B61)

X Agpoc Specific projected area 0.3-240 2kgcy L Fig. (B2), Eq. B8)

Xloc Location of growth Canopy or ground [1 Sed&tl.4

XOg sat Threshold saturation for water potential 0.3-1 [ &, Egs. 820), (B21)
XW,0 Shape parameter for water potential curve  5-25 [1 B®.Eqgs. 820), (B27)

XVe max Molar carboxylation rate of Rubisco 0.6-26.8 -1 Fig. B4, Egs. B37), (B42), (B43), (B44), (B48)
XVo max Molar oxygenation rate of Rubisco 0.1-2.5 15 Fig. B5, Egs. 843), (B44)

X Ryet Reference maintenance respiration x 107 7-1.5x 1074 (mol COy) (kg C)*ls*l Fig. B6, Egs. B38), (B51), (B56)
X010 Q10 value of respiration 1-3 FiB7, Eq. B51)

XTopeps Optimum temperature of photosynthesis 278-313 K BR.Eq. B37)

XEa Ke Enzyme activation energy & ¢ 3x 10%-1.3x 10° Jmor1 TableB2, Eq. B42)

XE. Ko Enzyme activation energy & 5x 103-5.5x 10% Jmol?! TableB2, Eq. B43)

XCCM Carbon concentration mechanism (CCM)  CCM presentornot  [] BAactl

Xalloc Fraction of carbon allocated to growth 0-1 [1 Sde1.12 Eq. B53)

Table B10.Overview of model parameters associated with lichen or bryophyte tradeoffs. Parameters markeddynthel are included
in a sensitivity analysis (see Takl¥§ 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. lm;zh

max

andeCoz

for COy, diffusivity. Only one

,min

of the CCM parameters is included in the sensitivity analysis: changiigv e would be redundant since decreasing the costs of the CCM
is analogous to increasing its positive effecgcm, 2 andwccm,z are only relevant at a transient state of very high pore spagel@@ls.

Parameter  Description Value Unit Reference
WDgo,max  Maximum thallus diffusivity for CQ ~ *  0.14 (molCQ)m—2s71 Eq. B19)
WDco,mn  Minimum thallus diffusivity for g~ * 5.7x 104 (molCOy)m2s71 Eq. B19)
WDco, Factor for water CQ diffusivity curve 12 [1 Fig.B10, Eq. B19)
WRUb,R Rubisco per respiration * 3.6 (mol Rubisco) (molCe)~1s Eq. 839
Wioss,R Turnover per respiration * 54771 (kgC)s(molCg)~Llyr—1 Eq. (B56)
wiv1 Slope ofgjv *  —0.06 [1 Eq. B840
wyv,2 Intercept ofpjv * 3.7 [1 Eq. B40)
WKe Parameter foK ¢ 1.32 [1 Eqgs. B42), (B43)
WK, Parameter foK ¢ 2.03 [1 Eqgs. B42), (B43)
WKo4 Parameter fokK o 57x 1073 [] Eq. (B43)
WK, Parameter foK o 0.51 [] Eq. 843
WCCM,e Cost parameter for CCM 0.67 [] EdB41)
WCeM,1 Parameter for CCM * 45 [1 Eqg. B50)
weeMm,2 Parameter for CCM 3.6 [1 EqBG0)
weeM,3 Parameter for CCM 6 [1 EqB50)
Table B11.Constant model parameters associated with lichen or bryophyte properties.
Parameter  Description Value Unit Reference
PPAR Conversion factor for photosynthetically active radiation 206996 molJ?! Eq. B41)
Pquant Conversion of quanta light into electrons 0.5 [1 EB4Q)
J29) Shape parameter for T response of photosynthesis 18 K BBq) (
Prgrowth Efficiency of sugar to biomass conversion 0.75 [] E@SJ), (B54)

www.biogeosciences.net/10/6989/2013/
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Table B12.Boundary conditions for the model.
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Variable  Description Unit Reference
COzatm  Atmospheric CQ concentration ppm EqBE6)
02,atm Atmospheric @ concentration ppm EqB45)
Tair Air temperature K EqsB22), (B26), (B27), (B29),
(B31), (B32), (B35), (B64)
fradsw, Ingoing shortwave radiation wnt Egs. B825), (B31), (B4))
fradw, Ingoing longwave radiation W P Egs. 825), (B31)
frainatm  Rainfall mm—2s1 Eq.B59
fenow,atm  Snowfall mm2s1 Egs. 832, (B33
DRH Relative humidity [] Eqgs.B30), (B31)
u Near surface wind speed ms Eq. B10)
Aparesoil  Area fraction of unoccupied soil fim—2 Eq. (B6)
ALAl Leaf area index (monthly resolution) ~ 4m~2 Egs. 83), (B4), (B5), (B6), (B7)
Aspl Stem area index (monthly resolution) 2m—2 Egs. 83), (B4), (B7)
Table B13.Variables associated with the environment.
Variable Description Unit Reference
20 Roughness length of surface for momentum m EBs0), (B11), (B12), (B13)
20,h Roughness length of surface for humidity m E@LQ), (B12)
H Aerodynamic resistance to heat transfer = Egs. 810), (B30), (B31), (B64)
Ag Displacement height for wind speed m Ed31(), (B13)
Tveg Disturbance interval yr TablB3
Csoil Soil heat capacity JmPK~1  Egs. 815), (B24)
ksoil Soil thermal conductivity wmlk-1 Egs. 16), (B25), (B31), (B35
fsnowmelt  Snowmelt mm—2s 1 Egs. 832), (B33), (B59)
Ssnow Snow reservoir mm=2 Egs. 832), (B33), (B34)
Asnow Thickness of snow cover m Eq834), (B35)
Aground,max Available area for growth on ground qm—2 Egs. 86), (BY)
Acanopy,max Available area for growth in canopy Im—2 Egs. B87), (B8), (B9)
S Tsoi Soil temperature K EqsBR3), (B24), (B31), (B35)
esat Saturation vapour pressure Pa Ed@28), (B30), (B31)
esat,0 Saturation vapour pressure (open water) Pa BR26)( (B28)
Desat Reduction factor for saturation vapour pressure [] EBR7], (B28), (B29)
dega Slope of saturation vapour pressure curve [1 EBR9], (B30), (B31)
Epot Potential evaporation fm—2s1 Egs. 830), (B60), (B64)
Table B14.State variables of lichens or bryophytes.
Variable Description Unit Reference
sB Biomass of lichen or bryophyte (kgC)TR  Egs. 88), (B17), (B41), (B48), (B52), (B57), (B66)
sC Sugar reservoir of lichen or bryophyte  (kgC)y# Egs. 852), (B53), (B58)
50 Thallus water content fm—2 Egs. 18), (B60), (B61), (B62)

Biogeosciences, 10, 6989633 2013
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Table B15.Variables describing flows between lichens or bryophytes and their environment.

Variable  Description Unit Reference
fraoLWT Outgoing longwave radiation Wit Egs. 822), (B25)
fOsui Ground heat flux wm? Egs. 823), (B24), (B25)
y Net radiation W2 Egs. 825), (B30)
fOumy  Latent heat flow W m? Eqgs. 863), (B65)
foums  Sensible heat flow W Egs. B64), (B65)
fwaterup Water uptake mm—2s1 Egs. 859), (B61), (B62)
Jevap Evaporation from thallus surface dm—2s1 Egs. 860), (B61), (B62), (B63), (B64)
frunoff  Runoff mm2s1 Egs. 861), (B62)
fconin  Inflow of COy into the thallus (molc@)m—2s~!  Egs. 836), (B55)
feppL  Light-limited rate of photosynthesis  (molGPm—2s™1  Egs. 847), (B49)
feppw  COp-limited rate of photosynthesis ~ (molGPm—2s™1  Egs. 849), (B49)
fepp Gross primary productivity (GPP) (molGPm—2s~1  Egs. B49), (B55), (B59)
FRonain Maintenance respiration (molGPm—2s~1  Egs. B52), (B53), (B55), (B58)
fRyrown  GFOWth respiration (molcem—2s~1  Egs. B54), (B55), (B58)
fgrowth ~ Growth (molC)m2s-1 Egs. 853), (B54), (B58), (B66)
fioss Biomass loss (molC)mPs~1 Egs. B57), (B66)
Table B16.Variables associated with lichens or bryophytes.
Variable Description Unit Reference
Yh,0 Water potential MPa FigB3, Eq. B20)
Rspec Specific maintenance respiration rate (molg@gC)1s1 Egs. B51), (B52)
Prads Conversion factor for shortwave radiation [1 EgB3], (B25), (B31), (B41)
Prad. Conversion factor for longwave radiation [1] EqB4), (B25), (B310
dprec Conversion factor for precipitation [] EqB5%), (B59)
Darea Fraction of available area covered by organism [] EBS)((B22), (B23), (B24), (B25),
(B30), (B36), (B41), (B59), (B64)
Athallus Thallus area per fground nfm-2 Egs. 88), (B9)
XG Switch for ground heat flux [1 EqsB(4), (B23), (B31)
Omax Water storage capacity m Eq817), (B18)
Do Water saturation [] EqsB(18), (B19), (B20), (B21)
Dco, Diffusivity for CO5 (molCOy)m—2s~1 Egs. 819), (B36)
Dact Metabolic activity [1 Eqgs. B21), (B47), (B49), (B52), (B53)
Tsurf Surface temperature K Eq82%2), (B23), (B31), (B35),
(B37), (B40), (B42), (B43), (B51), (B64)
COzthallus COo concentration in thallus pore space ppm EgS86), (B46), (B50)
COo cell CO, concentration in chloroplast mol ™ Eqgs. B46), (B47), (B48), (B50)
Ve, max Maximum carboxylation rate (molCH(kgC)y1s~1  Egs. B37), (B39
Jmax Maximum electron transport rate (mote(kgC)1s1 Egs. 839), (B41)
ERub Specific Rubisco content (mol Rubisco) (kg‘é) Egs. B837), (B38)
dIv Ratio of Jmaxt0 V¢ max [1 Egs. B39), (B40)
Kc Michaelis—Menten constant of carboxylation (moIQ@r3 Eqgs. B42), (B44), (B49)
Ko Michaelis—Menten constant of oxygenation (mQD®1_3 Egs. 842), (B44), (B48)
Oz cell O, concentration in chloroplast moln? Eqgs. 844), (B45), (B49)
| CO, compensation point (mol Cg)m*?’ Eqgs. B44), (B47), (B49)
J Actual electron transport rate (motgm—2s~1 Egs. 841), (B47)
B Turnover rate of biomass yi Fig. B15, Egs. B56), (B57)
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The energy balance of the thallus surface, which can beBloom, A., Chapin Ill, F., and Mooney, H.: Resource Limitation

either on the ground or in the canopy, is then calculated as

fH = antm,L + antm,S (865)

where fi is net radiation (see E825), fo,,, is the flow of
latent heat andp,,, s is the flow of sensible heat.

The balance of the biomass resersgjiis written as
sSB = max(0.0, sB + (fgrovvth— floss) CMcPAt) (566)

where fgrowth IS growth, fiossis biomass loss;y is the mo-
lar mass of carbon ang, is the time step of the model.
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