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Response to the comments of reviewer #3

We thank the reviewer for thoughtful comments which helped to improve our manuscript.
In the revised manuscript, we account for all points raised by the reviewer. We discuss
the differences between constant and dynamic parameterizations of an organic surface
layer in more detail and we clarify better how changes in surface coverage are calculated
in the model.

We show the reviewer’s comments in italic text, while our responses are formatted as
standard text.

This is a very well written, clear and concise paper. The development work it reports on
1s well thought through. Choices made during the development stage are well justified. [
only have some minor comments and suggestions, given below.

General comments

It is unclear to me which are the parameter values chosen in the “constant” simulation.
Maybe they were given somewhere, but it did not find this even after looking twice. These
values should be stated more clearly, as it would help interpreting the results.

We added the following to our manuscript (P. 7, L. 29): “The thermal conductivity of
this layer is set to 0.25 WK™ m™!] and its heat capacity is set to 2.5E6 [Jm™3K™!].
These values are shown in Fig. 2 for comparison.”

*Philipp.Porada®aces.su.se; Corresponding author



I would have liked to see a more detailed analysis of seasonal effects, in particular the
difference between summer and the shoulder seasons (which might be a bit more hu-
mid?). As the paper is now, it is not shown convincingly that the dynamic hydric state
of bryophytes (and its effect on soil temperature) is really required, i.e. that this effect
cannot be taken into account by simply tweaking the average (“constant”) heat conduc-
tivity and heat capacity.

We extended our revised manuscript accordingly and discuss the differences between a
constant and a dynamic parameterization in more detail (P. 13, L. 17): “Alternatively to
introducing a bryophyte and lichen layer with dynamic thermal properties, one might ask
if calibrating a constant organic layer would also be sufficient to simulate the insulating
effect. In Fig. 7 we show that there are qualitative differences between varying thermal
conductivity of a constant organic layer and the dynamic bryophyte and lichen layer:
If constant thermal conductivity is calibrated to reproduce soil temperature under a
bryophyte and lichen layer in summer, the temperature in winter and, consequently,
annual average temperature is too warm. To simulate an average annual soil temperature
similar to that under the bryophyte and lichen layer, the constant thermal conductivity
has to be strongly reduced, since the warming effect in winter has to be compensated.
This leads to an unrealistically weak seasonal amplitude of soil temperature.

We want to point out that the bryophyte and lichen layer should not be confused with
an organic soil layer from a modelling perspective. So far, JSBACH does not include an
organic soil layer. Differences between these two types of layers are the relatively low
thickness of the bryophyte and lichen layer compared to the organic layer, which can be
several tens of centimeters thick due to the accumulation of peat. This means that the
organic layer may have a significantly higher heat capacity when saturated with water
or ice. Therefore, the reducing effect of high thermal conductivity on insulation can be
counteracted by the large amount of energy required for a temperature change of the
layer, which increases insulation. Furthermore, the higher residual water content of the
peat layer compared to the bryophyte and lichen layer may result in a lower variability of
thermal conductivity. These two differences may explain why e.g. Atchley et al. [2016]
find a relatively small influence of water content on the insulating effect at the surface,
since their model approach includes an organic layer.”
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Figure 7: Temperature of the uppermost soil layer of a model grid
cell at 55° 30’ N, 98° 30’ W, which is also used for the sensitivity
analysis (Sect. A in the appendix). The dots stand for monthly
average values for the period 1996 to 2010. “Without” denotes a
transient simulation from 1901 to 2010 without a bryophyte and
lichen layer. “Constant 0.25” denotes an equivalent simulation,
but including an organic layer with constant coverage and thermal
properties. The thermal conductivity of this layer is set to 0.25
[WK~! m~1] as in Ekici et al. [2014]. “Constant 0.08” corresponds
to an organic layer calibrated to reproduce topsoil temperature
under the bryophyte and lichen layer in summer. “Constant 0.03”
corresponds to an organic layer calibrated to reproduce average
annual topsoil temperature under the bryophyte and lichen layer.
“Dynamic” stands for a bryophyte and lichen layer with dynamic
coverage and thermal properties.



The bryophytes seem to have little effect in winter, which makes sense. Is bryophyte
compaction by snow taken into account? (Probably not, and probably it wouldn’t make
any additional difference because snow insulation is strong, but it would be good to know).

We added the following to our manuscript (P. 8, L. 31): “Note that compaction of the
bryophyte and lichen layer by snow is not considered here, since the effect of this process
on overall thermal conductivity are probably small.”

The discussion about the differences between mosses and lichen could be a little bit more
detailed, in terms of how their properties change with general humidity etc.

We extended the discussion by the following (P. 15, L. 14): “Lichens, for instance, have
in many cases a lower porosity and water storage capacity than bryophytes, particularly
mosses [Schulze and Caldwell, 2012]. This means that lichens may be less sensitive to
water content than bryophytes regarding their thermal properties. However, both groups
include species which do not match this pattern.”

Specific comments

Quite often two sentences are contracted to a single one, only a comma separating the
two parts. Fxamples: P1, L7: “The model simulates .. on upland sites, wetlands are not
included”. Or:P5, L19: “D is the fraction of cover lost due to disturbance, it is set to
0.00083 per month.”. It would be better to have two separate sentences in these cases.
We split the respective sentences into two separate ones.

P1, L10: What is the “study region” mentioned here?

We changed “study region” to “region north of 50° N”

P2, L26: Indeed in ORCHIDEE there is no bryophyte PFT but Koven et al. (GRL,
2009) do take into account soil thermal insulation but an organic layer.

We included this in our text (P. 2, L. 27): “ Alternatively, the insulating effect is at-
tributed solely to the carbon-rich uppermost soil layer [Koven et al., 2009].”

P3, L30: re-order the sentence: . ..mnon-vascular vegetation model LiBry, described in
detail by Porada et al. (2013), is integrated into JSBACH.”

We changed this sentence accordingly.
P4, L2: What is poikilohydry?

We replaced this term by a description: “..the adaptation of the metabolism to changing
levels of water content”



PS5, L3 and P5, L7: These sentences on disturbance appear to be contradicting each
other. The first sentence seems to say that the surface coverage is (brutally) set back to
a small initial value, while the second one suggests a more gradual, reqular disturbance.
I think the second sentence is correct. Please clarify.

The first sentence refers to the original, stand-alone version of LiBry while the second
sentence describes the new disturbance scheme of LiBry in JSBACH. We made this clear
in the revised manuscript (P. 5, L. 3): “.. a disturbance cycle is included into LiBry
which periodically sets back the surface coverage to a small initial value. The surface
coverage in steady-state is then obtained by averaging over a whole disturbance cycle.
LiBry in JSBACH is designed to predict the dynamics of the cover in transient scenar-
ios of climate change. Consequently, the steady-state calculation of the surface coverage
from the original LiBry is replaced by a dynamic scheme. This also accounts for poten-
tial changes in disturbance frequency. To avoid unrealistic fluctuations of the bryophyte
and lichen cover, the dynamic disturbance scheme of LiBry in JSBACH accumulates
losses of cover over a month. Surface coverage is then updated on a monthly basis:
The simulated bryophyte and lichen cover is reduced by the accumulated losses due to
disturbance, such as fire, and it is increased by positive net growth accumulated over
a month. Net growth is translated into coverage via the specific area of the organisms. ..”

P5, L15: The equation is difficult to read, with all the min and maz. It might be useful
to clarify right from the beginning that there are one positive growth term, one “negative
growth” (senescence?) term and one disturbance term, and to define these separately.

In the revised manuscript we split the equation and explain the different terms separately
(P. 5, L. 16): “..Equation 1 shows the change of bryophyte and lichen cover AA/At in
one month:

AAJAt = E — R — Rp, (1)

where F is the expansion of the bryophyte and lichen cover due to positive net growth,
which means that accumulated gross photosynthesis exceeds accumulated respiration
and biomass turnover. Rg is the reduction of cover due to negative net growth and Rp
stands for reduction of cover by disturbance. Expansion of cover E is calculated as:

(2)

o min (GA(1.0 — A)ng, 1.0 — A) ifG>0
o if G <0

where A is the surface coverage of bryophytes and lichens in [m? cover m~2 ground],
G is net growth in [m?new coverm~2 cover], accumulated over a month, and g is a
dimensionless “expansion efficiency” which is set to 0.85. This value is taken from
the global, stand-alone version of LiBry, which has also been updated to a dynamic
disturbance scheme. It was selected to obtain a realistic global distribution of surface

coverage. The minimum statement ensures that the cover increment cannot exceed the



available area. The term A(1.0 — A) describes limitation by both existing cover and free
area available for growth. Reduction of cover is calculated as:

0 ifG>0
Re =3 N (3)
min (—GA,A) ifG <0

and

Rp = DA (4)

where D is the fraction of cover lost due to disturbance. It is set to 0.00083 per month.
This value corresponds to a fire return interval of 100 years, which is characteristic for
the boreal forest [Bonan and Shugart, 1989, Beer et al., 2006, Mouillot and Field, 2005].
The minimum statement in Eq. 3 ensures that the cover reduction cannot lead to neg-
ative cover.”

Figure 2: Might be useful to place the values for the “constant” simulation on this graph.

We added values corresponding to the “constant” model setup to Fig. 2 and we extended
the figure caption by the following: “The black dotted lines show the thermal properties
of the organic layer from the previous model version [Ekici et al., 2014] for comparison.
They are constant since they do not depend on water content.”

P15, L19: It should be said clearly that there is absolutely no reason why you would
expect the bryophytes to reduce the cold bias. In the discussion, it would be nice to get
an idea about the possible reasons for this substantial bias.

We added this point to the revised manuscript (P. 12, L. 29): “Comparison of simulated
subsoil temperature and active layer thickness to observation-based maps for the region
of Yakutia shows that JSBACH still underestimates subsoil temperature, same as pre-
vious model versions. This finding is expected since the bryophyte and lichen layer in
JSBACH lowers soil temperature and consequently cannot reduce the cold bias.”

We also extended the discussion accordingly (P. 14, L. 29): “A probable explanation
for the cold bias is the relatively strong sensitivity of annual average soil temperature
to the parameterization of the snow layer scheme in JSBACH. Improvements in the
representation of snow may improve the simulated soil temperature.”
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Abstract. Bryophyte and lichen cover on the forest floor at high latitudes exerts an insulating effect on the ground. In this
way, the cover decreases mean annual soil temperature and can protect permafrost soil. Climate change, however, may change
bryophyte and lichen cover, with effects on the permafrost state and related carbon balance. It is therefore crucial to predict
how the bryophyte and lichen cover will react to environmental change at the global scale. To date, current global land surface
models contain only empirical representations of the bryophyte and lichen cover, which makes it impractical to predict the
future state and function of bryophytes and lichens. For this reason, we integrate a process-based model of bryophyte and
lichen growth into the global land surface model JSBACH. The model simulates bryophyte and lichen cover on upland sites;
wetlands-, Wetlands are not included. We take into account the dynamic nature of the thermal properties of the bryophyte and
lichen cover and their relation to environmental factors. Subsequently, we compare simulations with and without bryophyte
and lichen cover to quantify the insulating effect of the organisms on the soil.

We find an average cooling effect of the bryophyte and lichen cover of 2.7 K on temperature in the topsoil for the study
region-region north of 50° N under current climate. Locally, a cooling of up to 5.7 K may be reached. Moreover, we show
that using a simple, empirical representation of the bryophyte and lichen cover without dynamic properties only results in an
average cooling of around 0.5 K. This suggests that a) bryophytes and lichens have a significant impact on soil temperature in
high-latitude ecosystems and b) a process-based description of their thermal properties is necessary for a realistic representation
of the cooling effect. The advanced land surface scheme including a dynamic bryophyte and lichen model will be the basis for

an improved future projection of land-atmosphere heat and carbon exchange.

1 Introduction

Vegetation cover on the ground, consisting of bryophytes (mosses, liverworts, hornworts) and lichens, may play a significant
role for the energy and carbon balance of high-latitude ecosystems, since it reduces the exchange of heat between atmosphere
and soil (Soudzilovskaia et al., 2013). This insulating effect causes a decrease in soil temperature and thereby protects per-
mafrost (Jorgenson et al., 2010; Turetsky et al., 2010). Consequently, a reduction in the surface coverage of bryophytes and
lichens may result in increased soil temperature accompanied by thawing of permafrost (Rinke et al., 2008). This might lead

to an increased release of carbon from the soil to the atmosphere which would accelerate global warming (Schuur et al., 2015),
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although this may be partially compensated by increased productivity of e.g. shrubs in northern ecosystems. It is therefore
crucial to determine if the bryophyte and lichen cover will expand or recede in response to a warming climate and elevated
atmospheric CO-. Depending on the direction of this response, the effect of bryophytes and lichens at high latitudes on global
climate might represent either a positive or a negative feedback.

As a first step to analyse this feedback, we focus in this study on the effect of the bryophyte and lichen cover on soil
temperature at high-latitudes. At the local to regional scale, experimental as well as modelling studies have assessed the effect
of the bryophyte and lichen cover on soil temperature. Blok et al. (2011) show that the experimental removal of moss leads
to increased ground heat flux and also increased soil evaporation. Gornall et al. (2007) observe higher soil temperatures in
summer with decreasing thickness of the moss cover on the ground and also lower soil temperatures in winter. In a modelling
study, Bonan (1991) perform simulations with a local energy balance model for 20 forest stands in Central Alaska to estimate
the effect of moss removal on soil temperature. They find an increase in soil temperature due to the reduction in moss ground
cover. Jorgenson et al. (2010) use a local soil temperature model to quantify the effect of several factors on permafrost and find
that vegetation on ground strongly promotes permafrost stability.

The insulating effect of the bryophyte and lichen ground cover on soil temperature is strongly modulated by bryophyte
and lichen moisture content. The thermal conductivity of the cover increases by around one order of magnitude from dry to
water saturated bryophytes and lichens, while the heat capacity even increases by around two orders of magnitude (O’Donnell
et al., 2009; Soudzilovskaia et al., 2013). Moreover, thermal conductivity increases strongly during the transition from liquid
to frozen water inside the bryophyte and lichen cover, while heat capacity is reduced (Hinzman et al., 1991). Therefore, a
large and important seasonality of the insulating effect is expected: In winter and, to a lesser extent, in autumn and spring, the
insulating effect of bryophytes and lichens will be small due to the high thermal conductivity of ice and water. In summer,
however, a dry bryophyte and lichen cover may strongly insulate the ground, leading to a net cooling effect for the whole year.
The relation between thermal properties of bryophytes and lichens and their water saturation is very similar for a large range of
different species (Soudzilovskaia et al., 2013). However, the species show considerable differences in water holding capacity
and other properties which affect their water status. Therefore, different species may exhibit differing water saturation under
similar climatic conditions.

Several global land surface models which attempt to simulate permafrost soil at high latitudes include a bryophyte and
lichen ground cover, while others approximate near-surface vegetation by grass (e.g. Zhu et al. (2015)). Alternatively, the
insulating effect is atributed solely to the carbon-rich uppermost soil layer (Koven et al., 2009). However, the dynamic nature
of bryophyte and lichen surface coverage and the dependence of the insulating effect on moisture content have not been
explicitly considered so far in global land surface models. Beringer et al. (2001), for instance, extend the land surface model
NCAR-LSM by lichen or moss topsoil parameterisations for an arctic tundra site, but they assume constant thermal conductivity
and surface coverage of the organic layer. Ekici et al. (2014) use the global land surface model JSBACH to simulate permafrost
at high latitudes and thereby include an organic layer above the soil which reduces heat exchange with the atmosphere. The
layer is assumed to cover the whole land surface uniformly and is set to constant thermal properties. Recently, (Chadburn

et al., 2015a) added a representation of moss to the land surface model JULES. While the surface coverage of the moss layer is
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prescribed by a static map, the thermal conductivity of the moss layer is dynamic. Instead of being related to moss water content,
however, the thermal conductivity is determined by the moisture content of the uppermost soil layer. Subsequently, Chadburn
et al. (2015b) extend JULES by an empirical scheme which determines moss “health” as a function of climate variables and
consequently allows for the computation of a dynamic moss ground cover. In summary, the use of constant thermal properties
and empirical relations in current global land surface models makes it difficult to predict the impact of future bryophyte and
lichen functions on permafrost ecosystems.

Here we present a process-based model which simulates productivity and dynamic surface coverage of the bryophyte and
lichen ground cover at the global scale. The model represents the organisms’ water and ice content and thereby accounts for
dynamic thermal properties of the cover. The basis for this model is the stand-alone dynamic non-vascular vegetation model
LiBry which has been successfully applied to quantify global productivity by bryophytes and lichens (Porada et al., 2013)
as well as estimating their contribution to global biogeochemical cycles (Porada et al., 2014). LiBry is fully integrated into
the land surface scheme JSBACH of the Max Planck Institute Earth System Model. JSBACH simulates the carbon balance of
vascular plants and the soil at the global scale, it includes a water and energy balance and also a representation of permafrost.
Based on the thermal properties of the near-surface vegetation layer we use JSBACH to quantify the effect of bryophytes and
lichens on heat transfer between atmosphere and soil and, therefore, on soil temperature. Since JSBACH does not include a
scheme for wetland hydrology, the formation of peatlands cannot be simulated. Hence, LiBry in JSBACH mainly represents
bryophyte and lichen growth on upland forest floor sites.

We compare the soil thermal regime of a JSBACH simulation including a dynamic bryophyte and lichen layer to a simulation
where the thermal properties and surface coverage of this layer are set to constant and also to another simulation with the
bryophyte and lichen cover switched off. In this way, we can assess quantitatively the impact of the bryophyte and lichen
ground cover on soil temperature at high latitudes. In a next step, our process-based approach can be used to predict the role of

bryophytes and lichens for high-latitude ecosystems under climatic change.

2  Methods
2.1 Model description

For our analysis we use the global land surface model JSBACH 3.0 (Raddatz et al., 2007; Brovkin et al., 2009), which is a part
of the Max Planck Institute Earth System Model (MPI-ESM 1.1). JSBACH uses a process-based approach to simulate both
physical and biochemical ecosystem functions, such as the exchange of energy and water at the land surface and carbon fluxes
between atmosphere, vegetation and soil which are determined by photosynthesis and respiration. The soil part of JSBACH
includes a soil carbon model (Goll et al., 2015) s-and a five-layer soil hydrology scheme (Hagemann and Stacke, 2015)and-it-,
It has been extended by Ekici et al. (2014) to take into account both several dynamic snow layers and the latent heat of fusion
associated with freezing and thawing, which is the basis for simulating permafrost extent and active layer thickness.

To represent bryophyte and lichen ground cover, the process-based non-vascular vegetation model LiBryis-integrated-inte
FSBACH~which-is-, described in detail in-Porada-et-al(20643)by Porada et al. (2013), is integrated into JSBACH. LiBry is a
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stand-alone dynamic global vegetation model that uses climate data, such as radiation, temperature and precipitation to predict
photosynthesis, respiration and growth. The model combines approaches used in many dynamic vegetation models, such as
the Farquhar photosynthesis scheme, with lichen- and bryophyte-specific processes, e.g. potkitohydrythe adaptation of the
metabolism to changing levels of water content.

LiBry uses the Farquhar scheme (Farquhar and von Caemmerer, 1982) to calculate photosynthesis. Thus, both CO2 and
photosynthetically active radiation (PAR) are limiting factors. The availability of PAR on the ground depends on the shading by
trees and it is consequently inversely related to the leaf area index (LAI) of the vegetation above the bryophyte and lichen cover.
In JSBACH, the fraction of PAR available at the ground can be directly computed from the simulated LAI of the overlying
vegetation (Knorr, 2000) and it is then used as an input for LiBry. To estimate the availability of CO5 for bryophytes and
lichens, the model computes diffusion of CO, from the atmosphere into the organisms. The CO, diffusivity is decreasing with
increased water content of the organisms due to narrowing of diffusion pathways and formation of water films (Cowan et al.,
1992). In addition to CO2 and PAR, the rate of modelled photosynthesis depends on surface temperature, which is calculated
by JSBACH from the surface energy balance. Furthermore, the photosynthesis rate is related to the level of metabolic activity
of bryophytes and lichens, which is controlled by their water content and which ranges from inactive for dry organisms to fully
active for water saturated organisms. This is an important function for predicting the response to climate change as precipitation
patterns are projected to change (Pachauri et al., 2014).

The water content of LiBry in JSBACH is computed from the balance of water input and loss at a given water storage
capacity. For bryophytes and lichens, water input corresponds to rainfall or snowmelt and water loss takes place in form of
evaporation. While JSBACH provides fluxes of rainfall and snowmelt, it does not compute the evaporation flux from ground
based vegetation. In JSBACH, evapotranspiration is partitioned only into transpiration from vegetation, bare soil evaporation
and evaporation from the interception reservoir. The latter includes water evaporating freely from vegetation surfaces in the
canopy and on the ground. Since it is impractical to modify this scheme, we approximate evaporation from bryophytes and
lichens by evaporation from the interception reservoir. This potentially neglects the morphological control of the organisms
on evaporation. However, free evaporation is more suitable than transpiration by vascular plants to describe water loss of
bryophytes and lichens (Nash III, 1996; Proctor, 2000). Hence, the water balance of the simulated bryophytes and lichens is
coupled to the interception reservoir in JSBACH. This is done by adding the water storage capacity of bryophytes and lichens
to the size of the interception reservoir and setting the water saturation of the bryophytes and lichens equal to the saturation of
the interception reservoir.

In addition to processes involving liquid water, freezing and melting of water are taken into account in JSBACH. Conse-
quently, water inside the bryophyte and lichen cover may be partly or completely frozen. Since frozen water occupies pore
space, the size of the interception reservoir is reduced by the amount of ice inside the bryophyte and lichen cover as long as ice
occurs.

The net primary productivity (NPP) of bryophytes and lichens is obtained in LiBry by subtracting respiration from gross
photosynthesis, where respiration is simulated as a function of temperature and metabolic activity. Turnover of biomass as-

sociated with mortality is also considered, and it is modelled as a function of the protein content of biomass. The net growth
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of bryophytes and lichens is then determined by the balance of NPP and turnover. By multiplying net growth of simulated
bryophytes and lichens with their specific area, the growth in surface coverage is derived in the model. Without processes that
reduce the bryophyte and lichen cover, the surfage coverage would increase to 100 % in all areas where net growth is larger
than zero in steady-state. Hence, a disturbance cycle is included into LiBry which periodically sets back the surface coverage
to a small initial value. The surface coverage in steady-state is then obtained by averaging over a whole disturbance cycle.
LiBry in JSBACH is designed to predict the dynamics of the cover in transient scenarios of climate change. Consequently,
the steady-state calculation of the surface coverage from the original LiBry is replaced by a dynamic scheme. This also accounts

for potential changes in disturbance frequency.

Onee-a-month;-the-To avoid unrealistic fluctuations of the bryophyte and lichen cover, the dynamic disturbance scheme
of LiBry in JSBACH accumulates losses of cover over a month. Surface coverage is then updated on a monthly basis: The
simulated bryophyte and lichen cover is reduced by a-eertain-fraction-the accumulated losses due to disturbance, such as fire,
and the-eover-it is increased by aceumulated-positive net growth ever-this-period;-whieh-accumulated over a month. Net growth
is translated into coverage via the specific area of the organisms. Negative net growth is subtracted from the cover. The dynamic
scheme also accounts in a simple way for dispersal and establishment of bryophytes and lichens (e.g. Bohn et al. (2011)): The
absolute increase in cover per area of ground is both limited by the already existing cover, which generates the new biomass,
as well as the free area that is still available for the growth of new cover. The transition of new cover from the existing cover
to the free area may take place in form of spores or via vegetative growth (Grime et al., 1990; Rogers, 1990). The efficiency of

these processes is summarised in the dynamic scheme by an “expansion efficiency” (see Fig. 1). Equation 1 shows the balanee

ofcovergrowth-andHdesschange of bryophyte and lichen cover A A /At in one month:

AM/AI=E R Ry 0

where F is the expansion of the bryophyte and lichen cover due to positive net growth, which means that accumulated gross
hotosynthesis exceeds accumulated respiration and biomass turnover. Rq is the reduction of cover due to negative net growth
and Rp stands for reduction of cover by disturbance. Expansion of cover F is calculated as:

min(GA(1.0— A)ng,1.0—A) ifG>0

dA/dtE = minmaz(0.0,G)A(1.0 — A)ne, 1.0 — A—minmax(0.0,—G)A, A—DA

2)

2 2

where A is the surface coverage of bryophytes and lichens in [m? cover m~2 ground], G is net growth in [m? new cover m~
accumulated over a month, and #s 1) is a dimensionless “expansion efficiency” which is set to 0.85. This value is taken from
the global, stand-alone version of LiBry, which has also been updated to a dynamic disturbance scheme. It was selected to

obtain a realistic global distribution of surface coverage. B-The minimum statement ensures that the cover increment cannot

0 ifG<0

cover],
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exceed the available area. The term A(1.0 — A) describes limitation by both existing cover and free area available for growth.

Reduction of cover is calculated as:_

0 ifG>0
Rg = 3)
min(—GA,A) ifG<0

and
Rp=DA @

where D is the fraction of cover lost due to disturbance;-it-. It is set to 0.00083 per month. This value corresponds to a fire

return interval of 100 years, which is characteristic for the boreal forest (Bonan and Shugart, 1989; Beer et al., 2006; Mouillot

and Field, 2005). The two-minimun-statements-minimum statement in Eq. +-ensure-3 ensures that the cover inerement-ecan
neitherexceed-the-available-area-norreduction cannot lead to negative covers-while-the-two-maximum-statements-are-used-to

Not only the scheme for computing surface coverage, but also the representation of the organisms’ physiological variation
had to be modified to integrate LiBry into JSBACH. In the original version of the model, a Monte-Carlo approach is used to
sample broad ranges of possible parameter values. From that, artificial “species” are generated that represent the functional
diversity of bryophytes and lichens. The “species” perform differently under a given climate. Those which cannot maintain
a cover larger than zero cannot “survive” in the model and the remaining ones are used to compute the productivity. This
“species”-based approach is conceptually different from the traditional plant functional type (PFT) approach used in many
land surface models, and also in JSBACH. To adapt LiBry to the PFT design of JSBACH, the number of artificial “species” is
set to one. This “species” is then parameterized to correspond to boreal, ground-based bryophytes and lichens.

In general, PFTs in JSBACH are not able to coexist in the same place since they are represented in distinct, non-overlapping
tiles. The tiles specify which fraction of a model grid cell is occupied by a certain PFT, thereby representing sub-gridscale
heterogeneity. The bryophyte and lichen PFT, however, should be able to grow in combination with various different PFTs.
It is therefore not limited to a specific tile, but instead it is implemented as an additional layer on top of the soil. This layer
is available on tiles which contain trees or grasses, while it is excluded from tiles covered by crops or glaciers. The surface
coverage of the bryophyte and lichen PFT may differ between the tiles of a given grid cell. This can result from the differential
influences of the tiles’ vegetation types on bryophyte and lichen growth, for instance due to differing LAI between the tiles.

Defining the bryophyte and lichen PFT as a layer in JSBACH has implications for the representation of the organisms’

hydrological properties. The original version of LiBry computes the water content of the organisms through the balance of
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water input and loss, where the specific storage capacity for water per biomass is sampled for each “species” from a range
of possible values from the literature. These values are not related to the geometry of the bryophyte or lichen. In JSBACH,
however, the water storage capacity of a layer is determined by multiplying layer thickness by the porosity of the layer. Hence,
to be consistent with JSBACH, the water storage capacity of the bryophyte and lichen PFT is computed from the thickness
and porosity of the bryophyte and lichen layer. Based on the study by Soudzilovskaia et al. (2013), we set thickness to 4.5 cm,
which corresponds to the median of the measured values. The measurements are based on green and undecomposed brown
tissue of bryophyte mats. Porosity is not directly measured in Soudzilovskaia et al. (2013), but they provide values of maximum
volumetric moisture. Since we are actually interested in the water storage capacity of the bryophyte and lichen layer, we set
the “effective” porosity to 80 %, which is at the higher end of the measured values of volumetric moisture.

In JSBACH, two thermal properties of the bryophyte and lichen layer have to be known to derive its influence on soil
temperature: Thermal conductivity and heat capacity. Both are strongly dependent on the relative moisture content of the
bryophyte and lichen layer. Moreover, they depend on the state of matter of the water in the bryophytes and lichens, which
can be liquid or frozen in various relative amounts. In analogy to the soil layers in JSBACH (Ekici et al., 2014), we write the

dependence of the thermal conductivity of the bryophyte and lichen layer, s, on water content as:

g = w0 v ) w4 (1.0 — Ko ) kg %)

where k, is the thermal conductivity of organic matter which is set to 0.25 [W K~! m~'] (Beringer et al., 2001), k., is the
thermal conductivity of liquid water, «; is the thermal conductivity of ice and k4 is the thermal conductivity of the dry bryophyte
and lichen cover, which is set to 0.05 [WK ' m™!] according to (O’Donnell et al., 2009). vy, and v; are the volumetric moisture
and ice contents of the bryophyte and lichen cover which are calculated by dividing the absolute water or ice content in [m] by

he thickness of the cover. K. is the Kersten number which is calculated for the linear regime as:

Vw + U

K. =min(1.0, ) (6)

where € is the porosity of the bryophyte and lichen cover. The dependence of the heat capacity of the bryophyte and lichen

cover C, on water content is written as:

C = (1.0—€)Co 4+ v4Cypyw + v&Cips @)

where C, is the heat capacity of organic matter which is set to 2.5E6 [Jm~3 K~!] (Beringer et al., 2001), C,, is the heat
capacity of liquid water, Cj is the heat capacity of ice and p,, and p; are the densities of liquid water and ice.

Figure 2 shows the thermal conductivity as well as the heat capacity of the modelled bryophyte and lichen cover in relation
to the water saturation of the cover and the state of matter of the water. Both the curves for thermal conductivity as well as

heat capacity of the cover compare well with measured values from e.g. Soudzilovskaia et al. (2013); Jorgenson et al. (2010);
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O’Donnell et al. (2009). This suggests that our chosen average values for thickness and porosity result in realistic thermal

properties of the bryophyte and lichen cover.

To simulate the influence of the bryophyte and lichen layer on soil temperature, the layer and its thermal properties are
included in the vertical heat transfer scheme of JSBACH. The original heat transfer scheme for permafrost soil, which is
described in detail in Ekici et al. (2014), already contains an organic layer which represents bryophyte and lichen ground cover.

This layer, however, has constant thermal properties since it does not consider the water content of bryophytes and lichens. ¥is

therefore-The thermal conductivity of this layer is set to 0.25 [W K ! m '] and its heat capacity is set to 2.5E6 [Jm > K~'].

These values are shown in Fig. 2 for comparison. The constant layer is replaced by the new layer, which explicitly simulates
water and ice content of bryophytes and lichens and the associated dynamic thermal conductivity and heat capacity (Fig. 2).

The heat transfer scheme subdivides the soil column into several layers, with the bryophyte and lichen layer on top. Ad-
ditionally, a set of snow layers is simulated above the other layers in case snow is present. Thermal conductivity and heat
capacity of each layer are then used to determine the vertical temperature profile by solving the equation for heat conduction
for all layers. Thereby, the scheme determines the temperature of a layer in a given grid cell by first calculating the temperature
profile for all tiles of the grid cell separately and then averaging the temperatures in each layer weighted by the area fraction of
the tiles. The lower boundary condition of the scheme is set by assuming zero heat flux at the bottom of the soil column. The
upper boundary condition is surface temperature, which is calculated from the surface energy balance using radiative forcing
and the ground heat flux from the previous time step. The scheme also considers the influence of phase change of water on the
temperature of a layer, thereby allowing to compute freezing and melting of water in the bryophyte and lichen layer.

Another important difference between the old and the new version of the heat transfer scheme is dynamic surface coverage
of bryophytes and lichens. While the surface coverage of the old organic layer is 100 % everywhere, the coverage of the new
bryophyte and lichen layer varies between O and 100 % between the grid cells of JSBACH (Eq. 1). This means that each
tile in a grid cell has a part where the bryophyte and lichen layer is present and another part where the layer is absent. The
vertical heat transfer scheme, however, requires a constant number of layers for each tile. Hence, in the new version of the
scheme, the temperature profile is calculated twice for each tile, one time for all layers including the bryophyte and lichen
layer, and another time leaving out the bryophyte and lichen layer. Subsequently, the average temperature of each layer of the
respective tile is obtained by weighting the two profiles with their associated surface coverage. However, the two profiles have
a different number of layers, not only due to the bryophyte and lichen layer, but also because the number of snow layers may

differ between the parts. Consequently, we fill up the “empty” layers on top by using the surface temperature for the averaging

procedure, according to Figure 3.
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We implemented two further changes to the heat transfer scheme described in Ekici et al. (2014): We increased the number

of soil layers from 5 to 7, thereby extending the layer boundaries at 6.5, 32, 123, 413 and 983 cm depth by boundaries at 23.04
and 53.18 m depth. This ensures that biases due to the zero heat flux lower boundary conditions are negligible and temperature
of the lowest layer is not fluctuating after spin-up. Moreover, we complement the snow scheme by dynamic formulations
of snow density (Verseghy, 1991) and thermal conductivity (Goodrich, 1982), which take into account the effect of changes
in snow density with time on the thermal conductivity of the snow layer. By considering the dynamic nature of snow thermal

conductivity, we make the snow layers consistent with the other dynamic layers of the vertical heat transfer scheme in JSBACH.

Note that compaction of the bryophyte and lichen layer by snow is not considered here, since the effect of this process on overall
thermal conductivity are probably small.

2.2 Model setup

The advanced JSBACH model is forced by observation-based gridded climate fields at 0.5°pixel size and daily resolution
during the period 1901-2010 following Beer et al. (2014). The grid cells have a size of approximately 30 x 30 km at 60° N and
they are divided into four tiles according to the four most dominant plant functional types of this grid cell. This vegetation
coverage is assumed to stay constant over the time of simulation. In the model simulations used in this study, we apply new
soil parameters. Hydrological parameters have been assigned to each soil texture class following Hagemann and Stacke (2015)
according to the percentage of sand, silt and clay at 1 km sptial-spatial resolution as indicated by the Harmonized World Soil
Database (FAO et al., 2009). Thermal parameters have been estimated as in (Ekici et al., 2014) at the 1 km spatial resolution.
Then, averages of 0.5°grid cells have been calculated. Soil depth until bedrock follows the map used in Carvalhais et al. (2014)
based on Webb et al. (2000). The time step of JSBACH is set to 30 minutes. In our simulation, we only consider the region
north of 50° N, since most of the world’s permafrost soils are located in this region and it is thus possible to save a substantial
amount of computation time.

We use a step-wise approach to run JSBACH into a steady-state, before we continue the simulation with a transient run
leading to current climatic conditions. First, a 50-year hydrothermal spin-up is performed, where freezing and thawing of
water is switched off, so that only liquid soil water occurs and develops into a steady-state with climate. This is done to prevent
water in the deep soil layers from freezing before the water content had time to deviate from the initial conditions, since the
initial values may not necessarily be realistic. Since we do not want to include the influences of a climate change in the spin-up,
these first 50 years are run with WATCH climate data randomly selected from the time period 1901 to 1930. Atmospheric CO,
is set to a preindustrial value of 285 ppmv. Subsequently, the spin-up run is continued with a 100-year simulation, which is used
to generate a steady-state of soil ice, water and temperature. Therefore, freezing/thawing is switched on this time. Again, this

run uses random climate data from 1901 to 1930 and preindustrial CO5. The hydrothermal spin-up is followed by a 5000-year



10

15

20

25

30

simulation of the CBALANCE model, which is a simplified version of JSBACH that simulates only the slow carbon pools of
soil and vegetation as a function of the NPP of the vegetation. By using the NPP output of the last 30 years of the hydrothermal
spin-up and repeating it for 5000 years in CBALANCE, soil carbon is run into a steady-state. After that, the simulation is
continued with a 50-year run from 1851 to 1900, where the climate data are again randomly selected from the 1901 to 1930
period, but atmospheric CO5 content is transient. Finally, the simulation is completed by a fully transient run from 1901 to
2010, where climate data are taken from Beer et al. (2014). The model is forced with atmospheric CO5 concentrations during
1851-2010 following Meinshausen et al. (2011).

We perform spin-up and transient runs for 3 different configurations of the new JSSBACH model version: a) the standard
configuration which includes the process-based bryophyte and lichen layer, b) a configuration, where the bryophyte and lichen
layer has 100 % surface coverage and constant thermal properties, corresponding to the organic layer in the old permafrost
version of JSBACH and c) a configuration, where no bryophyte and lichen layer is simulated. These 3 simulations will be
referred to as “Dynamic”, “Constant” and “Without” threugeut-throughout the text. By comparing the 3 simulations we can
assess the impact of the dynamic coverage and thermal properties of the bryophyte and lichen layer on soil temperature.

To assess how uncertainty in the parameterisation-parameterization of the bryophyte and lichen PFT affects our estimated
difference in soil temperature between the “Dynamic” and “Without” simulations, we run a sensitivity analysis. We test several
bryophyte and lichen parameters which can affect productivity and, consequently, surface coverage and the associated thermal
properties of the bryophyte and lichen layer. A detailed description of the sensitivity analysis can e-be found in Sect. A in the
appendix.

To evaluate our modelling approach, we compare simulated bryophyte and lichen surface coverage and NPP averaged
over the study region to field measurements. Since large-scale observations are not available to our knowledge, we estimate
“characteristic” values of surface coverage and NPP for the study region based on small-scale measurements (see Sect. B in

the appendix for details).

3 Results

3.1 Effects of bryophytes and lichens

Large-scale patterns of net primary productivity (NPP) and surface coverage of the bryophyte and lichen ground cover simu-
lated in JSBACH are shown in Fig. 4. The maps are based on average values over the last 15 years of a transient “Dynamic”

JSBACH simulation from 1901 to 2010, where dynamic thermal properties of the bryophyte and lichen layer are taken into

account (see Sect. 2.2 for details).

The spatial pattern of NPP by bryophytes and lichens in JSBACH (Fig. 4 a) ) can be structured into areas with high productiv-

2271 2a~! and areas of low productivity of

ity of over 100 gm™ of carbon, areas of intermediate productivity of 40 to 100 gm™
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less than 40 gm~2 a~!. It should be noted, however, that also in areas of low productivity NPP usually exceeds 20 gm~2a~!.

a
Highly productive areas are found in North Scandinavia, the north-european part of Russia, North-West Siberia, Kamchatka,
parts of West Alaska and parts of East Canada. Areas of intermediate productivity extensively surround the highly productive
ones in general. Less productive areas are found in the southern parts of Russia, in Middle and East Siberia and in parts of
Central Canada. This spatial pattern may be explained by a combination of rainfall and available photosynthetically active radi-
ation (PAR) on the ground (see Fig. 10 in the appendix): Regions such as North Scandinavia, North-West Russia, Kamchatka,
Alaska and East Canada exhibit relatively high precipitation, but simulated above-ground vegetation is sparse enough to allow
for moderate levels of light on the ground. This promotes high productivity of bryophytes and lichens. South Scandinavia, parts
of east-european Russia or the region south of the Hudson Bay, however, show relatively high precipitation together with little
availability of PAR on the ground, which limits productivity. Large regions in North Canada and East Siberia, in turn, exhibit a
high PAR availability on the ground due to sparse vegetation, but precipitation is very low there, which again limits bryophyte
and lichen growth.

The bryophyte and lichen layer is excluded from JSBACH-tiles containing cropland (Sect. 2.1). Consequently, productivity
of bryophytes and lichens is strongly limited by available area in regions with extensive agriculture, such as South Russia and
South Canada. This explains why NPP is low in these regions in spite of favorable climatic conditions for growth.

The spatial distribution of simulated bryophyte and lichen surface coverage (Fig. 4 b)) correlates in general with the spatial
pattern of NPP. This is due to the uniform disturbance interval of 100 years prescribed in our simulation for the whole study
region. With constant disturbance, variation in the growth of the bryophyte and lichen cover results only from variation in
the organisms’ NPP (see Eq. 1). However, some areas in Russia and Canada show a high surface coverage in spite of only
intermediate NPP, whereas other areas show less coverage for even higher values of NPP. This is due to surface coverage being
plotted on a grid scale basis. If a significant part of the grid cell is covered by lakes or glaciers, coverage cannot reach 100 %
although NPP might be very high.

Figure 5 shows the effect of the bryophyte and lichen layer on soil temperature, averaged over the whole study region, but
limited to the biomes “boreal forest” and “tundra” as defined by Olson et al. (2001) (see also Fig. 10c) ). We compare three
1901 to 2010 transient simulations with differing properties: The bryophyte and lichen layer with dynamic surface coverage and
dynamic thermal properties (“Dynamic”), an organic layer with constant, uniform coverage and thermal properties (“Constant”)
and a setup with no bryophyte and lichen layer (“Without”, see Sect. 2.2 for details). The annual mean temperature of the
uppermost soil layer is shown in Fig. 5 a) for the last 15 years of the simulations. The dynamic bryophyte and lichen layer leads
to a considerable decrease in topsoil temperature of 2.7 K in the model (Tab. 1), compared to the simulation without bryophyte

and lichen layer. The effect of the organic layer with constant coverage and thermal properties is much smaller, only around

0.5 K, compared to the “Without” simulation.
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In Fig. 5b), the annual amplitude of topsoil temperature is shown, averaged over the last 15 years of the simulations. The

annual decreasing effect of the bryophyte and lichen layer on soil temperature (Fig. 5a)) results from a strong decrease in
summer that overrules the slight increase in soil temperature in winter. Both the dynamic as well as the constant bryophyte
and lichen layer show this pattern. The organic layer with constant properties, however, should actually have no overall effect
on annual soil temperature, since it dampens the heat flux between atmosphere and soil uniformly thretgeut-throughout the
year. Hence, to explain this outcome, the additional effect of the snow layer on vertical heat transfer in JSBACH needs to
be considered: In winter, the snow layer limits heat transfer already to such an extent, that the further dampening effect of
the organic layer is secondary. Interestingly, the dampening effect of the dynamic bryophyte and lichen layer is not uniform
threugott-throughout the year. In summer, the dynamic layer is a more efficient insulator than the constant layer, which can
be explained by the additional reduction in thermal conductivity due to low moisture content. In winter, however, the dynamic
layer is less efficient in insulating the soil than the constant one, due to the eeceurenee-occurrence of ice inside the layer, which
strongly increases its thermal conductivity (see also Fig. 2).

Figures 5c¢) and d) display the vertical soil temperature profiles for July and January for the 7 soil layers simulated in
JSBACH. In summer, the insulating effect of the bryophyte and lichen layer leads to a strong decrease in soil temperature in
the topsoil, which becomes less pronounced with increasing soil depth. In winter, insulation by the bryophyte and lichen layer
results in warmer topsoil temperatures. However, below 1 m depth, the seasonal dampening effect is not visible anymore and
the overall decreasing effect of the bryophyte and lichen layer on soil temperature prevails.

In Figs. 6 a) and b) annual average topsoil temperature and active layer thickness estimated by JSBACH are shown, averaged
for the years 1996 to 2010 of the “Dynamic” simulation. Soil temperature decreases with increasing latitude and the lowest
values outside of Greenland are found in North-East Siberia, particularly in the East-Siberian mountains. The spatial pattern of
active layer thickness is similar to soil temperature. Large parts of North-East Siberia and North Canada exhibit shallow active
layer thickness of less than 1 m while the regions adjacent to the South show a deeper active layer of up to 3 m. By definition,
we did not include regions with more then 3 m of active layer thickness in our analysis of permafrost soil. These regions are

coloured in white in Fig. 6 b).

13 LPRT)

Figures 6 ¢) and d) show the large-scale pattern of differences in topsoil temperature and active layer thickness between the
“Dynamic” and the “Without” simulation. The general pattern of soil temperature difference is similar to surface coverage,
which makes sense since it is the bryophyte and lichen ground cover which reduces soil temperature. However, in mountainous

regions, the reducing effect of the moss and lichen cover on soil temperature seems to be stronger than in flat terrain, indicating a
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non-linear response of the insulating effect to the climate forcing or to soil properties. The spatial differences in soil temperature
span a range of 0 to 5.7° C.

The reduction in active layer thickness resulting from the insulating effect of the bryophyte and lichen layer is substantial,
particularly at the center of the permafrost area, in Siberia and North Canada. However, also in the southern regions the
reduction in soil temperature is large enough to decrease active layer thickness below the 3 m-threshold for permafrost soil. For
this reason, the areal extent of permafrost soil in Fig. 6 b) is considerably larger than the coloured area in Fig. 6 d). Estimated
permafrost area as defined by an active layer thickness of less than 3 m increases due to the insulating effect of the bryophyte
and lichen layer by 32 % from 14.8 million km? to 19.5 million km?. This new result is much more comparable to the 22
million km? permafrost area reported for the Northern Hemisphere (French, 2007, p. 95). On average, active layer thickness is
reduced by 107 cm for the study region with a spatial range of 0 to 224 cm.

Average values over the study region are listed in Tab. 1. They show a significant impact of bryophytes and lichens on soil

temperature and active layer thickness with a large spatial variation.

The outcomes of the sensitivity analysis are shown in Tab. 2 in Sect. A in the appendix. The general result is that the impact

of the simulated bryophyte and lichen layer on the temperature difference between the “Dynamic” and “Without” simulations
is robust under a large range of parameter values of the bryophyte and lichen PFT. Moreover, if several parameters are varied
at the same time, their combined effect on the soil temperature difference is less than the sum of all individual effects.

The results of the model evaluation are shown in Sect. B in the appendix. Field measurements of NPP (Tab. 3) show a large
variation, but the characteristic value of NPP for the study region is likely higher than 10 and lower than 100 gm~2a~! of
carbon. Hence, our JSBACH estimate of 49 gm~2a~! of carbon (Tab. 1) compares reasonably well with the values from the
field. Observations of surface coverage of bryophytes and lichens for the study region also show some variation (Tab. 4), but
most likely the characteristic value lies in the range of 0.6 to 0.8. This suggests that our estimated average surface coverage
of 0.69 is realistic. Comparison of simulated subsoil temperature and active layer thickness to observation-based maps for the
region of Yakutia shows that JSBACH still underestimates subsoil temperature, same as previous model versions;-but-the-, This
finding is expected since the bryophyte and lichen layer in JSBACH reduces soil temperature and consequently cannot reduce

the cold bias. The estimate of active layer thickness, however, is improved in general since this variable was overestimated in

the previous model version. The corresponding maps for Yakutia are shown in Fig. 9.
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4 Discussion

In this study we quantified the reducing effect of the bryophyte and lichen ground cover on soil temperature at high latitudes
at the large scale. For this purpose, we estimated dynamic surface coverage and thermal properties of bryophytes and lichens
with a process-based model and we integrated this model into the global land surface model JSBACH.

We estimated an average decrease in temperature of the uppermost soil layer of 2.7 K with a spatial range of 0 to 5.7 K.
This is a substantial effect, it has a similar size as the projected increase in global near-surface air temperature under the
RCP 4.5 warming scenario of the Intergovernmental Panel on Climate Change (Pachauri et al., 2014). Our finding is consistent
with various field experiments as well as modelling studies at site level, which confirm the important role of bryophytes and
lichens for reducing heat exchange between atmosphere and soil at high latitudes (Beringer et al., 2001; Gornall et al., 2007,
Jorgenson et al., 2010). Our results suggest that the insulating effect of the bryophyte and lichen ground cover should be taken
into account in large-scale modelling studies which focus on feedbacks between permafrost soil and atmospheric CO5 under
climatic change.

Moreover, we showed that representing the dynamics of both surface coverage and thermal properties of bryophytes and
lichens is crucial for estimating their insulating effect. Using a simple organic layer with constant coverage and neglecting the
influence of water or ice content on thermal conductivity and heat capacity of the layer likely results in underestimating the

decrease in soil temperature.

Alternatively to introducing a bryophyte and lichen layer with dynamic thermal properties, one might ask if calibrating a
constant organic layer would also be sufficient to simulate the insulating effect. In Fig. 7 we show that there are gualitative
differences between varying thermal conductivity of a constant organic layer and the dynamic bryophyte and lichen layer:
If constant thermal conductivity is calibrated to reproduce soil temperature under a bryophyte and lichen layer in summer,
the temperature in winter and, consequently, annual average temperature is too warm. To simulate an average annual soil
temperature similar to that under the bryophyte and lichen layer, the constant thermal conductivity has to be strongly reduced,
since the warming effect in winter has to be compensated. This leads to an unrealistically weak seasonal amplitude of soil
temperature,

We want to point out that the bryophyte and lichen layer should not be confused with an organic soil layer from a modelling
perspective. So far, JSBACH does not include an organic soil layer. Differences between these two types of layers are the
relatively low thickness of the bryophyte and lichen layer compared to the organic layer, which can be several tens of
capacity when saturated with water or ice. Therefore, the reducing effect of high thermal conductivity on insulation can
be counteracted by the large amount of energy required for a temperature change of the layer, which increases insulation.
Furthermore, the higher residual water content of the peat layer compared to the bryophyte and lichen layer may result in a
lower variability of thermal conductivity. These two differences may explain why e.g. Atchley etal. (20106) find a relatively
small influence of water content on the insulating effect at the surface, since their model approach includes an organic layer.
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Although the focus of our study is on soil temperature, the process-based bryophyte and lichen scheme in JSBACH also
provides an estimate of the organisms’ net primary productivity (NPP). The average simulated NPP of 49 gm~2 a~! of carbon
for the biomes “boreal forest” and “tundra” corresponds to roughly 10 % of average boreal forest NPP (Gower et al., 2001).
This is a lower fraction than stated in the study of Turetsky et al. (2010), which estimate a contribution of 14 % to 58 % of
moss to total ecosystem NPP for various boreal forest sites. The study by Goulden and Crill (1997), however, estimates a lower
contribution of around 10 % by mosses to black spruce forest NPP. The variation in the fraction of forest NPP attributed to
bryophytes and lichens can be explained by differences in hydrological conditions and vegetation structure between the sites.
High values of productivity are mainly found on wetland sites, where high water and light availability sustain a productive
Sphagnum-cover. JSBACH, however, is mainly designed to simulate upland soils of the boreal forest;-wetlands-, Wetlands are
not yet included and, consequently, the high productivity of mosses in these areas is not reflected in our estimate. Implementing
a scheme for wetland hydrology and the associated additional supply of water for mosses from below would be a useful
extension of JSBACH in the future.

The size of the insulating effect depended on the relations between the thermal properties of the bryophyte and lichen cover
and its water or ice content. These relations are well established by field measurements and theory (see Fig. 2). Furthermore,
our estimate of soil temperature was sensitive to the surface coverage of bryophytes and lichens, which, in our model, largely
depends on the simulated NPP of the organisms. To assess how well JSBACH is able to represent current bryophyte and lichen
NPP and surface coverage at high latitudes, we compared our estimates to field measurements. However, due to large variation
in the field studies and a lack in up-scaled estimates, it was difficult to define characteristic values of NPP and surface coverage
for the study region (see Tab. 3 and 4). Given the considerable uncertainty in the measurements, our estimates of bryophyte
and lichen NPP and surface coverage agreed well with field observations. The enhancement of JSBACH due to representation
of near-surface vegetation state and functions will improve the reliability of future projections of northern ecosystem responses
to environmental change as well as climate-carbon cycle feedbacks in future studies.

We compared modelled subsoil temperature and active layer thickness to observations for the region of Yakutia. Our esti-
mated active layer thickness matches reasonably well to observations and it is improved over the previous version of JSBACH
(Ekici et al., 2014). This suggests that the dynamic bryophyte and lichen layer leads to a more realistic representation of ver-
tical heat transfer in the model. JSBACH still underestimates subsoil temperature compared to the previous model version
(Ekici et al., 2014). The cold bias is most pronounced for the East-Siberian mountains where bryophyte and lichen cover is

relatively low (Fig. 4b) ). Hence, it seems likely that the reason for the cold bias is not directly related to the bryophyte and

lichen layer. A probable explanation for the cold bias is the relatively strong sensitivity of annual average soil temperature
to the parameterization of the snow layer scheme in JSBACH. Improvements in the representation of snow may improve the

Our modelling approach is designed to capture the most important properties of the bryophyte and lichen ground cover

which influence heat exchange between atmosphere and soil. These properties include the dependency of bryophyte and lichen
heat conduction on moisture and ice content as well as the relation of productivity and, consequently, surface coverage to

various environmental factors. Moreover, indirect effects of the bryophyte and lichen cover on heat exchange are represented,
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such as cooling of the surface due to evaporation from the organisms’ thalli. However, there are several other relations between
the bryophyte and lichen cover and the environment that may affect heat exchange at the surface, which we did not consider in
this study for simplicity. It has been shown by Bernier et al. (2011), for instance, that conversion of black spruce forests into
lichen woodlands in Canada results in atmospheric cooling due to the higher albedo of lichens compared to forest. Effects of
lichens and bryophytes on albedo and, consequently, on surface temperature have also been shown by Stoy et al. (2012), who
discuss species-specific differences in these effects. In JSBACH, we did not include the effect of bryophytes and lichens on
surface albedo, since the organisms vary considerably in their colour. Instead of assigning an arbitrary value for albedo to the
bryophyte and lichen PFT in JSBACH, we thus assume that the albedo of the PFT is similar to the soil albedo. The evaporative
cooling effect of the bryophyte and lichen cover on surface temperature may be modulated by water uptake from Larch trees,
which are able to root into the near-surface vegetation layer.

The bryophyte and lichen layer is represented by one single PFT in JSBACH, for reasons of consistency with vascular
vegetation in JSBACH and also for computational efficiency. However, this lack of diversity may have consequences for the
estimated effect of the bryophyte and lichen layer on soil temperature. Given similar climatic conditions, bryophyte and lichen
species may differ in their degree of water saturation and, consequently, in their thermal properties. Lichens, for instance, have

ARRARRARRIAAAARAANANANRAAANAR

in many cases a lower porosity and water storage capacity than bryophytes, particularly mosses (Schulze and Caldwell, 2012).

This means that lichens may be less sensitive to water content than bryophytes regarding their thermal properties. However.

both groups include species which do not match this pattern. If large regions differ in their dominant bryophyte or lichen
species, this may affect our estimated patterns of soil temperature and active layer thickness. Additionally, bryophyte and

lichen species differ in their thickness, while thickness within a species is relatively constant (Soudzilovskaia et al., 2013).
Since the bryophyte and lichen PFT in JSBACH has a constant thickness, we may underestimate further spatial effects on the
soil thermal regime.

Another simplifying assumption in JSBACH is the uniform disturbance interval of 100 years for the whole study region.
This value represents the average fire return interval in the boreal forest, where fire is the dominant process for disturbance
(Mouillot and Field, 2005). The eceurenee-occurrence of fire, however, may vary between regions. Fires may be much less
frequent in parts of North Canada and North-East Siberia, for instance (Bonan and Shugart, 1989), which could lead to larger
spatial differences in simulated bryophyte and lichen surface coverage. Under climatic change, shifts in vegetation distribution
and increased temperatures may lead to changes in the fire interval at high latitudes. Consequently, including a more dynamic
representation of disturbance in our approach would be particularly beneficial for modelling future bryophyte and lichen cover

under scenarios of climate change.

5 Conclusions

Here we present an new version of the global land surface model JSBACH that estimates NPP, surface coverage and dynamic
thermal properties of bryophytes and lichens through a process-based scheme. We apply JSBACH to quantify the impact of the

bryophyte and lichen ground cover on the soil thermal regime at high latitudes. Thereby, we estimate a considerable average
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cooling effect of the bryophyte and lichen cover of 2.7 K (0 to 5.7 K) for the uppermost soil layer. Furthermore, we find that
the strength of the cooling effect largely depends on an accurate representation of dynamic coverage and thermal properties of
bryophytes and lichens.

These results suggest that the reducing effect of the bryophyte and lichen ground cover on soil temperature should be
accounted for in studies which aim at quantifying feedbacks between permafrost soil temperature and atmospheric CO5 due
to climate change. Since our process-based approach also allows for predicting future bryophyte and lichen surface coverage
at high-latitude ecosystems, a potential next step is to simulate the future impact of bryophytes and lichens on active layer

thickness and permafrost extent under a transient scenario of climate change.
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Appendix A: Sensitivity analysis

We perform a sensitivity analysis to assess how uncertainty in the parameter values chosen for the bryophyte and lichen PFT
affects our estimates. In the following we describe several parameters which are characteristic for the bryophyte and lichen

PFT and which may affect NPP, surface coverage or thermal properties of the PFT:

— The parameter porosity, €, of the bryophyte and lichen surface layer is set to 80 % in the model. This value is varied
by around 20 % in each direction, from a minimum value of 65 % to a maximum of 95 %. Porosity shows large natural
variation in bryophytes and lichens, from 10 % in some lichen species (Valladares et al., 1993) to 99 % in some moss
species (O’Donnell et al., 2009). We are interested, however, in uncertainty concerning the average porosity of the
bryophyte and lichen ground cover for large regions. Hence, we do not vary e for the full range since it is unlikely that

the average porosity is close to an extreme value.

— The thickness z of the simulated bryophyte and lichen layer is set to 4.5 cm in the model. It is defined as the undecom-
posed living and dead parts of a bryophyte or lichen mat. Observed values of thallus thickness show a large variation
between species, ranging from less than a millimeter to several tens of centimeters (Nash III, 1996; Bell and Hemsley,
2011). Here, we vary z from 1 to 10 cm, which is a slightly larger range than determined by Soudzilovskaia et al. (2013)
for 18 bryophyte species. We do not test extreme values of z, since we are interested in bryophyte and lichen species
that are actually able to form a macroscopic ground cover. We do not, for instance, consider flat lichen crusts on boulder

surfaces, since they are not likely to play a significant role for large-scale heat exchange between soil and atmosphere.

— The diffusivity of the water-saturated bryophyte or lichen thallus for CO2, Dco, sat, affects COz-uptake and, con-
sequently, NPP and surface coverage of bryophytes and lichens in the model. We set Dco, sat to a value of 0.01
[molm~—2s~!] based on (Williams and Flanagan, 1998) and vary this value by multiplying it by the factors 0.5 and
2.0. We choose this form of variation since Dco, sat Shows relatively large natural variation from around 5E-4 to 2E-
2 [molm~2 s~ 1] (Williams and Flanagan, 1998; Cowan et al., 1992) and, consequently, a linear variation would not
be adequate (Porada et al., 2013). It should be noted that variation in Dgo, ¢a¢ represents an extension to the original

bryophyte and lichen model, described in Porada et al. (2013).

— The model parameter critical water saturation, O, determines, which value of saturation is necessary for the bryophyte
and lichen layer to reach full metabolic activity. The increase from zero saturation and no activity to O, is assumed to
be linear (Porada et al., 2013). Here, O, is set to 30 %, which corresponds to the lower end of the range of possible
values (Porada et al., 2013) and reflects the relatively fast activation of common boreal forest floor mosses (Williams and

Flanagan, 1998). Hence, we vary Ot by setting it closer to the upper bound, to a value of 60 %.

— The specific maintenance respiration rate R,,.i, varies over 3 orders of magnitude between different bryophyte and
lichen species (Porada et al., 2013). For LiBry in JSBACH, we chose an intermediate value of 1.5E-6 [mol m—2s 1] and

due to the large range of possible values we vary R,.in by multiplication by the factors 0.5 and 2.0. In the model, R, ain
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is related to photosynthetic capacity and biomass turnover rate of the bryophyte and lichen layer via the parameter “Ratio
of Rubisco content to maintenance respiration”, ®rr, which describes the tradeoff between photosynthetic capacity and
respiration (Porada et al., 2013). LiBry has been shown to be sensitive to this parameter, so we vary the standard value

of 5 [s] by 20 % in each direction.

In addition to photosynthetic capacity, LiBry contains 4 parameters to calculate photosynthesis, which vary between
different species (Porada et al., 2013): The enzyme activation energies F, k. and F, k., which control the tempera-
ture response of the Michaelis-Menten constants of the carboxylation and oxygenation reactions of Rubisco, and the
molar carboxylation and oxygenation rates of Rubisco, Vi, and Vi 0. For LiBry in JSBACH, E, k. is set to 120000
[J mol~!], which is close to the upper bound of observed values, and E, ko 1s set to 10000 [J mol~1], which is a rela-
tively low value regarding the observations (Porada et al., 2013). Hence, we vary E, k. by setting it to the lower bound
of 30000 [Jmol~'], and F, k. by setting it close to the upper bound of 55000 [J mol~!]. The molar carboxylation rate
of Rubisco, V¢, varies by two orders of magnitude (Porada et al., 2013). We therefore vary the intermediate value of
1.5 [s~1] used here by multiplying it by the factors 0.5 and 2.0. The molar oxygenation rate of Rubisco, Vi, 0, is set here

to 2.2 [s~1], close to the observed maximum value. We vary it by setting it to 0.5 [s~11, close to the observed minimum.

Photosynthesis and respiration in LiBry are related to surface temperature via the two parameters optimum temperature
of photosynthesis, T, and the Qq¢-value of respiration, Q19. Here, Ty is set to 22° C and it is varied in both directions

by 5° C. Q19 is set to 2.4 and it is varied by 0.3 in both directions.

Furthermore, we test how sensitive the effect of the bryophyte and lichen layer on soil temperature reacts to the distur-
bance interval mp set in the model. We therefore vary the standard value of 100 years for 7p by multiplying it with the
factors 0.5 and 2.0.

— Finally, we vary the expansion efficiency #s1g, which is set to 0.85, by 20 % in each direction.

For each varied parameter we run a step-wise simulation consisting of a steady-state spin-up and a transient run, as described
above. For reasons of computational speed we run the model only on a single grid cell. The location of the grid cell is 55° 30’ N,
98° 30’ W, which roughly corresponds to the northern study area of the BOREAS project (e.g. Gower et al. (1997)). We
then compare the difference in soil temperature of the uppermost soil level between the standard simulation and each of the
simulations with varied parameters to quantify the impact of parameter uncertainty on our overall estimates. Moreover, we run
additional simulations with more than one varied parameter to assess their combined effect on our estimates.

Many of the tested parameters have no strong effect on NPP and surface coverage of the simulated bryophyte and lichen
layer. Thus, they do not affect the difference in topsoil temperature resulting from the dynamic layer. The following parameters,

however, lead to changes in the temperature difference:

— The porosity € of the bryophyte and lichen layer affects the temperature difference in both directions. Interestingly, a

reduction in porosity leads to a reduced coverage in spite of slightly increased NPP. The reason for this is that lower
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porosity results in a smaller specific area of the bryophyte and lichen PFT. Since net growth of cover (Eq. 1) is calculated
by multiplying NPP with specific area, the effect of reduced specific area may overrule an increase in NPP. This leads to

less cover expansion. The inverse effect occurs for higher porosity.

The thickness z affects the temperature difference, to a moderate extent. The slight increase in coverage for a lower
value of z mainly results from increased specific area. Comparing the parameters in Tab. 2, the slightly higher coverage
cannot explain by itself the increase in temperature difference. It is probably the decrease in heat capacity associated
with a thinner bryophyte and lichen layer which leads to a warmer and, consequently, drier layer in summer which acts
as a more efficient insulator. The opposite then happens for a thicker layer. This means that the reducing effect of low
moisture content on thermal conductivity of the bryophyte and lichen layer overrules the increasing effect of higher

thickness in the model.

Reducing the expansion efficiency #s 1, also reduces surface coverage and, consequently, the soil temperature difference.
However, the model is not very sensitive to this parameter, #-7g_would have to be quite low to significantly affect our

estimates.

Increasing critical water saturation O, has a relatively strong decreasing effect on the temperature difference, since the

associated slower activation of bryophyte and lichen photosynthesis significantly reduces NPP and surface coverage.

The specific maintenance respiration rate R,,,i, has the strongest influence on the temperature difference compared to
the other parameters, but only in one direction. A doubling of R,,.;, significantly reduces the temperature difference,
whereas halving R,,.i, does not have any effect. The reason for this is that our standard value of Ri.i, is close to
optimal, meaning that NPP decreases in both directions. The associated biomass turnover, however, increases linearly
with Ry.in and it has a strong reducing impact on net growth and cover expansion. This means that low turnover
compensates for low NPP at low Ry, in, but high turnover has an additional reducing impact at high R,.i,. The “Ratio

of Rubisco content to maintenance respiration”, Pry, has only a minor impact on the temperature difference.

Halving the molar carboxylation rate of Rubisco, Vi1, ¢, reduces significantly the temperature difference due to strongly
decreased NPP and coverage. Doubling Vi ¢, however, does not have any effect on temperature due to the nonlinear
response of coverage on increased NPP. The activation energy F, k. has a moderate reducing impact on NPP, coverage

and thus on the temperature difference.

Reducing the optimum temperature of photosynthesis, Topt, by 5° C results in significantly lower NPP, coverage and
temperature difference, while increasing T, has no significant effect. The reason for the asymmetric response of NPP
to Top¢ 1s the exponential dependence of respiration on the, in this case, mostly negative difference between surface tem-
perature and T,,¢. Since T, is already relatively high, a further increase leads only to a small reduction in respiration.

Lowering Tj,,;, however, results in a strong increase in respiration and, consequently, reduced NPP.
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To assess the effect of combined varied parameters, we select four parameters which significantly affect the estimated
difference in topsoil temperature between the “Dynamic” and “Without” simulations (see Tab. 2). The outcome of this analysis
is shown in Fig. 8. It can be seen that the combined effect of parameters is not additive, but becomes weaker with each additional

parameter.

Appendix B: Model evaluation

To evaluate our modelling approach, we compare the JSBACH estimates of bryophyte and lichen surface coverage and NPP
to field observations. However, to our knowledge, there are no field measurements of bryophyte and lichen surface coverage
and NPP which cover the global scale. Therefore, we compile a list of available small-scale observations from various studies,
which are largely taken from overviews in Turetsky et al. (2010) and Bona et al. (2013). We do not attempt to create a
comprehensive review of measurements of surface coverage and NPP in high-latitude regions. However, our list is sufficient to
establish “characteristic” values of surface coverage and NPP for the region north of 50° N. Thereby, we constrain our analysis

to the biomes “boreal forest” and “tundra” (after Olson et al. (2001), see also Fig. 10c)). Since JSBACH is not primariy
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primarily designed to simulate peatlands, we exclude studies which measure surface coverage and in peatlands. Several studies
contain measurements both on peatland and upland sites. In this case, we do not consider values from peatlands. In many cases,
the original studies provide NPP measurements in grams of biomass. We convert these values to grams of carbon using a factor
of 0.45 (Bauer et al., 2009).

We compare the characteristic values of measured NPP to the average bryophyte and lichen surface coverage and NPP
simulated by JSBACH, also constrained to boreal forest and tundra. Furthermore, we compare simulated soil temperature and
active layer thickness to large-scale, observation-based maps for the region of Yakutia.

Table 3 shows studies which provide measurements of bryophyte and lichen NPP for the biomes “boreal forest” and “tundra”.
To obtain a characteristic value for NPP, we calculate the median NPP of each study and from this set of values we take again
the median, which is then shown in the last row of Tab. 3 together with the range of the median values from all studies. Given
the large variation in these median values of two orders of magnitude, it is difficult to constrain NPP in the study region based
on field measurements. The average value probably lies somewhere between 10 and 100 gm~2 a~! of carbon.

In Tab. 4 several studies are listed which measure surface coverage of bryophytes and lichens for boreal forest and tundra.
Same as with NPP, we show in the last row the range and median of all studies’ median values to obtain a characteristic surface
coverage for the region. The range of observed surface coverage is large, but half of the (rounded) values lie between 0.6 and
0.8. We want to point out that the study by Rapalee et al. (2001) provides a large-scale estimate of surface coverage, based on
remote sensing. They cover the whole BOREAS region which has an area of approximately 500000 km? and arrive at a moss
surface coverage of 0.57. This value agrees well with our estimate, given that the BOREAS region has a slightly lower than
average simulated bryophyte and lichen coverage (Fig. 4).

Figure 9 compares the spatial patterns of subsoil temperature and active layer thickness estimated by JSBACH to observa-
tions from Beer et al. (2013) for the region of Yakutia. JSBACH underestimates subsoil temperature to a similar extent as the
version presented in Ekici et al. (2014). Potential reasons for the mismatch are discussed in Ekici et al. (2014) and include
a reduced spatial heterogeneity of the observational map or biases in the representation of climate, soil properties or snow
depth in JSBACH. The estimate of active layer thickness, however, is improved in general compared to the previous version of
JSBACH, with the exception of the East-Siberian mountain range. The underestimation of active layer thickness there likely
follows from the strong underestimation of soil temperature in this area. The overestimation of active layer thickness in the
southern part of Yakutia may result from the patchy structure of the permafrost area in these regions, as discussed by Ekici

et al. (2014).

Appendix C: Additional output

Author contributions. P. Porada developed the model code and prepared the manuscript with contributions from all co-authors, P. Porada

and C. Beer designed the simulation setup and performed the simulations.

22



15 Acknowledgements. This work has been supported by the PAGE21 project, grant agreement number 282700, funded by the EC seventh
Framework Programme theme FP7-ENV-2011, and the CARBOPERM project, grant agreement number 03G0836B. funded by the BMBFE
(German Ministry for Science and Education). The authors thank the Bolin Centre for Climate Research for financial support. Stockholm
University and the National Supercomputer Centre at Linkoping University provided computational resources. The authors thank three
anonymous referees for their thorough and helpful reviews.

23



20

25

30

35

10

15

References

Atchley, A., Coon, E., Painter, S., Harp, D., and Wilson, C.: Influences and interactions of inundation, peat, and snow on active layer
thickness, Geophysical Research Letters, 43, 5116-5123, doi:10.1002/2016GL068550, 2016.

Bauer, L., Bhatti, J., Swanston, C., Wieder, R., and Preston, C.: Organic Matter Accumulation and Community Change at the Peatland—Upland
Interface: Inferences from **C and 2!°Pb Dated Profiles, Ecosystems, 12, 636-653, doi:10.1007/s10021-009-9248-2, 2009.

Beer, C., Lucht, W., Schmullius, C., and Shvidenko, A.: Small net carbon dioxide uptake by Russian forests during 1981-1999, Geophysical
Research Letters, 33, doi:10.1029/2006GL026919, 2006.

Beer, C., Fedorov, A., and Torgovkin, Y.: Permafrost temperature and active-layer thickness of Yakutia with 0.5-degree spatial resolution for
model evaluation, Earth Syst. Sci. Data, 5, 305-310, doi:10.5194/essd-5-305-2013, 2013.

Beer, C., Weber, U., Tomelleri, E., Carvalhais, N., Mahecha, M., and Reichstein, M.: Harmonized European Long-Term Climate Data
for Assessing the Effect of Changing Temporal Variability on Land—Atmosphere CO2 Fluxes, Journal of Climate, 27, 4815-4834,
doi:10.1175/JCLI-D-13-00543.1, 2014.

Bell, P. and Hemsley, A., eds.: Green Plants - Their Origin and Diversity, 2nd ed., Cambridge University Press, New York, 2011.

Benscoter, B. and Vitt, D.: Evaluating feathermoss growth: a challenge to traditional methods and implications for the boreal carbon budget,
Journal of Ecology, 95, 151-158, doi:10.1111/j.1365-2745.2006.01180.x, 2007.

Beringer, J., Lynch, A., Chapin, F., Mack, M., and Bonan, G.: The Representation of Arctic Soils in the Land Surface Model: The Importance
of Mosses, Journal of Climate, 14, 3324-3335, doi:10.1175/1520-0442(2001)014<3324:TROASI>2.0.CO;2, 2001.

Bernier, P, Desjardins, R., Karimi-Zindashty, Y., Worth, D., Beaudoin, A., Luo, Y., and Wang, S.: Boreal lichen woodlands: A
possible negative feedback to climate change in eastern North America, Agricultural and Forest Meteorology, 151, 521-528,
doi:10.1016/j.agrformet.2010.12.013, 2011.

Bisbee, K., Gower, S., Norman, J., and Nordheim, E.: Environmental controls on ground cover species composition and productivity in a
boreal black spruce forest, Oecologia, 129, 261-270, doi:10.1007/s004420100719, 2001.

Blok, D., Heijmans, M., Schaepman-Strub, G., van Ruijven, J., Parmentier, F., Maximov, T., and Berendse, F.: The Cooling Capacity of
Mosses: Controls on Water and Energy Fluxes in a Siberian Tundra Site, Ecosystems, 14, 1055-1065, doi:10.1007/s10021-011-9463-5,
2011.

Bohn, K., Dyke, J., Pavlick, R., Reineking, B., Reu, B., and Kleidon, A.: The relative importance of seed competition, resource competition
and perturbations on community structure, Biogeosciences, 8, 1107-1120, doi:10.5194/bg-8-1107-2011, 2011.

Bona, K., Fyles, J., Shaw, C., and Kurz, W.: Are Mosses Required to Accurately Predict Upland Black Spruce Forest Soil Carbon in National-
Scale Forest C Accounting Models?, Ecosystems, 16, 1071-1086, doi:10.1007/s10021-013-9668-x, 2013.

Bonan, G.: A biophysical surface energy budget analysis of soil temperature in the boreal forests of interior Alaska, Water Resources
Research, 27, 767-781, doi:10.1029/91WR00143, 1991.

Bonan, G. and Shugart, H.: Environmental Factors and Ecological Processes in Boreal Forests, Annual Review of Ecology and Systematics,
20, 1-28, http://www.jstor.org/stable/2097082, 1989.

Bond-Lamberty, B. and Gower, S.: Estimation of stand-level leaf area for boreal bryophytes, Oecologia, 151, 584-592, doi:10.1007/s00442-
006-0619-5, 2007.

Bond-Lamberty, B., Wang, C., and Gower, S.: Net primary production and net ecosystem production of a boreal black spruce wildfire

chronosequence, Global Change Biology, 10, 473-487, doi:10.1111/j.1529-8817.2003.0742.x, 2004.

24


http://dx.doi.org/10.1002/2016GL068550
http://dx.doi.org/10.1007/s10021-009-9248-2
http://dx.doi.org/10.1029/2006GL026919
http://dx.doi.org/10.5194/essd-5-305-2013
http://dx.doi.org/10.1175/JCLI-D-13-00543.1
http://dx.doi.org/10.1111/j.1365-2745.2006.01180.x
http://dx.doi.org/10.1175/1520-0442(2001)014{%3C}3324:TROASI{%3E}2.0.CO;2
http://dx.doi.org/10.1016/j.agrformet.2010.12.013
http://dx.doi.org/10.1007/s004420100719
http://dx.doi.org/10.1007/s10021-011-9463-5
http://dx.doi.org/10.5194/bg-8-1107-2011
http://dx.doi.org/10.1007/s10021-013-9668-x
http://dx.doi.org/10.1029/91WR00143
http://www.jstor.org/stable/2097082
http://dx.doi.org/10.1007/s00442-006-0619-5
http://dx.doi.org/10.1007/s00442-006-0619-5
http://dx.doi.org/10.1007/s00442-006-0619-5
http://dx.doi.org/10.1111/j.1529-8817.2003.0742.x

20

25

30

35

10

15

Brovkin, V., Raddatz, T., Reick, C., Claussen, M., and Gayler, V.: Global biogeophysical interactions between forest and climate, Geophys
Res Letters, 36, LO7 405, doi:10.1029/2009GL037543, 2009.

Camill, P., Lynch, J., Clark, J., Adams, J., and Jordan, B.: Changes in Biomass, Aboveground Net Primary Production, and Peat Accumulation
following Permafrost Thaw in the Boreal Peatlands of Manitoba, Canada, Ecosystems, 4, 461-478, doi:10.1007/s10021-001-0022-3, 2001.

Carvalhais, N., Forkel, M., Khomik, M., Bellarby, J., Jung, M., Migliavacca, M., Mu, M., Saatchi, S., Santoro, M., Thurner, M., Weber, U.,
Ahrens, B., Beer, C., Cescatti, A., Randerson, J., and Reichstein, M.: Global covariation of carbon turnover times with climate in terrestrial
ecosystems, Nature, 514, 213-217, doi:10.1038/nature13731, 2014.

Chadburn, S., Burke, E., Essery, R., Boike, J., Langer, M., Heikenfeld, M., Cox, P., and Friedlingstein, P.: An improved representation of
physical permafrost dynamics in the JULES land-surface model, Geoscientific Model Development, 8, 1493-1508, doi:10.5194/gmd-8-
1493-2015, 2015a.

Chadburn, S. E., Burke, E. J., Essery, R. L. H., Boike, J., Langer, M., Heikenfeld, M., Cox, P. M., and Friedlingstein, P.: Impact of model de-
velopments on present and future simulations of permafrost in a global land-surface model, The Cryosphere, 9, 1505-1521, doi:10.5194/tc-
9-1505-2015, 2015b.

Cowan, I., Lange, O., and Green, T.: Carbon-dioxide exchange in lichens: Determination of transport and carboxylation characteristics,
Planta, 187, 282-294, doi:10.1007/BF00201952, 1992.

Ekici, A., Beer, C., Hagemann, S., Boike, J., Langer, M., and Hauck, C.: Simulating high-latitude permafrost regions by the JSBACH
terrestrial ecosystem model, Geoscientific Model Development, 7, 631-647, doi:10.5194/gmd-7-631-2014, 2014.

FAO, IIASA, ISRIC, ISS-CAS, and JRC: Harmonized world soil database (version 1.1), FAO, Rome, Italy and IIASA, Laxenburg, Austria,
http://www.fao.org/nr/land/soils/harmonized- world-soildatabase/en, 2009.

Farquhar, G. and von Caemmerer, S.: Modelling of Photosynthetic Response to Environmental Conditions., in: Encyclopedia of Plant Phys-
iology, edited by Lange, O., Nobel, P, Osmond, C., and Ziegler, H., vol. 12B, Springer, Heidelberg, 1982.

French, H., ed.: The periglacial environment, 3rd ed., John Wiley & Sons, Chichester, 2007.

Frolking, S., Goulden, M., Wofsy, S., Fan, S.-M., Sutton, D., Munger, J., Bazzaz, A., Daube, B., Crill, P., Aber, J., Band, L., X., W., Savage,
K., Moore, T., and Harriss, R.: Modelling temporal variability in the carbon balance of a spruce/moss boreal forest, Global Change
Biology, 2, 343-366, 1996.

Goll, D., Brovkin, V.and Liski, J., Raddatz, T., Thum, T., and Todd-Brown, K.: Strong dependence of CO2 emissions from anthro-
pogenic land cover change on initial land cover and soil carbon parametrization, Global Biogeochemical Cycles, 29, 1511-1523,
doi:10.1002/2014GB004988, 2015.

Goodrich, L.: The influence of snow cover on the ground thermal regime, Canadian Geotechnical Journal, 19, 421-432, doi:10.1139/t82-047,
1982.

Gornall, J., Jénsdéttir, 1., Woodin, S., and Van der Wal, R.: Arctic mosses govern below-ground environment and ecosystem processes,
Oecologia, 153, 931-941, doi:10.1007/s00442-007-0785-0, 2007.

Goulden, M. and Crill, P.: Automated measurements of CO2 exchange at the moss surface of a black spruce forest, Tree Physiology, 17,
537-542, doi:10.1093/treephys/17.8-9.537, 1997.

Gower, S., Vogel, J., Norman, J., Kucharik, C., Steele, S., and Stow, T.: Carbon distribution and aboveground net primary production in
aspen, jack pine and black spruce stands in Saskatchewan and Manitoba, Canada, Journal of Geophysical Research, 102, 29 029-29 041,
doi:10.1029/97J1D02317, 1997.

25


http://dx.doi.org/10.1029/2009GL037543
http://dx.doi.org/10.1007/s10021-001-0022-3
http://dx.doi.org/10.1038/nature13731
http://dx.doi.org/10.5194/gmd-8-1493-2015
http://dx.doi.org/10.5194/gmd-8-1493-2015
http://dx.doi.org/10.5194/gmd-8-1493-2015
http://dx.doi.org/10.5194/tc-9-1505-2015
http://dx.doi.org/10.5194/tc-9-1505-2015
http://dx.doi.org/10.5194/tc-9-1505-2015
http://dx.doi.org/10.1007/BF00201952
http://dx.doi.org/10.5194/gmd-7-631-2014
http://www.fao.org/nr/land/soils/harmonized-world-soildatabase/en
http://dx.doi.org/10.1002/2014GB004988
http://dx.doi.org/10.1139/t82-047
http://dx.doi.org/10.1007/s00442-007-0785-0
http://dx.doi.org/10.1093/treephys/17.8-9.537
http://dx.doi.org/10.1029/97JD02317

20

25

30

35

10

15

Gower, S., Krankina, O., Olson, R., Apps, M., Linder, S., and Wang, C.: Net primary production and carbon allocation patterns of boreal
forest ecosystems, Ecological Applications, 11, 1395-1411, 2001.

Grime, J., Rincon, E., and Wickerson, B.: Bryophytes and plant strategy theory, Botanical Journal of the Linnean Society, 104, 175-186,
doi:10.1111/5.1095-8339.1990.tb02217.x, 1990.

Hagemann, S. and Stacke, T.: Impact of the soil hydrology scheme on simulated soil moisture memory, Clim. Dyn., 44, 1731-1750,
doi:10.1007/s00382-014-2221-6, 2015.

Hermle, S., Lavigne, M., Bernier, P., Bergeron, O., and Paré, D.: Component respiration, ecosystem respiration and net primary production
of a mature black spruce forest in northern Quebec, Tree Physiology, 30, 527-540, doi:10.1093/treephys/tpq002, 2010.

Hinzman, L., Kane, D., Gieck, R., and Everett, K.: Hydrologic and thermal properties of the active layer in the Alaskan Arctic, Cold Regions
Science and Technology, 19, 95-110, doi:10.1016/0165-232X(91)90001-W, 1991.

Jorgenson, M., Romanovsky, V., Harden, J., Shur, Y., O’Donnell, J., Schuur, E., Kanevskiy, M., and Marchenko, S.: Resilience and vulnera-
bility of permafrost to climate change, Can. J. For. Res., 40, 1219-1236, doi:10.1139/X10-060, 2010.

Knorr, W.: Annual and interannual CO2 exchanges of the terrestrial biosphere: process-based simulations and uncertainties., Global Ecology
and Biogeography, 9, 225-252, 2000.

Kolari, P., Pumpanen, J., Kulmala, L., Ilvesniemi, H., Nikinmaa, E., Gronholm, T., and Hari, P.: Forest floor vegetation plays an important
role in photosynthetic production of boreal forests, Forest Ecology and Management, 221, 241-248, doi:10.1016/j.foreco.2005.10.021,
2006.

Koshurnikova, N.: Annual Production of Moss Layer in Dark Coniferous Forests of Ket-Chulym Forest District (by the Example of Moss
Hylocomium splendens), Biology Bulletin, 34, 532-536, doi:10.1134/S1062359007050184, 2007.

Koven, C., Friedlingstein, P., Ciais, P., Khvorostyanov, D., Krinner, G., and Tarnocai, C.: On the formation of high-latitude soil carbon
stocks: Effects of cryoturbation and insulation by organic matter in a land surface model, Geophysical Research Letters, 36, n/a—n/a,
doi:10.1029/2009GL040150, 2009.

Lange, O., Hahn, S., Meyer, A., and Tenhunen, J.: Upland Tundra in the Foothills of the Brooks Range, Alaska, U.S.A.: Lichen Long-Term
Photosynthetic CO2 Uptake and Net Carbon Gain, Arctic and Alpine Research, 30, 252-261, doi:10.2307/1551972, 1998.

Mack, M., Treseder, K., Manies, K., Harden, J., Schuur, E., Vogel, J., Randerson, J., and Chapin III, F.: Recovery of aboveground plant
biomass and productivity after fire in mesic and dry black spruce forests of interior Alaska, Ecosystems, 11, 209-225, doi:10.1007/s10021-
007-9117-9, 2008.

Meinshausen, M., Smith, S., Calvin, K., Daniel, J., Kainuma, M., Lamarque, J.-F., Matsumoto, K., Montzka, S., Raper, S., Riahi, K., Thom-
son, A., Velders, G., and van Vuuren, D.: The RCP greenhouse gas concentrations and their extensions from 1765 to 2300, Climatic
Change, 109, 213-241, doi:10.1007/s10584-011-0156-z, 2011.

Mouillot, F. and Field, C.: Fire history and the global carbon budget: a 1° x 1° fire history reconstruction for the 20th century, Global Change
Biology, 11, 398-420, doi:10.1111/j.1365-2486.2005.00920.x, 2005.

Nash III, T., ed.: Lichen Biology, 2nd ed., Cambridge University Press, New York, 1996.

O’Connell, K., Gower, S., and Norman, J.: Comparison of Net Primary Production and Light-Use Dynamics of Two Boreal Black Spruce
Forest Communities, Ecosystems, 6, 236-247, http://www.jstor.org/stable/3658890, 2003.

O’Donnell, J., Romanovsky, V., Harden, J., and McGuire, A.: The Effect of Moisture Content on the Thermal Conductivity of Moss and

Organic Soil Horizons From Black Spruce Ecosystems in Interior Alaska, Soil Science, 174, 2009.

26


http://dx.doi.org/10.1111/j.1095-8339.1990.tb02217.x
http://dx.doi.org/10.1007/s00382-014-2221-6
http://dx.doi.org/10.1093/treephys/tpq002
http://dx.doi.org/10.1016/0165-232X(91)90001-W
http://dx.doi.org/10.1139/X10-060
http://dx.doi.org/10.1016/j.foreco.2005.10.021
http://dx.doi.org/10.1134/S1062359007050184
http://dx.doi.org/10.1029/2009GL040150
http://dx.doi.org/10.2307/1551972
http://dx.doi.org/10.1007/s10021-007-9117-9
http://dx.doi.org/10.1007/s10021-007-9117-9
http://dx.doi.org/10.1007/s10021-007-9117-9
http://dx.doi.org/10.1007/s10584-011-0156-z
http://dx.doi.org/10.1111/j.1365-2486.2005.00920.x
http://www.jstor.org/stable/3658890

20

25

30

35

10

15

O’Donnell, J., Harden, J., McGuire, A., Kanevskiy, M., Jorgenson, M., and Xu, X.: The effect of fire and permafrost interactions on soil
carbon accumulation in an upland black spruce ecosystem of interior Alaska: implications for post-thaw carbon loss, Global Change
Biology, 17, 1461-1474, doi:10.1111/j.1365-2486.2010.02358.x, 2011.

Oechel, W. and Collins, N.: Comparative CO2 exchange patterns in mosses from two tundra habitats at Barrow, Alaska., Can. J. Bot., 54,
1355-1369, doi:10.1139/b76-148, 1976.

Oechel, W. and Van Cleve, K.: The role of bryophytes in nutrient cycling in the taiga., in: Forest ecosystems in the Alaskan taiga. A synthesis
of structure and function., edited by Van Cleve, K., Chapin III, F., Flanagan, P., Vierect, L., and Dyrness, C., pp. 122-137, Springer, New
York, 1986.

Olson, D., Dinerstein, E., Wikramanayake, E., Burgess, N., Powell, G., Underwood, E., D’Amico, J., Itoua, I., Strand, H., Morrison, J.,
Loucks, C., Allnutt, T., Ricketts, T., Kura, Y., Lamoreux, J., Wettengel, W., Hedao, P., and Kassem, K.: Terrestrial Ecoregions of the
World: A New Map of Life on Earth, BioScience, 51, 933-938, doi:10.1641/0006-3568(2001)051[0933: TEOTWA]2.0.CO;2, 2001.

Pachauri, R., Allen, M., Barros, V., Broome, J., Cramer, W., Christ, R., Church, J., Clarke, L., Dahe, Q., Dasgupta, P., et al.: Climate Change
2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, 2014.

Porada, P., Weber, B., Elbert, W., Poschl, U., and Kleidon, A.: Estimating global carbon uptake by lichens and bryophytes with a process-
based model, Biogeosciences, 10, 6989-7033, doi:10.5194/bg-10-6989-2013, 2013.

Porada, P., Weber, B., Elbert, W., Poschl, U., and Kleidon, A.: Estimating Impacts of Lichens and Bryophytes on Global Biogeochemical
Cycles of Nitrogen and Phosphorus and on Chemical Weathering, Global Biogeochem. Cycles, 28, doi:10.1002/2013GB004705, 2014.

Proctor, M.: The bryophyte paradox: tolerance of desiccation, evasion of drought, Plant Ecology, 151, 41-49, 2000.

Raddatz, T., Reick, C., Knorr, W., Kattge, J., Roeckner, E., Schnur, R., Schnitzler, K.-G., Wetzel, P., and Jungclaus, J.: Will the trop-
ical land biosphere dominate the climate—carbon cycle feedback during the twenty-first century?, Climate Dynamics, 29, 565-574,
doi:10.1007/s00382-007-0247-8, 2007.

Rapalee, G., Steyaert, L., and Hall, F.: Moss and lichen cover mapping at local and regional scales in the boreal forest ecosystem of central
Canada, Journal of Geophysical Research: Atmospheres, 106, 33 551-33 563, doi:10.1029/2001JD000509, 2001.

Rinke, A., Kuhry, P., and Dethloff, K.: Importance of a soil organic layer for Arctic climate: A sensitivity study with an Arctic RCM,
Geophysical Research Letters, 35, n/a—n/a, doi:10.1029/2008GL034052, 2008.

Rogers, R.: Ecological strategies of lichens, The Lichenologist, 22, 149-162, doi:10.1017/S002428299000010X, 1990.

Ruess, R., Hendrick, R., Burton, A., Pregitzer, K., Sveinbjornsson, B., Allen, M., and Maurer, G.: Coupling fine root dynamics with ecosystem
carbon cycling in black spruce forests of interior Alaska, Ecol. Monogr., 73, 643-662, doi:10.1890/02-4032, 2003.

Schulze, E.-D. and Caldwell, M. M., eds.: Ecophysiology of photosynthesis, Springer Science & Business Media, 2012.

Schuur, E., Crummer, K., Vogel, J., and Mack, M.: Plant Species Composition and Productivity following Permafrost Thaw and Thermokarst
in Alaskan Tundra, Ecosystems, 10, 280-292, doi:10.1007/s10021-007-9024-0, 2007.

Schuur, E., McGuire, A., Schadel, C., Grosse, G., Harden, J., Hayes, D., Hugelius, G., Koven, C., Kuhry, P, Lawrence, D., Natali, S., Olefeldt,
D., Romanovsky, V., Schaefer, K., Turetsky, M., Treat, C., and Vonk, J.: Climate change and the permafrost carbon feedback, Nature, 520,
171-179, doi:10.1038/nature14338, 2015.

Shaver, G. and Chapin III, F.: Production: Biomass relationships and element cycling in contrasting arctic vegetation types, Ecological

Monographs, 61, 1-31, doi:10.2307/1942997, 1991.

27


http://dx.doi.org/10.1111/j.1365-2486.2010.02358.x
http://dx.doi.org/10.1139/b76-148
http://dx.doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
http://dx.doi.org/10.5194/bg-10-6989-2013
http://dx.doi.org/10.1002/2013GB004705
http://dx.doi.org/10.1007/s00382-007-0247-8
http://dx.doi.org/10.1029/2001JD000509
http://dx.doi.org/10.1029/2008GL034052
http://dx.doi.org/10.1017/S002428299000010X
http://dx.doi.org/10.1890/02-4032
http://dx.doi.org/10.1007/s10021-007-9024-0
http://dx.doi.org/10.1038/nature14338
http://dx.doi.org/10.2307/1942997

20

25

30

35

865

870

875

Skre, O. and Oechel, W.: Moss production in a black spruce Picea mariana forest with permafrost near Fairbanks, Alaska, as compared with
two permafrost-free stands, Ecography, 2, 249-254, doi:10.1111/5.1600-0587.1979.tb01296.x, 1979.

Soudzilovskaia, N., van Bodegom, P., and Cornelissen, J.: Dominant bryophyte control over high-latitude soil temperature fluctuations pre-
dicted by heat transfer traits, field moisture regime and laws of thermal insulation, Functional Ecology, 27, 1442-1454, doi:10.1111/1365-
2435.12127, 2013.

Stoy, P, Street, L., Johnson, A., Prieto-Blanco, A., and Ewing, S.: Temperature, Heat Flux, and Reflectance of Common Subarctic Mosses and
Lichens under Field Conditions: Might Changes to Community Composition Impact Climate-Relevant Surface Fluxes?, Arctic, Antarctic,
and Alpine Research, 44, 500-508, doi:10.1657/1938-4246-44.4.500, 2012.

Street, L., Stoy, P., Sommerkorn, M., Fletcher, B., Sloan, V.L. Hill, T., and Williams, M.: Seasonal bryophyte productivity in the sub-Arctic:
A comparison with vascular plants, Functional Ecology, 26, 365-378, doi:10.1111/j.1365-2435.2011.01954.x, 2012.

Swanson, R. and Flanagan, L.: Environmental regulation of carbon dioxide exchange at the forest floor in a boreal black spruce ecosystem,
Agricultural and Forest Meteorology, 108, 165-181, doi:10.1016/S0168-1923(01)00243-X, 2001.

Trumbore, S. and Harden, J.: Accumulation and turnover of carbon in organic and mineral soils of the BOREAS northern study area, Journal
of Geophysical Research: Atmospheres, 102, 28 817-28 830, doi:10.1029/97JD02231, 1997.

Turetsky, M., Mack, M., Hollingsworth, T., and Harden, J.: The role of mosses in ecosystem succession and function in Alaska’s boreal
forest, Can. J. For. Res., 40, 1237-1264, doi:10.1139/X10-072, 2010.

Uchida, M., Muraoka, H., Nakatsubo, T., Bekku, Y., Ueno, T., Kanda, H., and Koizumi, H.: Net Photosynthesis, Respiration, and Production
of the Moss Sanionia uncinata on a Glacier Foreland in the High Arctic, Ny—/e\lesund, Svalbard, Arctic, Antarctic, and Alpine Research,
34,287-292, doi:10.2307/1552486, 2002.

Uchida, M., Nakatsubo, T., Kanda, H., and Koizumi, H.: Estimation of the annual primary production of the lichen Cetrariella delisei in a
glacier foreland in the High Arctic, Ny-Alesund, Svalbard, Polar Research, 25, 39—49, doi:10.3402/polar.v25i1.6237, 2006.

Valladares, F., Wierzchos, J., and Ascaso, C.: Porosimetric Study of the Lichen Family Umbilicariaceae: Anatomical Interpretation and
Implications for Water Storage Capacity of the Thallus, American Journal of Botany, 80, 263-272, doi:10.2307/2445349, 1993.

Verseghy, D.: CLASS - A Canadian land surface scheme for GCMs. 1. Soil model, International Journal of Climatology, 11, 111-133,
doi:10.1002/joc.3370110202, 1991.

Vogel, J., Bond-Lamberty, B., Schuur, E., Gower, S., Mack, M., O’Connell, K., Valentine, D., and Ruess, R.: Carbon allocation in boreal black
spruce forests across regions varying in soil temperature and precipitation, Global Change Biology, 14, 1503-1516, doi:10.1111/j.1365-
2486.2008.01600.x, 2008.

Wabhren, C., Walker, M., and Bret-Harte, M.: Vegetation responses in Alaskan arctic tundra after § years of a summer warming and winter
snow manipulation experiment, Global Change Biology, 11, 537-552, doi:10.1111/j.1365-2486.2005.00927.x, 2005.

Webb, R., Rosenzweig, C., and Levine, E.: Global Soil Texture and Derived Water-Holding Capacities (Webb et al.), ORNL Distributed
Active Archive Center, doi:10.3334/ORNLDAAC/548, 2000.

Williams, T. and Flanagan, L.: Measuring and modelling environmental influences on photosynthetic gas exchange in Sphagnum and Pleu-
rozium, Plant, Cell & Environment, 21, 555-564, 1998.

Zhu, D., Peng, S., Ciais, P., Viovy, N., Druel, A., Kageyama, M., Krinner, G., Peylin, P., Ottlé, C., Piao, S., Poulter, B., Schepaschenko,
D., and Shvidenko, A.: Improving the dynamics of Northern Hemisphere high-latitude vegetation in the ORCHIDEE ecosystem model,
Geoscientific Model Development, 8, 22632283, doi:10.5194/gmd-8-2263-2015, 2015.

28


http://dx.doi.org/10.1111/j.1600-0587.1979.tb01296.x
http://dx.doi.org/10.1111/1365-2435.12127
http://dx.doi.org/10.1111/1365-2435.12127
http://dx.doi.org/10.1111/1365-2435.12127
http://dx.doi.org/10.1657/1938-4246-44.4.500
http://dx.doi.org/10.1111/j.1365-2435.2011.01954.x
http://dx.doi.org/10.1016/S0168-1923(01)00243-X
http://dx.doi.org/10.1029/97JD02231
http://dx.doi.org/10.1139/X10-072
http://dx.doi.org/10.2307/1552486
http://dx.doi.org/10.3402/polar.v25i1.6237
http://dx.doi.org/10.2307/2445349
http://dx.doi.org/10.1002/joc.3370110202
http://dx.doi.org/10.1111/j.1365-2486.2008.01600.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01600.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01600.x
http://dx.doi.org/10.1111/j.1365-2486.2005.00927.x
http://dx.doi.org/10.3334/ORNLDAAC/548
http://dx.doi.org/10.5194/gmd-8-2263-2015

Table 1. Net primary productivity (NPP) and surface coverage of the simulated dynamic bryophyte and lichen layer, as well as differences
between the “Dynamic” and “Without” simulations with regard to topsoil temperature and active layer thickness. The values are based on the
last 15 years of 1901 to 2010 transient simulations and the region considered is limited to boreal forest and tundra. “g C” stands for “gram

Variable Average  Range  Unit,
Bryophyte & lichen NP 4 0-192  gCmZa’’
Bryophyte & lichen surface coverage  0.69. 0-10  m?m_?
Difference in soil temperature 21 0257 K

Difference in active layer thickness -107 0--224  cm_
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Table 2. Sensitivity of the estimated topsoil temperature difference due to the addition of a dynamic bryophyte and lichen layer to the
arameterization of the bryophyte and lichen PFT. See Sect. 2.2 for a description of the parameters. AT is the temperature difference in

the uppermost soil layer between the “Dynamic” simulation and the “Without” one (Sect. 2.2). NPP is in gm 2 a~! of carbon. AP stands

for a change in a model parameter, either by multiplication with a factor (* symbol), percentage change or by setting the parameter to the

upper boundary (u.b.) or lower boundary (1.b.). AT/AP is the percentage change in temperature difference (AT) due to a change in a model
arameter (AP), compared to the control run, The sensitivity analysis is performed on a single grid cell of ISBACH (see Sect. 2.2 for details).

Parameter  Value, AT  Coverage NPP AP~ AT/AP
Dooasar. 0005 [molm*s7'] 27 081 308 03 2%
Dogasor. 002molm 72571 27 082 321 2. 2%
o, 2001(a) 27 082 KA B 0%
o, 301al 27 082 2l 2 0%
e 07 26 078 321 20% 4%
N 10 27 084 322 20% 0%
€ 8% 20 068 327 0% 26%
€ B% 29 086 302 2% 1%
Boxe 30000 (I mol "] 24 075 256 Lb. 1%
Loxa 50000 (I mol ] 27 081 302 wb. 0%
LBonain TSET(molm *s7'] 27 080 256 03 0%
Biain 30B6[molm ?s '] <16 033 289 2 4l%
Quo. 21 27 080 235 A25% 0%
Quo. 27 27 083 34l #25%. 0%
Prn 40, 26 080 203 20% 4%
Prn. 60 27 083 367 +20% 0%
Oerie 0% 20 067 169 uwb. 26%
TLoxs. 171€ 22 070 23 5K 1%
Tops. 2712C] 27 083 324 5K 0%
Ve, 0.75 s ] 20 066 4l %05 26%
Yuc. 30Js°0 27 084 a1 2 0%
Vuo. 05Js°1 27 082 321 Lb 0%
z. 10mm 30 083 368 Lb. #ll%
z. 100 mm 24 080 288  ub 1%
Controlun, - 21 082 321 " S
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Table 3. Studies which measure NPP in the biomes “boreal forest” and “tundra”. Median and range of all values listed in a study are shown,

“#” stands for the number of values. NPP is in gm™

a~! of carbon. “BOREAS N or S” stands for the northern and southern site of the

BOREAS project (e.g. Gower et al. (1997)). BOREAS N is located in Manitoba, Canada and BOREAS S is located in Saskatchewan, Canada.

The last row shows median and range of the values in the first column.

Median Range # Study Location

21 20-26 4 (Camill et al., 2001) BOREAS N
35 0-144 7 (Bond-Lamberty et al., 2004) BOREAS N
11 0-16 7 (Macketal., 2008) Central Alaska
42 40-44 2 (Oechel and Van Cleve, 1986) Central Alaska
30 29-31 2 (Ruessetal., 2003) Central Alaska
14 13-17 4 (Vogel et al., 2008) Alaska/Saskatchewan
22 12-60 3  (Schuur et al., 2007) Central Alaska
30 2-68 4 (Shaver and Chapin III, 1991) North Alaska
25 - 1 (Bisbee et al., 2001) BOREAS S

12 - 1 (Gower et al., 1997) BOREAS N/S
104 - 1 (Swanson and Flanagan, 2001) BOREAS S

13 5-20 4 (Langeetal., 1998) North Alaska
39 - 1 (Oechel and Collins, 1976) North Alaska
2 - 1 (Uchida et al., 2006) Svalbard

7 - 1 (Uchida et al., 2002) Svalbard

7 1-21 6  (Koshurnikova, 2007) West Siberia
35 16-53 2 (O’Connell et al., 2003) BOREAS S

50 - 1 (O’Donnell et al., 2011) Central Alaska
78 - 1 (Frolking et al., 1996) Manitoba

93 - 1 (Benscoter and Vitt, 2007) Alberta

60 - 1 (Skre and Oechel, 1979) Central Alaska
68 - 1 (Hermle et al., 2010) Quebec

25 - 1 (Trumbore and Harden, 1997) BOREAS N
27 (2-104)
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Table 4. Studies which measure surface coverage in the biomes “boreal forest” and “tundra”. Median and range of all values listed in a study

are shown, “#” stands for the number of values. The BOREAS N study area is located in Manitoba, Canada and BOREAS S is located in

Saskatchewan, Canada (Gower et al., 1997). The last row shows median and range of the values in the first column.

Median Range # Study Location

0.8 - 1 (Bisbee et al., 2001) BOREAS S
0.95 - 1 (Swanson and Flanagan, 2001) BOREAS S
0.65 0.13-095 8 (Bond-Lamberty and Gower, 2007) BOREAS N
0.93 0.77-0.99 13 (Camill et al., 2001) BOREAS N

0.5 - 1 (Street et al., 2012) North Sweden
0.6 - 1 (Kolari et al., 2006) South Finland
0.5 - 1 (Wabhren et al., 2005) Alaska

0.57 - - (Rapalee et al., 2001) BOREAS region

0.63 (0.5-0.95)
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Figure 1. Change in surface coverage A of bryophytes and lichens. A is
reduced by disturbance and increases due to net growth GG. New bryophyte and

lichen cover per unit area is limited by the generating area A, the “expansion
efficiency”
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Figure 2. Dependence of a) thermal conductivity and b) heat capacity of the bryophyte and lichen cover on relative moisture
dashed curyes correspond to a mixture of 50 % liquid and 50 % frozen water and the light blue dashed-dotted curves correspond
(Ekici et al., 2014) for comparison, They are constant since they do not depend on water content.
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Figure 3. Averaging scheme for the vertical temperature profile of a tile: The
left column corresponds to the part of the tile where no bryophyte and lichen
layer is present, the right column corresponds to the part covered by bryophytes

and lichens. The columns consist of 7 soil layers (brown), an optional bryophyte

and lichen layer (green), up to 5 snow layers (grey) and several optional “‘empty”
layers (white). The black horizontal bars connect layers which are averaged

with regard to their temperature. The surface fractions of the two parts are used

as weights for the averaging. The “empty” layers are assumed to have surface

temperature.
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Figure 4. Large-scale patterns of a) NPP and b) surface coverage of bryophytes and lichens simulated in JSBACH. The values

in the grid cells are calculated by averaging the last 15 years of a 1901 to 2010 “Dynamic” simulation. “g C” stands for “gram
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Figure 5. Temperature of the uppermost soil layer (a,b) and the whole simulated soil column (c,d), averaged over the stud
region for the biomes “boreal forest” and “tundra”. The dots stand for a) annual average values, b) monthly average values, or

c,d) values at the mid-depth of a soil layer in JSBACH. The mid-depths of the layers are at 0.03, 0.19, 0.78, 2.68, 6.98, 16.4 and

38.11 m depth. “Without” denotes a transient simulation from 1901 to 2010 without a bryophyte and lichen layer, “Constant”
denotes an equivalent simulation, but including an organic layer with constant coverage and thermal properties and “Dynamic”
stands for a bryophyte and lichen layer with dynamic coverage and thermal properties.
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a) Soil temperature (layer 1) b) Active layer thickness
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Figure 6. The maps display the spatial patterns of a) topsoil temperature, b) active layer thickness, c) the temperature difference

in the uppermost soil layer and d) the difference in active layer thickness, based on average values over the last 15 years of

transient simulations from 1901 to 2010. The differences are calculated by subtracting output of the “Without” simulation with

no bryophyte and lichen layer from the “Dynamic” one.
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Figure 7. Temperature of the uppermost soil layer of a model grid cell at
557 30°N, 987 30° W, which is also used for the sensitivity analysis (Sect. A
in_the appendix). The dots stand for monthly average values for the period
1996 to 2010. “Without” denotes a transient simulation from 1901 to 2010
simulation, but including an organic layer with constant coverage and thermal
properties. The thermal conductivity of this layer is set to 0.25 [WK " m ]
calibrated to reproduce topsoil temperature under the bryophyte and lichen
layer in summer. “Constant 0.037 corresponds to an organic layer calibrated
to_reproduce average annual topsoil temperature under the bryophyte and
lichen layer. “Dynamic” stands for a bryophyte and lichen layer with dynamic
coverage and thermal properties.
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Figure 8. Effect of model parameters on simulated difference in topsoil
temperature between the “Dynamic” and “Without” simulations. The individual
rate Imajy, the optimum_ temperature of photosynthesis, Tope. the molar
carboxylation rate of Rubisco, Vi and the porosity ¢ of the bryophyte and
lichen layer (see Tab. 2 for details). Also shown are the combined effects of
Bingin and Tops, Brain: Lopr and Viu,c. as well as Rugin, Tope. Vi and .

The effect on the temperature difference is shown in percentage of reduction.
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a) Soil temperature (Simulated) b) Active layer thickness (Simulated)
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Figure 9. The maps show the spatial patterns of a) simulated subsoil temperature and b) active layer thickness,
¢) observed subsoil temperature and d) active layer thickness as well as the differences between simulation and
observations regarding e) subsoil temperature and e) active layer thickness for the region of Yakutia. The maps
a) and b) are based on average values over the last 15 years of a transient “Dynamic” simulation from 1901
to 2010. Subsoil temperature is calculated by averaging the temperatures of the third and fourth soil layer of

JSBACH. The observation-based maps in ¢) and d) are taken from Beer et al. (2013).
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a) Precipitation b) PAR on ground
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Figure 10. Additional model output, averaged over the last 15 years of a JSBACH transient simulation form 1901 to 2010.
Spatial patterns of a) precipitation and b) photosynthetically active radiation (PAR) on the ground. Note that PAR on ground is
a variable of LiBry in JSBACH, it is therefore only larger than zero where bryophytes and lichens exist in the model. c) shows

the biome mask based on Olson et al. (2001) which is used to constrain our estimates to “boreal forest” and “tundra”.

40



