
Estimating global carbon uptake by lichens and

bryophytes with a process-based model

by P. Porada, B. Weber, W. Elbert, U. Pöschl, and A. Kleidon

Reply to the comments of anonymous referee 2

We thank the referee for the review of the manuscript.

• To address the main concern raised by the referee we included more observational
data in our comparison of empirical and modelled estimates. For this purpose we
added 16 empirical studies to the database (see Table 1) and we also updated Fig.
7 of the manuscript (see Fig. 1 below) showing an order-of-magnitude comparison
between model estimates and observations by biome.

• There is a valid reason for our rough method of model-data comparison: The
observational data are spatially and temporally discrete point-scale measurements
which show a high variation, e.g. 8 - 1450 gm−2 yr−1 for Sphagnum (Gunnarsson,
2005). It is very problematic to extrapolate from these varying point measurements
to large regions, such as a model grid cell, which is about 50000 km2 at 45◦N. Thus,
we try to derive a “characteristic” value of NPP for large regions instead. We use
a biome aggregation due to its climatic and ecological large-scale homogeneity. See
point 1 below for a detailed discussion.

The (summarised) referee’s comments are in italic text.

• The results are unrealistic since net carbon uptake peaks at 18 gCm−2 yr−1. It
is not clear how the referee arrives at this number. Our Fig. 7 clearly shows
maximum values of carbon uptake exceeding 80 gCm−2 yr−1 in all biomes. The
upper bound of our estimates, shown in Fig. A1, peaks at 162 gCm−2 yr−1 while
the lower bound, shown in Fig. 5, is 16 gCm−2 yr−1. We think our estimates are
realistic. See point 2 for a detailed discussion.

• There is no comparison to other bryophyte models (see e.g. Turetsky et al. (2012)).
The goal of our study is a global simulation of carbon uptake by lichens as well
as bryophytes. The models mentioned by the reviewer, however, focus on growth
of moss in boreal and arctic regions, especially in peatlands. We agree with the
reviewer that it is useful to give an overview of other modelling studies related
to lichens and bryophytes in general. Therefore, we will add a corresponding
paragraph to the section “Introduction” (see point 3).

• The current manuscript is heavily weighed down in equations The actual paper
does not contain any equations. It is written in a way that should not require
the reader to read the appendix to understand the model. We added an appendix
with the model equations for completeness, better readability and also for reasons
of scientific reproducibility.



• Small-scale variation (e.g. microtopography) is ignored, which sheds doubt on the
accuracy of the model. We think that the influence of small-scale variation on our
model estimates is minor, since the impacts of excursions from mean environmental
conditions on NPP cancel out at large scales. See point 4 for a more detailed
argument.

Detailed comments

1. How were the studies selected ?

The studies were selected to obtain a “characteristic” observation-based value of
NPP for large regions.

To obtain a truly quantitative value of lichen and bryophyte NPP at the large
scale of a model grid cell, the point-scale values would have to be weighted by
area coverage. High-resolution data that relate coverage to NPP, however, are not
available at large scales. Therefore, we try to estimate a value of NPP that is
“characteristic” for a certain large region. This region should not be a grid cell of
the model, since the grid is an artificial segmentation of the landscape. Instead,
we use the biome classification as a basis for our model-data comparison. Biomes
are homogeneous regarding climate and ecology at the large-scale. Hence, they
allow for the estimation of a “characteristic”, observation-based value of NPP.
Moreover, the point-scale variation of environmental conditions within a biome
should be comparable to that within a grid cell, since both correspond to large
areas.

As described on page 3748, line 7, only studies were used for the model-data com-
parison which report estimates of average, long-term net carbon uptake based on
surface coverage of lichens or bryophytes. Studies which estimate only maximum
rates of NPP or NPP per area lichen/bryophyte or per gram biomass cannot be
used. To include such studies, we would have to make assumptions about the
active time of lichens and bryophytes throughout the year, about their ground
coverage etc. Hence, we would not compare our modelled estimates to data but
to another, empirical model.

We used Elbert et al. (2012) as a basis for the selection of studies (see the sup-
plementary material for their study). We had, however, to exclude 31 out of 40
studies due to the criterion of long-term, area-based values mentioned above. This
left only one study for the boreal and tropical zone and two studies for deserts.
We therefore extended our search but we could not find more studies for deserts
and tropical forest. For the boreal zone, we found two additional studies. We did
not, however, look explicitly for Sphagnum productivity.

For the revised manuscript, we tried to further increase the number of studies
containing observational data of lichen and bryophyte NPP. We also used the
references provided by the reviewer. Many of the studies are taken from Turetsky
et al. (2010). If NPP was given as gram biomass, we used a factor of 0.4 (weight of



carbon in CH2O) as a conversion factor for carbon. Table 1 shows a list of studies
analysed for this response.

This updated list does not contain all existing studies that provide observational
data of lichen and bryophyte NPP in the boreal zone. In our opinion, however, it
is sufficient to illustrate the order of magnitude of NPP. We did not include the
many studies cited in Gunnarsson (2005); Nungesser (2003) because they focus
on the productivity of Sphagnum in peatlands. This would shift the focus of the
comparison strongly towards peatlands. In the revised manuscript we will explain
the selection of observational data for comparison in more detail in the section
“Simulation setup” and show the updated Table 1 there.

For the revised manuscript we also changed the way of aggregating the observa-
tional data. Now we show only one value for each biome, namely the median of all
measurements listed in the studies for the respective biome. These median values
are shown in the new version of Fig. 7 (see 1). The number next to the median
corresponds to the number of observations used for the computation of the median.
We use the median instead of the mean of all values, because computing the mean
implicitly assumes equal weights for all values. As discussed above, these weights
are not known. We do not show the range of measured values from the studies,
either, because a study site should not be compared to a grid cell. Instead, we
will discuss the high variation of NPP values more extensively in the text in the
section “Simulation setup”.

We will also extend and clarify the sections “Evaluation” and “Discussion” in our
manuscript along the lines of our argument above.



Table 1: Overview of the studies analysed for the revised manuscript. In the boreal
zone, a “P” stands for peatland and an “F” for a forested region. The value
in brackets in the “NPP” column corresponds to the number of observations in
the respective study. A * denotes studies which give ranges instead of single
values. In these cases, we used the mean value of the upper and lower bound
of each range.

Study Biome NPP(gCm−2 yr−1) Included Comment

Additional studies

(Billings, 1987) boreal(P) 9.7 - 78 (2) yes
(Camill et al., 2001) boreal(F) 9.2 - 75.9 (8) yes
(Grigal, 1985) boreal(P) 128 - 152 (2) yes
(Harden et al., 1997) boreal(F) 60 - 280 (3)* yes
(Hobbie and Chapin III, 1996) boreal(F) - no no number for NPP
(Bond-Lamberty et al., 2004) boreal(F) 0 - 297.1 (14) yes
(Mack et al., 2008) boreal(F) 0.4 - 16.2 (7) yes
(Oechel and Van Cleve, 1986) boreal(F) 40 - 44 (2) yes
(Reader and Stewart, 1972) boreal(P) 14.4 yes
(Ruess et al., 2003) boreal(F) 29.2 - 31.2 (2) yes
(Strack, 2008) boreal(P) - no no number for NPP
(Strack and Price, 2009) boreal(P) - no no number for NPP
(Szumigalski and Bayley, 1996) boreal(P) 15.2 - 81.2 (10) yes
(Thormann, 1995) boreal(P) 23.2 - 73.2 (3) yes
(Vogel et al., 2008) boreal(F) 12 - 32 (9) yes
(Wieder and Lang, 1983) boreal(P) 216 - 316 (3) yes
(Schuur et al., 2007) tundra 12 - 60 (3) yes
(Shaver and Chapin III, 1991) tundra 2 - 68 (4) yes
(Shaver et al., 1996) tundra - no NPP not measured
(Garcia-Pichel and Belnap, 1996) desert 0.54 yes
(Klopatek, 1992) desert 5.3 - 29 (4)* yes
(Lange et al., 1994) desert - no no coverage
(Lange et al., 2006) desert - no no coverage
(Schuur and Matson, 2001) tropical - no no separate moss NPP

Studies already included in the BGD manuscript

(Billings, 1987) tundra 10 yes
(Lange et al., 1998) tundra 4.7 - 20.4 (4) yes
(Oechel and Collins, 1976) tundra 38.5 - 171 (2) yes
(Uchida et al., 2006) tundra 1.9 yes
(Uchida et al., 2002) tundra 6.5 yes
(Bisbee et al., 2001) boreal(F) 25 yes
(Gower et al., 1997) boreal(F) 12 yes
(Swanson and Flanagan, 2001) boreal(F) 104 yes
(Brostoff et al., 2005) desert 11.7 yes
(Jeffries et al., 1993) desert 0.07 - 1.5 (3)* yes
(Clark et al., 1998) tropical 37 - 64 (2) yes
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Figure 1: Updated version of Fig. 7. A magenta diamond corresponds to
the median of the observed values in the respective biome. The
number left to the diamond is the number of observed values. See
Table 1 for an overview of the studies on which the observations
are based. The light blue colour corresponds to the lower bound of
the model estimate and the dark blue colour to the upper bound.
The vertical bars represent the range between the most and least
productive grid cell in a certain biome, while the dots show the mean
productivity of all grid cells in this biome. To be consistent with
the measurements from the field studies, only the simulated carbon
uptake in the canopy was considered for the biome “Tropical Forest”
while for the other biomes only carbon uptake on the ground was
considered. The model results are derived from a 2000-yr run with
3000 initial strategies.

2. The results are unrealistic

The reviewer seems to have the impression that the model is not suitable to repre-
sent the productivity of bryophytes in peatlands in the northern hemisphere. The
model does indeed not include a watertable, which means that the “strategies”
have to rely on their specific water storage capacity. This may lead to an under-
estimation of the water supply in peatlands and therefore to an underestimation
of NPP. We will add this point to the section “Discussion”.

Although the model does not represent the high productivity of some peatlands,
the simulated productivity averaged over the whole boreal landscape seems to be



realistic. Our estimate of NPP on ground averaged over the boreal zone is 2.5 - 29
gCm−2 yr−1, the range of the grid cells is 0.9 - 83 gCm−2 yr−1 (see Fig. 7 in our
manuscript).

Modelled estimates of bryophyte NPP are 29.2 gCm−2 yr−1 for forested regions
(Bond-Lamberty and Gower, 2007). For peatlands (bogs, fens, etc), models pre-
dict 58 gCm−2 yr−1 (Frolking et al., 1996), 162 - 244 gCm−2 yr−1 (Yurova et al.,
2007) and 159 gCm−2 yr−1 (Wania et al., 2009). The median NPP from several
empirical estimates of NPP amounts to 25 gCm−2 yr−1 in forested regions and
68 gCm−2 yr−1 in peatlands. These values are derived from the studies cited in
our revised manuscript (see Table 1 above for details). Regarding peatlands, the
studies of Gunnarsson (2005); Nungesser (2003) contain a great number of observa-
tional data on Sphagnum NPP. Assuming a conversion factor of 0.4 from biomass
to carbon (C in CH2O) gives a mean value of 106.4 gCm−2 yr−1 for the studies
listed in Nungesser (2003) and 103.6 gCm−2 yr−1 for Gunnarsson (2005).

As we explained above we think it is problematic to assign a certain value of
NPP to the boreal zone based on observations. Nevertheless, the empirical stud-
ies and the models cited above suggest a value of bryophyte NPP of around 30
gCm−2 yr−1 for forested areas and 100 gCm−2 yr−1 for peatlands. These values
correspond roughly to our average upper bound for the boreal zone and to the
value of the most productive grid cells, respectively. Given the limitations of the
model regarding simulating peatlands, we think the model estimates for the boreal
zone are reasonable.

• highest NPP values in forested areas in boreal zone is problematic, since NPP
is highest in open peatlands.

We will point out in the revised manuscript that peatlands are not explicitly
simulated, as explained above. Therefore, the “forested areas”also include
peatlands in the model. We will change the term “forested areas” to “boreal
zone”.

• Figure 7 does not seem to show good agreement of model estimates and obser-
vations. Presenting some statistics or other quantitative information is really
necessary here.

As we discussed above, it is problematic to compute an R2-value for the
model-data comparison because we cannot compare grid cells to study sites.
On an order-of-magnitude basis, we still think the results are realistic. For
the boreal zone, the observational data are at the upper bound of the model
estimates. We will discuss possible reasons for this (see above) in the revised
manuscript.

• Figure 7: the log scale makes it very difficult to compare points. How about a
modeled:observed plot with 1:1 line?

The log scale is necessary because the lower bound of our model estimates
and the associated range of grid cell values would be unreadable on a linear



scale. A “classical” modeled:observed plot is also problematic. As we have no
model estimates at the locations of the study sites, we would have to compare
the range of model estimates with points from the empirical studies, and we
would still have to use a log scale.

3. There is no comparison to other bryophyte models (see e.g. Turetsky et al. (2012)).

The bryophytes models mentioned by the reviewer are in general specific to growth
of moss (Sphagnum and, in some cases, feather moss) in boreal and arctic regions,
especially in peatlands. The models of Wania et al. (2009); Frolking et al. (2002);
Yurova et al. (2007), for instance, are designed to predict NPP of moss in peatlands,
while others focus on ecosystem responses to climate change (Bond-Lamberty and
Gower, 2007; Euskirchen et al., 2009; Zhuang et al., 2006), simulating peat accu-
mulation (Frolking et al., 2010) or peatland microtopography (Nungesser, 2003).
These models are parameterised to represent a specific process, namely moss NPP,
in a specific habitat. The purpose of our model, however, is to estimate productiv-
ity of bryophytes as well as lichens under a broad range of environmental conditions
around the globe. Moreover, we account explicitly for the physiological variation
of lichens and bryophytes and for different locations of growth (canopy vs ground).
For these reasons, it is not possible to parameterise our model in a way similar to
the bryophyte models cited here. Although we could probably implement a “strat-
egy” similar to Sphagnum, the physiological and microclimatic data for many other
bryophyte and lichen species are not available. As described on page 3744, line
16, the motivation to use random “strategies” in the model is to represent the
functional variation of the organisms without knowing the physiological details of
each species.

We will add a paragraph to the section “Introduction” where we will summarise
the studies mentioned above and explain the methodological differences to ours.

• Not even Clymo’s classic work is cited

The paper of Clymo (1984) is a basis for many models of peat accumula-
tion. Our focus, however, is global simulation of NPP by lichens as well as
bryophytes. Hence, the paper does not fit our purpose since it focuses more
on the dynamics of the peat layers than on the NPP of bryophytes.

4. Model description

• The reader has no idea of the model’s timestep

The timestep of the model is mentioned on page 3747, line 9 (Sect. 2.3
“Simulation setup”): “. . . the model runs on an hourly time step . . . ” and it
is also listed in Table B8 in the appendix. Moreover, we refer to this table in
the appendix at the beginning of the section “Model description”, page 3740,
line 11 and also at the beginning of Appendix B (“Model details”), page 3759,
line 10.



• What language is model written in? How long does it take to run? Whats the
timestep (yes, I see equation B32 but thats no help)? Is it open source and
freely available, if so from where?

The language of the model is Fortran 95 and the simulation described in the
manuscript (2000 years, 3000 “strategies”, 2.8◦ resolution) takes 7 days on
48 processors of a parallel computer. We will add these points to the section
“Simulation setup”. For the timestep, see the previous point. Regarding the
source code of the model, we write at the beginning of Appendix B (“Model
details”): “. . . the source code of the model which is available on request
(pporad@bgc-jena.mpg.de) . . . ” We will repeat this information also in the
section “Simulation setup”.

5. Small-scale variation (e.g. microtopography) is ignored, which sheds doubt on the
accuracy of the model.

Every model has to make simplifying assumptions, also small-scale models are not
an exact replication of natural systems and are therefore not “accurate”. The
question is rather, if neglecting sub-grid scale variation leads to large errors and
systematic biases in the model estimates, meaning the value of global net carbon
uptake. This would be the case if the relations between climate and carbon uptake
were strongly nonlinear. Then, the value of carbon uptake derived from the mean
climate in a grid cell would differ from the mean of the values of net carbon uptake
based on all the microclimates within a grid cell. To assess the effect of variation
in environmental conditions on the model estimates we performed a sensitivity
analysis (see Table 2 in our manuscript). The model does not seem to show strong
nonlinear behaviour. Compared to the effect of the physiological parameters, the
model estimates are rather insensitive to changes in environmental/climatic condi-
tions. Of course, we cannot rule out that small-scale variation has some effect on
the model estimates, but the lack of microclimatic (or microtopographic) data at
the global scale makes it impossible to quantify this effect. This issue is discussed
already in the section “Discussion” of the manuscript on page 3755, line 3 to 21,
but we will extend this section for further clarification.

6. What kind of bias might be introduced by assuming that the metabolic activity of
a lichen or bryophyte is a linear function of water content? (see Williams and
Flanagan (1998))

Comparing our equation to describe metabolic activity (Eq. B21, pictured in Fig.
B11 in the appendix) to the curves in Fig. 2 c) and d) in Williams and Flanagan
(1998), it seems that the linear approximation is reasonable. Both the curves
in Williams and Flanagan (1998) and our function for metabolic activity show a
constant value of full activity above a certain threshold water content. The increase
from 0 to full activity in Williams and Flanagan (1998) is nonlinear. Since the
threshold water content in our equation of metabolic activity is flexible, however,
the bias due to nonlinearity should be small (see orange lines drawn in Fig. 2).



We will add to Sect. B3.4 that the metabolic activity has been shown to increase
nonlinearly and that the linear function is an approximation.

Figure 2: Metabolic activity as a function of water content from Williams and
Flanagan (1998). The orange lines are examples for our Eq. B21
with a flexible threshold water content.

7. by net carbon uptake do you mean NPP? Use a standard term, here and throughout.

NPP is a standard term for vascular vegetation and it is frequently used in the
modelling community. It is less known in the community of lichenologists and
bryologists. Since this paper also addresses this community, we use a general,
more descriptive term. We will add to the revised manuscript that net carbon
uptake corresponds to NPP.
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