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Answer to Referees and Editor, and description of how

the comments were handled

Cecilia Akselsson, August 2019
Associate Editor Suzanne Anderson asked for major revisions (10 May 2019), based on the comments
from the two reviewers and on our answer to the comments. The manuscript has been thoroughly
reworked, based on the comments, and in our opinion substantially improved. In this document, we
describe how we answer the comments and describe how we have handled them (pages 1-33), and we
also attach the manuscript with track changes (pages 34-98). We first answer the comments and
describe the changes related to the comments from Referee 1 (pages 1-24), then Referee 2 (pages 25-
27), the Editor (pages 28-31) and finally answers to the comments by the Editor that came along with
the decision (pages 32-33). All answers are written in italics, in order to be able to separate between
comments and answers. In the comments, the page and line numbers in the original manuscript are
referred to, whereas in the answers, the page and line numbers in the revised version (without track

changes) are referred to (akselsson_etal_aug2019.pdf)).

Answers to comments by Referee 1 (R1)

Comments from 19 March 2019

R1 starts off with a paragraph with general comments, followed by a long paragraph with specific

comments.

General comments

“The authors present an overview or synthesis of base cation weathering studies carried out under the
Swedish QWARTS project. The paper is clearly part of a special issue, as much of the text refers to
other papers in ‘this issue’. Given the dependence on other papers, it is not a standalone paper but a very
‘Swedish’ view of soil weathering. Nonetheless, the paper has an important objective, to demonstrate

that despite the variation in estimated soil base cation weathering rates at the site level, there is general
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agreement and these data can be used to support the assessment of sustainable forestry. However, the

paper falls down in several areas:”
“1. The text is overly long, at times there is extensive repetition within and between sections,”

We have removed redundant and repetitive text and shortened parts that are described in other papers
in the special issue. The paper (including first page and references but without Tables and Figures) is

now 29 pages, compared to more than 37 pages before. The main changes are listed below:

We have changed to a more conventional structure with a Methods section and a Result and Discussion
section. This eliminated much of the repetitions. This is further described in the answer to general

comment #2 below.

We have removed descriptions of models not represented in the results, according to the answer to

general comment #2 below.

We have reworked the chapter “Potential for biological weathering”, which has reduced the length
from 3.5 pages to 1 2/3 pages. We have removed detailed descriptions and discussions that can be
found in the paper Finlay et al (in review, this issue), and instead focused on the implications of the new

in-sights from a modelling perspective.

We have shortened the chapter about “Future research”, according to the answer to general comment

#3 below, and renamed it to “Prospects for method development”.

“2. The text had a tendency to loose focus, the manuscript jumps between project summary, scientific
review, and comparison of specific results, and while the authors forewarn of the contents in the
abstract, the conclusion more succinctly speaks to the true contribution of the paper, if there are other

papers in this special issue, do the authors need to be so broad in their coverage?”

This comment, as well as general comment #3, questions the structure of the paper. Based on these
comments, and recommendation ‘a’ (below), we have clarified the aims in the end of the introduction,
restructured the text, removed parts that are not contributing to answering the aims, removed
repetitious text and shortened parts that are described in other papers in the special issue. The aims

now read: “The aims of this study were to (1) investigate the variation in weathering rates from
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different approaches in Sweden, with consideration of the key uncertainties for each method, (2) assess
the robustness of the results in relation to sustainable forestry and (3) discuss the results in relation to
new insights from the QWARTS programme, and propose future research to further reduce
uncertainties.” The restructuring and shortening of the text is described more thoroughly below, and in

answers to general comment #1 and #3.

-We still want to be a bit broad in the coverage, e.g. including the part of biological weathering and the
implications of higher resolution of chemical reactions (to answer aim 3), but we have reduced the

length of those parts substantially.

-We have changed the structure, so that it follows a more conventional scheme, with a Methods section
and a Results and Discussion section. We start the Methods section by describing how we have
compiled the data for the weathering rate comparison based on literature studies, we continue with a
brief description of each method (shortened versions of the old ones), including methods for regional
applications. Finally we describe how we made the comparison with harvest losses. We removed the
descriptions of the models not used for any of the sites in the paper, i.e. WHITCH and Crunchflow. By
having a pure Methods chapter, we avoid some of the repetition that now exists, e.g. regarding model
descriptions (in the chapter “Methods for estimating weathering rates” and the chapter “Weathering
rate comparisons on a regional scale”). In the Results and discussion chapter we start with site level
results, continue with regional results and then the comparison with harvest losses. Thereafter, sections
about potential for biological weathering, more detailed chemical reactions and prospects for method
development follow.

3. Section names and section contents are confusing, the section on future research seems to focus on
limitations, while repeating text from previous sections, and generally has the feeling that much of the

text could have been integrated into previous sections-

Regarding confusing section names and contents, see answer to general comment #2, where we
describe how we have restructured the paper with new section names. We agree that the section about
future research is too long and insufficiently focused. We have shortened it substantially, renamed it to

“Prospects for method development”, and removed or moved parts that do not fit in.
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4. Unfortunately, much of the comparison between weathering estimates is too qualitative, there is no
quantitative assessment, statements such as ‘they agree’, ‘do not agree’ or ‘estimates are similar’ need
quantitative support.

We have added medians, maximum, minimum and “maximal deviation from median (%,)” in Table 3,
with site-level weathering rates, and we refer to those numbers in the text (sectin 3.1). For the regional-
level comparison and the sustainability assessments, we have added numbers to quantify the difference.
In the regional-level comparison we compare medians and the width of the intervals in the text (section
3.2). In the sustainability assessments, we give the difference between weathering rates and harvest
losses in %, in the text (section 3).

| suggest the authors (a) step back from their manuscript and try to pinpoint their exact (unique)
contribution, (b) they should remove repetitious text, and remove text that is described (reviewed)
elsewhere in the special issue, and (c) add a stronger quantitative element to their comparison /

assessment of weathering / sustainable forestry.

(a) See answer to question #2 above.
(b) See answer to question #1 above.

(c) See answer to question #4 above.

Specific comments

Page 2 L1. It was internationally recognised during the 1970s but regionally recognised long before
that... 1 to 2 decades!

We changed from “first recognised” to “internationally recognized”. Moreover, we changed “during
the 1970°s” to “the late 1960°s”, in accordance with what is written in the introduction. (Page 2, line
1)

L2. one could argue that the peak was a little later... 1980s to 1990s?

We have changed to “1980s and 1990s”. (Page 2, line 2)

L4. Reword / clarify more harvest’, more correctly you are referring to the use of forest residues for
renewables!

We replaced “more harvest” with “forest residues”. (Page 2, line 4)

4
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L7. lab —> laboratory

We have change accordingly. (Page 2, line 8)

L7. There was no intensive modelling? Perhaps ’extensive’ is superfluous?

We have removed “extensive” (Page 2, line 8)

L8. Simplify (here and throughout): *This paper presents the state...’

We have clarified the aims (Page 2, lines 8-11) based on the general comments, as described in the
answers to the comments above. By doing this, the text has been simplified.

L9. You jump too quickly into the specific of the results, give the reader a more guided introduction,
’Under the project, we found that... ’

We have now started the presentation of the results with “In this study we...”. (Page 2, line 11)

L10. Variation from what? Data? Methods? Remember the international audience knows nothing of the
project!

We refer to the variation in estimated weathering rates from different approaches. We have now
clarified that. (Page 2, line 12)

L12. Important but the manuscript would greatly benefit from the *word smiting’ of the native English-
speaking co-authors, Finlay and Bishop?

The manuscript was corrected by a professional language editor before submission! Finlay and Bishop
have participated in the revision of the manuscript.

L13. I think this is an important result but the term ’clear imbalances’ obscures the implications of the
findings. The activities are unstainable.

We have clarified the text accordingly: “...showed sites where whole-tree harvesting was clearly not
sustainable...”. (Page 2, lines 14-15)

L16. Step back and provide greater support... approaches based on the weathering of (observed)
mineralogy, such as PROFILE..., provide the most important fundamental understanding of the
contribution of weathering to long-term availability of base cations to support forest growth,
nonetheless, these approaches should be continually assessed against...’

We changed to “Based on the research findings in the QWARTS programme, it was concluded that the
PROFILE/ForSAFE family of models provides the most important fundamental understanding of the



10

15

20

25

contribution of weathering to long-term availability of base cations to support forest growth. However,
these approaches should be continually assessed against other approaches.” (Page 2, lines 17-20).
L19. this point needs further development / clarity

The two last sentences were replaced with one: “Uncertainties in the model approaches can be further
reduced, mainly by finding ways to reduce uncertainties in input data on soil texture and associated
hydrological parameters, but also by developing the models, e.g. to better represent biological
feedbacks under the influence of climate change.” (Page 2, lines 20-22).

Page 3. L1. change acid to acidic throughout

We have gone through the document and changed accordingly.

L3. remove one "processes’

‘

We have reformulated to: “...extensive research examined processes that acidifies and counteracts
acidification....”. (Page 3, lines 2-3)

L5. refer to SWAP first, it started before NAPAP (and is more important in a European context)

We have changed the order of SWAP and NAPAP. (Page 3, lines 3-6)

L7. You need to provide more context for critical loads; it is an effect-based approach for emission
reductions, essentially a direct response to the recognition that emissions of sulphur dioxide were
causing significant impacts. Notably it has nothing to do with SWAP or NAPAP!

We changed the first sentence about critical loads to: “In the end of the 1980s, the critical load concept
was developed as an effects-based approach for emissions reductions (Nilsson and Grennfelt,
1988),....”". By doing that, we add info about CL being an effect-based approach for emission
reductions. By starting with “In the end of the 1980s...” we discouple this sentence from the sentence
about SWAP and NAPAP. (Page 3, lines 6-7)

L9. ’A critical load...”

We have changed from “The..” to “A..”. (Page 3, line 9)

L11. ... critical loads of acidity...’

We have added “..of acidity”. (Page 3, line 11)

L15. Yes, very true but those of us interested in water barely consider weathering directly...?

We don’t understand what R1 suggests here. We have not done any changes.
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L16. ... and as such a sink of acidity’.

We have revised as suggested. (Page 3, line 17)

L19. You need to differentiate between plot and catchment scale estimates, models such as MAGIC are
process-based, and can be used to provide catchment-based estimates of weathering, however, they are
fundamentally different to process-based estimates from PROFILE.

In the changes of the introduction, to meet other review comments, this paragraph has been changed.
Now the main content can be found on page 3, line 30-: “Therefore, a number of indirect methods to
quantify weathering rates have been developed, e.g. process-based modelling (Sverdrup and Warfvinge,
1993), soil measurements where the depletion of weathering products in different soil layers is
determined in order to assess average weathering rates since soil formation (Olsson et al., 1993), and
budget calculations where all other parameters except weathering are measured (Lundstrém, 1990;
Jacks and Aberg, 1987; Wickman and Jacks, 1991; Sverdrup et al., 1998).” In the way it is written now,
we don’t think it is necessary to mention scales here (we don’t want to make the Introduction longer).
The differences between methods are described in the Methods sections.

L24. 1 do not completely agree with this. Many jurisdictions were faced with national scale modelling,
and the application of simple approaches such as ’skokloster’ provide a practical solution compared to
the application of a process-based model that requires quantitative mineralogy on a high spatial
resolution... more correctly, given the high loads at that time, the uncertainty in weathering was trivial.
We changed to “The uncertainties in weathering rates were, during the times of high deposition, less
important. Therefore, the interest waned in further weathering research that might revise these
weathering estimates. ” (page 4, lines 6-8).

L29. Was it severity, or a shift in policy to support mitigation of climate change impacts?

The policies changed when the severity of climate change became fully recongnized, and it was the
policy shift which led to higher demand of renewable fuel. The sentence now reads: “As the severity of
climate change became fully recognised, policies for mitigation of climate change led to increased
demand for renewable fuels, thereby increasing the pressure on forests.” (Page 4, lines 9-10).

Page 4. L1. increase from 25

Yes it increased again after 2016, it was a temporal dip. The sentence now reads: “Since 2000 in
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Sweden, the proportion of clearcuts involving whole-tree harvesting has increased from around 15% to
25-35%, according to statistics from the Swedish Forest Agency, except for 2014-2016, when the
proportion was temporarily 15-25% due to lower energy prices during that period.” (Page 4, lines 11-
13).

L3. Substantial

It now says: “a substantially increased removal”. We have not changed since we think that it is correct
as itis.

L5. Depletion methods needs more description... or just exclude such detail for the moment (estimates
of base cation weathering...)

The description of the Depletion method comes later. We did not do any changes.

L11. ’Akselsson et al. (2007) used a mass balance approach (with weathering estimated using
PROFILE) ...’

This part of the introduction has been shortened during the revision. However, we still mention this
study: “Accordingly, mass balance calculations, with weathering and deposition as inputs and harvest
losses and losses through leaching as outputs (Akselsson et al., 2007) (Fig. 1), as well as simplified
calculations, where weathering rates are compared with base cation losses through harvesting (Olsson
et al., 1993), have been used during the last decades, for forest sustainability assessments. ” (Page 4,
Line 19-22).

L17. I suggest *Similarly, the influence of whole-tree harvesting ...”

This part has been removed during the revisions.

L20. Yes, but only in a Scandinavian context, this has not spilled over into the rest of Europe or north
America (yet).

OK, it is interesting to think about why. We have added “in Scandinavia”. (Page 4, line 25).

L23. Was the conclusion valid? | would suggest the greatest uncertainty was derived from comparing
approaches that should not have been compared?

We agree that it makes no sense to compare weathering rates estimated for different soil depths. That is
also what Futter et al concluded, which we write about in the next paragraph. We have not done any

changes here.
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L30. It is okay to call out errors. Three approaches? In truth there are two. Mass balance approaches
where you indirectly estimate weathering rate (there are also other indirect methods) OR mineralogy-
based approaches, often if mineralogy is not available you have surrogate-based approaches but *at least
three approaches’ may verge on ridiculous? Weathering is the breakdown of minerals... so what does
three independent approaches refer to?

We are also skeptical about the conclusion about three approaches. However, we have written about
that in the discussion, and base it on the results from this study. We think that the discussion is a better
place to “call out errors” than the introduction.

Page 5. L1. Provide background on the depletion method... total analysis regression... the reader need
help.

To not make the introduction too long, we removed the names of the methods. They are presented in the
Methods section.

L3-4. reference to other methods are difficult to navigate...

Methods names removed, see above.

L7-8. Combine sentences... reduce words...

We changed to: “Two other potential sources of uncertainties that have been explored, but that are still
widely discussed, were revisited: (1) the role of biological weathering that might generate weathering
not included in the current generation of biogeochemical models (Banfield et al., 1999; Finlay et al.,
2009; Finlay et al., in review (this issue)) and (2) simplifications relating to base cation exchange and
aluminium complexation (Tipping 2002; Gustafsson et al., 2018 (this issue); van der Heijden et al.,
2018).” (Page 5, lines 10-14).

L17. ... by revisiting older w...”

This part has been removed as part of the simplification suggested by the referees.

L21. Flows or removals?

This part has been removed as part of the simplification suggested by the referees.

L30. Replace flows with ’sources and sinks’

This part is now in the Introduction (Page 3, line 29). We changed according to the suggestion.
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Page 6. L2. Cite "Warfvinge and Sverdrup, 1992’ for PROFILE

We have changed accordingly. (Page 6, line 22)

L2. The work of Susan Brantley should be cited here

We added a sentence and included a Brantley reference. We also included references to other
weathering models: “Due to the difficulties in measuring field weathering rates, weathering kinetic
haves been frequently studied in laboratory environments (Brantley et al., 2008). Mechanistic modelling
of weathering rates, based on laboratory-determined weathering kinetics, is one of the most widely
used approaches for estimating field weathering rate (Warfvinge and Sverdrup, 1992; Godderis et al.,
2006, Maher et al., 2009).” (Page 6, lines 19-22).

L7. The key point here, and what separates PROFILE from other approaches, it that weathering is
derived from the breakdown of mineralogy (an essential input), the other inputs only estimate the
amount of minerals that are being weathered.

We included that in the first sentence: “The PROFILE model (Warfvinge and Sverdrup, 1992) is a
steady state soil chemistry model where weathering is derived from the breakdown of minerals...”
(Page 6, lines 22-23).

L13. Again, it might be worth citing Brantley here...

We didn’t add a reference to Brantley also here, since this part is specifically about PROFILE.

L17. hydrological model...

We have changed “hydrology” to “hydrological” (Page 7, line 6).

L21. The discussion / details on SAFE and ForSAFE can be removed.

We want to include a description of FOrSAFE, as for the other approaches. However, we have reduced
the description about the models, in the restructuring of the paper. SAFE is mentioned since it is still
more well-known in some contexts, in order to explain how SAFE and ForSAFE relate to each other.
(Page 7, line 3-)

L30. Simplify to PROFILE

This section has been removed, as part of the shortening of the paper. See answer to general comment
#2.

10
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Page 7 L4. There is an application of SAFE to Hubbard Brook which models the catchment (compared
with MAGIC, VSD, etc.)

Also this section has been removed we now focus on the methods used in this study, in order to get a
shorter and more focused paper, according to the referee comments.

L7. Should MAGIC be cited here or under *mass balance’ approaches? PNnET-BGC is another example
of a model that uses a mass-balance approach

We actually thought a lot about that. It fits in both chapters. We have thought about it again have now
decided to put it under “Budget calculations” (page 9, lines 11-18). We have't mentioned PnET BGC,
since we now only include models that have contributed to weathering rates in this paper (see above).
L17. Assumes that deeper soil is the parent material, so does not work for glaciofluvial soils, etc.

We will clarify that in assumption nr 2 (Page 8, line 2): “(2) the soil pedon consists of homogeneous,
where the deep soil constitutes the parent material,...”

L26. Could add that the approach has been widely used and cite a few examples?

We have done that. (Page 7, line 26-27)

L27. Typically referred to as ’Catchment mass balance budgets’ as they are widely estimated at the
catchment scale, as such the estimates of weathering are an average of a larger landscape unit and can
be highly influenced by localised geology.

The examples in this paper is site mass balance studies. Therefore, we will not change to *Catchment
mass balance budgets’.

L28. MAGIC should really be mentioned in this section!

See answer to comment on Page 7, L7 above.

Page 8 L10. Retitle to ’strontium isotope ratio’

This chapter is now part of the budget calculation chapter, so the title is removed.

L17. This really should be included under the depletion, as it is a derivative of that approach

Yes, the total analysis regression method is a derivative of the depletion method. However, we decided
to keep them separated, but clarify in the beginning that this is the case. The reason is that, in the single
site comparison, the total analysis regression methods are in many cases referred to, and in one case

(Gardsjon), weathering rates have been calculated both using the depletion method, and using the total

11
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analysis correlations. We now start the chapter about the total analysis regression with “The total
analysis regression method is a derivative from the depletion method, which requires much less soil
data than the depletion method.” (Page 8, lines 9-11).

L24. Remind the reader that you are focused on QWARTZ, i.e., "'Under QWARTZ, weathering ...”
The restructuring of the paper, to the more conventional division into methods and results, makes this
information superfluous. Moreover, we have used data from the QWARTS programme, but even more
from earlier studies. Thus, we did not do any changes.

L30. ’profile 17-20cm deeper’, this is a little unclear. I assume in simple terms the soil depth differs
between estimates... Maybe present table on a *weathering per cm’?

We have made major changes in this chapter, and this part is removed. We don’t want to add a new
table, since we are trying to shorten the paper, and since the depths are the same for the same site,
except for in Gardsjon and Svartberget, where we have different rows for the different subsites (with
different depths).

Page 9 L2. This is an important point and should perhaps be stated much earlier, homogeneity of soil
and bedrock are important considerations for agreement / lack of agreement between approaches

We think it fits good here, in the very first part of the results.

L15. Why does the depletion indicate a lower weathering rate? This could suggest that the un-weathered
layer did have weathering? In many of the studies in Table 1, the depletion method is lower. Why?
However, it may also be argued that the range between methods is smaller than the uncertainty?

We have some potential explanations to this in page 11, lines 24-28. One of them is in accordance with
the suggestion above about that the “original till” is actually weathered till from earlier glaciations.
L21. Do you mean ’soil bulk density’?

Yes, we have clarified that (page 11, line 11).

L23. Correct to to’

This sentence has been removed in the restructuring and shortening of the paper.

Page 10 L19. Disqualified? Excluded! However, just exclude, and note in a footnote to the Table. No
need to explain

We changed to ‘excluded’ and refer to Stendahl et al. instead of explaining in detail. However, we keep

12
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it here, not in a footnote in the Table, since the sites are not part of the Table, and a footnote about
three other sites feels a bit out of place. (Page 5, line 30).

L30. Till is the most obvious / likely explanation... remove other excludes / reasons and only present
this one.

We have changed the order, so that the till explanation comes first. However, we keep the others as they
also might be contributory explanations (Page 11, lines 24-28).

L34. What does ’conceptual limitations’ mean? clarify

We agree that this is not a good expression. We have shortened this part, and removed the
“explanation”, and refer to the discussion in Stendahl et al.(Page 11, lines 30-33).

Page 11 L1. *for Ca and Mg...’

We have added ‘for’ (page 11, line 32).

L3 to L10. This can be reduced to one sentence, state *The majority of weathering rate estimates were
classified as acidic or intermediate (cite Table, UNECE, etc.).

We shortened the paragraph. It now reads: “The intervals of all sites were compared with four
reference weathering intervals, based on weathering rate approximations frequently used in the critical
load work (Fig. 3; de Vries, 1994; Umweltsbundesamt, 1996). The majority of weathering rate
estimates were within or close to the interval outlined for acidic/intermediate parent material with
coarse texture. ” (Page 12, lines 7-9).

L4. Figure 2 essentially repeats Table 2; the classification could be added to the Table 2 instead.

We think that the figure referred to, which is now Figure 3, gives a good overview, much better than the
table (which is now Table 3), but we also want to share the actual numbers in the paper, so we would
like to keep both.

L10 to L14. This text repeats detail already discussed.

This part has been removed in the restructuring and shortening of the paper.

L20. This is a long section, and rather than go through each site (one by one), it would be more efficient
to summarise and focus on the broad agreement, and disagree, but describe from the point-of-view of
the factors that drive disagreement, e.g. ’ ... there was slight disagreement between some estimates

owing to difference in input data use by the different approaches, such as soil depth (give example) or

13
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soil moisture (give example). The table is provided, so the reader can evaluate the results, and there is
no need to describe in detail.

We have shortened section 3.1 abut site-level comparisons substantially (from three pages to just over
two). We have added quantitative measures and have removed many f the details.

L22. are they scaled-up or just regional applications (more sites)? How are they scaled?

It is more regional applications (more sites). However, this formulation was removed during the
restructuring of the paper.

L25 to L33. The relationship between ForSAFE and PROFILE has already been described at length.
There is no need to repeat again.

This has been solved by restructuring the paper to a more conventional structure with methods, results
and discussion, see more detailed description in the answer to general comment #2. The difference is
now described in Methods. (Page 7, lines 15-18)

Page 12 L7. Is the analysis really only based on 11 sites? Did the study use 11 sites to predict at 400+?
Yes, this is described in Olsson et al. (1993) which we refer to.

Page 13 L5. Is this the same approach as used with PROFILE? Did both use UPPSALA? Clarify

No, another normative model was used for PROFILE. However, we have shortened the method
description according to earlier comments, and do not include this information in the paper anymore,
but instead refer to the papers where it has been described thoroughly, so we don’t add anything based
on this comment.

L14. Again, is this similar to MATCH used in PROFILE. Perhaps have a consistent description (and
only described in one place in the text)

Yes, MATCH was used for both. However, due to the shortening of the method description (see above),
we don’t include this info in the paper, instead we refer to the papers where it has been described
thoroughly, so we don’t add anything based on this comment.

L15. Why compare PROFILE and ForSAFE. Are they dramatically different, or are you just comparing
the effect of different hydrological data on estimates of weathering? The justification for this needs to
be clearly stated under section 4. This is a very different comparison to total analysis (which is

fundamentally a different estimate of weathering).
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We agree that the comparison is very different than a comparison with to completely different
approaches. PROFILE and ForSAFE are built on the same weathering reactions, but the dynamics in
ForSAFE affects weathering rates. Also, the fact that e.g. hydrology is modelled in ForSAFE, whereas
it is input data in PROFILE, may affect weathering rates. This is described thoroughly in Kronnas et al.
in the same issue. We have now clarified this in the Methods chapter, page 7, line 15-19: “Although the
weathering module is the same in PROFILE and ForSAFE, some differences can be expected since
ForSAFE includes dynamics, which means that weathering is affected by other processes over time, and
that soil moisture, which is an input in PROFILE, is dynamically modelled in ForSAFE.”

L16 to L18. This detail should be presented under the main part of section 4

This part has been completely changed and shortened in the restructuring of the paper. The information
about methodology for regional runs can be found in Methods, on Page 7, lines 20-24.

L19. Why use climate regions?

We want to show regional differences, and those regions are logical in the way that they represent
different climate and atmospheric deposition regimes. They have been used in one paper, just accepted
for publication (Belyazid & Zanchi, 2019), and are used also in Belyazid et al (this issue).

L24. Above you have noted that the differences in estimates of weathering is often driven by differences
in inputs (under different applications) for the same model. Here you add further confusion to that
issue... What is the goal of the comparison?

The goal of the comparison was not to run different approaches on many sites with exactly the same
input data. The goal was to collect published weathering estimates from different approaches, in many
cases run independently of each other, and compare, to get a span covering both differences in
approaches and differences in input data used. This represents the reality for e.g stakeholders. We show
that, even though we do like this, we can draw conclusions about sustainability. This is clarified in our
new first aim: “(1) investigate the variation in published weathering rates from different approaches in
Sweden, under consideration of the key uncertainties for each method,”

L29. Above you state they are more-or-less the same, and since that statement we find that one is higher
than the other, and so on... which is the truth?

We wrote that there were “no large systematic differences between the medians or ranges for the

15
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different methods”. And that “ForSAFE gave somewhat higher medians than PROFILE for all regions,
especially in the northern regions.” We don’t think that it is contradictory, it is still no large systematic
differences. However, we agree that it could be better formulated Now we start the chapter about
regional level comparisons with: “The weathering rates for the nutrient base cations Ca, Mg and K
varied widely within the regions for all methods, but there were no large systematic differences between
the medians or ranges for the different methods (Fig. 4-5). However, PROFILE gave generally
somewhat lower weathering rates than ForSAFE and the Depletion method/Total analysis regression
approach, with overall medians of 14.3 mekv m2y™ (PROFILE) and 17.8 mekv m2y™ (ForSAFE and
the Depletion method/Total analysis regression approach). ” (Page 12, lines 15-19).

L33. Maximum weathering depth? This is confusing, why compare if they represent different depths /
pools? This needs clarification, the text suggests that PROFILE covers a shallower depth compared with
Total Analysis. They why compare? Normalise both to the same depth before comparing.

In this paper we have used results already published. We have decided not to try to normalize them,
then we would add extra assumptions (e.g that weathering per cm is constant in the soil profile, which
we know is not true). We know e.g. that the weathering rates according to the depletion method are
much slower further down in the soil profile. We have thus decided to discuss the differences in depths
instead of normalizing.

Pagel4 L6. Reword... what comparison between regions?

Here we mean the comparison of weathering rate intervals between regions. The sentence now reads:
“In most cases, the width of the weathering rate intervals showed no major differences between the
regions.” (Page 13, line 5)

L8-L9. This statement, and similarly many of the statements in the previous section, are very
qualitative. There is no quantitative element to the comparison at the site or regional level. Statements
such as broadly agree, similar / non-similar are fine IF they are also supported by a quantitative
assessment. This is missing.

We have now quantified differences in the chapter 3.2 Weathering rate comparisons on a regional level.
For example, we compare medians between the approaches and regions. See also answer to general

comment #4, regarding similar changes in other parts of the paper.
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L10+. This has been already stated, and is obvious, it should be noted in the main part of section 4, and
not included as part of the comparison (it was known before starting the comparison). However, it
would be useful to know the purpose for such a comparison?

See answer to comment regarding page 13, L15.

L15. I think (more-or-less) the results of this assessment are stated here, as such, perhaps the whole
assessment could be collapsed to one paragraph?

We have substantially shortened chapter 3.2, as part of the restructuring and shortening of the paper.
L27. If it is already described, then why repeat here?

We have substantially shortened the chapter about biological weathering, focusing on implications of
insufficient process descriptions for modelling results, in line with the comments from Referees and
Editor.

L30. wording *dependent’

Chapter 3.4 about Biological weathering has been very much shortened and this formulation has been
removed.

Page 15. L1-L5. Citations?

We added the reference Sverdrup and Warfvinge, 1993, where this is gone through more thoroughly
(Page 15, line 11).

L11. The weathering process in safe is not directly affected by biological processes, it is only affected in
as far as the recognition that some of the processes are likely influenced by biology.

Biological processes do affect weathering in PROFILE, SAFE and ForSAFE through the following
pathways: 1- uptake reduces cation concentrations, directly alleviating the brakes on weathering, 2-
transpiration reduces water availability, thus limiting one of the four weathering kinetics (dissolution in
water), and increasing concentrations, which can have positive (in case of acids) or negative (in case of
cations) effects on weathering, 3- cation uptake produces more protons in the soil solution, lowering pH
and promoting weathering, and 4- the production of dissolved organic radicals through litterfall
decomposition and in the case of ForSAFE exudation contribute directly to one of the four weathering
kinetics. Through these four pathways, the models do directly modify weathering rates based on the

outcome of biological activity as described here.
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L12. PROFILE has some biological feedback? Really?

See answer to L11.

L33. *There is extensive literature...’

This part has been removed when the chapter about biological weathering was shortened.

Page 16. L1 to L34. The entire page (and some of the previous) presents a good review of the ’state of
knowledge’ but it can be much reduced... and the benefit / objective of such a review should be
considered... why cover so much text if this if not part of the work under QWARTS described by the
authors.

We have shortened this chapter substantially, see answer to general comment o1,

Page 17. L24. "We found’? Which "we’?

This part has been removed when the chapter about biological weathering was shortened.

Page 18. L4. Was this stated already?

We have shortened the chapter substantially and got rid of repetitious text.

L10. What does the section title mean?

We changed the title to “Implications of improved model descriptions of base cation exchange and

’

aluminium complexation’
19).

L17.Why ’state-of-the-art’. WHAM has been around for decades?
We removed ‘state of the art’. (Page 16, lines 26-27).

, Which is similar to how it was phrased in the Introduction (Page 16, line

L22. Replace *former’ with specific term.

We did that: “...but for a long time, the simpler ion-exchange equations have been more widely used...”
(Page 16, lines 31-32).

Page 19 L10. | wonder if this is some of the context for this manuscript that would be better to present
at the start?

In the restructuring, the chapter about Weathering in a sustainability perspective is focused on the
results from the sustainability assessments. The first part where it was introduced has now been moved

to the Introduction. (See e.g Page 4, line 16-).
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L20. ’In regions where weathering rates...’

This part has been removed in the restructuring and shortening of the paper.

L23. Clarify or reword ’data on site index could be found’

We changed the word “site index” to “site quality” This part has been reformulated in the
restructuring and shortening of the text. (Page 9, lines 30-34).

Page 20 L7. Differences in weathering has already been discussed?

We have shortened the chapter about Weathering in a sustainability perspective, but we need to
mention the differences also here, since the sites with large differences are the ones where it is more
difficult to draw conclusions about sustainability.

L10. This sounds like it was stated already?

No, this is the first time we compare weathering and WTH in the north. However, after the restructuring

and shortening of the text, it is hopefully more easy to follow.

L21. The preceding text could be summarised much more succinctly.

The text has been restructured, so this chapter now only includes results, whereas the methods have
been moved to the “Methods” chapter, and the first part to the introduction.

L31. This is more-or-less the summary of the results (if a further quantitative description was added)
then this would be sufficient.

We have shortened this chapter and added quantitative measures.

Page 21. L12 to L18. This has nothing to do with future, It is mostly repetitious text.

See answer to general comment# 3.

L22. This section seems odd... we have just been presented with a 2+ page section that covered
biological weathering. It is difficult to justify this additional text! I believe this section should be
removed, and any ’fresh’ text be included above.

We have shortened the chapter about biological weathering substantially and we have replaced the
chapter “‘future research”, with “Prospects for method development”. The first subchapter in
“Prospects _for method development” is about “PROFILE/ForSAFE — Development of model
descriptions” There we included one sentence about improvements related to biological weathering

(Page 18, line 2-7).
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L23. Yet despite the previous lengthy discussion on biological weathering, we were not introduced to
the term ’EPS’??

We have now introduced the term extracellular polysaccharides (EPS) (Page 15, lines 23-24)

L23 to L4 Page 22. This text can be deleted.

This chapter has been merged with the chapter about Potential for biological weathering, and the text
in those chapters has been very much shortened.

Page 22 L5 to L11. Is this model development or uncertainties?

In the restructuring about the Biological weathering part, this chapter has been removed, and we now
only include one model development sentence about biological weathering in the chapter “Prospects
for method development”, that has replaced “Future research”.

L24. Again, it is difficult to justify such an extension section, shortly after we have already been
presented with a discussion on the topic.

In the restructuring of the paper, this chapter was removed, and we now only include one short
paragraph about this in the chapter “Prospects for method development”.

L25 to L32. This is not model development...just repetitious text

See answer to Page 22, L24 above.

Page 23 L1. This is a trivial point, with the right implementation the sped can improve. Just because it
takes an hour to cycle to work, does not mean that everyone must cycle!

The organic complexation does not have an arithmetic solution, the only way to do it without
compromising its purpose is by optimization (of multiple complexation parameters) and a whole set of
assumptions (including that the Al pool is constant for example), i.e. iterations until near-equilibrium.
In HD-Minteq this is feasible because most state variables and fluxes (soil organic matter,
decomposition, uptake...) are given as input and therefore not dependent on changes in soil solution
chemistry. While in ForSAFE these processes are internally simulated, meaning that each iteration of
Al complexation will require an entire simulation of all fluxes and equilibria, exponentially increasing
computation time or even requiring a new optimization of exchange parameters, which in the word of
the original author “is impossible” (see Gustafsson 2001, Journal of Colloid and Interface Science 244,
102-112. doi:10.1006/jcis.2001.7871).
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L8 to L11. | am sure this is repetitious text.

This text was removed.

L14.’ overestimated estimates of weathering rates’ —> ’ overestimated rates of weathering’

This was changed accordingly (page 18, line 15)

L19.So it was not tested? Is this future research? It seems to be more of *ongoing’ research?

New brakes have not been implemented and tested in PROFILE/ForSAFE. This is future work. In
Erlandsson et al., we implemented and tested silicate release through weathering and the feedback
brakes from Si concentrations on the four weathering kinetic equations, while dictating other inputs
such as uptake, water flow and so on. This has produce the expected results (constraining weathering in
the saturated zone). Implementation in PROFILE/ForSAFE has not yet been carried out. The chapter
“Future research” is now replaced with the chapter “Prospects for method development”.

L20. Is this catchment scale weathering?

Yes, however this heading has been removed.

L21 to L27. This is not future research, this is improvements needed in the application of weathering
models (and better linkages with hydrological models). As such, uncertainties or limitations is a more
appropriate section.

We thought about, but didn 't think that “Uncertainties” was suitable. We want this chapter to include
advices based on the QWARTS program, about how to continue to reduce uncertainties. We have
renamed the chapter: “Prospects for method development”, which we think fits with what we want to
include. We have also removed or moved parts that do not fit in.

L28 to L4 Page 24. Not future... ongoing /current research?

See answer to comment L21-L27 above.

Page 24 L5. See comments above... much of the text presented so far under *future research’ speaks
more to limitations in application or uncertainties.

See answer to comment L21-L27 above.

L6. This is PROFILE specific text... not the depletion method, or others...

The chapter is now called: “PROFILE/ForSAFE — Improving input data quality”
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L8. Often?

This sentence has been removed in the shortening and restructuring of the paper.

L9. *Not only are...”

We corrected this (Page 19, line 5).

L13 to L20. This is a very uncertain uncertainty... why so much space for something that is not ’very
uncertain’?

It is part of the QWARTS work and refers to one of the papers in the special issue. So we want to refer
to it, but we have shortened the paragraph (Page 19, lines 6-15).

L24. Unless that span is used to estimate the uncertainty...

It is used for that in one of the papers of the special issue (Casetou Gustafson et al.). But still, often one
value is used.

L26. This does not make sense. Is it possible to contain the solution space?

The reviewer is right that this is not a problem if we have information on which minerals are present,
their respective stoichimetries and in what proportions (See Posch and Kurz, 2007). This however is
most often missing, and that is the purpose of using A2M. It would, as indicated, be possible to narrow
the space in more information is available, on for example the fraction of light primary minerals in the
soil. So yes, it is possible to constrain the space if a considerably more information is available.

L28. This is not true. However, many users make that assumption. However, others do not.

In the cases we have seen, where one of the mineralogies is chosen from A2M, it has been the centre
point, although everyone who uses A2M should know that all solutions are as likely. We think that we
have been clear about that all have the same probability, but that many choose the center point, since
they want one value.

Page 25. L1. BET may still be the best technology?

We removed “using modern technology”. Even if the BET technology hasn’t developed since the
80/90:ies (which we don’t know), the regressions could be revised based on a larger soil material (Page
19, lines 26-28).

L2. Are the ’current uncertainties (?)” quantified? Are there uncertainties?

The regression graphs in Warfvinge and Sverdrup (1995) indicate large uncertainties. On page 19,
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lines 27-28, we now write: “The regressions reveal that the uncertainties are large. Revisions of the
regressions, based on a larger data material, could reduce the uncertainties.”

L5 to L9. Repetitious text.

This is now removed from here, instead we focus on the need for better soil moisture quantification in
the models: “The soil moisture is one of the most important factors that introduces large uncertainties
in the results, both in PROFILE where it is an input (Rapp and Bishop, 2003), and in ForSAFE where it
is modelled based on hydrological parameters (Kronnés et al., 2019). Improved input data quality for
soil moisture would substantially reduce uncertainties in PROFILE and, even more importantly, soil
moisture modelled by ForSAFE needs to be evaluated, and the sensitivity to soil input data needs to be
examined.” (Page 19, lines 29-33).

L10. Improved soil moisture should come with improved soil hydrological modelling...

Yes, and since this chapter is about improved input data we mention soil data which is very important
for the hydrology modelling in ForSAFE. We don’t understand what R1 suggests here.

L12. All estimates are modelled? What are the other?

This chapter was removed in the restricting and shortening of the text.

L13 to L17 Page 26. This whole section can be deleted. Any useful should be moved to the section on
comparisons. This is not ’future research’

This chapter was removed in the restricting and shortening of the text.

L23. Manual? This is a bit trivial... delete and move to personal "to do’ list. I suggest you write a paper
on this.

We don’t mention to propose a manual any more.

L28. They were not outliers. They represent measurements for different compartments. This is well
understood.

Mass balance methods are still used for weathering rate calculations and advocated by many. We
included it here and came to the conclusion that it was problematic in the cases we had. We write “In
the compilation of weathering rates in this paper, the most extreme outliers came from the budget
method, which can be explained by the fact that the sources and sinks are not described in a completely

accurate way (Rosenstock et al., in review (this issue)). For a fair comparison between weathering rates

23



10

15

20

from the budget method and from other methods, ways to distinguish between different sources and
sinks need to be further developed. We think that this is a rather strong recommendation, which we
would like to keep as it is.

Page 26. L10. This is wrong. It is okay to state that. There independent methods? How many methods
are there (truly independent)? More correctly, Futter et al. (2012) should have recommended that a
method incorporating soil mineralogy be used (all other approaches are surrogates for weathering).

We think that we are rather clear when we conclude that it is unrealistic. We think that it is stronger to
say that, than to say that is absurd or wrong, which are more “value” words.

L16. Good but you can more clearly call it out as an absurd suggestion.

We think it is enough to say that it is unrealistic in practice.

L22. Was some of this difference on single sites driven by differences in depths / inputs?

Yes. We have changed to “Although the variation in weathering estimates was large on single sites...".
By doing that we include methods as well as input data and to some extent depths. (Page 20, lines 30-
31).

L21 to L30. I agree that these are the primary conclusions from this work; | would urge the authors to
reflect on this when revising the manuscript. Much of the text can be reduced and streamline to better
present this issue (conclusion).

We agree and our revisions have been done with this in mind, see further answer to general comment #
1-3.

Page 27. L10. Other approaches?

Yes, the last sentence in the Conclusions now reads: “However, it is also important to continue to

compare with results from the Depletion method and the Budget approach.”
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Answers to comments by Referee 2 (R2)
Comments from 19 March 2019

R2 starts off with a paragraph with general comments, describing the paper and its strengths. In this
paragraph there are no questions or suggestions of changes. After the general comments, a few specific

comments are listed.

Specific comments

la. “The consistency of the weathering rates estimated by different methods at the same sites in this
study was remarkable. Older studies frequently reported one or two order of magnitude differences in
estimates of weathering by depletion versus budgets............ Have weathering rates changed

substantially in the last 30 years, or were the differences always muted in Swedish soils?”

The main aim of this study was to investigate the variation in weathering rates from different
approaches in Sweden, and assess the results from a sustainability perspective. To do that, we searched
for Swedish sites where weathering rates had been estimated with more than one method, to the same
depth, and where the method and data was well described. We didn’t exclude any sites where those
criteria was met, but included all old and new studies that we could find in literature. We did not find
any sites with differences of one or two order of magnitudes between weathering rates estimated with
the depletion method and the budget method, which according to R2 was frequently reported in older
studies. We didn’t find those differences when comparing other methods either. We pointed that out in
our first answer to the review comments, and then got another interpretation of the question than our
own from the Associate editor. We answer her comments under the heading “Answer to Associate
Editor Decision”. Regarding the question from R2 about whether weathering rates have changed
substantially in the last 30 year, we don’t think that, and the dynamic modelling with the ForSAFE
model by Kronnés et al. (this issue), does not indicate any large changes.

1b. “Following upon the previous comment, have the authors tried plotting the estimated weathering

25



10

15

20

25

rates against one another? For example, PROFILE vs. Depletion, etc.? Perhaps this is in one of the other

papers in the series?”

In Stendahl et al. (2013) weathering rates from the depletion method was plotted against PROFILE
weathering rates on 16 sites. The number of sites in that study is enough to be able to draw general
conclusions about differences in weathering rates from the two different methods. In the present study,
those sites are included, but also other sites, based on different combinations of methods. Based on the
material in this paper, it is not as straight forward to do complementary pairwise comparisons, since
most of the approaches (all except PROFILE and the depletion method that are already compared) are
performed only on a few sites. Instead we have focused on presenting the weathering rate intervals for

each site, to illustrate how much they differ.

3. “When comparing weathering rates to harvesting removals, what rotation length was assumed to

calculate a meg/m2/yr value?”

We use site quality to calculate harvesting removals, in the same way as in Akselsson et al. (2007:
2016) and Stendahl et al. (2013), which we refer to. Site quality (in Swedish “bonitet”) is the average
yearly biomass growth on a specific place during a forest rotation, if the forest is managed optimally. In
our calculations we assume, like in earlier studies, that the actual growth is 80% of the optimal growth.
The average growth in the site quality concept “assumes “ that the forest is harvested at the optimal
point in time, which varies between north and south and between stands, from about 70 years in the
south to 120 years in the north. We have now explained more thoroughly how the harvesting losses

were estimated (Page 9, lines 32-34).

4. “An awful lot of confidence is placed in this paper in modeling approaches in general and in the
PROFILE/ForSAFE family of models in particular They are good models conceptually and they
produce results that appear to track the results from other methods (but see comment 1b above). The
problem is that there are no "measured" values of weathering flux to use to validate these (or any)
weathering models. So, just as budget-based approaches may be contaminated by non-weathering fluxes

like net losses from exchange sites, and depletion approaches may suffer from invalid assumptions,
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model results almost certainly contain a host of errors. This is addressed somewhat in the paper.
Depletion methods and budget methods are based on field observations and data. With all their flaws,
they are, at least in my view, fundamentally stronger than model results. To compare them as equivalent

approaches is problematic.”

We agree that the depletion method and the budget method, that are based on measurements, are very
important in framing weathering rates, which we also point out in the paper. However, we don’t think
that the results from those methods are fundamentally stronger than the model results (which actually
also are based on measurements to a large extent, e.g. laboratory measurements). On the contrary, we
think that further studies are required to get more robust results from those methods — something that
we point to in the “Prospects for method development” chapter. In this paper we have tried to show
how far we can go with the available publications. In the revised version, we have a chapter called
“Prospects for method development” on page 17-20 (modified from the chapter “Future research” in

the old version). There we discuss uncertainties for all methods, and how to reduce those uncertainties.

Regarding budget calculations our results show that the most extreme outliers came from the budget
method. We explain that by the fact that other sources than weathering are included as discussed in
Rosenstock et al. (in review, this issue), as well as the documented uncertainty in terms used in the mass
balances. We conclude that “for a fair comparison between weathering rates from the budget method
and from other methods, ways to distinguish between different sources and sinks need to be further
developed.”

The depletion method gave unrealistically low weathering rates in some cases. On one of the sites, Asa,
that was studied in detail within another paper in this special issue (Casetou Gustafson et al., in review,
this issue), the analysis of the soil profile indicated that the soil profile has been disturbed, introducing
errors in the weathering estimates. We highlight the importance of excluding sites with disturbed
profiles as well as to perform studies where the average weathering rate since the last glaciation is
related to the present weathering rates are required, to be able to make necessary adjustments of the

historical rates.
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Answers to comments by the Editor, Professor Suzanne Anderson
Comments from 19 March 2019

General comments

“Overall, the manuscript is well written and clear, although several sections are longer and a bit more
tedious than others. In particular section 5 on “Potential for biological weathering”, and section 8 on
“Future research” could be streamlined.”

We have reworked the chapter “Potential for biological weathering”, according to the descriptions in
the “Answer to comments by Referee 1. The chapter “Future research” overlapped to some extent
with the chapters “Potential for biological weathering” and “Implication of higher resolution of
chemical reactions in weathering modelling” and has now been restructured, renamed (“Prospects for
method development”), and shortened from more than 5 to just above 3 pages. The paper has also been
restructured to follow a more traditional outline (with methods, results and discussion), see further

Answers to comments by Referee 1.

“The challenge addressed in the manuscript is whether the losses of nutrients due to forest harvest can
sustainably be balanced by release of nutrients by chemical weathering. This simple mass balance could
be illustrated with a conceptual diagram showing the relevant fluxes at the beginning of the manuscript.
Such a diagram might help focus on the important sources of uncertainty in long-term predictions of
sustainability.”

We have added a figure (Fig. 1) in the Introduction, showing the relevant fluxes in the simple mass
balance of base cations in the forest ecosystem (weathering, deposition, harvest losses and leaching), to
put our weathering results and the sustainability assessments in a context. We introduce the Figure in

the Introduction.

“The most important question the manuscript, and indeed the QWARTS program addressed is if
weathering rates, as computed by different models, are greater than or less than rates of harvest loss.
The range of weathering values from different models gave a sense of uncertainty in weathering rates,
but harvest losses were presented as a single value at each site. There must be uncertainty in export

losses due to harvesting, and it seems important to convey what these uncertainties are.”
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We agree that the sustainability of harvesting is an important part of this paper, and that the
uncertainties in the harvesting estimates should be mentioned. Research related to those uncertainties
were not included in QWARTS, which focused on the actual weathering rates, but we have added a
paragraph about the uncertainties in the chapter “Weathering in a sustainability perspective”, based
on results from other studies, e.g. Zetterberg et al. (2014) in Science of the Total Environment. (Page
14, lines 14-28).

“Two aspects of weathering that I would have expected to be important (and that might be highlighted
in the conceptual diagram | suggest above) are rock type and depth of weathering. The first of these is
perhaps simpler to consider. Rock type or soil substrate was not described anywhere or for any site. |
could not tell if this was because all of Sweden has the same rock type, and so is dismissed as playing
any role in variations in weathering rate or nutrient release, or if something else was going on. | would
expect rock type to be the very first control on weathering rate, as nutrient availability on basalt vs
limestone vs serpentinite vs : : :. is quite different. The depth of weathering is a more difficult problem

to address, yet could also be important. Weathering often occurs at depths below the top 30-50 cm.”

Yes parent material is of key importance for weathering rates. We have included a table (Table 2)
describing the mineralogy used as input in the modelling for each sites, as a measure of the parent
material. For the sites in which some of the authors have been involved in the weathering estimations,
we have thorough databases from which we can get the information. For the other sites, we have

extracted information from published papers. We refer to Table 2 at Page 5, line 29.

We have focused on the root zone in this study, since we are interested in the sustainability of forestry
(clarified on Page 3, lines 23-24). Therefore, for this study we see the depth of the rooting zone as more

interesting that the weathering depth, therefore we haven’t discussed the weathering depth.

In Swedish applications the depth 50 cm is often used for the rooting zone, based on studies in Sweden.
In this paper, where one important aim is to compare different approaches, we have included sites
where weathering rates have been calculated to deeper depths, up to 1 m, but we have only accepted
sites where the different approaches have been run to the same depths. In the sustainability calculations

only sites with depths<0.7 m are included. This is described in the Methods part (Page 9, lines 28-30).
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We address the uncertainties related to a fixed root depth, with reference e.g. to Hodge, as suggested in
the Associate editor decision (Page 14, lines 17-19).

A few detailed comments:
Acronyms should be defined at their first use. Several are not defined at all, or only after their first use

(this list may not be exhaustive): UNECE, CLTRAP, EMF, A2M

We defined UNECE and CLRTAP the first time it was mentioned. We skipped the acronym EMF, and
instead wrote Ectomycorrhizal fungi on the places were the acronym was used before. For A2M we did
not do any changes. It is the model name, and when we introduce it we explain what it does and give a
reference (just like for PROFILE and ForSAFE).

Whole-tree harvesting is defined on p3 as being “harvesting of branches”. Does this imply that stems
are not included in whole-tree harvesting? This seems contradictory.

Stems are included in whole-tree harvesting. We have gone through the paper and clarified that, where
required.

Total-regression analysis: what is the temperature sum?

The temperature sum is a measure often used in forestry. It is the daily mean temperature above a
threshold value, in Sweden often +5°C, summed during the growing season. Before we only referred to

Morén and Perttu, now we added an explanation (Page 8, lines 13-14).

Figure 5: The boxes in the key are so small that they are indistinguishable. The gray patterns all look

very similar.

This figure (which is now Fig. 6) has been improved, by increasing the size of the legend and changing
the patterns so that they can be more easily distinguished from each others. Fig. 7 has been changed in

the same way.

p 8, line 5: Casetou-Gustafson’s name is incomplete.
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Corrected, on all places in the document.

p10, line 4: cation, not carion

Corrected, in the revised document it is on page 10, line 23.

p 12, line 9: Ca, Mg and K at 640 sites, not Ca, Mg and K on 640 sites

Corrected (although the exact formulation has changes in the revised version), page 8, line 22.

p. 17, line 2: to sparse grass, not via sparse grass

The whole paragraph has been removed, to shorten the chapter about biological weathering.

p. 17, line 2: naturally lead-contaminated, not natural, lead-contaminated.

The whole paragraph has been removed, to shorten the chapter about biological weathering.

p. 18, line 23: However, in 1996..., not However, already in 1996..

This has been changed according to the suggestion, see p. 16, line 32.
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Answer to Decision by Associate Editor (Professor Suzanne Anderson)
Decision from 10 May 2019

Along with her decision about major revisions, added a few comments, which we reply to here.

1. “The proposed strategy of reorganizing the manuscript along more traditional “methods” and
“results” lines seems useful, especially as it will reduce redundancies in the text. | look forward to
seeing a new conceptual diagram in the introduction to further aid in this streamlining.”

We reorganized the paper accordingly, which reduced redundancies substantially shortened the text
substantially, from 37 pages to 29 pages (including first page and references, but not figures and
tables). We also added a new conceptual picture, Figure 1, based on the suggestion, and referred to it

in the Introduction, to create a better basis for the sustainability assessments.

“Referee 2°s comment 1, expressing surprise at the remarkable consistency in weathering rates between
methods reported in this manuscript is | believe a comment aimed at what is commonly referred to as
the “field-lab discrepancy” in weathering rates. For a review of methods of measuring weathering rates,
and a short discussion of this controversy, | recommend reading Riebe et al. (2017) Earth Surface
Processes and Landforms (doi: 10.1002/esp.4052), in particular p. 133-135. | do suggest that this

comment be addressed, as it is relevant. This topic also applies to Referee 2’s comment 4.”

We interpreted Referee 2°s comment 1 about “one or two order of magnitude differences in estimates of
weathering by depletion versus budgets” in “older studies” as a comment directed towards the
depletion method and the budget method. Here it is instead suggested that it addresses the “‘field-lab
discrepancy”, discussed e.g. in Riebe et al. (2017). We find it difficult to go in to a discussion about that
in this paper, since the aim with the paper was to investigate the variation in weathering rates from
different approaches in Sweden, and assess the results from a sustainability perspective, not to describe
the development of each method and discuss them in detail. We included all Swedish sites that we could

find in literature, old and new, that met our criteria (that at least two approaches for estimating
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weathering rates have been applied, that the estimates have been done to the same depths, and that data
and methods are well described). We don’t think that discussions about things not related to the results
from the analysis of weathering rates from those sites fit in the paper.

Regarding the inclusion of lab data in PROFILE: It is described in books and papers, e.g. “Sverdrup
(1990): The Kinetics of Chemical Weathering. Lund University Press, Lund, Sweden and Chartwell-
Bratt Ltd, London, ISBN 0-86238-247-5" and “Sverdrup, H., Warfvinge, P. 1993. Calculating field
weathering rates using a mechanistic geochemical model-PROFILE. Journal of Applied Geochemistry,
8:273-283.” In the first, the experiments for different minerals are reviewed, evaluated and discussed,
and the use of them in PROFILE is described. In the latter, the field-lab discrepancy is highlighted,
starting with the sentence: “The rate coefficients published here are sometimes different from rate
coefficient values found in the literature due to the division of the rate between different reactions, and
the consistent determination of the exposed surface area.” We think that a discussion about that is

outside the scope of the paper.

“Finally, on the focus on a narrow rooting zone in this study (one of my comments), | think a comment
on the assumption inherent in this focus is worthwhile. Root systems respond to nutrient availability, so
if the 30-50 cm depth is depleted, they may grow deeper. The question is to what extent root systems
are static versus plastic. You might want to at least acknowledge that thinking of the depth of nutrient
access by roots as a static parameter is an assumption. See Hodge in doi:10.1016/B978-0-12-409548-
9.05232-5

We clarified that we work with the rooting zone in the introduction (Page 3, lines 23-24), and we added
a discussion about uncertainties related to the assumption of a specific rooting depth, with references,

e.g. to Hodge, in the chapter “Weathering in a sustainability perspective” (Page 14, lines 16-19).
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Abstract. Soil and water acidification was first-internationally recognised as a severe environmental problem in the
1970slate 1960’s. The interest in establishing ‘critical loads’ led to a peak in weathering research in the 1980s_and 1990s,
since base cation weathering is the long-term counterbalance to acidification pressure. Assessments of weathering rates and
associated uncertainties have recently become an area of renewed research interest, this time due to demand for rere
harvestforest residues to provide renewable bioenergy. Increased demand for forest fuels increases the risk of depleting the
soils of base cations produced in situ by weathering. This is the background to the research programme ‘Quantifying
Weathering Rates for Sustainable Forestry’ (QWARTS), which ran from 2012 to 2019. The programme involved research
groups working at different scales, from laboratory experiments to extensive-modelling. The aims of this study were to (1)

investigate the variation in published weathering rates of base cations from different approaches in Sweden, with

consideration of the key uncertainties for each method, (2) assess the robustness of the results in relation to sustainable

forestry and (3) discuss the results in relation to new insights from the QW ARTS programme, and propose ways to further

reduce uncertaintiesFhe

. In the study we found
that tFhe variation_in estimated weathering rates at single-site level was large, but still most sites could be placed reliably in

broader classes of weathering rates. At the regional to-natienal-level, the results from the different approaches were in
general agreement. Comparisons withef base cation losses after stem-only and whole-tree harvesting showed sites with-clear

imbalances-between-weathering-supply-and-harvestlosseswhere whole-tree harvesting was clearly not sustainable, and other

sites where variation in weathering rates from different approaches obscured the overall balance. Clear imbalances appeared

mainly after whole-tree harvesting in spruce forests in southern and central Sweden. Based on the rResearch findings in the

QWARTS programme, it was concluded that suppert-the-centinued-use-of-thethe PROFILE/ForSAFE family of models

provides the most important fundamental understanding of the contribution of weathering to long-term availability of base

cations to support forest growth. However, these approaches should be continually assessed against; but-i-isnpertant-te
continue-comparisons-between-these-and-other approaches. Uncertainties in the model approaches can be further reduced,

mainly by finding ways to reduce uncertainties in input data on soil texture and associated hydrological parameters, but also

by developing the models, e.g, to better represent biological feedbacks under the influence of climate changeneertaintiesin
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1 Introduction - [ Formatted: Left, Space Before: 0 pt J
Acidification of soils and water, caused by long-range transport of acidic compounds, was recognised as an environmental < [ Formatted: Left }
problem in Europe in the late 1960s (Odén, 1968). In subsequent decades, extensive research examined aeidifyingprocesses [Formatted: Font color: Text 1 ]
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related to acidity, e.g. the mentioned critical load calculations, as weathering is an important long-term natural source of base

cations and as such a sink of acidity. The net accumulation or depletion of soil base cations in the soil is the result of the

mass balance between inputs (atmospheric deposition and weathering) and outputs (losses through leaching and harvesting)

of base cations (Fig. 1). Atmospheric deposition depends on external factors and can vary in time (Hedin et al., 1994). The

leaching term is directly dependent on the mass balance as it mirrors the aqueous pool of base cations in the soil. Harvest

losses are predefined following forest management. Finally, weathering is the long-term source of base cations, depending

largely on soil mineral content and soil texture, which in areas that have been covered by ice, like Scandinavia, is the result

of the composition of the parent material from bedrock and the glacial transport of material. When trees and forest soils are

in focus, the weathering term refers to the weathering products in the rooting zone, i.e. the base cations available for trees.

Due to its central role in mass balance and acidity calculations, w\/eathering was therefere-studied extensively, to enable

accurate weathering quantifications. Weathering rates are, however, difficult to quantify through direct measurements in the

field due to the complexity of base cation dynamics in soil. There are several different pools of base cations in soil, and also

several different flows, e.g. decomposition, uptake, ion exchange and weathering, and it is difficult to distinguish between

these different sources and sinks (Rosenstock et al., in review) and to define the pools accurately (van der Heijden et al.,
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2018). Therefore, a number of indirect methods to guantify weathering rates have been developed\Marious-methods-were

used, e.g. process-based modelling (Sverdrup and Warfvinge, 1993), soil measurements where the depletion of weathering
products in different soil layers is determined in order to assess average weathering rates since soil formation—+-e—the-last-ice
age (Olsson et al., 1993), and budget calculations where theaH flows in the mass balance,ether-parameters except weathering,
are measured (Lundstrém, 1990; Jacks and Aberg, 1987; Wickman and Jacks, 1991; Sverdrup et al., 1998).

The political and scientific agreement on the critical load concept as a basis for managing acidic deposition was a major

factor in subsequent policy success on limiting acidifying emissions (Lidskog and Sundqvist, 2002). Major acidic deposition

reductions occurred, and some recovery of soils and surface waters has been noted by the monitoring operations put in place
by the UNECE CLRTAP (Graf Pannatier et al., 2011; Pihl Karlsson et al., 2011; Akselsson et al., 2013). The uncertainties in
weathering rates were, during the times of high deposition, less important. ThereforeHewever-ene-side-effect-of the-suceess

itigation of climate change led to [Formatted: Font color: Text 1

increasedthe demand for renewable fuels-irereasedrapidly, thereby increasing the pressure on forests. Whole-tree
harvesting, here defined as harvesting of stems and branches, was seen as an important source of renewable fuel. Since 2000
in Sweden, the proportion of clearcuts involving whole-tree harvesting has increased from around 15% to 25-35%, according

to statistics from the Swedish Forest Agency, except for 2014-2016, when a-drep-in-energy-prices-reduced-demand-and-the

proportion was temporarily between deelined-te-15-25% due to lower energy prices.- Demand is likely to increase in the

future (Borjesson et al., 2017). Harvesting of branches and the nutrient-rich needles also means a substantially increased
removal of base cations compared to conventional stem harvesting, which -Several-studies-have-shown-that this may

counteract the recovery from acidification. Thus, whereas the weathering rates in the past mainly were compared with

deposition, which at that time (1970-1980) was much greater than estimated weathering and critical loads of acidic

deposition, the interesting comparison in today’s policy context is between base cation weathering rates and base cation

losses through harvesting, to assess sustainable forest management. Accordingly, mass balance calculations, with weathering

and deposition as inputs and harvest losses and losses through leaching as outputs (Akselsson et al., 2007) (Fig. 1), as well as

simplified calculations, where weathering rates are compared with base cation losses through harvesting (Olsson et al.,

1993), have been used during the last decades, for forest sustainability assessments. The conclusions from these studies were

that base cations may be depleted in spruce forests in ©
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_-will-be-depleted-in-soils-if

The prospect of increasing demand for forest biomass, and particularly concerns about the effects of whole-tree harvesting

on nutrient sustainability, renewed the interest in weathering in Scandinavia, for new forest policy issues. HowevertThe

accuracy of the weathering calculations, and the conclusions about the long-term sustainability of forests, were questioned
by Klaminder et al. (2011), who compared estimations of the-weathering rates for Ca and K from different approaches, at a
site in northern Sweden;-using-different-approaches. These estimates differed widely, and the study concluded that nutrient
budgets, based on calculations including weathering rates, are too uncertain to be useful in shaping forest policies regarding
harvest practices.

Futter et al. (2012) suggested that some of this variation is due to differences in boundary conditions, for example the depth
to which weathering has-had been calculated. They examined weathering estimates from 82 sites, with up to eight different
weathering estimates per site, and found considerable variability in weathering rates estimated with different methods, often
with results differing on the same site by several hundred percent. They identified uncertainties in input data as the largest
contributor to the variability, but differences in the soil depth for which weathering was calculated also contributed, in the
same way as in Klaminder et al. (2011). Futter et al. (2012) concluded that the uncertainties are large, and that at least three
independent methods should be used when making management decisions.

In 2012, an SEK 25-million research programme, ‘Quantifying Weathering Rates for Sustainable Forestry’ (QWARTS) was
started in Sweden. The programme, which focused on weathering rates for the base cations Ca, Mg, Na and K _in Sweden,
included approaches covering the whole spectra from laboratory-scale experiments, through plot and catchment scale
experiments in the field, to extensive weathering modelling. Different approaches—ineluding-modeHingthe-depletion
method-mass-balancecalewlations and-total-analysisregressien-were tested-compared at different scales and were in some
cases refined (Stendahl et al., 2013; Casetou-Gustafson et al., 2018in-review-a-{this-issue}; Casetou-Gustafson et al., 2019;
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Casetou-Gustafson et al. (in review-b)-(this-issue}; Akselsson et al., 2016; Belyazid et al., (in reviewinreview-(this-issue);

Kronnas et al., 2019in-press-{this-issue); Erlandsson et al., 2016).
The input data wasere also examined for uncertainties relating to the generalisations made when estimating normative

mineralogy based on total chemical analyses (Casetou-Gustafson et al., 2018; Casetou-Gustafson et al., in-review-{this
isste)2019). Two other potential sources of uncertainties that have been explored, but that are still widely discussed, were
revisited—One-souree-was: (1) the role of biological weathering that might generate weathering not included in the current
generation of biogeochemical models (Banfield et al., 1999; Finlay et al., 2009; Finlay et al. (--in review-{this-issue}) and-
TFhe-other-source-concerned (2) model simplifications relateding to base cation exchange and aluminium complexation
(Fipping2002;-Gustafsson et al., 2018-{this-issue); van der Heijden et al., 2018). Furthermore, the weathering kinetics used
in models were revisited (Sverdrup et al., in review), and weathering rates representing not only the rooting zone, but the

full catchment scale, were studied, to assess the export of weathering products to surface waters (Ameli et al., 2017;

Erlandsson et al._(+-in review)-{this-isste)).

The aims of this study were to (1) investigate the variation in published weathering rates from different approaches in -

Sweden, with consideration of the key uncertainties for each method, (2) assess the robustness of the results in relation to

sustainable forestry and (3) discuss the results in relation to new insights from the QWARTS programme, and propose ways

to further reduce uncertainties. \Whi

zone{approximately-50-em)-of Swedish-forest-seils—While weathering is important for understanding the acidification of

both soils and surface waters, this paper focuses on soils, and specifically the rooting zone (approximately 50 cm).
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Weathering rates from different approaches were compared on a site-level and on a regional level. For the comparison of ~— <— { Formatted: Left

weathering rates on single sites, weathering estimates of base cations (Ca, Mg, K and Na) from Swedish forest sites, where at

least two well-described approaches had been applied to the same soil depth, were compiled from literature and compared

(Table 1 & 3; Fig. 2). The 23 sites found were located on till soils, with a mineralogical composition characterized by

granitic and gneissic bedrock, i.e with mainly gwartz, orthoclase and plagioclase, and small amounts of dark minerals such

as amphibole and epidote (Table 2). Thirteen of the sites were taken from Stendahl et al. (2013). Of the originally 16 sites in

that study, three were excluded, since site conditions were not appropriate for using the Depletion method (two of the sites)
or PROFILE (one of the sites) (Stendahl et al., 2013). For each of the 23 sites found, medians of the different approaches

were calculated along with maximum deviation from the median (Table 3). The different approaches are described in
sections 2.1-2.4.

For the regional level comparison, three published approaches for calculating weathering rates of the nutrient base cations

(Ca, Mg, K) on a regional level in Sweden were revisited, harmonized and compared: PROFILE, ForSAFE and the

Depletion method combined with the Total analysis regression approach (section 2.1-2.3). Na was not included, since there

were no estimates for Na from the latter approach. Weathering rates were compared in 346 sites in the SAFE database

(Alveteg, 2004), which were the sites of the in total 640 sites in the database for which all methods could be applied

successfully, and where data on stones and boulders were available (Stendahl et al., 2009). For a regional comparison, the

sites were divided into seven climate regions, simplified from 19 weather forecast regions used by the Swedish

Meteorological and Hydrological Institute (SMHI) (Fig. 4). One of the regions, northwestern Sweden, only contained one

site, and was therefore excluded from the analysis. The regional approaches are further in section 2.1 and 2.3.

To put the weathering estimates in a sustainability perspective, simplified base cation mass balance calculations were

performed for the single sites, where weathering rates, the most important natural long-term source of base cations, were

compared with harvest losses of base cations, which is the one of the outputs that can be anthropogenically controlled (Fig. [Formatted: English (U.S.)

1; Section 2.5). ~ ( Formatted: English (U.5.)

QWARTS, on biological weathering and on the representation of base cation exchange and aluminium complexation in the

models, were synthesized, main uncertainties were highlighted and ways to reduce them were proposed.
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2.1 Modelling_based on weathering kinetics

Due to the difficulties in measuring field weathering rates, weathering Kinetics have been frequently studied in laboratory <

(Brantley et al., 2008).

Mechanistic modelling of weathering rates, based on laboratory-determined weathering kinetics, is one of the most widely

environments Mechanisti

used approaches for estimating field weathering rates (Warfvinge and Sverdrup, 1992; Godderis et al., 2006; Maher et al.,

2009)-is one way to-get around the difficulties of measuring .weathering in-the field. The PROFILE model (Sverdrup-and
Warfvinge and Sverdrup, 19923) is a steady state soil chemistry model where weathering is derived from the breakdown of

minerals, based on with-process-oriented descriptions of -chemical weathering and solution equilibrium reactions. -and-has

Weathering rates are modelled calculated for different layers, with different soil properties, using transition state theory and
the geochemical properties of the soil system, such as soil wetness, temperature, mineral surface area and mineral
composition, and organic acid concentrations. Deposition of sulphur, nitrogen and base cations, as well as net losses of base
cations and nitrogen through harvesting, are used as input for modelling of pH and base cation concentrations in soil water,
which is required for the weathering modelling. Weathering rates are calculated for each mineral separately, using rate
coefficients from laboratory studies for four reactions: with hydregen-ionsH,, water, carben-diexideCO, and erganic

ligandsdissolved organic carbon (DOC) (Sverdrup and Warfvinge, 1993). PROFILE has been used widely for estimating
weathering in Europe (Akselsson et al., 2004; 2016; Stendahl et al., 2013; Holmqvist et al., 2003; Koptsik et al., 1999;
Langan et al., 1995), the US (Phelan et al., 2014) and Asia (Fumoto et al., 2001). At all 23 sites in the single-site comparison

in this paper, weathering estimates from PROFILE were available (Table 3).

The weathering submodel in PROFILE was later built in to the dynamic version ef PROFH-E-SAFE (Alveteg et al., 1995),
which was mainly used for acidification assessments, but has also been used for studying the dynamics of weathering rates
(Warfvinge et al., 1995). Later, the SAFE model was coupled with the tree growth model PnET (Aber and Federer, 1992),
the decomposition model DECOMP (Walse et al., 1998; Wallman et al., 2004) and the hydrological model PULSE
(Lindstrém and Gardelin, 1992), resulting in and-in-the forest ecosystem model ForSAFE (Wallman et al., 2005; Belyazid et

al., 2006). The ForSAFE model simulates the integrated biogeochemical processes of a forest ecosystem. It covers the

processes of photosynthesis, allocation and growth, water and nutrient uptake, litterfall, organic matter decomposition and

mineralisation, ion exchange, chemical speciation of and reactions between different elements, as well as hydrological

Gardelin—1992)-SAFE is-used-mainty-foracidification-assessments-and All process rates are internally regulated by

microenvironmental conditions such as acidity, water availability, temperature and element concentrations. The model
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requires inputs of external drivers in the form of climate, atmospheric deposition and forest management, and inputs on the

properties of the forest ecosystem, such as soil texture, mineralogy and tree species. FOrSAFE is used for studying effects of

climate change, atmospheric deposition and forest management on tree growth, soil chemistry and runoff water quality.
Although the weathering module is the same in PROFILE and ForSAFE, some differences can be expected since ForSAFE

includes dynamics, which means that weathering is affected by other processes over time, and that soil moisture, which is an

input in PROFILE, is dynamically modelled in ForSAFE. —In the single-site comparisons in this paper, weathering estimates

from ForSAFE were available at two sites (Table 3).

For the regional comparison of weathering rates of nutrient base cations (Ca, Mg, K), regional runs from both PROFILE and

ForSAFE where included. Regional PROFILE weathering estimations for Sweden were taken from Akselsson et al. (2016),

where weathering rates for the upper 50 cm of the soil (including the organic layer) has been modelled based on data from
17,333 Swedish National Forest Inventory (NFI) sites (Fridman et al., 2014).

-wW/ eathering rates to 50 cm depth
(including the organic layer) were modelled also with the ForSAFE model (Belyazid et al., in review) on the-649-sites in-the

SAFE databasein the SAFE database-{Alveteg;2004). The SAFE database is a subset, consisting of 640 sites, of the NFI

sites used for PROFILE modelling. - it 4 ve : m-the-databa e [Formatted: Highlight

[ Formatted: Highlight
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2.2 The depletion-Depletion method

Another widely used approach for estimating weathering rates is the depletion-Depletion method_(e.g. Olsson et al., 1993;
Starr et al., 1988; Stendahl et al., 2013). The method estimates historical weathering, i.e. the average weathering rate since

the last deglaciation, of mobile (weatherable) elements, based on element concentrations in weathered soil horizons as
compared tote unweathered parent material. The method accounts for the general losses of soil material in a horizon by
including an immobile (inert) element in the estimation. Concentrations of mobile elements will decrease as a result of
weathering, while the immobile element will be enriched towards the soil surface. The concept has a long history (Marshall
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and Haseman 1942), while the theoretical framework was later formalised by Brimhall and Dietrich (1987) and Brimhall et
al. (1991). The most commonly used immobile element is zirconium, which is found in the resistant mineral zircon (ZrSiO4)
with negligible weathering (Hodson, 2002). The assumptions for the depletion-Depletion method are: (1) there is no

weathering of the immobile element, (2) the soil pedon consists of homogeneous soil, where the deep soil constitutes the
parent material-parent-material, and (3) no weathering occurs beyond a certain depth. The average annual weathering rate is
calculated from the soil age, i.e. the time since deglaciation or since the land rose from the sea due to glacio-isostatic uplift.
The average rate may deviate from current levels depending on the variation in weathering rates over time (Taylor and Blum,
1995). Weathering rates from the Depletion method were available for 18 of the 23 sites in the single-site comparison (Table

3).The Depletion method has been used, in combination with the Total analysis regression approach, for regional

applications (see section 2.3).

2.35 Total aal isr ion approachs

The tTotal analysis regression approacha-methed is a derivative from the Depletion method, which requires much less soil

data than the Depletion method. It is based on the fact that weathering rates of different elements have been found to

correlate with total content of the elements in soil and temperature (Olsson and Melkerud, 1990). Based on weathering

estimatiens-tes from the dDepletion method, linear regressions containing total chemical contents for base cations in the C
horizon (either separately or lumped together), and temperatures or temperature sums (i.e. daily mean temperature above a

threshold value, summarized for the growing season), have been produced for a number of sites, and the regressions have

then been applied to other sites (Sverdrup et al., 1998; Maxe, 1995; Olsson et al., 1993). In the single-site comparison

estimates based on the Total analysis regression approach were available for three sites (Table 3).

On a regional level in Sweden, weathering rates for Ca, Mg and K have been calculated based on the Depletion method in

combination with the Total analysis regression approach, as a basis for assessments of nutrient sustainability after whole-tree

harvesting (Olsson et al., 1993). In the study from 1993, regressions between weathering rates calculated with the Depletion

method and different site factors were analysed on 11 sites. The strongest relationships were found between weathering rates

of an element and the product of the concentration of the element in the C horizon and the temperature sum. In the present

study, the regression functions in Olsson et al. (1993) were used to calculate weathering rates of Ca, Mg and K at the sites

from the SAFE database that were modelled with both PROFILE and ForSAFE (see above), for a proper comparison. The

temperature sum was calculated based on latitude and altitude according to Morén and Perttu (1994). Some of the

calculations gave negative results for one of the base cations. This can be explained by the fact that the regressions are used

for a new dataset, covering a broader range of temperature sums than the original dataset, which illustrates a limitation of the

method. The estimations apply down to the weathering depth, which means different soil depths on different sites, but

normally between 40 and 70 c¢cm in the mineral soil (Mats Olsson, pers. comm).
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2.43 Budget ealeulationsapproach

Weathering rates can also be estimated through the mass-balarceBudget approacheatewtations (Paces, 1986; Lundstrom,
1990; Sverdrup and Warfvinge, 1991; Sverdrup et al., 1998). In the Budget approachmass-batanee-caleulations, sources and
sinks of base cations are considered, and weathering is calculated as the difference between sinks and sources. However, one
difficulty is to distinguish between weathering, changes in the exchangeable pool and net mineralisation, so steady state is
often assumed, and the weathering rates are calculated as leaching + net uptake — deposition. The Budget approach has been
applied at five of the sites in the site-level comparison (Table 3). Fhis-approach-was-applied-In Svartberget in northern
Sweden the simplified approach assuming steady state was used (Lundstrém, 1990). a-On two sites in Gardsjon in

southwestern Sweden, net mineralisation was estimated and considered in the weathering estimations, but changes in the
exchangeable pool were disregarded (Sverdrup et al., 1998). Casetou-Gustafson et al. (in review) Simenssen-et-al—2015}
estimated weathering rates ever-a-14-year-period-in-Skogaby-in-seuthern-Sweden-based on measurements of atmospheric
deposition, leaching, accumulation in biomass and changes in the soil exchangeable pool—Fhe-same-approach-was-tsed-by
Casetou-etak-{inreview-b-this-issue)-in-the-mass-balanee-estimates for control plots of long-term fertilisation experiments

in young Norway spruce forests in Asa and Flakaliden, in southern and northern Sweden, respectively. tn-the-latter-two

experimentsin-young-Nerway-spruce-forests—When using weathering estimates from budget-calewtationsthe Budget

approach, the assumptions used must be carefully evaluated (Sverdrup and Warfvinge, 1991; Rosenstock et al.; i-review

{this( in reviewssuey).

effects of acidic deposition on surface water acidification. Weathering is not mechanistically modelled as in the models
described above; instead, weathering rates are calculated internally using mass balances (Maxe, 1995; Kéhler et al., 2011).

MAGIC uses input fluxes from atmospheric deposition and weathering and output fluxes through net uptake and loss in
biomass and to runoff. These fluxes govern processes in the soil, e.g. cation exchange, with the pool of exchangeable base
cations in the soils at the centre. When the fluxes change over time, it affects the chemical equilibria between soil and soil

solution, which has an impact on surface water chemistry. Observed values of surface water and soil chemistry are used to
calibrate the model. Weathering rates from MAGIC were available at two of the sites in the site-level comparison (Table 3).

Another way of applying the Budget approach is to use the strontium (Sr) isotope ratio. In weathering estimations based on
strentium-(SAST isatope ratios, the difference in the ratio ®Sr/*®Sr in bedrock and in atmospheric deposition is used

(Wickman and Jacks, 1991). Since soil water is a mixture of what comes from deposition and what comes from weathering,
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the weathering rate of Sr can be estimated. Ca and Sr follow each other closely in forests (Wickman and Jacks, 1991), so the

weathering of Ca is assumed to be linearly correlated to the weatherlng of Srin the calculations. This method was used at
three sites in the site-level comparison } i j

W&%m&m@%ﬂ#%ﬂ%(&e@mmmmg% Table 3). -a-constanthasecation/Ca
fraction-is-assurmed-The base cation/Ca fraction was assumed to be constant in all three studies.

notfulfil- the assumptions for the depletion-methed.2.5 Assessment of forest sustainability

Simplified budget calculations based only on weathering rates and harvest losses (Olsson et al., 1993; Klaminder et al., 2011;

Stendahl et al., 2013), were performed for a selection of the sites in Table 3. The criteria that had to be fulfilled for inclusion

of a site were: (1) availability of weathering rate assessments for the root zone which in Swedish forest soils often defined as

0.5 m (Rosengren and Stjernquist, 2004), but in this study included depths down to 0.7 m and (2) access to data on site

quality. Calculations were made for sites in spruce and pine forest.

The calculations of harvest losses were based on the site quality of the forest (average growth rate per year during a forest <« [ Formatted: Normal

rotation and optimal conditions), reduced by 20% to mimic actual conditions, and generalised densities and nutrient base

cation concentrations in different tree parts. Two types of harvesting were considered, conventional stem-only harvesting

and whole-tree harvesting, where in addition to stem, tops and branches are removed for biofuel. It was assumed that, in

whole-tree harvesting, all stems and 60% of the branches were harvested, and that 75% of the needles were removed with the

harvested branches. The methodology along with densities and base cation concentrations used is more thoroughly described
in Akselsson et al. (2007).
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3. Results and Discussion

3.1 Weathering rate comparisons at site level

is-The single-site comparison enabled us to quantify the span

of base cation weathering rates produced by the different approaches;as-a-way-of“framing”the-weatheringrates-on-the-sites
(Fig. -23, Table 43). The median weathering rates for the 23 sites spanned between 22 and 61 meq m™ y™* (Table 3). For

two of the six sites where at least three approaches had been applied, the weathering rate spans were narrow, Gérdsjén B

(49-62 meq m? y™, and a maximum deviation from the median of +15%) and Gardsjon C (36-40 meq m?y™, and a

maximum deviation from the median of £5%). The span was somewhat wider in two of the other well-investigated sites,

Stubbetorp (35-67 meq m™y*, and a maximum deviation from the median of +56%) and Flakaliden (34-61 meq m?y™, and

a maximum deviation from the median of +42%). The weathering rate spans in Svartberget B and Asa, with four and three

weathering estimates respectively, were remarkably wide: 32-79 meq m y™, and a maximum deviation from the median of

+121% in Svarberget B and 11-131 meq m™ y"* and a maximum deviation from the median of 254% in Asa. The wide spans

in Asa and Svartberget B were mainly due to substantially higher weathering rates according to the Budget approach as

compared with the other methods. Also in Flakaliden, the span was expanded by the Budget approach.

In Svartberget B, the weathering estimates from the Budget approach can be expected to be overestimated for several

reasons (Lundstrdm, 1990). The method does not distinguish between weathering, base cation exchange and base cation

release through decomposition. The measurements were carried out in the 1980s when the acidification process was taking

place, leading to base-cation release from the exchangeable pool, although this effect was much more pronounced in

southern Sweden. Finally, dry deposition was not included in the calculations due to lack of data. In Flakaliden and Asa,

base cation accumulation in biomass was the major sink in the mass balances. The high weathering rates produced by the

mass balances, especially in Asa, were largely explained by the measured depletion of base cations in the soil being much

lower than the accumulation in the young Norway spruce stands (Casetou-Gustafson et al., in review). The very high

estimated weathering rates, especially in Asa, indicate that flows are described inadequately. Uptake occurring below the

defined rooting zone could be one contributing factor (Casetou-Gustafson et al., in review). In Asa, very low weathering

rates from the Depletion method contributed to the wide span. The low weathering rates originated from a fairly flat Zr depth

gradient in the soil, which indicates that the soil had probably been disturbed, so the necessary assumptions for the Depletion

method were not satisfied (Casetou-Gustafson et al., in review).

In Stubbetorp, the PROFILE estimates were substantially higher (67 meq m? y™). than the estimates from the Total analysis <«

regression approach and MAGIC (30-51 meq m™ y*). Maxe (1995) noted that the PROFILE weathering rate was higher than

expected, given the soil properties in Stubbetorp, and argued that it may be due to unreasonably high specific surface area of
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the soil as input to PROFILE on the site. Specific surface area has been determined by BET analysis, and could, according to

Maxe (1995), be overestimated due to a large occurrence of Al and Fe precipitates.

Whereas weathering rates in the different sites in Gardsjén (A, B and C) and Svartberget (A and B) were generally on the

same level, except for the Budget approach in Svartberget B as discussed above, the two sites in Risfallet (A and B) gave
quite different weathering rates, 29-68 meq m?y in Risfallet A (0.5 m) and 25-29 meq m™ y™ in Risfallet B (1 m). It could

be expected that the weathering rates were higher in the deeper soil profile, but instead it was the other way around. The
PROFILE modelled weathering rate in Risfallet A is one of the highest of all sites reported in Stendahl et al. (2013), which

can be explained by a relatively high clay content (7%) and high soil bulk density. In contrast, Risfallet B (1 m) has a very

low specific surface area (Sverdrup and Warfvinge, 1993), which can explain the low weathering rate produced by the

model.

In five of the seventeen cases where only two methods per site were applied, in most cases PROFILE and the Depletion

method, the maximum difference between the calculated median and the estimated weathering rates was less than +10%

(Table 3). In the other end, five sites showed a corresponding difference between +40% and +64%. The results show that the

width of the span varies substantially between sites, and to explain these differences the sites and the methods need to be

studied in detail.
The weathering rates calculated with the Depletion method for the 13 sites from Stendahl et al. (2013) were generally lower,

than the PROFILE-modelled weathering rates (Table 3). The two sites with largest difference, Skanes Varsjé and Kloten

with a maximum difference between the median and the estimated weathering rate of around +60%, distinguished

themselves with very low rates estimated with the Depletion method, 8 and 11 meq m™ y™. This is contrary to what was

expected, since the weatherability of the soil is believed to decrease over time due to the depletion of more easily weathered

minerals and formation of resistant coatings on the mineral surfaces (Taylor and Blum, 1995). The reasons are not fully

known, but one reason could be that the original till partly comprises already weathered till from previous glaciations

(Stendahl et al., 2013). Moreover, it is likely that declining weatherability over time is less pronounced in these young

glacial till profiles, where the easily weathered minerals remain in the profile. Furthermore, some drivers of weathering, such

as forest growth, are more prominent today, which may overshadow long-term decline in soil weatherability. For the total

sum of base cations there was a tendency towards higher modelled rates when the rates from the Depletion method were

higher, but the relationship was weak (r>=0.20) on the 13 sites (Stendahl et al., 2013). However, for Ca and Mg there was a

much stronger relationship, r>=0.46 for Ca and r>=0.64 for Mg. Thus, based on current knowledge and models, it seems

possible to identify a narrow weathering rate interval for Ca and Mg weathering rates, but it seems difficult for K and Na, as
discussed in Stendahl et al. (2013).

At Vastra Torup and Hissmossa, weathering rates produced by PROFILE and ForSAFE were compared in detail for the first .,4[ Formatted: Left

time. The results at Vastra Torup showed that the maximum difference between the modelled weathering rates and the

median was +4%. At Hissmossa, the corresponding difference was +9%. Much of the difference could be attributed to the

difference between soil moisture input data in PROFILE and modelled soil moisture in ForSAFE. The sandy soil in
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Hissmossa gave substantially lower modelled soil moisture than the moisture estimates based on field observations used as

inputs to PROFILE, resulting in lower weathering rates (Kronnas et al., 2019).
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Ia-Fig—=2-tThe intervals of all sites weare compared with four reference weathering intervals, based on weathering rate
approximations frequently used in the critical load work (Fig. 3; de Vries, 1994; Umweltsbundesamt, 1996). The majority of
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The weathering rates for the sites with 0.5 m soil depth (including Gardsjén G1 where the soil depth is 0.47 m) can roughly
be divided into four different groups depending on the intervals, except for four sites with contradictory results (Table 24).
The assessment of whether the weathering rate intervals are accurate enough depends on their intended use. The weathering
rates in relation to forest sustainability assessments are analysed in Sect. 73.3.

4-3.2 Weathering rate comparisons er-aat a regional scale
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The weathering rates for the nutrient base cations Ca, Mg and K varied widely within the regions for all methods, but there

were no large systematic differences between the medians or ranges for the different methods_(Fig. 4-5). However,
PROFILE gave generally somewhat lower weathering rates than ForSAFE and the Depletion method/Total analysis

regression approach, with overall medians of 14.3 mekv my* (PROFILE) and 17.8 mekv m2y™ (ForSAFE and the [Formatted: Superscript
Depletion method/Total analysis regression approach). [Formatted: Superscript

For ForSAFE, this difference was most distinct in the northern regions. FerSAFE-gavesemewhathighermedians-than
PROFH-Eforal-regions-especially-in-the-northernregions—One explanation regarding the difference between PROFILE

and FOrSAFE could be differences in the method for estimating mineralogy from total chemistry, where ‘possible’ minerals

have to be set by the modeller. Since qualitative data on mineral contents in soils in most cases are not available at the
modelling sites, data-must-bethe mineralogy has to be estimated based on a number of assumptions. In the ForSAFE
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database, limestone seems to have been set as a possible mineral more often than in the PROFILE database, due to
differences in the assumptions made. Since even a small amount of limestone has a large effect on weathering rates, the
modelled Ca weathering rates weare substantially higher at some sites in the FOrSAFE resultsdatabase.

was-difference between PROFILE and the Depletion method/Total Analysis regression approach was contradictory to the

site-level comparisons, where PROFILE generally gave substantially higher weathering rates than the depletion-Depletion
method_(Table 3). This can partly be explained by the site-level comparisons being made for the same depths (50 cm),
whereas the regional calculations with the Depletion method/Ttotal analysis regression-methed approach gives-gave the
weathering to the maximum weathering depth, which is often more than the 50 cm (including a 10 cm organic layer) used for
PROFILE. Methodological differences between the old and the new calculations for the depletion-Depletion method/Total

analysis regression approach can also be part of the explanation, e.g. concerning how the weathering depth has been defined

based on curves of the elemental variation with depth, which is partly a subjective operation. Finally, the fact that the
regional calculations combine two methods (Déepletion method and Ttotal analysis regression_approach), whereas the site-
level estimates are based only on the Déepletion method, may contribute to the differences.

In most cases, the width gemparisen-of the weathering rate intervals petween-regions-showed no major differences between

the regions. The difference between the 25- and the 75-percentile was generally 10 to 20 meq m™2y™ (Fig. 5).- An exception

wais region 4, the eastern part of central Sweden, where the corresponding intervalspas was up to 100 mekv m™y 'wides;

including-much-higherweatheringrates-than-the-otherregions. In region 4, lime--rich soils are common, which can rray

explain this pattern. Other minor differences were that

tFhe weathering ranges-rates in the southern regions {5-and-6)-were generally on a somewhat higher level than the others

(medians: 14-20 meq m2y™), whereas the-the weathering rates in the western part of central Sweden wereas towards the

lower end- (medians: 9-14 meq m2y%).
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3.3 Weathering in a sustainability perspective

Although the difference in weathering rates between methods is large on several sites, a number of general conclusions could

be drawn from the comparison with harvest losses. For the stem-only harvesting scenario, the harvest losses were generally

at the same level or lower than PROFILE weathering rates (Fig. 6-7). The Depletion method gave generally higher

weathering rates than harvest losses at stem-only harvesting in the northern sites, but lower in the southern sites.

In five of the seven spruce forests in southern and central Sweden (the sites to the right in Fig. 6), the harvest losses in the

whole-tree harvesting scenario were higher than the weathering rates (5-180%), regardless of the method used to calculate

weathering rates (Table 5, Fig. 6). Exceptions were Asa, where the weathering rates from the Budget approach gave a many

times higher weathering rate than the other methods, and Gardsjén, where the weathering rates from most of the methods

were of a similar size as the harvest losses. Despite the variation between methods, the results clearly indicate that whole-

tree harvesting is not sustainable in the long term in spruce forests in southern and central Sweden, since the weathering rates

generally are substantially lower than the base cation losses at whole-tree harvesting.

On the four spruce sites in northern Sweden (to the left in Fig. 6), PROFILE gave 20-130% higher weathering rates than

harvest losses after whole-tree harvesting, whereas the Depletion method gave 20-50% lower weathering rates than harvest

losses for three of the four sites (Table 5, Fig. 6). The Budget approach in Flakaliden gave 220 % higher weathering rates

than the harvest losses after whole-tree harvesting. Despite the difference between the methods, the results clearly indicate

that the effects of whole-tree harvesting in spruce forests in northern Sweden are substantially smaller than for spruce forests

in southern and central Sweden.

All pine sites where comparisons could be made in this study were situated in northern or central Sweden (Fig. 2; Table 1).

For all three sites, the PROFILE weathering rates were substantially higher than the harvest losses, both for the stem-only
(150-240%) and whole-tree harvesting scenario (90-170%) (Table 5, Fig. 7). Weathering rates calculated with the Depletion

method were of similar size as the harvest losses at whole-tree harvesting, except for Kloten where the weathering rates were

50% lower. Thus, the conclusions about pine forests are similar to those for spruce forests in northern Sweden, that long-

term losses are less of a concern, although the variation in weathering rates makes it difficult to say whether the weathering

rates are higher or lower than the harvest losses in those forests.

In the above assessment, the extent to which whole-tree harvesting itself affected the weathering rates was not explicitly

considered. As an increased forest harvest intensity leads to slightly more acidic conditions, it could be hypothesised that

increased intensity leads to an increased proton-promoted dissolution of minerals, thereby providing a feedback mechanism

in which increased weathering could partially alleviate the effect on soil acidity and base cation status. However, according

to recent HD-MINTEQ modelling in which PROFILE was used to simulate weathering, the weathering rate was largely

unaffected by soil solution pH and by the harvesting method used (McGivney et al. (in review). This was explained as being

the net result of the opposing effects of pH and dissolved Al on the weathering rate. While a decreased pH itself leads to an

increased weathering rate, it also leads to increased levels of dissolved Al, which is a potent weathering ‘brake’, offsetting
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the pH effect. Another source of uncertainties is the potential effect of whole-tree harvesting on mycorrhiza activity, which is

further discussed in section 3.4, and in Finlay et al. (in review).

In the assessments of base cation sustainability, it is important to not only to focus on uncertainties in the actual soil

weathering rates. Other important topics are how much of the weathered material the tree roots can reach, the size of the base

cation deposition, the uncertainties in the assessment of base cations through harvesting, and how the base cation losses are

distributed between soil, biomass and runoff water. The use of a constant and static rooting depth introduces uncertainties in

the sustainability assessments, since root depths varies both spatially and temporally, depending on variations in site

coditions (Hodge, 2013; Rosengren and Stjernquist, 2004). The base cation deposition in Sweden is assessed to be of similar

size as the base cation weathering (Akselsson et al., 2007), but a national survey of total base cation deposition, including

dry deposition, is not available, so uncertainties of base cation deposition are large. The uncertainties in the assessments of

base cation losses at harvesting can be divided in uncertainties in the amount of biomass extracted and the concentration of

BC in biomass (Akselsson, 2005). A sensitivity analysis for Ca showed that the lack of site specific nutrient concentration

data was the main source of uncertainties in calculations of harvest losses of Ca, whereas the estimations of biomass

available for extraction, and the amount of branches left on the ground, contributed less to the uncertainties (Zetterberg et al.,

2014). Finally, the effect of base cation losses in soil is reduced by the fact that the rates of tree growth and leaching decline

after whole-tree harvesting, mitigating some of the impacts of harvest on soil base cation status (Zetterberg et al., 2013;

Egnell, 2016).

3.4 5-Potential for biological weathering
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Biological weathering often takes place in conjunction with physical and chemical processes but there is still disagreement

over the extent of its quantitative contribution to overall weathering (Finlay and Clemmensen, 2017; Leake and Read, 2017;

Smits and Wallander, 2017). Insufficient representation of biological weathering in weathering models such as PROFILE,

and its effects of weathering rate uncertainties, has been frequently discussed (Finlay et al., 2009). Below, a description of

how biological weathering is presently represented in the PROFILE/ForSAFE models is given, followed by a discussion

about potential shortcomings in the light of the latest research about biological weathering. A more thorough description of

the state of knowledge and a more comprehensive discussion can be found in the article by Finlay et al. (in review).

(the dismantling of mineral matrices by charged or dissolving particles to produce free elements), their drivers are strongly

dependent on biological activity in the soil. Soil solution H* is determined by the charge balance resulting from uptake, ion

exchange, mineralisation of organic matter (solid and dissolved), and hydrological transport, all of which are affected by

biological activity. Water availability is directly controlled by water uptake. The partial pressure of dissolved CO, stems

from root and root symbiont respiration, decomposition and hydrological transport. Finally, DOC is directly and indirectly

produced by plants (Sverdrup and Warfvinge, 1993). The transition state theory, governing the weathering kinetics in

PROFILE/ForSAFE, dictates that the net weathering rates should decline towards zero near equilibrium. This is represented

in the model by retardation factors that increase in strength with the concentrations of the weathering products (Erlandsson et

al., 2016). These concentrations are in turn dependent on biological activity, such as uptake reducing nutrient base cation

concentrations or the mobilisation of aluminium through biological acidification.

Although the weathering process is strongly affected by biological processes in the current generation of the

PROFILE/ForSAFE family of models, the models still fail to capture the biological feedback mechanisms in their entirety.

The possible roles of fungi, especially ectomycorrhizal fungi, in biological weathering in boreal forests were summarised by

Finlay et al. (2009), and have been the subject of many subsequent studies (Finlay et al., in review). These fungi can acidify

their surrounding environment and release organic acids and siderophores, which may enhance weathering. They can also

exert biomechanical forcing and alter interlayer spacing associated with depletion of potassium from biotite (Bonneville et al
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2009). Furthermore, recent work with atomic force microscopy has demonstrated nanoscale alteration of surface topography

of minerals and attachment and deposition of organic biolayers by fungal hyphae. Many fungal hyphae produce extracellular

polysaccharides (EPS) at their hyphal tips, providing an interface that ensures intimate contact between the hyphae and

mineral substrates. The contact area between hyphae and mineral surfaces is increased by EPS haloes (Gazze et al., 2013),

and many fungal exudation products such as organic acids and siderophores may be released into polysaccharide matrices

(Flemming et al., 2016) in close proximity to mineral surfaces. Here, they are effectively isolated from the bulk soil solution

and may be protected from microbial decomposition by antibiotic compounds also produced by the fungi. This is in contrast

to the assumption in the models that soil solution is homogeneous at any given depth, not discerning bulk solution from the

said EPS haloes. This may increase the effective concentrations of organic weathering agents at sites of active weathering,
and structure the bacterial communities associated with particular mycorrhizal fungi (Marupakula et al., 2016).

The potential mechanisms for biological enhancement of mineral weathering and the current debate about the importance of

these processes for overall weathering are discussed in detail by Finlay et al. (in review). The biological activity of symbiotic

ectomycorrhizal fungi and the evolution of their interactions with their tree hosts have led to systems that are highly adapted

to efficient recycling of plant nutrients from organic matter, as well as release of base cations from mineral substrates

through weathering. Ectomycorrhizal mobilization of N and P through decomposition of organic residues is dependent on

carbon supplied from tree hosts. Mycorrhizal weathering of minerals is also dependent on carbon supply from trees and on-

going experiments (Finlay et al., in review) suggest that depletion of organic substrates (containing N) will restrict tree

growth and therefore also reduce carbon supply to ectomycorrhizal fungi colonizing mineral substrates, with concomitant,

negative effects on base cation release from biological weathering. Existing models are therefore probably sufficient to give

guidelines about sustainable forestry, including the prediction that, under intensive forestry with removal of organic residues,

base cation supply will not be sustainable in the long term. However, the biological feedbacks during transition from one

state to another may not be fully covered by the models. For instance, a forest exposed to N deposition may pass from N

limitation to limitation by another nutrient, which may have consequences for belowground carbon allocation.

Ectomycorrhizal fungi are dependent on carbon supplied from their host plants and can be expected to exert a stronger effect

on mineral weathering if they have access to more carbon, which may influence mobilization of nutrients that are limiting. A

possible way to include the biological effects on mineral weathering would be to better describe belowground carbon

allocation in the models. Enhanced weathering rates of apatite has been seen when host trees suffer from P shortage, which is

known to enhance belowground carbon allocation (Smits et al, 2012). More elasticity in carbon allocation in the models is

needed to capture these empirical observations. Furthermore, carbon allocation will also regulate exudation from roots and

associated, which is another process involved in mineral weathering that is not covered in the models.
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3.56 Implications of improved model descriptions of base cation exchange and aluminium complexation

Aluminium (Al) and base cation concentrations are the primary weathering brakes in unsaturated soil (Warfvinge and
Sverdrup, 1992). Higher concentrations of these elements have a negative effect on the dissolution rates of the minerals
containing the elements (Sverdrup et al., in review;-this-issue}). It is therefore imperative to correctly simulate the
concentrations of Al and base cations in the soil solution.

Different soil chemical models simulate the dynamics of inorganic Al and base cations in different ways. These can be
classified into two categories: 1. Simpler ion-exchange equations (e.g. Gaines-Thomas or Gapon) that conceptualise sorption

and desorption of AI3, H and base cations as a series of ion-exchange reactions, and 2. More advanced ‘state-of-the-art> [Formatted: Superscript

organic complexation models such as WHAM, NICA-Donnan or SHM (Tipping, 2002; Kinniburgh et al., 1999; Gustafsson, [Formatted: Superscript

2001) that treat organic matter as the main cation sorbent, where proton dissociation over a wide pH range drives
complexation and exchange of Al and base cations.

In general, the use of organic complexation models to simulate base cation and Al dynamics is strongly supported by
empirical evidence (e.g. Tipping, 2002) —but fFor a long time, the simpler ion-exchange equationsfermertype-ofmedet
approach haves been more widely used in popular biogeochemical models such as MAGICE, PROfFILE and ForSAFE.
However, already-in 1996, the CHUM model was introduced, which incorporates a version of WHAM (Tipping, 1996), and
today SMARTmI and HD-MINTEQ provide additional examples of (bio)geochemical codes that employ organic

complexation models (Bonten et al., 2011; L6fgren et al., 2017).

Gustafsson et al. (2018;-this-issue) investigated the implications of using the two model approaches on the dynamics of Al,
base cations and acidity. Overall, the two model approaches provided the same type of response to changes in input
chemistry, implying that in many cases, there may be a rather limited benefit from using organic complexation models when

calculating weathering rates. However, Hewev

Aalthough ferthe-mest-part-these results suggest that the current model setup in e.g. FOrSAFE may be sufficient in many
cases, certain differences remain between the two categories of models. The Gaines-Thomas and Gapon exchange equations
produce a relatively stronger buffering of soil solution pH over a relatively narrow pH range. Together with the general
oversimplification of the cation binding process this also causes the ion-exchange equations to overestimate the historical
levels of exchangeable base cations (Gustafsson et al., 2018-{this-issue}). Consequently, it may be necessary to include
organic complexation under such conditions as prolonged or substantial changes in acidic input, such as in the case of sea

spray events. —Not explicitly simulating organic complexation may require additional coefficients that account for temporal

changes in cation selectivity to correctly predict pH, base cations and Al, thereby entailing more uncertainty. Excluding
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organic complexation can bring into question the ability of biogeochemical models to predict the effect of large changes in

acidic input on weathering rates (Gustafsson et al., 2018).
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3.68 FutureresearchProspects for method development

Since quantifying uncertainties for weathering rates is difficult, the use of multiple methods is often proposed as a way of

increasing the robustness of weathering rate estimates. However, the number of available methods is low, and all are

burdened with different types of limitations and uncertainties. In the review of weathering studies in this paper, only six

locations could be found where at least three methods had been implemented and where the criterion of the same depth was

fulfilled. Thus, the recommendation in Futter et al. (2012), that at least three independent methods should be used to quantify

weathering rates on a site for sustainability assessments, is unrealistic.

Still, comparisons between weathering rates from different approaches for the same sites, and continuous development of the

different approaches, will contribute to more robust sustainability assessments. In the next sections, main uncertainties and

development potential related to process descriptions and input data for PROFILE/ForSAFE are discussed, followed by

uncertainties and potential development areas for the Depletion method/Total analysis regression approach and the Budget

approach.

8:13.6.1 Moedel-developmentPROFILE/ForSAFE — Process descriptions:-Biological weathering

By far the most widely used, and most evaluated, method for estimating weathering rates for soils in Sweden is the
PROFILE model. The successful testing of weathering rate modelling with ForSAFE (Kronnas et al., 2019) in QWARTS,

will be the starting point for more studies on weathering dynamics, using ForSAFE. To better represent ectomycorrhizal
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fungi processes in the PROFILE/ForSAFE models, and thus reduce uncertainties in modelled weathering rates, three main

improvements need to be made: (1) the EPS microenvironments, described in section 3.4, need to be determined in field and

considered in models, (2) methods to distinguish between roots and mycorrhizal hyphae need to be developed, to be able to

better represent the process of nutrient uptake and translocation towards the plant root and (3) more elasticity in carbon

allocation in the models is needed, to be able to better describe the carbon availability for fungi, and to represent the

regulation of exudation from roots and associated hyphae.,

The uncertainties in the simplified description of base cation exchange and aluminium complexation were generally small,

according to studies in QWARTS (Gustafsson et al., in review). Many-fungat-hyphae-produce-extracelularpolysaccharides
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we note that a modification would be desirable concerning (1) long-term simulations over hundreds of years when large

changes occur in the chemical drivers, and (2) sites experiencing frequent or strong sea salt episodes causing large changes
in the chemical composition of the influent water.

called-weathering-brakes—Based on theis assumption that weathering retardation is mainly caused by elevated concentrations

of base cations and aluminium, PROFILE/ForSAFE produces reasonable weathering rates in the unsaturated rooting zone

(Sverdrup and Warfvinge, 1993; Erlandsson et al., 2016). However, moving into the saturated zone, the strength of the usual
weathering brakes fails to slow down the mineral dissolution, which leads to grossly overestimated rates estimates-of
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weathering rates-(Stendahl et al., 2013; Erlandsson et al.; (in review-{this-issue}). In this environment, soil solution silicate
concentrations play a central role in hindering mineral dissolution (Sverdrup et al., -in-review-(tin reviewhis-issue)). For this
reason, the kinetics of silicate release from mineral dissolution has been added to the traditional elements, as well as the
dynamics of silicate concentrations in the soil solution. Erlandsson et al. (in review;-this-issue) tested a prototype of this
addition, and the results proved promising in keeping weathering rates within observation levels in the saturated zone, but
this is yet to be implanted and tested in PROFILE/ForSAFE.

Lateral flow has recently been included in ForSAFE, and a new version, ForSAFE-2D, has been developed (Zanchi et al.,

2016). The model has been evaluated on the basis of hydrological flows and chloride concentrations and transport, with good
results. Evaluating the modelled base cation concentrations in surface water highlighted the need for adjusting the
weathering brakes (see discussion above about silicate brakes), and also a need to revisit the decomposition process
descriptions, thereby validating them for the saturated zone. Further development of ForSAFE-2D has the potential to
provide a mechanistic tool for assessing weathering rates also for surface water applications. The importance of correctly
defining the flow pathways and residence times for the delivery of weathering products to the surface waters, and the
potential value of concentration-discharge relationships for calibrating biogeochemical models was explored by Ameli et al.
(2017).

3.6.2 PROFILE/ForSAFE — Input data

Although continuously improved process descriptions are desirable to get more robust weathering estimates,

improvements related to input data are more urgent. 8-5-Reducing-tncertaintiesr-modeHnput-data

Mineralogy, specific surface area and soil moisture are of key importance in weathering modelling, but are often burdened
with high uncertainties. To reduce input data uncertainties, a focus should be placed on those three parameters.
1a-the-A2M-medel-mMineralogy inputs to PROFILE/ForSAFE areis often estimated from total chemistry with the A2M
model (Posch and Kurz, 2007)based-en-total-chemistry, since direct mineralogy measurements are not available on most
sites. To accurately estimate a probable mineralogy, not only are good soil chemistry measurements are-required, but also
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information about which minerals can be expected in the soil. In Sweden, three-four different geographical mineralogy
regions have been used since the 1990s to assign qualitative mineralogy to a site (Warfvinge and Sverdrup, 1995).
Casetou-Gustafson et al. (inreviewa-this-issue2019) compared weathering rates calculated based on three sets of
mineralogies: one based on direct measurements of quantitative mineralogy, one based on normative modelling with A2M
using direct measurements of qualitative mineralogy, and one based on normative modelling with A2M using data from the
regions mentioned above. Fheresulis-gave-weatheringratesfor both-nermative-methods-that were-close-to-the-weathering

—It could not be concluded that the A2M runs based on direct measurements of

qualitative mineralogythe-nermative-mineralogy-based-on-theregions gave betterwerse results. Although these results
strengthen the credibility for the normative mineralogy regions, Casetou-Gustafson et al. (in-review-a-this-issue2019)

recommend continued work to reduce uncertainties related to mineralogy, mainly by revisiting and, if appropriate, updating
mineral rate coefficients. More comparisons of weathering rates from normative mineralogies based on generalised and site-
specific quantitative mineralogy are needed, to adequately assess whether the regional divisions need to be revised and

refined in order to further reduce the uncertainties in the mineralogy estimates.

A2MA2M gives as output a multidimensional space of solutions, all of which have the same probability. Often, the centre
point of the space is used for weathering calculations. However, the span can be quite broad, which leads to uncertainties in
the calculated weathering rates (Casetou-Gustafson et al., in+eview-a-{this-issue)}}2019). Future research focusing on
constraints that could help to narrow the space of possible solutions that A2M creates, e.g. based on the grain size
distribution, could reduce those uncertainties.

Minerals are assumed to be evenly distributed among grain sizes in PROFILE and ForSAFE. The effect of this assumption
has not been fully analysed. The most obvious example showing that minerals are not evenly distributed among grain sizes is
clay minerals, which are found in the clay fraction. The extremely high surface area of clays leads to very high base cation
weathering rates when the clay fraction is high, although the content of base cations is low. Due to this, Phelan et al. (2014)
introduced a correction factor. A thorough analysis of all grain size fractions can help to further refine these methods.

The surface area of soils is often calculated with regressions based on old BET measurements -(Warfvinge and Sverdrup,
1995). The regressions reveal that the uncertainties are large. Fhe-tneertaintiescould-most-tikehrbereduced-through
fRevisions of the regressions, based on a larger data material, could reduce the uncertainties-using-modern-technology.
The soil moisture is one of the most important factors in-weathering-medeling-that introduces large uncertainties in the
results, both in PROFILE where it is an input (Rapp and Bishop, 2003), -and in ForSAFE where it is modelled based on

hydrological parameters (~Kronnas et al., (in-press-this-issue2019). -applied-both-PROFH-E-and-ForSAFE-on-twe-sites-and

Aput-datafo ) whereas-seil-mo e-was-modeled-by-ForSA

rmodeHed-weathering+ates—Improved input data quality for soil moisture would substantially reduce uncertainties in
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PROFILE and, even more importantly, soil moisture modelled by ForSAFE needs to be evaluated, and the sensitivity to soil

input data needs to be examined.

To further evaluate the accuracy of results from the depletion-Depletion method, as a proxy for the weathering rates of today,
the reliability of the assumptions needs to be further evaluated, and the relationship between the average weathering rate
since the last glaciation and today’s weathering rate needs to be assessed. The latter can be done by performing ForSAFE
modelling on a site where the depletien-Depletion method has been applied. A similar exercise has been done with the SAFE
model (Warfvinge et al., 1995), but the inclusion of tree growth and decomposition in FOrSAFE can be expected to improve
the results. Furthermore, standardised methods for setting the weathering depth based on the elemental content curve and for

the analysis of fulfilment of the requirements in the soil profile, would enable objective and comparable estimatesa-manual

for-the-depletion-method-needs-te-be-develeped, including requirements that must be fulfilled for soil profiles to be regarded

as undisturbed. The Total analysis regression approach will give more robust results if more Depletion method estimates are

available for the regressions.

~Different applications of the budget-Budget

approachmethed handle the distinction between sources of base cations in the soil in different ways, affecting the
uncertainties in the estimated weathering rates--as-explained-abeve. TAlso-the uncertainties in base cation deposition add to
the overall uncertaintiescontains-large-uncertainties. In-the-compilation-of-weatheringrates-in-this-paper-the-most-extreme

{Rosenstock-etal—inreview-{this-issuey)—For a fair comparison between weathering rates from the budget-Budget
approachethed and from other methods, ways to distinguish between different sources and sinks need to be further

developed.
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An advantage of the Bbudget methed-approach using the Sr isotope ratio is that it can distinguish between weathering and
release from the exchangeable pool. As for all budget approaches, deposition and leaching measurements are required as

inputs. The few comparisons made in this study show promising results, and we therefore encourage estimates on more sites
to enable evaluation of the bBudget methedapproach based on the Sr isotope ratio.

In the MAGIC model, the release from the exchangeable pool is thoroughly modelled, but for other sources and sinks of base
cations, the same problems apply as for other budget approachesthe-budget-method, e.0.i-e- uncertainties in base cation

deposition. These uncertainties exacerbate the uncertainties in weathering rates that derive from the mass balances in
MAGIC. Nevertheless, MAGIC theoretically provides a good basis for conducting independent weathering rate assessments.
On sites with relatively small input data uncertainties, our recommendation is to carry out such comparisons.

94 Conclusions

Uncertainties in weathering rates have often been presented as an obstacle in the assessment of sustainable forestry. The
comparison between approaches in this paper, on a regional level as well as on a site level, suggests that both weathering rate
gradients and approximate weathering rate levels can be captured with available methods. Although the variation in
weathering rates-estimates between-methods-was large on single sites, most of the sites could be grouped into broader classes
representing very low, low and intermediate weathering rates, which can be used for general, but not specific, weathering
rate assessments at site level. The more and better input data that is available, and the more methods that are applied and
compared for a single site, the more robust overall assessments can be done at site level, provided thating the conceptional

differences, boundary conditions and assumptions between methods are kept in mind.
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‘ Based on the results from this study, we argue that modelled weathering rates can be used for sustainability assessments, as
long as the uncertainties, i.e. the intervals on single sites presented in this paper, are recognised. The ability to draw
conclusions about sustainable forestry at site level depends not only on uncertainties in weathering rates, but also on other
site properties, relateding to forest properties and other base cation flows, such as base cation deposition, and the associated

uncertainties. Irrespective of the uncertainties related to the sustainability assessments, a robust conclusion was that
weathering rates in spruce forests in southern and central Sweden generally were substantially lower than the harvest losses
at whole-tree harvesting, indicating that whole-tree harvesting without nutrient compensation is not sustainable in these

areas. However-tThere is less risk of negative effect for spruce forests in northern Sweden, as well as pine forests in central

and northern Sweden.

The research performed in the five years of the QWARTS programme supports the continued use of the PROFILE/ForSAFE
models. ForSAFE is the only method that gives time-resolved results, se-isi.e. the only method that can be used to study
dynamic effects of changing climate and changing management methods. Although there is still scope for improving process
understanding and incorporation of that understanding into PROFILE and ForSAFE, e.g. regarding weathering-brakes-ane
biological weathering_and weathering brakes, the most important way to reduce uncertainties in modelled weathering rates is

to reduce input data uncertainties, mainly regarding soil texture and associated hydrological parameters. However, it is also
important to continue evaluating-and-comparingto compare with ether-approachesresults from the Depletion method and the [Formatted: Font: Not Italic, Font color: Auto ]
Budget approach,- [ Formatted: Font: Not Italic, Font color: Auto ]
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Table 1: Sites included in the study, where at least two well-documented approaches for estimating wethering rates have been

applied to the same depth.

Site Depth References

Gardsjon A 0.5m, Stendahl et al., 2013

Gérdsjon B (F1) 0.67 my.  Sverdrup etal., 1998;
Kohler et al., 2011

Gardsjon C 0.47m,  Sverdrup etal., 1998

Svartberget A 0.5m, Stendahl et al., 2013

Svartberget B 0.8m, Sverdrup et al., 1991; Sverdrup and Warf-
vinge,1993; Lundstréom, 1990

Vindeln 0.5m, Stendahl et al., 2013

Risfallet A 0.5m, Stendahl et al., 2013

Risfallet B 1.0 m, Sverdrup et al., 1991; Sverdrup and Warfvinge,
1993; Jonsson et al., 1995; Maxe, 1995

Férahall 1.0m, Sverdrup et al., 1991; Sverdrup and Warfvinge,
1993; Jonsson et al., 1995; Maxe, 1995

Stubbetorp 1.0m, Maxe, 1995; Gardelin and Warfvinge, 1992

Flakaliden 0.5m, Casetou-Gustafson et al., 2019

Asa 0.5 my Casetou-Gustafson et al., 2019

Bodafors 0.5m, Stendahl et al., 2013

Hjértasjo 0.5m, Stendahl et al., 2013

Hasslen 0.5m, Stendahl et al., 2013

Kloten 0.5m, Stendahl et al., 2013

Kullarna 0.5m, Stendahl et al., 2013

Lammhult 0.5m, Stendahl et al., 2013

Skénes Varsjo 0.5 m, Stendahl et al., 2013

Stode 0.5m, Stendahl et al., 2013

Soderasen 0.5 my Stendahl et al., 2013

Vaéstra Torup 0.5m, Kronnés et al., 2019

Hissmossa 0.5 my Kronnés et al., 2019

alncluding O-layer

pNot including O-layer

cFor MAGIC the weathering rate was calculated to 0.6 m, including O layer
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Table 2: Mineral content in soil (50 cm depth) used as input for modelling weathering rates for the different sites: Qz (qwartz), Or (orthoclase), Pl
(plagioclase), Am (amphibole), Ep (epidote). Bi (biotite), Ap (Apatite), Mu (Muscovite), Ch (chlorite), Il (illite), Ve (vermiculite), Hy (hydrobiotite).
Minerals occurring in very small amounts, with minor effect of weathering rates, are not included in the table. Input data was not found for Géardsjon
C, The mineralogy has in some cases been slightly simplified, to make it fit in one table. For detailed mineralogy, see original references (Table 1),

Site Qz O Pl Am Ep, Bi Ap Mu Ch i Ve Hy,
Gardsjon A 365 47 264 1.0 3.6 0.0 0.2 8.4 1.4 12.2 3.5 0.0,
Gardsjon B 562 19 16 15 1.0 05 03 00 04 0.0 5 0.0,
Svartberget A 424 151 29.1 1.2 29 1.6 0.2 0.0 0.8 45 1.9 0.0,
Svartberget B 60.3 7.6 16 7.7 2 0.0 0.4 0.0 2 0.0 4 0.0,
Vindeln 39.1 98 243 1.0 2.3 1.2 0.3 0.0 0.7 17.1 5.4 0.0,
Risfallet A 454 135 26.2 0.9 2.6 0.0 0.2 3.8 2.1 3.4 3.2 0.0,
Risfallet B 449 250 26.0 35 0.0 0.0 0.1 0.0 0.5 0.0 0.0, 0.0,
Farahall 30.7 29.0 28.0 4.0 0.0 3.0 0.3 0.0 0.0 0.0 5.0, 0.0,
Stubbetorp 48.5 30.0 15.0 24 0.0, 0.2 0.2, 0.0, 1.1 0.0, 0.0, 0.0,
Flakaliden® 415 144 259 35 1.8 2.1 0.0, 3.8° 14 0.0, 0.4 13
Asa’ 432 153 26.7 2.3 3.2 0.2 0.0, 3.0° 13 0.0, 1.0, 0.5
Bodafors 410 132 258 1.2 3.8 0.0 0.5 3.6 2.5 1.6 5.5 0.0,
Hjartasjo 493 30 204 0.8 1.9 0.0 0.2 9.4 1.9 9.1 4.1 0.0,
Hésslen 402 151 218 10 25 00 02 63 21 66 36 00
Kloten 515 136 21.8 0.5 3.0 0.0 0.2 34 1.0 3.0 13 0.0,
Kullarna 39.1 153 256 1.0 2.9 0.0 0.2 5.5 1.8 4.8 2.5 0.0,
Lammbhult 379 146 29.0 15 4.2 0.0 0.4 2.4 2.0 1.2 4.9 0.0,
Skanes 388 165 29.7 0.7 2.4 0.0 0.3 4.3 1.0 2.2 14 0.0,
Stode 405 47 234 19 3.7 0.0 0.4 9.9 3.6 9.3 2.5 0.0,
Soderdsen 489 10.2 213 05 1.4 0.0 0.3 9.9 0.7 4.9 0.9 0.0,
Véstra Torup 44.0 17.0 22.6, 0.9 2.3 0.0, 0.3 3.3 13 1.9 1.8 0.0,
Hissmossa 37.0 18.0 23.7 0.7 2.0, 0.0, 0.2, 5.5 0.9 3.7 13 0.0,

*Mineralogy has been calculated with multiple models, but only the XRPD results are presented here.
PMuscovite and illite could not be separated with the XRPD method.,
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Table 31: Weathering rates (meq m? yy™) and statistics at the sites where

the-same-depthdescribed in Table 1-

Site PROFILE Depletion Budget Sr Tot. anal. MAGIC ForSAFE Median  Min- Max %, « { For
regr. Max diff, § @

Gardsjon A 52 41 - - - - - 47 41-52 +12 @

Gardsjon B 57 53 54 - 44-53 (49) 62 - 54 49-62 +15

Gardsjon C 37 - 36 39 38-42(40) - - 38 36-40 +5

Svartberget A 38 17 - - - - - 28 17-38 +38

Svartberget B 42 31 85 35 - - - 39 31-85 +121

Vindeln 30 13 - - - - - 22 13-30 +40

Risfallet A 68 29 - - - - - 49 29-68 +40

Risfallet B 29 - - 25 - - - 27 25-29 +7

Farahall 60 60 - - - - - 60 60-60 +0

Stubbetorp 67 - - - 35-51(43) 30-40 - 43 35-67 +56

Flakaliden 43 2234 619 - - - - 43 34-61 +42

Asa 37 11 1317 - - - - 37 11-131 +254

Bodafors 41 22 - - - - - 32 22-41 +30

Hjartasjo 29 20 - - - - - 25 20-29 +18

Hasslen 52 18 - - - - - 35 18-52 +49

Kloten 42 11 - - - - - 27 11-42 +58

Kullarna 36 16 - - - - - 26 16-36 +38

Lammhult 35 33 - - - - - 34 33-35 +3

Skanes Varsjo 37 8 - - - - - 23 8-37 +64

Stode 41 18 - - - - - 30 18-41 +39

Soderasen 36 19 - - - - - 28 19-36 +31

Véstra Torup 58 - - - - - 63 61 58-63 +4

Hissmossa 25 - - - - - 21 23 21-25 +9

a

Including-O-layer
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Table 4: Classification of the sites with soil depth of approximately 0.5 m, in four classes, baased on intervals used in the critical load work of CCE
(Coordination Centre of Effects) within the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP_Convention) (de Vries, 1994;
Umweltsbundesamt, 1996).: very low, low and intermediate weathering rates and a group with non-conclusive results, i.e. that did not fit into any of the
other groups. Sites were placed in one of the three weathering groups if the median fell within the main interval given, and if the maximum and
minimum values fell within the extended interval (£5). A and C refer to different profiles, with different soil depths.

Very low weathering Low weathering rates Intermediate Non-conclusive results

rates weathering rates
Interval ~ 10-37.5% (+5) 37.5-60° (+5) 260 For

meg m?y™* meg m?2y™* meg m?2y™* @
Sites Vindeln Gardsjon A (0.5 m) Farahall Hasslen

Hjartasjo Gardsjon C (0.47 m) Risfallet A

Soderasen Vastra Torup Asa

Stode Flakaliden o

Kullarna

Svartberget A

Bodafors

Lammhult

Skanes Varsj6

Kloten

Hissmossa

2 Corresponding to the lowest span in Fig. 3, ‘acidic/intermediate parent material, coarse-textured’.

p.Corresponding to the lower part of the two spans ‘acidic/intermediate parent material, medium-textured’ and “basic parent material, all grain

sizes” in Fig. 3.
< Corresponding to the upper part of the span ‘acidic/intermediate parent material, medium-textured” and the lower-intermediate part of the span

‘basic parent material, all grain sizes’ in Fig. 3.
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Table 5: Weathering rates estimated with different approaches and harvest losses at stam and whole-tree harvesting (meg m?vy™).

Site Tree species

Harvest losses

Weathering

CH WTH PROFILE Depletion Budget Tot. anal. reg.
Svartberget A Spruce 13 21 38 17
Flakaliden Spruce 12 19 43 34 61
Stode Spruce 19 32 41 18
Kullarna Spruce 18 30 36 16
Hjartasjo Spruce 33 55 29 20
Gérdsjon A Spruce 33 55 52 41
Gérdsjon B Spruce 31 52 57 53 54 48.5
Bodafors Spruce 37 62 41 22
Lammhult Spruce 34 56 35 33
Asa Spruce 42 70 37 11 131
Skanes Varsjo  Sbruce 41 67 37 8
Vindeln Pine 10 13 30 13
Risfallet Pine 20 25 68 29
Kloten Pine 17 22 42 11
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Figure 1: Base cation (BC) mass balance for the rooting zone of a well-drained forest soil. ASeil BC is the sum of the net change in
BC in soil solution, the net change in soil exchangeable BC and the net change in soil organic material BC.
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Figure 12: Sites where weathering rates have been calculated for the same soil depth with at least two different approaches. See

also Table 1-land-Fig—2.
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Figure 23: Base cation weathering rates (sum of Ca, Mg, Na and K) for sites where different methods have been applied for the
same depth on the same site (Fig. 22). The soil depth is around 0.50 m (with or without organic layer, see Table 1), except for a few
cases where greater depths are given. The four spans to the right are intervals that were commonly used in the critical load work
of CCE (Coordination Centre of Effects) within the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP
Convention) (de Vries, 1994; Umweltsbundesamt, 1996). The intervals correspond to weathering rates for different parent
material classes: acidic, intermediate and mafic, and different texture classes: coarse, medium (including the mix between medium
and course material) and fine (including the mix between fine and medium material).
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Figure 34: Weathering rates calculated with the Ddepletion method/Total analysis regression approach (left), modelled with
PROFILE (centre) and with FOrSAFE (right), in seven climate regions in Sweden, delimited by black lines.
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Figure 45: Box plots for the three methods and for the climate regions: (12) Inner part of northern Sweden, (32) Coastal part of
northern Sweden, (43) Western part of central Sweden, (54) Eastern part of central Sweden, (65) Southwestern Sweden, and (76)

5| Southeastern Sweden. The Northwestern mountain region (1) was excluded since it only contained one site.
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Figure 65: Weathering rates of base cations calculated with different methods on spruce sites, compared with harvest losses of
base cations at whole-tree harvesting (100 % of the stems and 60% of the branches harvested, 75% of the needles on the branches
removed). The horizontal dashed lines in the harvesting bars show the levels for stem-only harvesting. The sites are ordered from
north to south.
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Figure 67: Weathering rates of base cations calculated with different methods on pine sites, compared with harvest losses of base
cations at whole-tree harvesting (100% of the stems and 60% of the branches harvested, 75% of the needles on the branches
removed). The horizontal dashed lines in the harvesting bars show the levels for stem-only harvesting. The sites are ordered from
north to south.
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