Response to referee #1

Below are the comments of the referee #1 in black and our responses in blue font and changes to
manuscript italicized and gray.

Soil nutrients and stoichiometry is an important topic in forest ecosystems. The manuscript studied the
relationships between understory vegetation species abundance in a boreal forest and soil /leaf nutrients.
However, there are several major concerns about the statistical methods, the data presented in the figures
and tables and shortage of basic information regarding the study site. Additionally, there are also
grammatical issues and inappropriate descriptions of the results. The discussion cannot fully support their
hypotheses and results.

Response: We thank anonymous referee #1 for the time they have spent revising our manuscript. We
found the comments very helpful and sincerely appreciate all the detailed and concrete suggestions on how
to proceed with the manuscript. As both referees brought up points about the role of tree species in soil
nutrient content, we have added analyses and discussion about this topic in our manuscript.

Statistical analysis:

One-way ANOVA were chosen in the manuscript, it implies that the plot was the only factor. However, tree
species plays an important role in soil nutrients as well, thus tree species should be considered as a
confounding factor. Due to high spatial heterogeneity in soil samples, when you determine the difference
in different plots, the block effects also should be considered in the statistical analysis.

Considering the relationships between species composition and soil nutrients, besides the species, the
authors also should treat age classes as the second factor. For the same reason, soil layer also should be
considered in the analysis.

Response: We agree with these comments. Unfortunately, we do not have exact knowledge of the age of
the trees at each plot, as we did not core the trees. We know the approximate age of trees at plot A6 and
have used this as help, when we estimated the tree ages based on their dbh and put the trees in three
different classes (young trees 1-9.9 cm, mid-aged 10-14.9 cm and old > 15 cm). We added information
about the tree age classification to materials and methods. We tested the effect of dominant tree species,
tree age, soil parent material/bedrock type, and soil horizon on soil P, N and C:N with linear mixed-effect
models and have added the following description to section 2.4:

“We tested the effects of environmental variables on soil P, N and C:N with linear mixed-effect models. We
used dominant tree species, estimated tree age, rock parent material and soil horizon as fixed effects and
plot as random effect. Soil P needed to be log-transformed while for N and C:N the visual inspection of
residual plots did not reveal obvious deviations from homoscedasticity or normality. We obtained p-values
for the fixed effects by likelihood ratio tests, where the full model with all the fixed effects was tested
against model where each fixed effect was removed in turn. We used package Ime 4 (Bates et al. 2015) in R
programme 3.4.3 (R Development Core Team, 2017) for building the models. Pseudo R2-value for the
models were calculated by using package r2gimm (Jaeger 2017)The models took the form:

SCP,N,CN — BO + Bdt + Bta + Bg + Bh+ E, (1)

where SCp y ¢ IS the soil nutrient content (P, N or C:N ratio), B, denotes a fixed intercept parameter, By,
denotes the fixed unknown parameters associated with the dominant tree species, B;, denotes the fixed
unknown parameters associated with the age of the dominant tree species, By denotes the fixed unknown
parameters associated with the rock parent material, By, denotes the fixed unknown parameters associated
with soil horizon. The random effect € is assumed to take the form:



E=o,tu, (2)

where «,, denotes the random parameters related with the research plot and u is an unobservable error

term. Random-effect parameters and random-error term are assumed to follow normal distributions
o, ~N(0,07) andu~N(0,0).”

We made a new subsection for the results of mixed effect models under section 3 and added a table, which
includes the fixed effects and their Chisq values, p-values and pseudoR2 values. To the appendices we
added figures of the fitted vs. residuals, g-q plots and histograms of the residuals and removed the
unnecessary tables of the previous one-way ANOVAs.

While we agree that the within-plot variation of soil element content is important, it could not be added to
this same model, as the other factors were on the plot scale. We made box plots about the within plot
variation of soil total P, N and C:N ratio.

In order to more precisely study the relationship of tree species and understory vegetation, we added the
volume of birch per plot to the ordination and to Fig. 7d. We also added the cover (% of surface area) of
species in the same species groups to the ordination and Fig. 7d.

Shortage of basic information: the authors provided the basic tree and other species
composition in the Table 3. The tree age and biomass also affects the soil nutrients.
The author should provide the mean basal area, leaf area index and mean DBH. These
basic information would be useful to estimate the effects of tree species on the under-
story species composition and on soil nutrients.

Response: Yes, we agree. We redid this table (now Table 2) so that it includes the following information in
their own columns: plot, trees/ha, basal area, total volume of trees, volume of pine, volume of spruce,
volume of birch, mean dbh of pine, mean dbh of spruce and mean dbh of birch. Unfortunately, we have no
information of LAI.

As to the weather information, the min and max temperature should also be provided in Table 1.

Response: Agreed, we added the min and max temperature to the table.

Authors should add a new table/Figure to show the mean soil nutrients in the birch, scots pine and spruce
plots in each layer and make stat analysis.

Response: We agree. We made such a table and did the statistical analysis related to that. We marked the
stat. differences between tree species to the table. We added the following piece of text to section 2.4:

“We grouped the plots based on their dominant tree species into pine, birch and spruce plots and calculated
the average soil nutrient contents in each horizon in these plots. We then compared the nutrient contents in
each soil horizon with one-way ANOVA.

We also added explanation of the results of the ANOVA to section 3.1.

In Fig 5, there were no adj-R2 value to show which factor possessed the most weight. At the same time,
these correlations could be better presented in Table not in fig.

Response: We corrected the unclear figure caption in Fig 5 to include the following information:



“Positive correlations are displayed in blue and negative correlations in red. Colour intensity and size of the
circle are proportional to the correlation coefficients..”

The confusing plot numbers in table A2/A3 /A4 and Table B2. In the Table A, the plot number was in
alphabetical order while the Arabic number was adopted in table B2.

Response: We corrected the confusing and incorrect plot numbering in Table B2.

We cannot find the stats evidence support the data. For example: “Foliar N:P ratio did not show any
differences in either species between plots.. . .. . ... .green leaves
compared to other species.” (3.2)

Response: We changed this piece of text to:

“On the other hand, N and C contents, as well as the C:N ratio of the conifers showed some between-plot
variation (p < 0.05), but no significant variation was found in the foliar N:P ratio in either species.”

In the results section, the first sentence in each sub section provides meaningless
information for the data and these sentences can be deleted. For example: “ The
average contents. . ... .. In fig 4” (3.1 soil element contents). The same was also found in each paragraph.

Response: Agreed, we deleted the sentences including meaningless information.

There were some grammatical issues in each paragraph. There was no deep discussion to support the
hypotheses and results.

Response: We thank the referee for pointing out these issues. A native English speaker has checked our
revised manuscript.

We have revised the discussion section based on the comments from both referees. We synthesized and
shortened the part of text where we compare our total nutrient contents to previous studies as well as
reorganized the sections so that the main results become clear in the first paragraph of the discussion
section. We wrote more about the role of tree species in soil P content and highlight how and why our
results are important and relate with the previous findings.



Response to referee #2

Below are the comments of the referee #2 in black and our responses in blue font and changes to
manuscript italicized and gray.

We thank anonymous referee #2 for the time they have spent revising our manuscript. We found the
comments very helpful and sincerely appreciate all the detailed and concrete suggestions on how to
proceed with the manuscript. As both referees brought up points about the role of tree species in soil
nutrient content, we added analyses and discussion about this topic in our manuscript.

Title: rephrase; “understory vegetation” is not precise, that are the species composition and abundance
that were studied. Why to focus on the understory since the tree cover was also studied? You could also
focus on what you consider as your main result, for example “Soil total P explains vegetation community
composition in a northern boreal forest ecosystem”.

Response: We appreciate the suggestion, but feel that the title example by the referee would be too strong
of a statement. Our study is more of a case study about a very special area surrounding a phosphate massif
and, thus, it would be rather risky to generalize the results to cover also other northern boreal forest
ecosystems. Thus, we changed the title to: “Soil total phosphorus and nitrogen explain vegetation
community composition in a northern forest ecosystem near a phosphate massif”. We feel that it is
important to mention the phosphate massif in the title to make it clear that our study area has some
special features.

Abstract: needs a sentence on sampling design (the way the relationship were addressed)... In the present
case, the reader have no idea what the “plots” refer to and what to conclude from that information. Here
and in the materials and methods section, you need to state clearly that you described vegetation, and
sampled tree leaves and soil, at different distances from the P ore. Revise this abstract after clarifying the
objectives and re-analyzing/discussing the results.

Response: Agreed. We have added information about how the study plots and measurements were
arranged.

Introduction: could be simplified and shortened. Also needs to better formulate the objective(s) and
hypotheses, and/or to provide all the information that lead to such hypotheses. In particular, it is not very
clear why the hypotheses focus on the humus layer.

Response: Agreed. We have simplified the introduction according to the suggestions and focused on re-
formulating the aims and hypotheses.

By comparing the title, abstract and introduction, it is not clear if the objective if finally (1) to explain the
understory species composition and abundance with environmental parameters, and particularly soil total
P content, or (2) to predict soil/environment nutrient status by surveying understory vegetation. One
option should be chosen and the whole article built around.

Response: This is a very good point and helped us to clarify the “common thread” of the manuscript. We
originally started with option 1) and it is still valid. We aim to explain the understory species composition
and abundance with environmental parameters, and see if soil total P and N content have an effect on
them. In addition, we want to figure out what environmental parameters could explain soil N and P
contents.



Material and methods: The site selection process is not clear; in particular, what is the basis for selecting
those transects? | did not get if there is any gradient, for example.

Response: We have added the following sentences to materials and methods (after “We established 16
study plots...):

“The plots were located different distances from the phosphate ore in four transects, enabling evaluation of
the possible effects of the mine in the future.”

Are all the study sites located at a similar elevation with similar climate conditions?
Response: Yes they are.

As the study sites were located on different geological units (Fig. 1), did the authors tried to include such
factor in their analysis?

Response: We have now included the geological unit to the analyses.

Do we know anything about the P contents of those rocks? Are these rocks essential parent material for the
soils developed at the sites? Any idea of the age/development stage of the soils?

Response: The Sokli phosphate ore has been carefully sampled and studied, but the surrounding area lacks
such detailed information. We added to the figure caption of Fig 1. that this map shows the bedrock in the
region, which is essential parent material for the soil. The bedrock in Finland is among the oldest in Europe
but the soils have been modified by the latest ice age. Sokli is different from the surrounding soils also
because it is located in a sheltered depression and has not been affected by the erosion caused by latest ice
age.

Are all the soils studied haplic podzols?
Response: Yes they are.

As for the statistical analyses, it seems the forest stand composition could be better taken into account by
accounting for the species % of volume or by grouping sites according to their dominant species. As raised
by reviewer 1, stand age could also be a confounding factor.

| think the authors could try to better explain the variations they observe in soil values. Also, why did the
authors focused in the elemental contents of the O horizon (humus) in their analysis? Do we have an idea
of the distribution of fine roots (and vegetation uptake zone) in the soil profile?

Response: We agree with these comments. We originally chose humus as the roots of understory
vegetation are mainly in this layer, but we have now done more stat. analyses including other layers as
well.

Unfortunately, we do not have exact knowledge of the age of the trees at each plot, as we did not core the
trees. We know the approximate age of trees at plot A6 and have used this as help, when we estimated the
tree ages based on their dbh and put the trees in three different classes (young trees 1-9.9 cm, mid-aged
10-14.9 cm and old > 15 cm). We added information about the tree age classification to section 2.2.1. We
tested the effect of dominant tree species, tree age, soil parent material/bedrock type, and soil horizon on
soil P, N and C:N with linear mixed-effect models and have added the following description to section 2.4:

“We tested the effects of environmental variables on soil total P and N contents and C:N with linear mixed-
effect models. We used dominant tree species, estimated age class, rock parent material (Fig. 1) and soil



horizon as fixed effects and plot as random effect. Soil total P needed to be log-transformed, while for N and
C:N the visual inspection of residual plots did not reveal obvious deviations from homoscedasticity or
normality. We obtained p-values for the fixed effects by likelihood ratio tests, where the full model with all
the fixed effects was tested against a model where each fixed effect was removed in turn. We used package
Ime4 (Bates et al. 2015) in R programme 3.4.3 (R Development Core Team 2017) for building the models.
Pseudo R2-values for the models were calculated by using package r2glmm (Jaeger 2017). The models took
the form:

SCP,N,CN = BO + Bdt’ + Bta + Bg + Bh+ E, (1)

where SCp y cn is the soil nutrient content (P, N or C:N ratio), B, denotes a fixed intercept parameter, By,
denotes the fixed unknown parameters associated with the dominant tree species, B;, denotes the fixed
unknown parameters associated with the age of the dominant tree species, B, denotes the fixed unknown
parameters associated with the rock parent material, By, denotes the fixed unknown parameters associated
with the soil horizon. The random effect € is assumed to take the form:

E=Xp+u, (2)

where ,, denotes the random parameters related with the research plot and u is an unobservable error

term. Random-effect parameters and random-error term are assumed to follow normal distributions
o, ~N(0,0;) andu~N(0,0;5).”

We made a new subsection for the results of mixed effect models under section 3 and added a table, which
includes the fixed effects and their Chisq values, p-values and pseudoR2 values. To the appendices we
added figures of the fitted vs. residuals, g-q plots and histograms of the residuals and removed the
unnecessary tables of the previous one-way ANOVAs.

In order to more precisely study the relationship of tree species and understory vegetation, we added the
volume of birch per plot to the ordination and to Fig. 7d. We also added the cover (% of surface area) of
species in the same species groups to the ordination and Fig. 7d.

Additionally (based on a suggestion from referee #1), we grouped the plots based on their dominant tree
species and calculated the means of soil nutrients and ratios in each soil horizon in pine, birch and spruce
plots. We made a table of these and compared the nutrient contents in each soil horizon with one-way
ANOVA.

The use of understory species is interesting, would it be possible to go further by narrowing down
the number of species, by detecting indicator species (of the P status for example), and
building a “simple” prediction model?

Response: Indeed, this would be interesting. However, we feel that building such a model would require a
lot more study plots and data.

Results: | feel some results are not presented in the way that best help to address the questions of interest.
| think in particular about the Fig. 3 and 4 or Table A2—A4, where we don’t have any clue about what could
lead the variability and differences (forest stand composition? rock parent material? other?).



Response: Agreed. We have replaced Fig. 3 and 4. with box plots which show the within plot variation in
these soil nutrients. We have also deleted Tables A2-A4, as the new table of fixed effects and figures of
residuals and g-q plots (described above) are more useful in this context.

Discussion: The authors have put honorable efforts in comparing the data they obtained with known ranges
of values for similar areas published in the literature. However, this part of the discussion could be better
synthesized and written in a simpler and shorter style. The discussion lacks development on the results
obtained in regard to the objectives of the study. What is the functional significance of these results? When
focusing on key results, the Fig. and/or Tables where they are presented should be reminded to help the
reader.

Response: We thank the referee for this comment. We have revised the discussion section based on the
comments from both referees. We synthesized and shortened the part of text where we compare our total
nutrient contents to previous studies as well as reorganized the sections so that the main results become
clear in the first paragraph of the discussion section. We wrote more about the role of tree species in soil P

content and highlight how and why our results are important and relate with the previous findings. We
have also paid more attention on referring to the Figs and Tables.

Conclusions: potentially revise according to modifications in the introduction and dis-

cussion.

Response: We have modified the conclusions.

Technical corrections

Whole text: refer to Fig., Tables, and Appendix when appropriated, and order and

number them following their first apparition in the text.

Response: Done.

p. 1, I. 8: “We studied the relationship of forest understory vegetation with nutrient contents of soil and
tree leaves...”: write something which fits with your objectives and title. Again, “understory vegetation”is
not precise, add “species composition and abundance”, which appears only at I. 12-13.

p. 1, 1. 9-10: add a comma: “At most study plots, boreal...”

p. 1, 1. 11-12: here and elsewhere, change “abundance and species composition of
the vegetation” to “species composition and abundance of the understory vegetation”.

p. 1, l. 13—14: what is the information you want to raise?

p. 1, l. 19: some fixes: “... controlling the species compositions of tree stand and
understory...”

Response: The previous comments were related to the abstract, which has now been revised.
p. 1, 1. 21: what do you mean by “modified”? | would rather say that those ecosystems
are “characteristically cold, have a short growing season, and are nutrient-poor”.

Response: Agreed and changed.



p. 1,1.21-22: “affects” is not precise, and the sentence could be shorter and simpler.
Suggestion: “Organic matter decomposition and nutrient release are usually slow in cold climates”.

Response: Agreed and changed
p. 1, 1. 22-24: not very informative.
Response: Agreed, we deleted this sentence.

p. 1, 1. 25: change “tree species affect” by “tree cover affects”, unless you want to precise “different tree
species affect differently understory...” (if this fits to the references cited).

Response: Agreed, and changed to tree cover.

p. 1, l. 26: again, “understory vegetation” is not precise, which parameters? Focus on what you study here
(i.e. species composition and abundance).

Response: Agreed, we changed “understory vegetation” to “species composition and abundance in the
understory”

p. 1, I. 27: “litterfall” is sufficient since it also includes branches, etc.

Response: Agreed and deleted the word “leaf”.

p.1,1.29: N and P “are generally the main growth-limiting nutrients...”

Response: Ok, we added the word “main”.

p. 1, 1. 29—p. 2, I. 16: this whole paragraph convey interesting information but is not
enough focused for the present study. It can be shortened and simplified by synthesiz-
ing the main ideas.

Response: Agreed, we have revised the text.

p. 2, . 3—4: useless information. In the context of vegetation growth, available N mostly
derives from organic matter decomposition (unless the plant is a N-fixer), and available
P both from weathering and organic matter decomposition.

Response: Agreed and deleted.

p. 2, l. 4—6: not necessary in the context of this article.

Response: Agreed and deleted.

p. 2, 1. 8-9: N-P interaction is a bit cryptic (is that a statistical term?), can you say
something more functional? | think the idea is that the coupling between the N and P

cycles drives nutrient limitation.

Response: Agreed. We changed the sentence to:



“The ratio of soil N to soil P is significant for forest growth on a global scale.”

p. 2,1. 11: move the comma: “In boreal N-limited forests, ...”

Response: Ok, done.

p. 2, 1. 18: replace “soil nutrients” by “soil nutrient content” or “soil total N and P”.
Response: We have revised this part of text.

p. 2, . 27-31: this is not related to your study and could be considered as a confounding

factor hindering potential interesting relations. Move the information to the material and

methods, and state clearly that you assume reindeer pressure (grazing, trampling, but

also nutrient exports or inputs) is not such a confounding factor for this study. Of course, it has to be the
case! Did you evaluate somehow the reindeer pressure at your study

sites? How? Was it important? Was it typical for the region? Was it constant across

sites?

Response: Agreed, we moved the information to the material and methods. We have not evaluated the
reindeer pressure anyhow in this study.

p. 2, 1. 32: what do you mean by “undisturbed”? The current (steady) state? A baseline
status?

Response: We added baseline status after the word undisturbed.

End of the introduction: rephrase and clarify objective(s).
p. 3, . 1: move this (= method) after the effects of mining.

Response: Done.

p. 3, 1. 3—4: too much! Focus on mining and keep reindeer and/or climate change for an opening in the
discussion. Other option: start the last paragraph of the intro saying that several disturbances such as
mining, grazing (is there a change in grazing in the region? why?), and climate change could affect nutrient
status of the ecosystem and you aim at establishing a baseline to monitor the effects of those disturbances.
In that case, keep something on reindeer and/or add something on climate change, but keep

it short and focused (effects on nutrient status of ecosystem).

p. 3, . 4-5: simplify and shorten! It is not very clear why you did this... Did you want to establish a relatively
simple and cheap protocol of monitoring? For example, surveys of key understory species abundance that
would be indicative of the ecosystem nutrient status?

Response: As a common response to the previous comments. We have reformulated the last paragraph of
the introduction section based on these comments, and it now says:

“The general aim of this study was to determine the undisturbed baseline status of the forest ecosystem in
terms of soil, understorey vegetation and tree layers in the Sokli area in case there is a need to monitor the
effects of phosphate mining. Phosphate mining can cause, for instance, aerial deposition of heavy metals
and phosphate onto the surroundings of the mine (Reta et al. 2018), which can lead to changes in the



abundance and species composition of the understorey. Vegetation, soil and foliage chemistry surveys
provide data on the current state of the ecosystem (from the year 2015) that can be used as a reference
level for the changes. Our specific aim was to identify which factors in the soil and tree layer explain the
composition and abundance of plant species. In addition, we studied which environmental variables could
explain soil nutrient contents, especially total P content.”

p. 3, l. 6-7: this sentence does not justify these hypotheses. Delete and replace by
something like “We hypothesized: a)... b)...”, and move that at the end of the preceding
paragraph.

p. 3, 1. 9—11: are these hypotheses justified with the preceding text of the introduction? Do they really
relate to the objective? Why to focus suddenly on “humus”? | feel some

pieces of the reasoning are missing.

p. 3, l. 11: wouldn’t it be rather the humus layer that reflects the nutrient content of the
leaves? Unless you assume most of the tree uptake occurs in this layer.

Response: We agree with the comments above and have reformed the hypotheses in the following way:

“We hypothesize that there are positive relationships between:

a) N and P contents of the soil humus layer and the abundance and species composition of the
understory vegetation

b) N and P contents in the topmost soil layers and the N and P contents of needle and leaf
biomass

c) N and P contents in the topmost soil layers and the occurrence of birch trees in the research
plots”

p. 3, |. 14: what are these transects? Are they organized along a gradient? Which one?
It seems on the map that it would be the distance to the carbonatite massif.

Response: We have changed this so that it says:

“The plots were located different distances from the phosphate ore in four transects, enabling evaluation of
the possible effects of the mine in the future.”

p. 3, l. 15: “No plots were located inside the mining district”, why?
Response: Accessing and doing research at the mining district would have required a permit from the
mining company. We found it easier to have our plots on the surrounding land, which is owned by the state

of Finland. We now shortly mention this in the materials and methods in the following way:

“No plots were located inside the mining district, as accessing and doing research at the mining district
would have required a permit from the mining company.”

p. 3, |. 19: needs reference, but isn’t that what you want to study? Consider moving this info to the
discussion.

Response: Agreed, we corrected the place of the reference, as it was by mistake in the end of the following
sentence. We also moved this info to discussion.



p. 3, |. 22: start the sentence with “Thus,”

Response: Done.

p. 3, |. 23-24: delete “, but they were not on any Natura area”.
Response: Done.

p. 3, . 26: what is the gradient?

Response: The gradient of how far from the mining district all the dust and dirt go. Currently there is no
gradient, but in the future there might be.

p. 3, l. 32: add a comma after “5°C”.

Response: Ok, done.

p. 4, l. 1: change subsection title to “Plot setup and vegetation characterization”.

Response: Agreed and changed.

p. 4, |. 5: change subsection title to “Sampling of soil”.

Response: Agreed and changed.

p. 4, |. 6-10: move this to the preceding section.

Response: Agreed and moved.

p. 4, . 6: cite Table 3 and add to the table tree height and diameter info.

Response: Agreed and done. We redid this table (now Table 2) so that it includes the following information
in their own columns: plot, trees/ha, basal area, total volume of trees, volume of pine, volume of spruce,
volume of birch, mean dbh of pine, mean dbh of spruce and mean dbh of birch.

p. 4, 1. 7: precise “cover (% surface area)”.

Response: Agreed and done.

p. 4, |. 8: cite appendix C.

Response: Agreed and done (now appendix A).

p. 4, 1. 10: add comma after “Altogether”.

Response: Done.

p. 4, 1. 11: provide diameter of the soil corer.

Response: Added here that the dimeter of the corer is 5 cm.



p. 4, 1. 11: change to “The soil was sampled within one meter from the subplots”.
Response: We changed this to:

” The soil was sampled within a 1m distance from the subplots”

p. 4, 1. 12: change “The samples” to “The soil cores”.

Response: Agreed and changed.

p. 4, |. 14-15: simplify and shorten.

Response: Agreed. The text now says:

“The rocky soil and shallow humus layer made it impossible to sample the mineral soil layers in some
clusters.”

p. 4, 1. 16: remove “already”.
Response: Done.

p. 4, 1. 18: remove “samples from”.
Response: Ok, done.

p. 4, 1. 20-21: two first sentences useless, delete and add “2015” after “September” in
the third sentence.

Response: Agreed and changed.

p. 4, 1. 30: remove “, totalling of 100 leaves per plot”.

Response: Ok, done.

p. 5, |. 2: replace “in a similar way than needles” by “at 65°C for 48 h”.
Response: Ok, done.

p. 5, |. 2: concretely, how did you clean the leaves? With a brush? Deionized water?
Other?

Response: We have now added the following information here:

“The needles and the few soil particles attached on the litter leaves, were removed with tweezers. The green
leaves did not need cleaning. The litter leaves were also rather clean, as it had rained at the time of
sampling”

p. 5, I. 11: fix: “two to three mg of sample were...”

Response: We changed this to:

“Samples of 2-3 mg were measured and analysed...”



p. 5, 1. 11: “VarioMax analyser” is a machine, what is the method behind?
Response: We have changed this so that it says:

”...with an element analyzer, which uses high temperature combustion method with subsequent gas
analysis of CN (VarioMax, Elementar Analysensysteme GmbH, Germany).”

p.5,1. 12: idem, replace “MilliQ water” by “ultrapure water”.

Response: Ok, changed.

p. 5, I. 21: “Ordination pattern of the study plots and weighted averages of plant
species”, not clear, | thought you ordinated the weighted averages.

Response: We changed this to:

” Ordination pattern of the plots based on the Bray-Curtis dissimilarity indices in floristic composition was
analysed to find the main environmental gradients behind the vegetation variation. ”

p. 5, I. 23: state why you did not present results for dim 2 vs dim 3.
Response: The text now says:

“We analysed the data in three-dimensional space but present the results in 1 vs 2 and 1 vs 3 dimensions
(the results in 2 vs 3 dimensions did not give any new information).”

p. 5, |. 24: “some other environmental variables”, list them.

Response: We replaced “some other environmental variables” with the environmental variables that we
used in the analyses.

p. 6, I. 5: “... imply rather high variation between and within plots”, isn’t that what you want to study?
Maybe a deeper analysis, including tree species, forest stand age, and/or geology could help explaining a
bit the variability observed.

Response: Yes it is. And now we have more analyses as well.

p. 6, . 5—6: “Other soil elements...”, precise which ones or delete the sentence.

Response: Agreed and deleted.

p. 6, . 11-12: the higher P content in young needles may indicate reallocation processes, which could be
discussed shortly in regard to P availability for example.

Response: Agreed and done

p. 6, I. 12: replace “Unlike the expectations” by “Unlike our expectations”.

Response: We changed this to “against our expectations”.



p. 6, . 15-23: refer to the Table or Fig. these informations are presented (if you go back
to Table 2 after referring to Table B2, for example).

Response: Thanks for pointing this out!

p. 6, I. 19: replace “discovered” by “detected”.

Response: Ok, done.

p. 6, I. 22: “Number of species”, is this a good variable for your objectives? Could

the total % cover of different species groups (the ones of Fig. 5, for example) be more

informative?

Response: Number of species was originally chosen so that it would be easy to follow if new species start
growing or if the variety of species declines in the plots. Sometimes the total % cover might very small, if
there is for example only a couple of plants belonging to the group of grasses and sedges in the plot. The %
cover was estimated visually and human eyes can make mistakes, especially if the % cover is small and the
possible changes are also small. However, if one species starts spreading so that its % cover increases,
counting the number of species cannot take this into account. We have now added the total % cover (same

groups than for the number of species) and redone the ordination and the figure 7d.

p. 6, |. 27: how do you define the left and right sides of the plots? Is there a threshold
or is this empirical?

Response: We clarified this in the text in the following way:

“Plots positioned more on the left-hand side in the figure had a higher number of forbs and grasses growing
on them than the plots positioned on the right-hand side in the figure (Fig.6a,b).”

p. 6, |. 28: do you mean Fig. 6b? Or 6a—b?

Response: 6a-b, this is now correcred

p. 6, |. 30: no need to cite Table 3 here.

Response: Ok, deleted.

p. 7, |. 10: Start the paragraph by citing the Fig.: “In Fig. 7c—d, ...”

Response: We have changed the first sentence of the paragraph.

p. 7, |. 18: did you analyze soil samples by plot or by cluster? Did you quantify both within- and between-
plot variabilities?

Response: We analyzed the soil samples by cluster, but have used averages of the whole plot and
guantified the between-plot variabilities only. This sentence is now corrected.

p. 7, |. 19: refer to Fig. 3 where the soil P contents are presented. Also, this is a huge variability: is mainly
due to between- or within-plot variation? If this is between plots, you might be able to explain it somehow
by additional exploration of environmental factors, but if it is within plot there is no hope tree species will
help, for example...



Response: This variability is due to between-plot variation. As mentioned in earlier responses, tree species
is now also included.

p. 7, 1. 24: “implying that decaying plant parts were a major source of P”, for what? The
soil organic layers or plants?

Response: As an addition of P to the soil organic layer. This has now been clarified.

p. 7,1.24-27: would it be possible to find a pattern of P content in the deep soil layers according to the soil
rock parent material/geology? Do you think that high P content in the humus layer is important for plant
nutrition (recycling) or is that just high litter production coupled with slow decomposition rates?

Response: We included soil parent material to the linear mixed effect models, but it seemed to have very
little importance compared to the other fixed effects. According to our results, high P content in the humus
is related with increased coverage of grasses and sedges, which means it is important for plant nutrition. It
is also a result of high litter production (from birch) and slow decomposition rates.

p. 7, 1. 28: what is the context of the study by Koster et al (2014)?

Response: They conducted their study in the same region, although not at the same plots. We have now
added a sentence about this.

p. 8, |. 2: and so? Can you say something concrete for your study area?

Response: We ended up deleting this from the discussion, as it did not seem relevant anymore.
p. 8, |. 4: replace “similar than” by “similar to”.

Response: Ok, done.

p. 8, . 18-19: Which analysis/which Fig. or Table? Table 4? But is it species richness or ordination pattern
which was regressed? What do you mean exactly by “species richness”? The number of species?

Response: We are talking about the % cover and number of species in the group of grasses and sedges. We
have now replaced the word richness with the previous explanation and otherwise revised this part of text.

p. 8, 1. 19-20 and I. 30: which soil layer(s) are you considering? The hypotheses were about humus.
Response: This was about humus, we have now changed these.

p.8,1.32—p. 9, |. 2: “needles were sampled at different time of year than soil...”, this should be mentioned
in, and even might only be part of, the materials and method section. If you sampled the needle at a right
moment, it should be quite integrative of nutrient availability across the growing season.

Response: We have moved this information to the materials and methods section, as suggested.

p. 9, |. 4-8: why not such an opening but right now it is not well connected to what precedes. You could

also talk about the coupling between N and P cycles and how this could be affected by climate change or
disturbances and in turn affect ecosystem status and processes.



Response: Agreed, we have changed the last paragraph of the discussion so that it is more connected to
what is discussed in the earlier paragraphs. We added discussion “about the coupling between N and P
cycles and how this could be affected by climate change or disturbances and in turn affect ecosystem status
and processes”, as suggested.

p. 9, l. 6: “variation in the vegetation”, be more precise (which parameter, sense of
variation).
Response: Agreed and changed to “changes in plant species composition”

p.9, 1. 10 and 17: “vegetation dynamics”, this is not what you study here, change to
“vegetation community composition” or something like that.

Response: Agreed and changed.

p. 9, l. 12: change “has been discovered” to “was found”.

Response: Agreed and changed.

Fig. 2: draw or remind in the title where tree cover was described.

Response: We have now added to the caption that trees were measured from the whole 30 x 30 m area
that the clusters delineate. We also drew marks to the figure to make it clearer where the outer borders of
the 30 x 30 m area were.

Fig. 3: would it be possible to also represent tree cover species (or different groups based on dominant
species)? or age? or geology? Is this graph representing between- plot variability (i.e. you first calculated
the mean for each plot and made the boxplots with those means) or a mix between within- and between-
plot variability (i.e. you took all sub-plots values to make the boxplot)? It would be interesting to compare
between- and within-plot variabilities.

Fig. 4: same comments as for Fig. 3.

Response: We have replaced these figures with box plots, which show the variation of soil nutrients
between and within plots grouped based on their dominant tree species.

Fig. 5: What is the correlation coefficient calculated? (Pearson? Other?) Precise what is the “bottom layer”.

Why not to call this layer “moss lichen”? It would be clearer.

Response: We added that Pearson correlations were used. The bottom layer includes mosses and lichen, so
we re-named this layer “moss lichen” and redid the figure.

Fig. 6: what is the criteria to define “the most abundant species”?

Response: We added here that most abundant species here means those species, which have the highest %
coverage.



Fig. 6, |. 8: replace “generic” by “genera”. Start the last sentence of the figure legend
by “In (a),”

Response: Agreed and done.
Fig. 7: remind which soil layer was considered for this analysis (I am assuming it’s O).
Response: Yes, it is O layer and we added this information to the figure caption.

Table 1: “degree days”, shouldn’t that be called “sum of degree days”? What is the
unit?

Response: Degree days here mean the growing degree days, whose unit is GDD or °C days. We changed it
to “growing degree day sum” as well added how it is calculated:

“Growing degree day sum was calculated as the average daily temperature (average of daily maximum and
minimum temperatures) above 5 °C base temperature, accumulated on a daily basis over the year. Negative
values are treated as zeros and ignored.”

Table 2: the classical ordering would be C, N, P, K, C:N, N:P. For numbers (mean and

sd), provide the same number of digits after the dot for each column (one is enough)

and align the numbers to the right to ease comparison of lines. Why not to put K in the

same unit as the others?

Response: Agreed, we have made these changes.

Table 3: did you estimate the whole aerial volume of trees or just the trunk volume?

Make three sub-columns for each species abundance. Add in this table tree height,

diameter,...

Response: We estimated the trunk volume. We made the suggested changes.

Table 4: remind the first seven lines are soil values.

Response: Agreed and done.

Tables A2—A4: From which statistical test are these table issued? These tables hardly
help to address your objectives.

Response: We have deleted these tables and replaced them with a table which includes the fixed effects
(from the linear mixed effect models) and their Chisq values, p-values and pseudoR2 values.

Table B1: title: change to “Statistically significant differences between needle age
group by species”. From which test?

Response: We changed the title and added that these are from the one-way ANOVA, with Tukey’s HSD for
post hoc. We will add this information to the caption.
Appendix C: precise “(% of surface area)”.

Response: Agreed and done.
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composition in a northern forest ecosystem near a phosphate massif
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the dominant tree species, tree age, rock parent material and soil layer affect soil nutrient contents, and how the community

composition of forest vegetation relates to soil nutrient contents near Sokli phosphate ore in northern Finland. For this purpose,

we established 16 study plots on different distances from the phosphate ore along four transects. Phosphate mining may take

place in Sokli in the future, and the vegetation surveys and soil sampling that we conducted at the plots can be used as a

baseline status for following the possible changes that the mining may cause to the surrounding ecosystem. We found, that At

and-number-of forbs-and-grasses-in-the-understory—the total phosphorus (P) and nitrogen (N) contents of the soil humus layer [Formatted: Not Highlight

were positively related with species number and abundance of the understorey vegetation, and the correlation was slightly
higher with P than N.

i This is interesting as usually N has the most important growth-limiting

role in boreal ecosystems. The spatial variation in the contents of soil elements was high both between and within plots,
emphasizing the heterogeneity of the soil. Dominant tree species and the soil layer were the most important environmental

variables affecting soil nutrient content. High contents of P in the humus layer (maximums: 2.6000 mg kg™*) were measured

from the birch-dominated plots.- As the P contents of birch leaves and leaf litter were also rather high (2.580 mg kg™ and 1.280
mg kg, respectively), this may imply that the leaf litter of birch forms an important source of P te-for the soil.
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1 Introduction

Climate and availability of soil nutrients are important factors controlling the species composition of tree stands and
understorey vegetation in boreal forests (Cajander 1909, 1949, Kuusipalo 1985, @kland and Eilertsen 1996). High latitude
forest ecosystems are characteristically cold, have a short growing season, and are nutrient pooreharacteristically-nutrient-peer

and-meodified-by-low-temperatures-and-short-growing-seasen. Organic matter decomposition and nutrient release are usually

—The edaphic conditions are reflected in the growth and
chemical composition of plant species, as well as in species composition of vegetation (Vinton and Burke 1995, Salemaa et
al. 2008). In addition, tree species-cover affects the understory-vegetationspecies composition and abundance in the understorey
by shading (Verheven et al. 2012, Tonteri et al. 2016) and regulating nutrient input in throughfall precipitation (Salemaa et al.
2019) and leaf litterfall (Ukonmaanaho et al. 2008).

Nitrogen (N) and phosphorus (P) are generally the main growth-limiting nutrients for plants (Koerselman and Meuleman
1996). Boreal forests are mostly N-limited (Tamm 1991), and fertitizing-fertilization with N usually speeds up forest growth
(Saarsalmi and Mélkonen 2001). Nitrogen is bound in organic material, and only a little is directly available for plants as
inorganic ammonium (NH*") and nitrate (NO*) (Marschner 1995) or as organic forms like amino acids (Nésholm et al. 2008

and references within). The primary source of N-is the atmosphere, while P-originates from the weathering of bedrock (Walke

tropical forest ecosystems, but P is rarely a limiting factor in boreal upland-forests on mineral soil (Augusto et al. 2017).
However, P can be growth_-limiting on boreal peatlands (Moilanen et al. 2010, Breekke and Salih 2002). lt-has—been
demenstrated-thattT he interaction-ratio of soil N and-to soil P is significant for forest growth on a global scale (Augusto et al.

2017). —Hedwall et al. (2017) found that the species richness of vascular plants in a temperate forest doubled with combined
NP fertilization in southern Sweden; but not when either of the nutrients was added alone. This positive effect was strongest
in grass species. In boreal; N-limited forests, the number of vascular plant species (grasses and forbs) increased with increasing
N concentration of the organic layer (Salemaa et al. 2008). Hofmeister et al. (2009) noticed that in a temperate forest the
species richness of the herb layer diversity-was higher -atin P-P-rich than P-P-poor soils; but only if strong N limitation occurred
simultaneously at-in the P-P-rich soils. However, in many regions; where humans have enhanced atmospheric N deposition;
the number of plant species has decreased (Dirnbock et al. 20462014). For instance, high soil N was related to decreased herb

layer species richness in deciduous forests in Sweden (Dupré et al. 2002).
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In this study, we analysed whether plant species composition and nutrient levels of tree leaves indicate soil putrients-total N
and P in a research-site-in-northern boreal zone-(Hamet-Ahti 1981) research site in Sokli, Finland. At this site, the soil contains
naturally large variations in P contents. In Sokli, there is a large deposit of phosphate rock, a carbonatite complex mainly
consisting of apatite {(Cas(PO4)sF)}, which was discovered by the Mining and Steel Company of Rautaruukki Oy in 1967
(Vartiainen and Paarma 1979). Plans to open a phosphate mine in Sokli have been on display for decades and will possibly be
realized in the future. The vegetation at the carbonatite complex differs from that of the typical forests of the region (Talvitie
1979, Péyry Environment 2009). Downy birch (Betula pubescens) is dominating and often the single tree species, whereas the
more typical forests of the region are dominated by Scots pine (Pinus sylvestris) or Norway spruce (Picea abies). Understorey
vegetation at Sokli is semewhat-slightly richer in herb and grass species compared te-with the-typieatsurrounding forests,
where dwarf shrubs, bryophytes and lichen dominate the understorey. However, Similar-vegetation similar to thatas in Sokli
grows-can be found as patches elsewhere in the region.

The general aim of this study was to investigate-determine the undisturbed undisturbed-statebaseline status of the forest

ecosystem_in terms of soil, understorey vegetation and tree layers in the Sokli area -for-the-pessible-situationin case there is a

need te-to monitorr the effects of phosphate mining—\egetationsoil-and-foliage-chemistry-surveysprovide-data-onthe-eurren

. Phosphate mining can cause,
for instance, aerial deposition of heavy metals and phosphate onto the surroundings of the mine (Reta et al. 2018), which can

lead to changes in the abundance and species composition of the understorey. Vegetation, soil and foliage chemistry surveys

provide data on the current state of the ecosystem (from the year 2015) that can be used as a reference level for the changes.

Our specific aim was to identify which factors in the soil and tree layer explain the composition and abundance of plant species.

In addition, we studied which environmental variables could explain soil nutrient contents, especially total P content.
We hypothesize that there are positive relationships between Fhe-combined-effects-of-mining-activitiesreindeer-grazing-and
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a) N-and-P-contents-of-the-soi-humustayercerrelate-with-tN and P contents of the soil humus

layer and the abundance and species composition of the understory vegetation he—abundance—and—species
L : -
b) ayerN and P

contents in the topmost soil layers and the N and P contents of needle and leaf biomass

c) N and P contents in the topmost soil layers and the occurrence of birch trees in the research plots

2 Material and methods
2.1 Site description

We established 16 study plots along four transects (A-D) around the planned Sokli mining district (67° 4848 N, 29° -16-16"
E) in Savukoski, eastern Lapland in 2014 and 2015 (Fig. -1). The plots were located different distances from the phosphate ore

in four transects, enabling evaluation of the possible effects of the mine in the future. No plots were located inside the mining

district, as accessing and doing research at the mining district would have required a permit from the mining company. The

carbonatite massif of Sokli belongs to the Devonian Kola Alkaline Province -(KAPR)-(Tuovinen et al. 2015). Nine of the plots
were located in Natura 2000 conservation areas. Plots A4, A5 and A6 were en-in Varrio, Al and A2 ea-in Yli-Nuortti, B1, B2
and B3 en-in Tormédoja and D5 en-in the UK-puisto — Sompio — Kemihaara Natura area. Fhe-Férmaoja-and-YH-Nuertti-Natura

birch-dominated-tree-cover—ByIn terms of topography, Torméoja is a valley, reminding-reminiscent of the form of a kettle
(kattilalaakso in Finnish) (NATURA 2000 - Standard Data Forms FI11301512 and F11301513). The rrid-mid-parts of the valley

are treeless, or the trees are at sapling stage, because cold winds blowing through the valley kill the new buds in the spring.
Thus, ©our plots at Torméoja were on the edge of the less steep western part, where some mature trees grewgrow.-Plets-A3

. . . oo 2. Majority The
majority of the plots had a mixed composition of at least two tree species, but-semewhile in some plots the tree cover consisted

of-were-dominated-by only one species. An additional factor affecting vegetation cover and species composition at our research

site is reindeer herding:

i i . Since Aall eurthe plots were located in areas where reindeer roam freely,

we assume that the pressure caused by grazing and trampling is equal in all plots.:
-The plots of this study together with the-SMEAR 1 station-(Station for Measuring Ecosystem-Atmosphere Relations) at the
Varrié Subarctic Research Station (67°-46-" N, 29°-35" “E) (Hari et al. 1994) serve as a gradient type network for monitoring

the current status and the possible, mining-induced, changes of the environment in the future.

[Formatted: Font: Italic
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Meteorological parameters from the years of data collection and for the climatological normal period of 1980-2010 are
presented in Table-1. The Wwind blows almost equally from the south-west and north-east during spring and summer, whereas
in winter and autumn the prevailing wind direction is south-west (Ruuskanen et al. 2003). Grewing-The growing season, when
daily average temperature exceeds 5 -°C, lasts from June to September. Soils are haplic pedzels-Podzols with sandy tills (FAO
1988).

2.2 Plot setup and vegetation characterizationPlet-and-sub-plot-set-up-and-field-work

The distance between two plots depended on_the topography and existing roads, but generally; it was about twe-kilometres2

km. A plot consisted of four clusters, each including three square-shaped sub-plots sized 1 -m? for observations and sampling
(Fig.-2). The size of the whole plot was 30 xx 30-m. We recorded all tree species growing on the plots, measured their heights

and diameter at breast height (dbh) (equivalent to a height of 1.3 m) (Table 2). Stem volumes were estimated using the

equations of Laasasenaho (1982). We estimated tree age by measuring dbh and examining the existing approximated tree age

from plot A6 at SMEAR1, where the mature trees are about 70 years old. We considered trees with dbh 1-9.9 cm to be young,

10-14.9 cm as middle-aged and >15 cm as old. We visually assessed the cover (% surface area) and counted the number of

plant species in the understorey vegetation in all 12 subplots per plot in the summers of 2014 and 2015 (Appendix A). We

used a 1 m?square frame to delineate the subplot (Salemaa et al. 1999). All species in the bottom layer (bryophytes and lichens)

and field layer (dwarf shrubs, tree seedlings, grasses, sedges and forbs, height <50 cm) were included.

2.2.1 Sampling of vegetation-and-soil

—Altogether, sixteen-256 soil samples were
collected from each-sixteen plots using a soil corer_(inner diameter 5 cm) -in June 2015. The soil was sampled within a 1m
distance from the subplotsThe-soil-samples-were-taken-close-to-the-vegetationthe-maximum-distance-being-approximately
one-meter (cf. Liski 1995). The soil samples-werecores were separated by visual criteria into four soil horizons:-: the top layer,
which is a mixture of litter and decomposing organic layer (F), the humus layer (O), the elluvial layer (A), and the illuvial

layer (B) (cf. Kdster et al. 2014). -The rocky soil and shallow humus layer made it impossible to sample the mineral soil layers

in some clusters.

- The soil samples from each horizon were combined
into composite samples in each cluster already-in the field. The composite samples were air-dried except for the organic F and
O horizons, which were dried at 60 -°C for 48 -hours. Dried mineral soils were sieved with a 2 -mm sieve and_the samples-from
F and O horizons were milled before storing-ther in a dry place for further analyses.

5
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2.2.2 Sampling of needles and leaves

V-V a ct Vv ct o Y o Y i ot
and-birch-leaf-litter-lying-on-the-ground—Five pines and five spruces per plot were chosen for needle sam

2015, when the needle growth had ended. -If less than five trees per species were present, all of them were chosen. Three

pling in September

branches (length approximately 50 -cm) were taken from the upper third of the canopy; using a branch saw. We took only
second order branches because cutting of first order branches would have been too destructive to the trees (cf. Helmisaari
1990). Needle age classes (C = current year, C+1 = one-year-old_needles, C+2 = two-years-old needles) were separated from
each branch and dried at 65 -°C for 48 -hours, milled and stored in a dry place for further analyses. The samples were combined
so that there was one C, one C+1 and one C+2 composite needle sample per tree.

We sampled green birch leaves in July and leaf litter in September 2015. Approximately 10 green leaves from 10 different
trees were picked and combined -totalting-of 100-leavesper-plot (Rautio et al. 2010). Only mature, undamaged leaves were
chosen. -Birch litter was collected

under the same tree_canopiess where-from which the green leaf-samplesleaves were-had been taken and in approximately the

same number as the green leaf samples. We aimed to take litter leaves shed in the current year, so that they were decomposed
as little as possible. Green and litter leaves were dried at 65 °C for 48 h in-a-similarway-than-reedles-and manually cleaned
from-of extra material, such as soil particles and needles. The needles and the few soil particles attached on the litter leaves

were removed with tweezers. The green leaves did not need cleaning. The litter leaves were also rather clean, as it had rained

at the time of sampling. -After that;,cleaning, they leaves were milled and stored in a dry place for further analyses. Needles

and leaves were sampled at a different time than the soil. Both needle (e.g. Helmisaari 1990) and soil nutrient contents vary

between the seasons. However, as all soil and all needle sampling was conducted at the same time of the season, the comparison

between the plots was not hindered.

2.3 Laboratory analyses

Total element contents of potassium (K) and P were analysed from at-soil and foliar samples by inductively coupled plasma
optical emission spectrometry-HSP-OES). For this analysis, the samples were first wet combusted. One gram of mineral soil
samples and 0.3 -g of organic samples were combusted with 1 -ml of H,O; and 10 -ml HNOs, and heated in a microwave oven.
The samples were then filtered with Whatman Grade -589/3 filter paper and stored in plastic bottles in a cooler until analysed.

Total carbon (C) and N were analysed directly from dried and milled foliar samples as well as from the F and O soil layers.
Samples of 2-3 Fwe-te-three-mg of-sample-was-were measured and analysed with an Element Analyser, which uses a high

temperature combustion method with subsequent gas analysis of CN (VarioMax, Elementar Analysensysteme GmbH,

Germany)-anahyser. Soil pH was measured from two O layer samples per plot and their mean-average value used. 20 -mg of
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dried sample was mixed together with MiHiQ-ultrapure water (508-ml). The suspension was covered and left standing for 24
hours, and pH was measured with a glass electrode.

2.4 Statistical analyses

We used one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference post-hoc test for analysing the
plot-wise differences in the-seil-and-needle element contents. -tn-the-latterease;pPlot-averages of needle elemental contents
were calculated across all needle age classes and both conifer species. One-way ANOVA was also used in analysing differences

between the needle age classes. We grouped the plots based on their dominant tree species into pine, birch and spruce plots

and calculated the average soil nutrient contents in each horizon in these plots. We then compared the nutrient contents in each

soil horizon with one-way ANOVA.

We tested the effects of environmental variables on soil total P and N contents and C:N with linear mixed-effect models. We

used dominant tree species, estimated age class, rock parent material (Fig. 1) and soil horizon as fixed effects and plot as

random effect. Soil total P needed to be log-transformed, while for N and C:N the visual inspection of residual plots (Fig. B1)

did not reveal obvious deviations from homoscedasticity or normality. We obtained p-values for the fixed effects by likelihood

ratio tests, where the full model with all the fixed effects was tested against a model where each fixed effect was removed in

turn. We used package Ime4 (Bates et al. 2015) in R programme 3.4.3 (R Development Core Team 2017) for building the

models. Pseudo R-values for the models were calculated by using package r2gimm (Jaeger 2017). The models took the form:

SCpnen =By + Byr + By + By + Byt € (1)

where SCp y cy_is the soil nutrient content (total P, N or C:N ratio), B, denotes a fixed intercept parameter, B, denotes the

fixed unknown parameters associated with the dominant tree species, B,, denotes the fixed unknown parameters associated

with the age of the dominant tree species, B, denotes the fixed unknown parameters associated with the rock parent material

and B, _denotes the fixed unknown parameters associated with the soil horizon. The random effect € is assumed to take the

form:

E=otu, (2)

where o, denotes the random parameters related to the research plot and u is an unobservable error term. Random effect

[Formatted: Font: Italic
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parameters and the random error term are assumed to follow normal distributions e, ~N(0, ;) and u~N(0, ;7).
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We calculated plot-wise averages ef-from the percentage covers of the plant species plart-species-coverages-in the sub-plots.
We ordinated this vegetation data by global non-metric multidimensional scaling (NMBS)-(Minchin 1987) using the VVegan

package (Oksanen et al. 2018) in R programme 3.4.3 (R Development Core Team; 2017). Ordination pattern of the plots based

on the Bray-Curtis dissimilarity indices in floristic composition was analysed to find the main environmental gradients behind
the vegetation variation. inati i ! i

A—We analysed the data in three-dimensional space; but present
the results in 1 vs: 2 and 1 vs: 3 dimensions _(the results in 2 vs 3 dimensions did not give any new information). -We then fit
the plot-averages-wise data of soil elements (eentents-from-O horizon), seme-otherenvironmental-variablesneedle element
contents, volume of birch (% of total tree volume),-as-well-as-species rurmbers-species cover (% of the surface area) as well as
plot distance from the phosphate ore as linear vectors to the ordination pattern of the sample-plots. The correlation between

the environmental variables and the ordination was calculated by a linear vector procedure (envfit in VVegan). The seil-total P
in the soil O horizon was also fitted as a smooth surface en-to the ordination pattern in order to analyse the form of the
relationship (linear or non-linear). The fit was done by a generalized additive model (GAM;-Gaussian distribution error).

3 Results

3.1 Soil element contents

sotHayers{Fand-O-horizons)-are-presented-in-Fig—4-—The outlying points in Fig_-3. as well as the high standard deviations of
P imphy-showed rather high variation between and within plots (Fig—3-and-Fig—4,-Table -BA1, Fig. B2).-Otherseil-elements
shewed-similar—variation. B-irch-dominated plots had the highest P and N contents and lowest C:N ratio compared with

coniferous plots in all soil layers where the elements were measured (Figs. 3 and 4), and these differences were mostly

statistically significant (Table B2). We found no statistical evidence for differences in soil N:P ratio or total C content based

on the dominant tree species of the plots. There was only one spruce-dominated plot and thus only four soil samples from each

soil_horizon from the spruce plot, which may have affected these results. [Fhe-significantdifferences—betweenplots-are

presented-inTables-A2-A3-and-A4.In general, topsoil had the highest P content, but at-in many plots;-alse deeper soil layers

[
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also had high P content. Certain plots (A1, A3, B1, D2) had clearly different distinet-P and N contents; and C:N ratios-than
than most other plots. The N contents and C:N ratios were in most cases higher in F than O horizon. The SeH-N:Pratieswere
simiar-across-the-plets—Mmajority of the plots had higher N:P ratio in the F horizon than O horizon.

3.2 Needle and leaf element contents

Fhe-average-contents-of elements-are-presented-in-TFable-2-Needle P contents were highest in the C needles; and significantly
different from other age classes in both pine and spruce (Table B1C1). Unlike-Against ourthe expectations, the needle P

contents of both conifer species were rather similar across plots (Table B2C2). On the other hand, N and C contents, as well
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as the C:N -ratio of the conifers showed some between-plot variation (p < 0.05), but no significant variation was found in the
foliar— Feliar-N:P ratio did-net-shew-any-differences-in either species.-between-plots: Spruce had slightly higher needle P
contentss than pine in all age classes, whereas N contents seered-to-go-vice-versawere higher in pine than in spruce-between
the-speeies needles (Table 3). Birch had highest-higher P contents of green leaves eompared-to-otherspeeiesthan the conifers.

Also leaf litter of birch had quite high P contents, and in general litter leaves showed more variation in element contents than

the green leavesones. Nitrogen contents were lower in birch leaf litter than in green leaves, but the contents of C increased

slightly from green leaves to litter. Greenleaves-had-significanthy-higher-contents-of elements-thaneaf-Hitter,-butHowever, no

differences between the plots were discovereddetected in either of the elements. According to the correlation matrix between

the elements in the soil O horizon, tree leaves and needles, and number of species in the understory (Fig. 5) Figure-5-presents

understory-—Bbirch K (green leaves) correlated with soil K and pH, birch litter N with soil N:P and birch litter K with soil N--.
Obutetherwise no significant correlations between foliar element contents and soil element contents were found. The Nnumber

[ Formatted: Font: Italic

of species-in-the-understorymosses and lichen correlated negatively with soil total C (p < 0.01) and C:N (p < 0.05)elements, [Formatted: Font: Ttalic
the number of sedges and grasses positively with soil total P (p <0.001) and pH (p <0.01) and negatively with soil C:N (p < h [Formatted: Font: Italic
0.01) and N:P (p <0.001) and the number of dwarf shrubs and trees positively with soil total K (p < 0.05). No significant ‘\ ( Formatted: Font: Italic
correlations were found between number of species and foliar element contents. The cover (% of surface) of grass and sedge : [ Formatted: Font: Ita'ic
species correlated positively with soil P (p < 0.001) and number of sedges and grasses (p < 0.05), while the cover of dwarf ‘ % :::::2: ::: i:::z
shrubs and trees correlated positively with the P content of green birch leaves (p < 0.05). -but-retwith-foliarelements: { Formatted: Font- Ttalic

i [ Formatted: Font: Italic
3.3 Mixed-effect model results < { Formatted: Font: Ttallc
We used linear mixed-effect models for determining which environmental factors can best explain soil total P and N contents [ Formatted: Font: Italic
and the C:N ratio. The dominant tree species and soil horizon explained 45 % of the total P of soil, and the soil horizon ( Formatted: Heading 2
explained 20 % of the total N of soil as well as the C:N ratio of soil (Table 5). The other tested fixed effects had p-values > [Formatted: Font: Italic

0.05 and were for that reason excluded from the models. The highest estimates of P were produced with birch as the dominant

tree species and F as the soil layer, and the highest estimates of N with F as the soil layer in the final models.

3.3-4 Ordination analysis of understorey vegetation

—The closer the plots were to each other_in the ordination space, the
more similar their vegetation was_(Fig. 6a,b). Plots lecated-positioned more on the left-hand side in the figure had a higher
number of forbs and grasses growing on them than the plots positioned on the right-hand side_in the figure (Fig. 6a,b). Species
such as Calamagrostis epigejos, Carex spp., Rubus arcticus and Luzula pilosa had relatively high coverage en-in the plots er

on the left. The plots further on the right in the figure had more species; which tolerate poor and dry growing conditions, such
9
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as Cladonia and Cladina lichens. Fhe-Also the tree species {(Fable-3)-alse-changed from right to left, as the plots on the right
were dominated by pine, whereas furthest on the left in plot D2 birch was the only tree species present. In general, the fertility
trend in the vegetation followed the first dimension, while the moisture gradient followed the second dimension. Moisture
demanding species, such as Equisetum sylvaticum and Rhododendron tomentosum were-are located in the upper part of Fig.
6b:, and those tolerating drier conditions, such as Peltigera rufescens and Stereocaulon tomentosum, were-are located in the
lower part of the ordination space in Fig. 6b. Another moisture gradient, expressing specific paludified conditions, seemed to
follow the third dimension. Peatland species like Sphagnum angustifolium and Aulacomnium palustre were-are located ea-in
the upper part, and species preferring dry conditions, such as Cetraria islandica, were-are in the lower part of Fig 6d.
Considering all three dimensions of ordination space, the generalist species, such as Polytrichum commune, Pleurozium

shchreberi and Vaccinium myrtillus awere located in the middle.

TFhe vector arrows fitted to the ordination space (Fig. 7c.d) depict the maximum correlations between environmental variables
and sample-plot ordination.(Fig—7e-é)- The length of an arrow indicates the magnitude and the-direction of the polarity (plus—
minus) of the correlation. The correlation-values between the erdination pattern-and-different explanatory vectors-are given-in
TFable-4-The highest correlations occurred between the_plot-wise average P content of the soil O horizon and the ordination
pattern_of the plots. The isocline gradient of soil P in relation to the ordination pattern was almost linear (Fig. 7a). Vectors of
soil pH, N and P content all increased towards the more fertile plots, but the vectors of soil C:N and N:P went to the opposite
directions (Fig. 7b) indicating poor soil conditions. The average total number of grass, forb and sedge species as well as their
coverage in the study plots also increased towards the more fertile plots (Fig. 7-d).

4 Discussion

All the plant species growing in the study plots were common forest species in Finland (e.g., Reinikainen et al. 2000, Finnish

Biodiversity Information Facility https:/laji.fi/en) (Appendix A). However, in some plots the structure and abundance of

species in the understorey clearly differed from the surrounding, more typical northern boreal forests. We found evidence that

the number of species in the group of grasses and sedges as well as the cover (% of surface) of the same plant group had a

higher positive correlation with humus P content than N content (Fig. 5). However, both of these nutrients were important

factors explaining the vegetation composition in the ordination configuration (Fig. 7), which supports our first hypothesis. We

also found that the humus C:N ratio correlated negatively with the abundance and species composition in the understorey.

Also, Salemaa et al. (2008) have observed that total N and the C:N ratio of the humus layer explained most large-scale

vegetation variation, across several forest sites in Finland. They also measured extractable soil P, which seemed to have more

power in explaining vegetation patterns in northern than southern Finland. Soil P availability was one of the key factors in

plant community variation in alpine habitats in Troms, northern Norway (Arnesen et al. 2007), where a higher variety of lichen

species and the frequency of occurrence of Salix herbacea and certain sedge and grass species were explained by higher
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availability of P in soil. We conclude that the possible aerial deposition of phosphate from the mine in Sokli could lead to

changes in plant species composition and abundance if high amounts of P are deposited into the ecosystem surrounding the
mining region.

A

Our second hypothesis stated that the N and P contents of the topmost soil layers correlate with the N and P contents of foliar

biomass, but our results (Table B2) did not support this hypothesis. The reason could be that we measured total contents of N

and P in soil instead of the plant available contents of these nutrients. The plant available contents of these nutrients might

have given different results. Perhaps plant species composition in ground vegetation is sensitive to even small additions of

available N and P in the upper soil layers where the roots occur, whereas higher contents of these elements are required to have

any effect on the needles. The P and N levels of our needle samples were similar to those previously measured in Finland

(Helmisaari 1990, Merila and Derome 2008, Moilanen et al. 2013). The higher P contents of C needles compared with older

needles is common for conifers and occurs because the dry weight in recently matured needles increases faster than the

transportation of P to the needles (Helmisaari 1990). The N contents of both green birch leaves and leaf litter agreed with those

reported by Ferm and Markkola (1985). The P contents of the green leaves were higher than they measured (approximately

2.0 g kg). Although the foliar N and P contents were not reflected in the uppermost soil layers, our results support the third

hypothesis, and the occurrence of birch correlates positively with the N and P content of the top layers of soil (Table B2). The

plots dominated by birch had significantly higher total P content in all but the B layer compared with plots dominated by the

conifers (Figs. 3 and 4). Birch leaves were a major source of litter in the plots where soil P was high. These findings are

supported by the study of Lukina et al. (2019), which found that the extractable P content of organic soil layers was significantly

higher in birch- and spruce-dominated forest sites than in sites dominated by pine in North-Western Russia. Viro (1955) found

that the leaf litter of birch had remarkably high P content compared with other Finnish tree species. Our litter P contents were

near the approximate 1.50 g kg that Ferm and Markkola (1985) measured from a 40-year-old forest but much less than those

reported from younger forests. In a litter experiment in Abisko (northern Sweden), the addition of birch litter increased both

the total P (Sorensen and Michelsen 2011) and the available P (Rinnan et al. 2008) contents in the organic soil layer in those

subarctic heaths, where Hylocomium splendens dominated the moss layer. These results imply that birch is an important factor

in recycling and providing P to the soil in certain types of northern forest sites.

Fhe-In general, the spatial variation in soil element contents between elusters—was—very—high-at-seme-plots_was high,
emphasizing the heterogeneity of soil fertility level (Figs. A1 and A2). As our results showed, this heterogeneity can partially

be explained by the dominant tree species of the research plot, which especially affects the topmost soil layers. According to

the nutrient-uplifting hypothesis (Jobbagy and Jackson 2004), trees and other vegetation can transport minerals such as P and
K from the deep soil layers to the surface of soils. The P contents of soil samples_ (Table B1) in our study (1.80-2.600 mg kg
L in the O horizon) fell mostly in the category we could expect based on_the literature. The P content of the humus layer in
southern Finnish forest soil has been observed to vary-Makipia-(1999)reperted-values between 0.800 and —2.100 mg kg™
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(Makip&d 1999), whereas different studies in northern Finland have found the P contents of 0.39-3.00 g kg™ in the organic
topsoil (Mikkola and Sepponen 1986, Reimann et al. 1997). i i :

-Most of our plots had highest P

content in the-at organic soil layers, implying that decaying plant parts were-a-rrajorseuree-of-were a major source of P added
to the soil. Low aretie-Arctic soils tend to have organic P as the primary form of P (Weintraub 2011). The content of organic

P usually gets smaller in the deeper soil (Achat et al. 2009). Thus, if P content is high in deep soil layers, as it was in some of
our plots, the source of P_in these plots is most likely to be a-the underlying bedrock. The plot--wise average pH of our soil
samples agreed to-with that measured by Kdster et al. (2014), who conducted their study at the same site, albeit not in the same

plots. The pH of the soil humus layer correlated positively with the number of grass, herb and sedge species, which is
reasonable, since higher pH usually implies a more fertile site. The soil N contents from our plots agreed with the reported
values from Finnish forest sites (Merild and Derome 2008, Salemaa et al. 2008), ranging between 9.8 and —12.8 g kg™*. Salemaa
et al. (2008) reported a soil C:N- ratio of 40 from_a northern Finnish forest site, which is higher than -what-we measured.

Our study area does not represent typical northern boreal forest, as it was located near the phosphate massif, the effect of which
needs to be considered. Talvitie (1979), who used remote sensing for a geobotanical survey of the Sokli massif, found that the

density of occurrence of birch, juniper and grass species increased when carbonatite was the underlying rock material. The
surveys related to Natura 2000 (Standard Data Forms F11301512 and FI1301513) stated that the Torméaoja and Yli-Nuortti
areas, where plots B1-B3 and A1-A2 were, have a high occurrence of grass species and a sparse birch-dominated tree cover

due to carbonatite in the soil. According to the geological map, only small parts in the western ends of both the Térméoja and

Yli-Nuortti Natura areas are located on top of carbonatite rock. Similarly, the map shows that those of our plots where the

vegetation community was reminiscent of Sokli have something other than carbonatite as the rock parent material. However,

all of our plots have metamorphic (tonalitic migmatite and amphibolite) or igneous (mafic volcanic and ultramafic) rock as the

parent material, and phosphate mineral apatite can occur in such rocks (Walker and Syers 1976). It is likely that these types of

rock materials leach more phosphate than other types of bedrock (Arnesen et al. 2007). Thus, the rocks outside of the

carbonatite massif may also have locally high P content, which affects the P content of the soil. The mixed-effect model factor

‘geology’ did not consider this, which could be the reason why it was not important in explaining soil P content.
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The baseline status and the current vegetation composition of our research site was worth studying for several reasons. We

conducted our study in a region which has for decades been under more or less heated discussion related to whether mining
activities will begin or not. The site is very remote and the plan is to move the material from the mine to the locations of further

production by trucks (P6yry Environment 2009). In addition to the aerial deposition from the mine, this could increase the dust

and pollution caused by transportation, the amount of which is currently minimal. The effects of mining on the surrounding
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ecosystem and its vegetation composition can be unpredictable when combined with the changes caused by climate change.
High latitude regions are considered more vulnerable to climate change than more southern regions (Hartmann et al. 2013).

As-sSoil microbial activity may change due to a warmer climate, and so N may become more available from organic sources
at-high-latitudes-in-the-future-(Rustad et al. 2001). This, together with high soil P may induce growth and affect vegetation
dynamics. Climate change has already caused variation in the vegetation at high latitudes, as deciduous shrub coverage has
expanded at-in the Arctic region (Sturm et al. 2001, Park et al. 2016). Greater deciduous shrub cover causes increased leaf
litter input, which in turn may bring more nutrients that are recyclable to the ecosystem.

5 Conclusions

We found that-that the total P content of the soil humus layer-is was an important factor -explaining the community composition
of forest understorey vegetation dynamies-at-ourresearch-plots-near the Sokli phosphate ore in Finnish Lapland. The plots
with high soil total P in the humus layer {max—2600-mg-kg™)-had birch as the dominating tree species. As also green birch
leaves and leaf litter high high contents of P, Bewny-birch-leaflitter-has-been-discovered-to-containlarge-contents-of P.so-i

is-pessible-we suggest that the leaf litter from birch caused the high total P contents in the humus layer, but the rock parent
material - Fhe-mean-P-content-of-our-birch-itter samples-was-1280-mg-kg ' ~which-is-higherthan-the-P-contents-of- C+1-and
el B il e e

impertant-for-understory-vegetation-in-berealforests—As climate change and the possible mining activities may affect the
nutrient and vegetation dynamics in the studied region, the research that we carried out has an important part-role in both

clarifying the current situation and forming a baseline for evaluating the magnitude of changes in the future.

Data availability

We have made all data used in the analyses publicly available. All can be downloaded at:
https://doi.org/10.23728/b2share.615b46018cef40fe8c9d9245¢56f0547.
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Figure 7: Ordination pattern with smooth surface fit and linear vector fit of soil phosphorus (P) in the O layer (a), linear vector fits

5 of soil element contents_in the O layer (b), linear vector fits of foliar data as well as plot distance from Sokli phosphate ore (c), and
linear vector fits of number of species in different layers of understorey (d). BettermtayerMoss lichen includes moss and lichen
species, Grass_sedge includes forb, grass, and sedge species and D.shrubs_trees includes dwarf shrubs and tree seedlings. In (a) and
(c) Plets-plots D4 and B3 were located on top of each other and only D4 is shown.
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Table 1. Meteorological parameters from Varrié. SWE=snow water equivalent, *= data from SMEAR 1 station, **= data from
SMEAR station (only 2009-2015), otherwise data are collected from Vérrid Subarctic Reseach Station by the Finnish Meteorological

15 Institute. Values for the climatological normal period are from Pirinen et al. 2012. Growing degree day sum was calculated as the
average daily temperature (average of daily maximum and minimum temperatures) above 5 °C base temperature, accumulated on
adaily basis over the year. Negative values are treated as zeros and ignored.

Climatological
) 2014 2015 normal period
(1981-2010)
Average annual temperature (°C) 0.84 0.95 -0.5
Average min. temperature (°C) —2.09 -1.7 =35
Average max. temperature (°C 39 3.8 2.6
Growing degree day sum 860 640 680
Total precipitation (mm) 610 660 601
Snowfall (mm, SWE)* 390 420 400 **
. Rainfall (mm) 220 240 190 **
20 , [Formatted: English (United States)
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SprueeC 6430-(870-0) 1700-(190} 12:0(1-00) 500-(3-80} 42:63:50)
Tahl ’}' T Sﬁ 3 ftho r reh pl 1
Plot Trees/ha N (r3/ha) Tree species composition (% of volume)
D2 1200 78 Pinus-sylvestris 88, Piceaabies 3, Betula pubescens 9
A3 900 46 Picea-abies1, Betula-pubescens 99
A6 500 54 Pinus sylvestris 99, Betula pubescens 1
B2 300 33 Pinus sylvestris 100
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ot 14 Pinus sylvestris 100

B: 99 Pinus sylvestris 99.9, Betula pubescens 0.1
B2 48 D

B3 18 Pinus sylvestris 86, Betula pubescens 14
D5 98 . .
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Table 32. Tree species composition of the research plots. dbh = diameter at breast height.

Formatted: C
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Basal area of trees  Total volume of trees  Volume of pine  Volume of spruce Volume of birch Average dbh Average dbh of Average dbh of

Plot Trees/ha

(m%ha) (m3/ha) (m®ha) (m*ha) (m®/ha) of pine (cm) spruce (cm) birch (cm)

Al 1300 10 75 44 0.02 30.7 10 18

A2 1200 12 8 69.2 2.3 6.9 9.1 6.5 57
A3 900 8 46 - 05 455 - 6.4 9.1
A4 600 16 130 83.7 355 112 215 113 9
A5 1200 17 125 94.5 209 10.0 187 84 6.2
A6 500 10 54 83.7 - 0.7 16.7 - 3.9
Bl 300 1 3 2.8 0.07 - 13.4 5.6 -
B2 300 5 33 32.6 - - 18.2 - -
B3 500 17 128 127.9 0.2 04 19.2 6.8 57
Cl 800 3 14 14.3 - - 6.1 - -
c2 1100 1_4 105 471 411 17.7 216 12.1 7
D1 700 14 99 99.3 - 0.03 11.9 - 3.3
D2 1100 9 48 - - 48 - - 9.8
D3 50 s 18 153 - 25 85 - 02
D4 300 ; 43 13.6 17.2 123 215 22 9.9
D5 700 1 98 98.3 - - 11.4 - -
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C N P K C:N N:P

Pine C 510.0 (3.70) 14.10 (0.80) 1.40 (1.40) 4.50 (9.10) 36.0 (1.90) 10.0 (1.10)
Pine C+1 510.0 (7.30) 13.80 (0.90) 1.20 (0.80) 3.70 (3.70) 38.0 (2.40) 11.80 (1.10)
Pine C+2 480.0 (140.0) 12.10 (3.70) 1.2 (0.90) 3.50 (3.30) 36.6 (11.20) 10.60 (3.30)
Spruce C 500 (3.80) 12.0 (1.00) 1.70 (0.20) 6.40 (0.90) 42.0 (3.50) 7.10 (0.70)
Spruce C+1 440.0 (170.0) 10.70 (4.20) 1.50 (0.20) 4.20 (0.90) 37.0 (14.50) 7.30 (2.90)
Spruce C+2 440.0 (165.0) 10.10 (3.90) 1.40 (0.20) 3.70 (0.80) 39.2 (14.90) 7.50 (3.00)
Birch, green 470.0 (3.40) 25.0 (1.20) 2.60 (0.30) 8.20 (1.50) 19.0 (1.0) 9.80 (1.0)

Birch, litter 490.0 (6.0) 10.10 (1.40) 1.30 (0.50) 2.40 (1.00) 50.0 (7.40) 8.50 (2.10)

Table 3. Average foliar element contents (g kg™) of the three major nutrients

and C, and the relationships of C:N and N:P with

standard deviations. Needle age classes: C = current year, C+1 = one-year-old needles, C+2 = two-year-old needles.
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Table 4. Linear correlations of element contents of soil, needles and leaves, number of species in different vegetation layers and plot
distance from Sokli with the NMBS-non-metric multidimensional scaling ordination pattern. The group of ‘gl i
moss-and-lichen species, g
15

B e
ies-grasses and sedges’ includes forb, grass and sedge species and ‘d. shrubs and trees’ includes dwarf shrubs
and tree seedlings. Levels of significance: ®= 0.1, * = 0.05, ** = 0.01,*** =0.00%. The first seven rows,are soil values.

[Formatted: English (United States)

) [ Formatted: English (United States)

41



10

15

20

25

Variable R? p <

K 0.199225 0.28%220
P 0.726717 0.001002**%
N 0.414368 0.050%87°
C 0174137 0.347461
C:N 0.606576 0.005012*x
N:P 0.380431 0.064°045*
pH 0.316386 0.126075°
Needle P 0.235440 0.243033*
Needle N 0.643010 0.932927
Needle K 0.361465 0.085°029"
Birch P 0.410247 0.062°213
Birch N 0.179104 0.324569
Birch K 0.303346 0.121099°
Bottom—IayerMoss _and lichen,

species number 0.148249 0.408223
Grasses and sedges, species number 0.721738 0.062003**
D. shrubs and trees, species number 0.375181 0.976°341
Moss and lichen, % cover of surface 0.180 0.325
Grasses and sedges, % cover of

surface 0.248  0.196
D.shrubs and trees, % cover of

surface 0.250  0.198

Plot distance from Sokli 0.214183 0.269344
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Jable 5, Results from the mixed-effect models, testing the effects of environmental variables on soil total P and N content and C:N ! {Formatted: Heading 1 Char, Font: 9 pt, Not Bold, Font color:

ratio. The tested variables were dominant tree species of the research plot, estimated tree age, rock parent material (geolo nd Auto, English (United Kingdom)
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Appendix SA: Average coverage (% _of surface area) of understorey plant species per plot

Species Al Al A3 A4 A5 Ab Bl B2 B3 C1 C2 D1 D2 D3 D4 D5
Pleurozium schreberi 43.3 51.3 39.6 59.3 44.4 57.1 25.0 24.7 64.7 9.0 38.8 0.3 1.2 53.5 14.5 38.7
Hylocomium splendens 38.7 8.3 22.8 9.6 33 17 —- 3.8 13 —- 28.9 —- 44.6 —- 14.5 —-
Dicranum scoparium —- 12.6 —- 4.2 5.9 10.7 16 2.8 —- 8.3 —- 72.9 —- 1.0 9.7 4.1
Dicranum polysetum —- — —- —- 0.2 0.1 —- 0.9 0.8 — —- — —- — 0.6 0.4
Dicranum majus — — — 1.1 — — — _ - — — — — — — 1.3
Barbilophozia barbata — — — 0.1 0.7 0.6 — — — — — — —- 0.2 0.2 5.8
Polytrichum strictum — — 2.8 — — — 5.0 5.3 — 0.8 —- — — 2.1 — —
Polytrichum commune 3.4 0.4 0.7 0.1 — —- 0.4 — — — 1.4 — 23.4 4.0 4.9 0.1
Aulacomnium palustre — — —- — — — — — — — —- — — 3.7 —
Sphagnum angustifolium - - - - - - - - - - 0 - - = - -
Sphagnum girgensohnii - - — - - — — — -— — 0.3 -— — - - —
Sphagnum capillifolium -— — — -— — — -— — -— — — -— — 0.2 — —
Ptilidium ciliare — — — -— -— 11 — — — — -— — — -— -— —
Peltigera aphthosa 11 -— — -— 1.0 — 0.6 0.7 0.4 -— — — -— — 0.1 -—
Peltigera rufescens - — 0.2 — — -— -— — — — — — — — - —
Peltigera neopolydactyla -— — — — — — 10.9 0.1 — — — — — — -— —
Nephroma arcticum -— 2.3 1.0 3.9 — — 6.1 15 0.5 — — — — 0.5 0.1 1.3
Umbilicaria deusta -— -— — -— -— — — 0.1 -— -— — — -— — — -—
Cladonia rangiferina 0.3 1.0 0.3 16 15 2.0 6.2 2.8 1.6 31.0 — 3.8 -— 5.2 0.3 53
Cladonia cornuta -— -— 0.1 -— 0.2 — 0.1 0.2 -— 0.1 — 0.2 -— — — 0.3
Cladonia stellaris — — — -— — — — — -— -— — — — -— - —
Cladonia deformis -— — — -— — — — 0.1 -— 0.6 — — — — — 0.1
Cl_adonia crispata var.

crispata — — — — — — — - - - - - - - - -
Cetraria islandica -— 0.1 -— -— -— — — — -— -— -— — -— — — -—
Stereocaulon tomentosum -— -— -— -— -— -— 4.7 2.2 -— -— — -— -— -— -— —
Linnaea borealis -— -— — -— 0.3 0.2 -— — 0.1 — — -— — — — —
Vaccinium myrtillus 1.2 4.3 — 10.7 14.7 21.7 -— 5.2 2.3 1.4 8.4 1.3 2.7 18.8 6.0 6.9
Vaccinium vitis-—idaea 15.3 26.8 5.6 22.2 11.9 5.2 13 55 21.6 5.7 3.4 28.2 25.8 4.0 7.4 4.4
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Appendix B1. Soil element contents within and across plots

TableB1. Average total contents of elements

) K P N c CN N:P pH
F layer 0.83 (0.30) 0.81 (0.32) 133 (29) 420 (98) 32(68) 178 (55) -
O layer 0.49 (0.22) 0.72 (0.50) 9.9(37) 260 (106) 26 (5.7) 17.2(1.3) 3.7(02)
A layer 0.32(0.22) 0.38 (0.51) - - - N .

B layer 0.59 (0.23) 0.10 (0.13) - - . - B

10

15
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Table B2. Statistical differences of soil elements in each soil layer of different plots, grouped by their dominant tree species. Levels
of significance: * = 0.05, ** = 0.01, *** = 0.001.

P N C:N
birch & pine**
birch & pine*** birch & pine*** birch &
F layer birch & spruce**  birch & spruce** spruce**
birch & pine*** birch & pine*
birch & birch &
O layer spruce*** birch & pine** spruce**

birch & pine***
A layer  birch & spruce* - _

B layer - = =
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Figure B1. The fitted vs. residuals, g-g plots and histograms of residuals from the mixed effect models (upper = phosphorus (P)

lower = nitrogen (N).
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Figure B3. Soil total N content and C:N ratio within plots in the F and O layers.
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Appendix C: Needle and leaf nutrient contents per plot

Table C1. Statistically significant differences between needle age group by species (C = youngest needles , C+1 = one-year-old needles
5 C+2 =two-year-old needles), p < 0.05 one-way analysis of variance, with Tukey’s honestly significant difference post hoc test.

_ P N C CN N:P
C&C+1 C&C+1 C&C+l
Pine cacr C&C¥2 Tecy, C&CE - Toch
10 No No No
Spruce C &C+1, differences differences differences C & C+1,
=pruce C&C+2  between between betweenage C & C+2
age classes age classes classes
15
20
25
30
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Table C2. Statistically significant differences of needle nutrient contents between plots, p < 0.05.

_ P N C CN N:P
Plots:
A5&B1
No A4&D3 No Plots: No

differences A1&D3, differences D3&A1, differences

Pine between B1&D3, between D3&B1, between
plots B2&D3 plots D3&B2 plots
B1&D1
B2&D1
Plots:
Plots: AdBAS Plots:
A3&AS5 A3&AS @AS
A2&A5 B1&A5
B3&A5,  D4&A5,  A2&AS.  No
Plots: B3&A5, differences

Spruce  coep2 % %‘ B3&A4,  between
C2&B3,  D5&A3 %‘ plots
D5&B3 B1&A2 m‘

D4&B3 D4&A2
D5&B1
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