Final Response to the Associate Editor

B. Abis and V. Brovkin

Dear Editor,

Thank you for the thorough attention dedicated to our manuscript submission. Please, have a look
at this document, in which we will provide the replies to the three anonymous referees’ reviews,
including point-by-point answers to their comments and questions, highlighting line numbers of
revisions according to specific comments. Note that we added a few more details to the answer
A14 for the C14 query of Referee #1. Furthermore, we will provide a marked-up version of the
revised manuscript, with discarded text marked in red colour and additional text in blue. Finally,
we would like to express our appreciations to you and to the referees. Thank you very much for
your contribution to the manuscript.

Best regards,
B. Abis and V. Brovkin



Reply to Anonymous Referee #1

B. Abis and V. Brovkin

Dear Referee,

Thank you for your positively constructive review and for your insightful comments. In this doc-
ument, we will provide an answer to your comments and queries. We will not make a distinction
between your general, specific, and technical comments.

Best regards,
B. Abis and V. Brovkin

C1.

Al.

C2.

A2.

“Overall, this study is interesting and novel. However, I think that, especially in the Introduction
Section, it is not sufficiently framed in the context of cited references regarding the boreal forest
biome. In this regard, I suggest to expand the description of the current knowledge about the
boreal forest biome.”

Thank you for your comment. We agree that to better frame our work in the context of the
boreal forest biome, more information could be beneficial. Following your suggestion, we will
expand and restructure the Introduction, to make the boreal forest description more prominent,
including details regarding the main feedbacks, and a more detailed explanation of the findings
of Scheffer et al. 2012.

“Overall, the scientific approach and the applied methods are valid and good, however I think
that the links between the different statistics involved should be better described. For example,
it should be better clarify in the text how the information learned by applying one statistic are
useful for making decision in applying the others.”

From this and other comments, we understood that our explanation of the analysis performed is
not straightforward to follow, especially with regards to the flow of decisions and results. Hence,
we agree on providing further clarifications and details in the text, to better guide the reader.



C3.

A3.

C4.

Ad.

C5.

Ab5.

C6.

A6.

CT7.

AT.

“Finally, I suggest to revise the structure and the text of the paper in order to avoid repetitions
and make the manuscript more readable. In this regard, in particular I suggest to merge the
Discussion and Conclusion sections.”

Having evaluated all the comments received, we agree to restructure part of the paper to make
it more readable. To this avail, following the comments, we will introduce major modifications
to the following sections: Introduction, GAMs Results, Discussion, and Conclusions.

“[Page 2, lines 6-10]: “To such avail...[] (Reyer et al. 2015)” I suggest introducing the boreal
forest biome before this sentence or immediately after.”

Following your comment, we decided to restructure the Introduction. We will introduce the
boreal forest biome after this sentence and expand its description with further details to better
frame it in the research context. [Page 2, lines 14-35; page 3, lines 1-7]

“In general, I suggest to reduce the description of the bimodality in tropical vegetation and
to expand the description of the boreal forest, because at the moment in the manuscript they
have almost the same importance. Since the study is about the boreal forest I think that the
Introduction should be focused mainly on the state of the art of the study about of this biome,
in order also to highlight the novelty of this study.”

Dear Referee, the topic of multistability in tropical vegetation is currently an important hotspot
of discussion, with debates over several different aspects of the savanna-forest transitions. Such
discussion influenced the way we structured and performed our work. For these reasons, we think
that an overview of the discussion ought to be mentioned and that it is not possible to reduce its
description. However, we do agree on improving the balance of the Introduction in favour of the
boreal forest and on the state of the art of the study of this biome. [Page 2, lines 14-35; page 3,
lines 1-6 and 15-30)]

“In particular: [page 2, lines 29-33]. Since most of these environmental variables are those
considered in this work, could you give more information about their role in the boreal forest
biome, and also more information about the cited studies? E.g. if these papers considered only
some specific areas, the main knowledge about the variable interactions...”

We agree that to improve the comprehension of the paper, we should provide more information
about this environmental variables. Following your second suggestion (comment 9), we will
include a paragraph in the Environmental Variables Datasets section about the role and the
importance of the environmental variables we used. [Page 4, lines 3-34; page 5, lines 1-16]

“[Page 2, lines 33-34]: In order to explain better the role of boreal forest in the climate system,
could you provide a more extended description of some feedbacks between each other?”

We will include a more extended description of the main feedbacks playing a role, so that we can
also refer to them more clearly in the Discussion section. Particularly, we will introduce the way
boreal forests influence climate through albedo, evapotranspiration, and carbon sequestration.
[Page 2, lines 21-29]



C8.

AS.

C9.

A9.

C10.

A10.

C11.

All.

C12.

Al2.

C13.

“[Page 3, lines 3-7]: I suggest to describe more extensively the main outcomes of Scheffer et al.
2012, in particular detailing what they found about the existence of multiple states under the same
environmental variables in boreal forest, in order to better introduce the current knowledge about
multimodality, what is missing and thus the timely of the study reported in this manuscript.”

Following your comment, we will provide a more thorough description of Scheffer et al. 2012
findings, as they represent the base for our study. [Page 2, lines 34-35; page 3, lines 1-5]

“[Page 3, lines 20-21]: More information about current knowledge on the importance of these
variable in the boreal forest biome, which I suggested to include in the Introduction, could
alternatively be reported here.”

As stated in the answer to comment 6, we will report here more information about the current
knowledge on the boreal forest biome, and on on the role and importance of the variables used.
[Page 4, lines 3-34; page 5, lines 1-16]

“[Page 3, line 21]: “[...] they are summarised in Table 1”. I suggest to modify the sentence for
inserting also the kind of information provided by Table 1.”

We agree on providing within the text a description of the variables and hence on the information
contained in the Table 1. [Page 4, lines 3-34; page 5, lines 1-16]

“[Page 3, line 22]: Please insert at the beginning of the sentences the name of the tree cover
dataset (i.e. MODIS). Although Table 1 has the references of all the datasets, I suggest to
provide, in the text or in an additional column of Table 1, a brief description of all the variables,
or at least of the variables that need a definition (e.g. what the permafrost index indicates, the
type of soil texture, the definition of GDDO, the depth at which the soil moisture refer to...).”

We will implement your suggestion and we will provide information about all the variables and
their role in the boreal forest biome within the text. Furthermore, we will add a more detailed
caption for Table 1. [Page 5, line 16; page 6, Table 1]

“Could you report in the text the information about the GAM implementation? Such as the
assumed error distribution of the data and the implemented link function.”

Dear referee, we think that full details of the GAM implementation will not contribute to improve
the paper, as they will make it more technical and harder to read. However, we will mention,
as you ask, the family and link function used in our analysis through a suite available on R.
Furthermore, additional details regarding not only GAMs, but our entire setup, including all the
packages and scripts used, are already present as supplementary material. [Page 7, lines 18-19]

“[Page 5, line 22]: why do you use only 6 variables for the multiple-dimensional phasespace
instead of 87 This is currently explained later on, but to improve clarity I suggest to explain the
reason here, or to refer directly to Sec. 3.2 for the explanation.”



A13.

Cl14.

Al4.

C15.

A15.

C16.

Al6.

C17.

A17.

C18.

A18.

C19.

A19.

C20.

We agree with you and we will include a reference to Section 3.2 for improved clarity. [Page 7,
line 29]

“How many are the total found classes?”

Dear Referee, the number of found classes is as follows: 1185 in Eastern North Eurasia, 438
in Western North Eurasia, 457 in Eastern North America, and 835 in Western North America.
However, the total amount of unique found classes is not 2915 but 2546. Of these, 19 are
multistable or fire disturbed. We will include this information in the text. [Page 11, lines 25-27
and 30-31]

“[Page 10, lines 1-2]“Qualitative [...] high.” Is it possible to provide the quantitative values
of the extremes of the qualitative index for each variable? For example, what are the extreme
values of the qualitative range called medium-low for FF? Furthermore, how do these ranges
change for the different regions?”

To make Table 4 more readable, we initially decided to include the information you ask in the
supplementary material only. However, we will change this and make Table 4 more complete,
with all the ranges and the number of gridcells per class. [Page 12, line 5; page 14, Table 4]

“[Page 13, line 4]: “Depending on the conditions, only one of the three possible vegetation states
is attained.” It is possible to provide some examples?”

Essentially, in 95% of the cases, the class uniquely determines the vegetation state (either treeless,
open woodland, or forest). Hence, we will easily provide an example for each case. [Page 17,
lines 5-8|

“[Table 1] I suggest including in the table also the measure units of the variables.”

We agree that this will improve the information conveyed by Table 1, hence, we will include units
and a more detailed caption. [Page 6, Table 1]

“[Table 4] I suggest adding a column with the number of gridcells found in each class.”

We agree that this will add an important information to Table 4, hence we will add such a
column. [Page 14, Table 4]

“[Page 5, line 19]: “or” instead of “ot”, please fix the typo.”

We beg your pardon for the typo; we will correct it immediately. Thanks for noticing. [Page 7,
line 25]

“[Page 6, line 10]: Please rephrase the sentence “(generally at least 1% of the gridcells with the

same vegetation state)”.”



A20. Following your comment, we realised this sentence was somewhat vague. We will rephrased it in
a more clear and concise way. [Page 9, lines 2—4]

C21. “[Table 1] Please replace “0.05° MODIS MOD44B V1 C5 2010 product” with “0.05° MODIS
MOD44B V1 C5 2001-2010 product”.”

A21. We will implement your suggestion. [Page 6, Table 1]



Reply to Anonymous Referee #2

B. Abis and V. Brovkin

Dear Referee,

Thank you for your time and for your valuable comments and suggestions. In this document, we will
provide an answer to your comments and queries, highlighting how we will modify the manuscript

in view of your suggestions.

Best regards,
B. Abis and V. Brovkin

C1.

Al.

C2.

A2.

“I found the paper difficult to read, mainly due to the many abbreviations. I think that the
authors could delete loads of them and just write down the whole names. Further my major
concern is the structure of the results. It is unclear what is expected, some parts are discussion
already, while some crucial results are not introduced. The authors should take more time to
present their results.”

Thank you for your valuable opinion. We thought we would simplify the paper by introducing
some abbreviations. However, from your comments it seems like we actually made it harder
to read. We will try to reduce the number of abbreviations and write plain sentences when
possible. Regarding the structure of the results, we found it difficult to separate some results
from their interpretation and discussion. However, following your suggestion, we will restructure
them. We will expand the Discussion section and simplify the results one, especially the GAMs
Results section, taking more time to introduce the results and moving all the discussion and
interpretations in the Discussion section.

“Please try to minimize the abbreviations. Is it needed to mention them already in the abstract?”

We understood it is necessary to introduce abbreviations in the abstract from BG manuscript
regulations. However, following your suggestion, we will reformulate the abstract so that it will
not make use of them. [Page 1, lines 9-14]



C3.

A3.

C4.

A4.

C5.

Ab.

C6.
A6.

“The aim it to study the impact on the tree cover fraction by eight environmental factors. I
think you do not prove that it is the impact; you only link them following a statistical approach?
So I would be in favour to change the aim.”

Dear referee, the meaning of that particular sentence is that we want to quantify the impact
on tree cover, since the primary role that environmental variables exert on the vegetation has
already been studied by many before us. To avoid ambiguity, we will follow your suggestion and
rephrase our aim so that it is clear that we study the link between the various distributions.
[Page 1, line 5]

“It is unclear to me why the authors didnt use a seasonal variable in here. I think that seasonality
in the temperature and rainfall will probably tell more than the averages and minimum values.”

Dear Referee, you are right in saying that seasonal variables play an important role in the
boreal forest dynamics. For this reason, we actually included several indicators that account
for seasonality. In particular, the spring soil moisture measures water availability during the
thawing period, when plants have access to a deeper active layer and can start to use unfrozen
water, whereas the growing degree days above 0°C are a proxy for the extent and intensity of
the plant growing season. In fact, growing degree days are a measure of heat accumulation,
and many developmental events of plants depend on it. Hence, by using degree days above
0°C it is possible to estimate the influence of the growing season regardless of differences in
temperatures from year to year. On the other hand, we agree that monthly data would provide
a finer representation of the different seasonal aspects, however, due to the already high number
of variables, such analysis would increase too much the degrees of complexity of the problem,
going beyond the scope of the paper. Nonetheless, we recognise that the lack of details about
the datasets used and the role of the environmental variables in the boreal forest biome makes it
harder for the reader to understand our motivations. For these reasons, we decided to include in
the manuscript information about the definition, role, and importance of the variables used for
the analysis. [Page 4, lines 3-34; page 5, lines 1-16; page 6, Table 1]

“What is permafrost distribution? I am not a specialist on this, but it would be helpful to add
more information on the selected environmental variables and also add units in Table 1.”

We agree that units are necessary and we will add them to Table 1. Furthermore, as stated in the
answer to comment 4, we will include detailed information on all the variables used. Regarding
your question on permafrost, the zonation index shows to what degree permafrost exists only
in the most favourable conditions or nearly everywhere. [Page 4, lines 3-34; page 5, lines 1-16;
page 6, Table 1]

[Page 3, line 30]: “How many RS-cells is 0.05degree?”

Dear Referee, throughout the entire paper, we make reference to rectangular LONLAT grids. In
particular, on a global level, 0.05° correspond to a grid with 7200 x 3600 griddcells with side
length of ~5.5 km. This translates into 1400000 (2800 x 500) griddcells for North America, and
1760000 (4400 x 400) griddcells for Eurasia. The numbers for the 0.5° grid are the same divided
by 100.



Cr7.

AT.

C8.

AS.

C9.

A9.

C10.

A10.

C11.

All.

“Also add all abbreviations in Table 1”.

We did not understand this comment, as abbreviations are already present in Table 1. We will,
however, improve the caption for the table. [Page 6, Table 1]

[Page 4, line 3]: “Of course both data sets are highly correlated, but more interesting is to see
the anomalies”.

You are right. To deal with this aspect, we made a full analysis of the differences in results due
to the use of the two datasets. The findings are already reported in the supplementary material.
However, due to the restricted amount of anomalies, the core results regarding transitions zones
are essentially the same. [Page 5, line 32]

[Page 5, line 13]: “just call EV environmental variables. These changes will highly improve the
reading” .

We will implement your suggestion to improve readability and reduce abbreviations.

[Page 6, line 1]: “we associate every grid cell? Which grid cell is this the 0.05 degree or the
RS-grid cell?”

Dear referee, in practical terms, there is only one geographical grid used throughout the analysis
to which all variables (including tree cover) refer to. It is a rectangular LONLAT grid with
0.5° resolution. At every location (what we call gridcell, indicated by its longitude and latitude)
we associate the values of all the environmental variables for that specific location and, at this
particular step, the value given by the classification.

[Page 7, line 3|: “Here you start referring to the table by not interpreting what we see but only
saying that we have uncertainty bands. I think that you first need to introduce what we see
highest explained variance is found for NA_ E. (In the text this is mentioned as NAE. .. please
just use the whole name, you also do this later on with Eastern North Eurasia for instance).
And that this differs per region etc. Then you should also make a column with average values
for all data. A question I do have is if the differences in explaining variance per region are
dependent on the range of the environmental variables. With a larger range you would expect a
large explaining variance.”

Dear Referee, as the answer to this particular comment is somewhat lengthy, we will structure
it in points.

A11.1 We agree that starting this section with a description of the findings would be an improve-

ment, and we will implement this change in the paper. [Page 9, lines 12-25]

A11.2 Furthermore, as already agreed, we will minimise the use of abbreviations in the entire

paper, to improve clarity and ease of reading.



A11.3 We think that adding the average result for every variable would not be relevant, as there
are clearly differences within the four regions. These differences would not be apparent from
the average that will be consistently be a low number. However, we will add the average
per variable per region, so that the distinction between regions will still be clear. [Page 10,
Table 2]

A11.4 Regarding your question on a larger range of variables, we are not sure whether the question
relates to the number of variables, or the spanned range of values for the single variables,
so we will provide an answer to both interpretations. I)There are some factors that we
could not include in the analysis, as stated in the discussion, such as the role of grazers (or
other disturbances), and the role of nutrients. However such data are either not available,
or their role is still under discussion. Furthermore, to improve our results, new variables
must have a strong regional effect, and this effect must not be connected with the one of the
variables already considered. For the same reason, the GAM results using all 8 variables, or
only the 6 used in latter part of the paper, are very similar, and introducing new variables
does not improve the results. Henceforth, we assume that the improvement of additional
variables could only be minor. II) The case of larger ranges for the variables would only
make sense when considering a larger geographical range. This would at the same time
increase the extent of the biome analysed, including areas at mid-latitudes or at more than
70N. Doing so would introduce different plant species and vegetation controls, resulting into
a different problem entirely that would, most likely, require a revised set of variables. Thus,
it is difficult to make predictions on the outcome of such analysis, but we hypothesise that
the increased complexity would not benefit the explained variance.

C12. “Results-vs Discussion: I realize that the above section should not be too much discussion. From
page 7, lines 13-15 to page 8, lines 1-20 onwards you have a mix of results and discussion. These
should be separated and should have a new section in the discussion chapter.”

A12. Dear referee, we understand your point and we will try to implement your suggestion, separating
findings and interpretations. [Page 9, lines 26-32; page 10, lines 1-6; page 17, lines 15-33; page
18, lines 1-5]

C13. “Phase-space results: Again take more time to introduce Fig2a. Is it not only the phase-space
but also the KDE? Also mention in the text what these intersections are. Mention what the
colours are and how we need to interpret Fig2a. After that introduce Fig2h.”

A13. Thank you for your valuable suggestion, we will introduce and explain the figures more carefully,
improving the captions as well. [Page 10, lines 8-10; page 11, lines 1-2 and 7-17; page 12, Figure
2]

C14. “I also like to see a correlation matrix how the different EVs are correlated with each other. It
is now unclear why you show Eastern North Eurasia with the combination of the two and why
not a combination of other variables. I think that MAR and mean_ TMIN are highly correlated
as they are placed on one line, meaning overlap of information.”

10



Al4.

C15.

A15.

C16.

A16.

C17.
Al1T7.

C18.

Following your comment, we will include a correlation matrix in the supplementary material, as
we think it would distract the reader from the flow of information. Regarding the figure, it is only
meant as an example of the fact that within the regions, for some variables, e.g., precipitation
and minimum temperature in Eastern North Eurasia, it is possible to find a clear separation
between the three vegetation states (regardless of correlations), whereas for some other pairs,
this separation is not clear and we find intersections. Hence, the choice of Northern Eurasia with
those specific variables was aimed at exemplifying this point with a figure. We take your point
that this information is not clearly conveyed. Hence, we will specify it within the manuscript.
[Page 10, lines 8-10; page 11, lines 1-2 and 7-17; page 12, Figure 2]

“3.3: I do not understand the part at page 9, lines 5-10. I can see that you are interested in grid
cells having similar EVs but not similar tree cover. However I am confused how to read Table 3,
why is that you have four columns? If you mention a number of classes (page 9, line 8), what do
you mean?”

We included Table 3 as a summary of the possible vegetation states found during the analysis.
However, from your comment we realise that it causes confusion due to its structure. For this
reason, we will reshape it, including only three columns and making it clear that they correspond
only to the possible monostable, bistable, and fire-disturbed vegetation states. The classes we
refer to at page 9, line 8 are the 19 classes reported in Table 4, i.e. the classes that allow for
bistable states. To make sure this sentence does not cause confusion, we will rephrase it to
explicitly mention it. [Page 11, lines 25-27 and 30-31; page 13, Table 3]

“It is very interesting to see how these data are clustered. I have problems with reading the
different colours in the legend. Also some symbols have a black line and others not, but unclear
if this relates to the fire or non-fire disturbed states or does it relate to single stable vs bistable
data points? Can you also see some spatial patterns of data which have the same bistability, but
now currently in a different mode?”

We found hard to retrieve a colourblind-safe colour-scheme with eight colours. However, all the
symbols should have the same structure and only different colours. We will try to improve clarity
and increase the size of the legend markers. Regarding your second question, with our setup it
is only possible to detect states with bistability when they are in a different mode. [Page 13,
Figure 3]

“Figure 4: It is Silvermans test (two words).”

You are right. The typo is due to the name of the package used for the implementation, which
is the one the plot refers to. We will correct this for consistency and correctness. Thank you for
your comment. [Page 15, Figure 4]

“Treeless state: I agree with your statement that tree cover below 20% is difficult to measure
wit RS. Therefore I have my doubts about the results of Fig. 4. Why is it that you use in that
detail the tree cover fractions below 20%? What do you want to show with these figures. There
is not much text about figure 4, so is it needed or can you directly introduce figure 5. Although
for this figure, the same holds for the data <20%.”

11



A18.

C19.

A19.

C20.

A20.

Dear Referee, we understand your confusion about this. We will clarify better in the text and
in the captions the meaning of these figures. To answer your questions, the plot in figure 4 and
the Silverman’s test are meant only to show that there is a clear separation between the modes.
And this can be clearly seen when looking at the decrease in frequency happening around 20%
tree cover (on both sides). The unsuitability of the MODIS tree cover fraction product below
20% comes into play only when trying to make fine assessments at high resolution. However, in
this particular case, only the generic distribution is important, i.e., the fact that there is a peak
below 20% tree cover. This information is reliable, as if the tree cover would have been higher, it
would have been measured with higher precision by the RS instruments, hence we can conclude
that the peak is present. On the other hand, figure 5 is related to the internal variability of the
tree cover fraction dataset. The modal peaks are in fact more spread apart than what internal
variability alone could cause, making them significant. Again, the precise distribution below 20%
tree cover is not extremely important, only the fact that it is below such threshold. [Page 12,
lines 10-14; page 15, lines 1-4, 6-7, and 9-11; page 15, Figure 4; page 16, Figure 5]

“Do not understand your statement on page 14, line 6; what kind of feedbacks? You didnt study
this, so why is it that they might or might not play a role?”

We are referring to the main feedbacks happening between vegetation, environmental variables,
and climate. However, we understand your point that we did not discuss them. For this reason,
we will include details of the main feedbacks within the introduction and within the expanded
description of the environmental variables. So that we can make a clearer reference to them.
[Page 2, lines 19-29; page 4, lines 7-34; page 5, lines 1-14]

“I found the discussion on N-cycling, decomposition, fertilisation a bit too much detail in com-
parison to the work you have presented. You have now linked it to soil type, and if you would
be more interested in Nitrogen then you could have used modelled maps from DGVMs (as LPJ-
Guess) or use maps or soil organic matter. I think that there are more important things to
discuss, for instance why individual set of EVs are different between the regions, why fire is that
important, which regions are more sensitive to a change in temperature then others, or a change
in permafrost depth etc. etc. So keep the discussion more related to your own findings.”

Dear Referee, this part of the discussion was intended to show that there are other factors playing
a role in the boreal forest biome. However, we will implement your suggestion by reducing its
extent and by expanding the discussion related to our findings. Additionally, we will move here
part of the discussion presented in the GAMs results section. [Page 17, lines 15-33; page 18,
lines 1-5, 14-16, and 27-35; page 19, lines 1-5]

12



Reply to Anonymous Referee #3

B. Abis and V. Brovkin

Dear Referee,

Thank you for your positively constructive review and for your insightful comments. In this docu-
ment, we will provide an answer to your comments and queries.

Best regards,
B. Abis and V. Brovkin

C1.

Al.

C2.

A2.

C3.

“Please add citations to the sentence ‘...and to ecosystems exhibiting potential alternative tree
cover states under the same environmental conditions. ..’ on page 2, line 5.”
We will add citations. [Page 2, line 8]

“Table 2, 4 contains many acronyms without complete name in the table caption. The figures
or tables should stand alone. Suggest to add complete names to table captions or to the table.
What do you mean by ‘very low, medium low, very high and medium high’ in Table 4?7 Please
quantify or specify them.”

Dear Referee, to make Table 4 more readable, we initially thought to include only qualitative
information, introduced in the text, and to include the actual ranges only in the supplementary
material. However, we will change this and make Table 4 more complete, with all the ranges and
the number of gridcells per class. Furthermore, as you suggested, we will expand the captions to
make the tables and the figures stand alone. [Page 6, Table 1; page 8, Figure 1; page 10, Table
2; page 12, Figure 2; page 13, Table 3; page 14, Table 4; page 14, Figure 3; page 15, Figure 4;
page 16, Figure 5]

“The results or findings in abstract are too general, e.g. “we find that environmental conditions
exert a strong control...”, “we find that the relationship between tree cover and environment is
different within the four boreal regions...”, and etc. Please be specific.”

13



A3.

C4.

Ad.

We will reformulate the abstract to make it more readable, with clear and specific statements
about our findings. [Page 1, lines 5, 9-10, and 14-15]

“Conclusions (lines 2-29 on page 15) are too long, more like summary. Please shorten this
section.”

Dear Referee, as you suggested, we will shorten the conclusions by limiting the discussion and

generalisations in them and keeping only our key findings. [Page 19, lines 23-32; page 20, lines
1-10]

14
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Correspondence to: Beniamino Abis (beniamino.abis @mpimet.mpg.de)

Abstract. Previous analysis of the vegetation cover from remote sensing revealed the existence of three alternative modes in
the frequency distribution of boreal tree cover: a sparsely vegetated treeless state, an open woodland state, and a forest state.
Identifying which are the regions subject to multimodality, and assessing which are the main factors underlying their existence,
is important to project future change of natural vegetation cover and its effect on climate.

We study the impact on link between the tree cover fraction distribution (TcF) of and eight globally-observed environmental
factors: mean annual rainfall(vARr), mean minimum temperature(MTmin), growing degree days above 0°C(Gppo), permafrost dis-
tribution(pzn, mean spring soil moisture(Mssm), wildfire occurrence frequencyrr), soil texture(st), and mean thawing depthimtp).
Through the use of generalised additive models, conditional histograms, and phase-space analysis, we find that environmen-
tal conditions exert a strong control over the tree cover distribution, generally uniquely determining its state among the three
dominant modes in ~95% of the cases. Additionally, we find that the relationship between tree cover and environment link between in-
dividual environmental variables and tree cover is different within the four boreal regions here considered, namely Eastern
North Eurasia, Western North Eurasia, Eastern North America, and Western North America. Furthermore, using a classifica-
tion based on MAR, MTmin, MSSM, PZI, FF, and STrainfall, minimum temperatures, permafrost distribution, soil moisture, wildfire
frequency, and soil texture, we show the location of areas with potentially alternative tree cover states under the same en-
vironmental conditions in the boreal region. These areas, although encompassing a minor fraction of the boreal area (~5%),
correspond to possible transition zones with a reduced resilience to disturbances. Hence, they are of interest for a more

detailed analysis of land-atmosphere interactions.

1 Introduction

Forest ecosystems are a fundamental component of the Earth, as they contribute to its biophysical and biogeochemical processes
(Brovkin et al., 2009), and harbour a large proportion of global biodiversity (Crowther et al., 2015). However, changes in species
composition, structure, and function are happening in several forests around the world (Phillips et al., 2009; Lindner et al., 2010;
Poulter et al., 2013; Reyer et al., 2015b). These changes originate from a combination of environmental changes, such as CO5
concentration, drought, and nitrogen deposition (Hyvénen et al., 2007; Michaelian et al., 2011; Brouwers et al., 2013; Brando

et al., 2014; Reyer et al., 2015a), and local drivers, both anthropogenic and not, such as forest management, wildfires, and
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grazing (Volney and Fleming, 2000; Malhi et al., 2008; Barona et al., 2010; DeFries et al., 2010; Bond and Midgley, 2012;
Bryan et al., 2013). Environmental and climate changes, as well as extreme events, are likely to play a more prominent role in
future decades (Johnstone et al., 2010; Orlowsky and Seneviratne, 2012; Coumou and Rahmstorf, 2012; [PCC, 2013), affecting
the resilience of forests - i.e., the ability to absorb disturbances maintaining similar structure and functioning (Scheffer, 2009) -
and possibly pushing them towards tipping points and alternative tree cover states (IPCC, 2013; Reyer et al., 2015a), potentially
inducing ecosystem shifts (Scheffer, 2009).

Increasing attention has been given to the response of ecosystem €COSYystems to past climate changes (Huntley, 1997; Huntley
et al., 2013), and to ecosystems exhibiting potential alternative tree cover states under the same environmental conditions, as
key factors to a deeper understanding of forest resilience (Scheffer, 2009; Hirota et al., 2011; IPCC, 2013; Reyer et al.,
2015a). To such avail, in this paper, we investigate the relationship between environment and remotely-sensed tree cover
distribution within the boreal ecozone. Through the use of generalised additive models (GAMs), conditional histograms, and
phase-space analysis, we assess whether alternative stable tree cover states are possible in the boreal forest, and under which
environmental conditions. Hence, , @8 understanding the mechanisms underpinning them is a key point to assess future ecosystem

changes (reyer etal., 20152)(Reyer et al., 2015a).

In this context, it has recently been hypothesised that tropical forests and savannas can be alternative stable states under the same environmental conditions. A stable state being
the state an ecosystem will return to after any small perturbation (May, 1977). Evidence for bistability in the tropics has been inferred through fire exclusion experiments (Moreira,
2000; Higgins et al., 2007), field observations and pollen records (Warman and Moles, 2009; Favier et al., 2012; de L. Dantas et al., 2013; Fletcher et al., 2014), mathematical models
(Staver and Levin, 2012; van Nes et al., 2014; Baudena et al., 2014; Staal et al., 2015), and satellite remote sensing (Hirota et al., 2011; Staver et al., 201 1a, b; Yin et al., 2015).

One key evidence is that the tree cover distribution in the tropics is trimodal (Hirota et al., 2011). In fact, multimodality of the frequency distribution can be caused by the
existence of alternative stable states in the system (Scheffer and Carpenter, 2003). In the case of the tropics, multimodality could be an artefact of satellite data processing (Hanan
et al., 2014), however, it has been suggested that this issue is not of major importance (Staver and Hansen, 2015). The proposed mechanism responsible for the forest-savanna
bistability is a positive feedback between tree cover and fire frequency. The same mechanism has also been employed to explore the potential of multiple stable states in a global
dynamic vegetation model (Lasslop et al., 2016). Per contra, it has been suggested that trimodality of the tree cover distribution is not necessarily due to wildfires, since it can be
achieved through nonlinearities in vegetation dynamics and strong climate control (Good et al., 2016). The picture is far from complete, as there is evidence that other environmental

factors might play a fundamental role in controlling the tree cover distribution (Mills et al., 2013; Veenendaal et al., 2015; Staal and Flores, 2015; Lloyd and Veenendaal, 2016).

In a similar fashion, multimodality of the tree cover distribution has recently been detected within the boreal biome (Scheffer et al., 2012). The boreal The boreal forest is
an ecosystem of key importance in the carth Earth system, as it encompasses almost 30% of the global forest area and comprises
about 0.74 trillion densely distributed trees (Crowther et al., 2015). Despite a low diversity of tree species, boreal forest’s
structure and composition depend on interactions between several factors, including precipitation, air temperature, available
solar radiation, nutrient availability, soil moisture, soil temperature, presence of permafrost, depth of forest floor organic layer,
forest fires, and insect outbreaks (Kenneth Hare and Ritchie, 1972; Heinselman, 1981; Bonan, 1989; Shugart et al., 1992; Soja
et al., 2007; Gauthier et al., 2015). The boreal ecozone is highly sensitive to changes in climate and can affect the global climate
system through its numerous feedbacks, the most important ones related to albedo changes, soil moisture recycling, and the
carbon cycle (Gauthier et al., 2015; Steffen et al., 2015). However, the (Bonan, 2008; Gauthier et al., 2015; Steffen et al., 2015). In fact,
vegetation at high latitudes can influence albedo through its distribution and through its snow-masking effect, leading to
warmer temperatures (Bonan et al., 1992). During winter, a snow-covered forest has a lower albedo than snow covered
low vegetation, as tall trees mask the snow on the ground (Otterman et al., 1984; Bonan, 2008). Additionally, differences
between species distributions can affect albedo in summer, as dark conifers have a lower albedo than deciduous trees

or shrubs (Eugster et al., 2000). On the other hand, during the growing season, trees induce a cooling effect due to
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enhanced evapotranspiration with respect to low vegetation (Brovkin et al., 2009). Finally, the boreal forest acts as a
carbon sink (Gauthier et al., 2015) and is responsible for an estimated ~20% of the world’s forest total sequestered
carbon (Pan et al., 2011; Gauthier et al., 2015). The balance between these effects determines how the boreal forest
influences climate, which, in turn, affects vegetation.

Despite its multiple roles in regulating climate, the dynamics of the boreal ecosystem regarding gradual changes and critical
transitions are not yet understood (Bel et al., 2012; Scheffer et al., 2012).

previous In this context, multimodality of the tree cover distribution has recently been detected within the boreal biome
(Scheffer et al., 2012). An analysis of the vegetation cover from remote sensing revealed the existence of three alternative
modes in the frequency distribution of boreal trees (Scheffer et al., 2012; Xu et al., 2015): a sparsely vegetated treeless state,
an open woodland “savanna”-like state, and a forest state. These three modes Particularly, it has been observed that, over a broad
temperature range, these three vegetation modes coexist (Scheffer et al., 2012; Xu et al., 2015); on the other hand,
areas with intermediate tree cover between these distinct modes are relatively rare, suggesting that they may represent
unstable temporary states (Scheffer et al., 2012). Furthermore, it has been shown that multimodality of the tree cover does
not ensue from multimodality of environmental conditions, suggesting that these three modes could represent alternative
stable states , hence, acting as attractors (Scheffer et al., 2012). A stable state being the state an ecosystem will return to
after any small perturbation (May, 1977). Hence, identifying which are the regions subject to multimodality, and assessing
which are the main factors underlying their existence, is important both to understand boreal forest dynamics, and to project
future changes of natural vegetation cover and their effect on climate.

We do acknowledge that vegetation and climatic variables are linked through a more differentiated set of interactions than
just mean annual rainfall, fire frequencytemperature, and forest cover. Henceforth, to improve our understanding of the boreal
ecosystem dynamics, we investigate the impact of eight globally-observed environmental variables (EVs) on the tree cover
fraction (TCF) distribution. To do so, we make use of satellite products spanning the time period up until 2010, incorporating
both spatial and temporal information in our analysis, and taking into account the past variability of the boreal ecosystem.
Furthermore, we investigate whether the three observed vegetation modes could represent alternative stable tree cover states.
To such avail, we adoperate generalised additive models (GAMs), conditional histograms, phase-space analysis, and statistical
tests.

In a similar fashion, it has previously been hypothesised that tropical forests and savannas can be alternative stable
states under the same environmental conditions. Evidence for bistability in the tropics has been inferred through fire
exclusion experiments (Moreira, 2000; Higgins et al., 2007), field observations and pollen records (Warman and Moles,
2009; Favier et al., 2012; de L. Dantas et al., 2013; Fletcher et al., 2014), mathematical models (Staver and Levin, 2012;
van Nes et al., 2014; Baudena et al., 2014; Staal et al., 2015), and satellite remote sensing (Hirota et al., 2011; Staver
etal., 2011a, b; Yin et al., 2015).

One key evidence is that the tree cover distribution in the tropics is trimodal (Hirota et al., 2011). In fact, multimodality of
the frequency distribution can be caused by the existence of alternative stable states in the system (Scheffer and Carpen-

ter, 2003). In the case of the tropics, multimodality could be an artefact of satellite data processing (Hanan et al., 2014),



10

15

20

25

30

however, it has been suggested that this issue is not of major importance (Staver and Hansen, 2015). The proposed
mechanism responsible for the forest-savanna bistability is a positive feedback between tree cover and fire frequency.
The same mechanism has also been employed to explore the potential of multiple stable states in a global dynamic
vegetation model (Lasslop et al., 2016). Per contra, it has been suggested that trimodality of the tree cover distribution is
not necessarily due to wildfires, since it can be achieved through nonlinearities in vegetation dynamics and strong climate
control (Good et al., 2016). The picture is far from complete, as there is evidence that other environmental factors might
play a fundamental role in controlling the tree cover distribution (Mills et al., 2013; Veenendaal et al., 2015; Staal and
Flores, 2015; Lloyd and Veenendaal, 2016).

2 Methods and Materials
2.1 Environmental Variablespatasets

We study the impacton link between the tree cover fraction distribution of eight globally-observed environmental variables (EVs):
mean annual rainfall (MAR), mean minimum temperature (MTmin), growing degree days above 0°C (GDDO0), permafrost
distribution (PZI), mean spring soil moisture (MSSM), wildfire occurrence frequency (FF), soil texture (ST), and mean thawing
depth (MTD). These factors are chosen based on the work of Kenneth Hare and Ritchie (1972), Woodward (1987), Bonan
(1989), Bonan and Shugart (1989), Shugart et al. (1992), and Kenkel et al. (1997), and they are summarised in &S they represent
the main drivers of the boreal forest biome. Environmental variables can be broadly grouped into temperature, water
availability, and disturbances factors.

Temperature factors include mean minimum temperature, growing degree days above 0°C, permafrost distribution, and
mean thawing depth. Soil and air temperature are two major factors responsible for boreal forest structure and dynamics
(Kenneth Hare and Ritchie, 1972; Bonan, 1989; Havranek and Tranquillini, 1995). To survive frost and dessication, during
winter, coniferous trees enter a period of dormancy, characterised by the suspension of growth processes and a reduction
of metabolic activity (Havranek and Tranquillini, 1995). Hence, tree growth and expansion is only possible during extended
periods with air temperature above 0°C. We use growing degree days above 0°C, calculated from the NCEP/NCAR
Reanalysis 1998-2010 (Kalnay et al., 1996), as a measure of the extent of the growing season. Growing degree days
above 0°C [°C yr~!], in fact, measure heat accumulation as the sum of the mean daily temperatures above 0°C through
a year. Furthermore, low soil and air temperatures have several important other consequences. Cold air temperatures
are the main regulator of the distribution of permafrost, the condition of soil when its temperature remains below 0°C
continuously for at least two years. Permafrost and low soil temperatures, on the other hand, impede infiltration and
regulate the release of water from the seasonal melting of the active soil layer, inhibit water uptake and root elongation,
restrict nutrient availability, and slow down organic matter decomposition (Woodward, 1987; Bonan, 1989). To include
these effects, we use the mean minimum temperature at 2m [°C], and the permafrost distribution [unitless]. Minimum
temperatures are obtained from the NCEP/NCAR Reanalysis 1998-2010 (Kalnay et al., 1996). Permafrost distribution is
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extracted from the Global Permafrost Zonation Index Map (Gruber, 2012), which shows to what degree permafrost exists
only in the most favourable conditions or nearly everywhere.

Water availability factors include mean spring soil moisture, mean annual rainfall, and soil texture. In fact, soil moisture
and water availability from precipitation are also reflected in the vegetation distribution within the boreal forest biome.
Due to permafrost impeding drainage, seasonal snow melt and soil thawing can guarantee a constant supply of water
during the growing season (Bonan, 1989). However, this can also cause severe water loss and drought damage when
trees are exposed to dry winds or higher temperatures while their roots are still encased in frozen soil and cannot absorb
water (Benninghoff, 1952). At the same time, high soil moisture reduces aeration and organic matter decomposition,
promoting the formation of bogs, which in turn reduce tree growth and regeneration (Bonan, 1989). To incorporate water
importance, we make use of three variables: mean annual rainfall [mm yr—'] from the CRU TS3.22 1998-2010 dataset
(Harris et al., 2014), mean spring soil moisture [mm] from the CPC Soil Moisture 1998-2010 dataset (van den Dool et al.,
2003), and mean thaw depth [mm yr—'] from the Arctic EASE-Grid Mean Thaw Depths product (Zhang et al., 2006). Soil
water content has also another important role, as nutrients availability and microbial activities related to nutrient cycling
and organic matter decomposition depend on soil water drainage (Skopp et al., 1990). For this reason, we employ soil
texture [unitless], from an improved FAO soil type dataset (Hagemann and Stacke, 2014), to describe the type of particles
forming it, and to account for nutrients cycling and availability.

Disturbances to vegetation are represented by wildfire frequency. Nutrients cycling, organic matter accumulation, soil
moisture, ad soil temperature, are also directly affected by recurring wildfires (Bonan, 1989), which, in addition, change
the albedo of the land surface, thus indirectly affecting boreal air temperatures (Flannigan, 2015). Additionally, forest fires
can influence the composition and structure of forest communities, as plant species in boreal forests have developed
different species-specific traits related to fire occurrences(Rowe and Scotter, 1973; Flannigan, 2015). These adaptations
generally allow either to survive fires, or to promote the establishment of new individuals (Rowe and Scotter, 1973).
Different strategies lead to different fire regimes, with implications for climate feedbacks (Flannigan, 2015). Hence, forest
fires are a critical component of the boreal forest biome, and we quantify fire frequency [fires yr—'] in our analysis using
the GFED4 burned area dataset (Giglio et al., 2013), and the Canadian National Fire Database (Canadian Forest Service,
2014). A summary of the variables we use and their origin is presented in Table 1.

The TO describe tree cover we make use of the percentage tree cover fraction [%] from the MODIS MOD44B V1 C5
2001—-2010 product (Townshend et al., 2010). The MODIS tree cover dataset has certain biases and limitations: it underes-
timates shrubs and small woody plants, as the product was calibrated against trees above 5Sm tall (Bucini and Hanan, 2007), it
never resolves 100% tree cover, it is not well-resolved at low tree cover (Staver and Hansen, 2015), and may not be useful for
differentiating over small ranges of tree cover (less than c.10%) (Hansen et al., 2003), as the use of classification and regression
trees (CARTS) to calibrate the dataset might introduce artificial discontinuities (Hanan et al., 2014). Regarding the particular
case of the northern latitudes, an evaluation of the accuracy of the MODIS vcr tree cover fraction product pointed out that
the dataset may not be suitable for detailed mapping and monitoring of tree cover at its finest resolution (500m per pixel),

especially for tree cover below 20%, and that there might be a systematic bias over the Scandinavian region (Montesano et al.,



Table 1. Variables and datasets summary. Percentage tree cover fraction indicates the proportion of land per gridcell covered by trees.

Mean annual rainfall corresponds to the mean cumulative precipitation in mm over a year. Soil moisture is measured as water height

equivalents in a 1.6 m soil column. Minimum temperature refers to air temperature at 2 m height. Permafrost zonation index shows the

probability of a gridcell to have permafrost existing only in the most favourable conditions or nearly everywhere. Fire frequency is the

averaged number of fire events per year. Growing degree days above 0°C correspond to the sum of the mean daily temperatures at 2 m

height above 0°C through a year, using 6-hourly measurements. Soil texture describes the type of particles forming soil, ranging from

sand to clay depending on the particle size. Mean thaw depth corresponds to mm of thawing soil during non-freezing days averaged

per year. Surface elevation refers to the topographic altitude per gridcell in m. Land cover type describes the type of vegetation and the

density of the cover, independent of geo-climatic zone.

Variable

Acronym Units

Origin

Reference

Percentage tree cover fraction
(TCF)

Mean annual rainfall (MAR )

Mean seasonal soil moisture (MSSM )
spring soil moisture

Mean minimum 2m temperature
(MTmin )

Permafrost zonation index (PZI)

Fire frequency (FF)

Growing degree days above 0°C

(
Soil texture type (ST)

Mean thaw depth (MTD )

Surface elevation

Land cover type

TCF

MAR

MSSM

MTmin

PZI

FF

GDDO0)

ST

MTD

[%]

[mmyr ']

(mm]

[°Cl

[]

[fires yr™!]

PCyr ]

[mmyr~']

(m]
[]

0.05° MODIS MOD44B V1 C5 2010
2001-2010 product

CRU TS3.22 Precipitation dataset 1998—
2010

CPC Soil Moisture dataset 1998-2010

NCEP/NCAR Reanalysis 1998-2010

Global Permafrost Zonation Index Map

GFED4 burned area dataset 1996-2012;
Canadian National Fire Database 1980-
2014

NCEP Reanalysis (NMC initialized)
1998-2010

improved FAO soil type dataset

Arctic EASE-Grid Mean Thaw Depths

Global 30-Arc-Second Elevation Dataset
Global 2000 product
(GLC2000)

Land Cover

Townshend et al. (2010)

Harris et al. (2014)

van den Dool et al. (2003)

Kalnay et al. (1996)

Gruber (2012)

Giglio et al. (2013); Canadian
Forest Service (2014)

Kalnay et al. (1996)

Hagemann and Stacke (2014)

Zhang et al. (2006)

U.S. Geological Survey (1996)
GLC2000 database (2003) .

2009). To overcome these limitations, we employ MODIS VCF data at a coarser resolution (0.05°, subsequently re-projected
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to 0.5°), we aggregate for most of the analysis tree cover values into three bins encompassing the 0-20, 2045, 45-100 percent
ranges, and we exclude gridcells over Scandinavia from the analysis.

In our analysis, we investigated investigate the use of an alternative dataset for mTmintemperatures, namely the CRU TS3.22
tmn product, for the years 1998-2010 (Harris et al., 2014). This dataset has a finer resolution and provides a more detailed
picture of the ecosystem, albeit affected by a cold bias over Canada (see CRU TS 3.22 release notes, Harris et al. (2014)).
Nonetheless, it shows similar patterns to the NCEP/NCAR product. The two datasets are heavily linearly correlated, although
the CRU tmn product shows lower temperatures, especially over East North Eurasia and East North America. Since our anal-
ysis is independent of variables shifts, results obtained using the CRU tmn product are essentially the same (see supplementary
materialSUpplementary Material).

All datasets are re-projected using CDO (version 1.7.0) on a regular rectangular latitude-longitude grid at 0.5° resolution, and
divided into four main areas using approximately the Canadian Shield and the Ural Mountains as middle boundaries for North
America and Eurasia: Western North America (45° N=70° N and 100° W-170° W), Eastern North America (45° N-70° N and
30° W-100° W), Western North Eurasia (50° N-70° N and 33° E-68° E), and Eastern North Eurasia (50° N-70° N and 68° E—
170° W). This is done in order to preserve continuity of patterns for the environmental variables and to separate areas with
different characteristics, e.g. due to oceanic influence. Note that most of Europe is excluded beforehand due to the high levels
of human activity (Hengeveld et al., 2012) and to a possible bias in MODIS data (Montesano et al., 2009). Subsequently,
data are filtered to restrict the analysis on areas with minimum anthropogenic influence and where altitude does not play a
significant role (Staver et al., 2011b). Areas to exclude are identified using the Global 30-Arc-Second Elevation dataset and
the Global Land Cover 2000 product; they correspond to sites that are either bare or flooded (codes: 15 and 19-21), subject to
intensive human activity (codes: 16—18 and 22), or with elevation greater than 1200m. The resulting datasets comprise 5848
gridcells for Eastern North Eurasia (EAEEA_E), 1559 for Western North Eurasia (EawEA_W), 1775 for Eastern North America
(NaAENA_E), and 3094 for Western North America (NawNA_W).

Within this setup, we assume that the dataset products are suitable for our investigation.
2.2 Data Analysis

After filtering and dividing the dataset, we confirm the multimodality of the tree cover distribution in high latitudes, as found
by Scheffer et al. (2012) and in line with results from Xu et al. (2015), by optimising the fitting of different sums of Gaussian
functions over the TcF tree cover fraction distribution (not shown). Next, we group all data gridcells according to the modal
peaks into three states: “treeless”, where TCF tree cover is smaller than 20%, “open woodland”, with TcF tree cover between
20% and 45%, and “forest”, where TcFtree cover is greater than 45%. The ensuing data analysis is aimed at two main purposes:
to ascertain the impact of Evs on the TCFenvironmental variables on the tree cover, and to assess whether different vegetation
states can be found under the same set of Evsenvironmental variables.

First, we evaluate the impact of link between the eight environmental factors on the Tcr tree cover fraction distribution using
Generalised Additive Models (Miller et al., 2007). GAMs are data-driven statistical models able to handle non-linear data
structures (Hastie and Tibshirani, 1986, 1990; Clark, 2013); their purpose is to ascertain the contributions and roles of the dif-
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ferent variables, thus allowing a better understanding of the systems (Guisan et al., 2002). Each GAM test provides an estimate
of the proportion of TcF tree cover fraction distribution that can be explained through a smooth of one or more Evs environ-
mental variables (Staver et al., 2011b) - for instance, the formula TCF = s;(MTmin) + s2(M AR), with Gaussian family
and identity link (see Supplementary Material for further details on the implementation), is used to assess the contribution
of minimum temperature and precipitation on the tree cover fraction distribution. For each region, we repeatedly apply GAMs
including different combinations of variables, and - to determine whether the sample size influences the results - we use in turn
either multiple random samples of 500 gridcells each, multiple random samples of 1000 gridcells each, or all the gridcells.

Subsequently, we analyse the conditional 2-dimensional phase-space between the Evs environmental variables to visualise
whether intersections of vegetation states in each phase-space are possible or not. To do so, we perform a kernel density es-
timation (KDE) of the joint distribution between the two Evsenvironmental variables, conditioned to whether ot Or not the
corresponding data belong to the treeless, open woodland, or forest state, and we plot the KDE together with the Evs environ-
mental variables histograms. Kernel density estimates are used to approximate the probability density function underlying a
set of data (Silverman, 1981, 1986).

Next, after excluding growing degree days above 0°C and mean thaw depth (see Section 3.2 for details), we look
at the 6-dimensional phase-space formed by mean annual rainfall, mean spring soil moisture, mean minimum temperature,
permafrost distribution, wildfire frequency, and soil texture, and we divide it into classes in the following manner. First, for
every region, we divide the domain of each Ev environmental variable into bins. To do so, we compute the 10th and 90th
percentile of the three vegetation states with respect to MTmin, MSSM, MAR, PZI, and FFEVery environmental variable except soil
texture. Then, for the same Evsvariables, we select the second lowest 10th and second highest 90th percentiles; these two
values are the boundaries of the first and last bin, while the range in between them is equally divided into bins: 5 for MTmin,
MSSM, and MAR, and 3 for FF and PZI, as exemplified in Fig. 1 for MTmin; ST is instead divided according to the clay,
sand, and loam groups. By doing so, we separate the range of an Ev environmental variable where overlaps between the KDEs
of the vegetation states are more likely to happen, from ranges where only one vegetation state is more likely to be found
(respectively the central bins and the two most external ones). Second, we consider the partition of the 6D phase-space among
the Evs environmental variables generated by the so computed bins. Each element of this partition is defined as a class, i.e.,
a class is a set of bins for the Evsenvironmental variables. The idea behind this analysis is to split the 6D Evs environmental
variables space into classes where Evs environmental variables could be considered equal for all geographical gridcells. The
question, then, is whether the tree cover could be different under the same environmental conditions.

Afterwards, to assess our research question, we associate every geographical gridcell of the boreal area with its vegetation
state and with the class corresponding to its Evs environmental variables values. Subsequently, we select two types of areas of

interest, that correspond to possible alternative states:

— equivalent tree cover states, defined as gridcells with different vegetation state but same Evs environmental variables

class, e.g., an open woodland gridcell and a forest gridcell, where all the environmental variables are in the same bins;
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Figure 1. Bin division of MTmin mean minimum temperature for Eastern North Eurasia. The boundaries of the first and last bins are
calculated using the second lowest 10th percentile and second highest 90th percentile of the three vegetation states, with respect to the EV
environmental variable in use, having in mind that only one vegetation state is generally found below or above this thresholds, respectively.

The remaining space is subdivided uniformly.

— fire disturbed (FD) tree cover states, defined as gridcells with different vegetation state, where the Evs environmental
variables are in the same bins, except for wildfire frequency, e.g., a forest gridcell with low fire frequency and an open

woodland gridcell with higher fire frequency but with the remaining Evs environmental variables in the same bins.

Within this last step, to take into account internal variability and the continuous evolution of the ecosystem, we consider only
environmental classes that appear significantly, with a frequency above certain thresholds (generally at least i.€., With @ number of gridcells per
vegetation state greater than 1% of the gridcells with the total amount of gridcells for that same vegetation state within the entire
region (see Supplementary Material for further details). Furthermore, we test the mulimodality of the TCF Whether the tree cover
fraction distribution over gridcells with equivalent and fire disturbed tree cover states is multimodal or unimodal. To assess
this, we employ the Silverman’s test against the hypothesis of unimodality (Silverman, 1981; Hall and York, 2001). Finally,
to ascertain e that results cannot be explained by the internal variability of the ecosystem alone, we compute the standard
deviation of the Tcrtree cover fraction distribution for the period 2001-2010 over the same alternative states gridcells, and we
compare it with the distributions of the alternative states.

The entire analysis is carried out using Python 2.7.10, IPython 4.0.1, and RStudio 0.99.441.

3 Results
3.1 cam GAMs Results

A summary of GAM:s results using random samples of 1000 gridcells is reported in Table 2. GAM:s analysis using all the gridcells or random samples of 1000 gridcells yields similar

Eastern North America is the region with the hlghest GAMs results, with explained deviances for the former case in between the extremes of
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the latter, and always with statistical p-value< 0.0001. On the other hand, using samples of 500 gridcells can increase the explained portion of TCF distribution at the expenses
of statistical significance, due to higher p-values, and larger-scale applicability. More than 80% of the total deviance of tree cover explained, and
every variable except fire frequency yielding higher results than in the other three regions. Additionally, the impact of
environmental variables on the tree cover fraction distribution depends on the region of interest, as can be seen in Table
2. For instance, soil texture influence ranges from 9—15% to 42—52% in Western and Eastern North America, respectively.

A summary of GAMs results using random samples of 1000 gridcells is reported in Table 2.

Table 2. Summary of GAMs performed using random samples of 1000 gridcells each. The ranges represent the spread of results obtained
with different samples, whereas the values in parenthesis correspond to the average from the samples. Statistical p-values are < 0.0001
for every case. Percentages of explained deviance are a measure of the goodness of fit of each GAM (McCullagh and Nelder, 1989; Agresti,
1996). Reported values are related to the influence on tree cover fraction distribution of mean annual rainfall (MAR), mean minimum
temperature (MTmin), growing degree days above 0°C (GDDO), permafrost distribution (PZI), mean spring soil moisture (MSSM),
wildfire occurrence frequency (FF), soil texture (ST), mean thawing depth (MTD). Values are divided within the four regions of interest,
namely, Eastern North Eurasia (EA_E), Western North Eurasia (EA_W), Eastern North America (NA_E), and Western North America
(NA_W).

Deviance of TCF Explained - %

Variables
EA_E EA_ W NA_E NA_W

MAR 24-30 (27) 28-38(32) 51-57(55) 28-36(32)
MSSM 12-20 (16) 20-29 (25) 43-53 (47) 11-21 (15)
MTmin 36-44 (40) 23-31(27) 70-75(72) 36-43 (40)
PZ1 38-45(42) 10-17 (13) 69-75(71) 31-37 (34)
FF 2-9 (5) 15-20(18) 8-13(11) 11-19(14)
GDDO 49-57 (54) 40-51 (46) 70-74 (71) 24-34 (28)
ST 9-18 (12) 26-35(30) 42-52(47) 9-15(12)
MTD 21-33 (26) 27-37 (32) 39-46 (43) 18-30(23)
MAR+MSSM  26-31 (28) 29-41 (34) 56-62(59) 31-38 (34)
MTmin+GDDO 53-60 (56) 43-54 (49) 73-77 (75) 42-50 (46)
PZI+FF 42-48 (46) 34-42(36) 70-76 (73) 34-42(38)
All 60-67 (63) 52-58 (55) 80-85(82) 59-65 (62)

The impact of EVs on the TCF distribution depends on the region of interest. Furthermore, the percentage of explained TCF distribution is reduced (~ 40% maximum combined
deviance explained) if we perform the analysis on broader regions than the ones here considered, i.e., on the entire boreal area at once or on the single continents. We hypothesise this
is caused by the different species distribution across the regions. For instance, North America is mainly dominated by “fire embracer trees”, promoting high-intensity crown fires,
whereas Eurasia is populated by “resister trees” in its driest regions, i.e., Eastern North Eurasia, where only surface fires are common, and fire avoiders in Western North Eurasia,
which burn less frequently due to the wetter climate of this region (Wirth, 2005; Rogers et al., 2015). As a result, despite the environmental variables having different distributions,

the general response of the tree cover distribution in the four regions is similar, but the impact of each individual EV varies within the regions.
GDDO0 and MTmin are the EVs Growing degree days above 0°C and mean minimum temperature are the environmental variables

with the greatest influence on the Tcr tree cover distribution, with a combined effect ranging from 42 to 77%, in line with
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literature, as temperature is the main limiting factor for boreal forest (Bonan and Shugart, 1989). The next Ev environmental
variable in order of importance is pzipermafrost distribution, with an impact ranging from 10-17% to 69—75% depending on the
southern extent of continuous permafrost. Water availability, as expressed through the combined effect of MAR and Mssmrainfall
and soil moisture, explains 26 to 62% of the Tcr tree cover distribution. The two variables have a similar influence when
considered alone, although MAR has always a greater impact. The impact of wildfires depends heavily on the region of
interest, with FF contributing the lowest in Eastern North Eurasia and the highest in Western North Eurasia, 2-9% and 15—
20% respectively. Soil related variables, namely st and MTDSOIl texture and thaw depth, have a similar impact, generally around
30%.

The environmental variables are not independent of each other, and hence the combined impact of multiple variables does
not correspond to the sum of the single terms. For instance, permafrost presencePZI, MTmin, and GDDO, are highly correlated,
and their combined effect is only slightly greater than the effect of each factor alone. Overall, the combined effect of all the
Evs environmental variables contributes to 52-67% of the Tcr tree cover fraction distribution, with the exception of Eastern
North America, where the cold temperatures, permafrost distribution, and rainfall gradients, clearly dominate the tree cover
distribution and make up for almost 80% of it (omitted from Table 2). We obtain similar results when combining temperature
related Evs environmental variables (GDDO0, MTmin) with water related ones (MAR, MSSM).

We hypothesise the unexplained percentage of TCF distribution can be linked mainly to three possible causes. First, missing factors in the evaluation, for instance insect
outbreaks, which are linked to climate and play an important role in the boreal forest dynamic (Bonan and Shugart, 1989), or grazing from animals (Wal, 2006; Olofsson et al.,
2010). Second, deficiencies in the datasets used, such as the underestimation of fire events in the boreal region (Mangeon et al., 2015), and the limited timespan of satellite
observations, as fire return intervals in high latitudes can exceed 200 years (Wirth, 2005). Third, as shown later, the presence of areas where the system is in different alternative stable
states under the same environmental conditionsPerforming GAMs analysis using all the gridcells or random samples of 1000 gridcells
yields similar results, with explained deviances for the former case in between the extremes of the latter, and always with
statistical p-value< 0.0001. On the other hand, using samples of 500 gridcells can increase the explained portion of TCF
distribution at the expenses of statistical significance, due to higher p-values, and larger-scale applicability. Furthermore,
the percentage of explained tree cover fraction distribution is reduced (~ 40% maximum combined deviance explained) if
we perform the analysis on broader regions than the ones here considered, i.e., on the entire boreal area at once or on

the single continents.
3.2 Phase-space resultsanalysis

Phase space plots for MAR versus MTmin, and MSSM versus GDDO in Eastern North Eurasia are shown in Fig. 2. Combining together EVs GOombining together
environmental variables in phase-space , and performing a kernel density estimation of the joint distribution between the
two environmental variables, conditioned to whether or not the corresponding data belong to the treeless, open woodland,
or forest state, it is possible to locate peaks in the distributions of the vegetation states.

As for the case of GDDO, where low values

In many phase-space regions, environmental conditions support only a single “dominant” vegetation state. For instance,

low values of GDDO clearly denote a peak in the distribution of the treeless state. Unfortunately, GDDO does generally not
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separate well between the vegetation states in the central area of its distribution, and even combining it with other variables,
a clear picture does not emerge. For this reason, and for its high correlation with MTmin (Pearson’s correlation coefficient
0.78 < r < 0.94), GDDO is not used in the classification. Similarly, MTD is also excluded.

In many phase-space regions, environmental conditions support only a single “dominant” vegetation state, as in Fig. 2b. Nonetheless, peaks of the KDEs are not
always completely disjoint, and it is possible to find intersections between the KDEs of the different vegetation states, as if Fig.
2a, meaning fOr the case of mean annual rainfall and mean minimum temperature with values around 400 mm and —7 °C,
respectively, where both forest and open woodland are possible. This means that the same environmental conditions can
lead to different vegetation states, hinting at possible alternative states.

As a representative case, phase-space plots for Eastern North Eurasia are shown in Fig. 2. Particularly, Fig. 2a repre-
sents the KDE of the joint distribution between MAR and MTmin. Each colour is associated with a vegetation state: green
for forest, orange for open woodland, and purple for treeless. The isolines describe the probability of finding the three
vegetation states under the specific environmental variables regimes, with intense colours indicating higher probabilities.
The marginal distributions are reported on the sides of the plot in the form of histograms. The intersections of isolines
marked in Fig. 2a show phase-space regions where the same environmental conditions can lead to different vegetation
states. Similarly, Fig. 2b represents the KDE of the joint distribution between MSSM and GDDO, with highlighted areas
where a single dominant vegetation state is supported by the environmental variables.

Results vary by region, and a complete description of all the combinations between variables is beyond the scope of this
paper. Suffices to say that extremes in the distributions of Evs environmental variables are generally associated with a single
vegetation state, as in Fig. 2b, whereas intermediate values allow for both single states and intersections, Fig. 2b and 222 and 2b,
respectively. However, these intersections consider only two Evs environmental variables at a time and they provide only part of
the total picture. Results from the classification described and discussed in Sections 2.2 and 3.3 cover all the Evs environmental

variables at once.
3.3 6D phase-space classificationresuits

Associating to every gridcell a class based on the values of the environmental variables reveals that in most cases (2527 classes
out of 2546) there is a uniquely determined vegetation state for every class of Evsenvironmental variables. However, a number
of 14 classes allow for different vegetation states, namely either treeless and open woodland, or forest and open woodland.
Gridcells belonging to these classes are called equivalent tree cover states. Furthermore, by selecting gridcells corresponding
to classes differing only in the fire regime, we can isolate fire disturbed tree cover states, where wildfires played a major role in
the timespan covered by the satellite observations (5 classes). A summary of the possible vegetation states found in the system
is provided in Table 3, divided into unimodal, multimodal, and fire disturbed states. Equivalent tree cover states gridcells and
fire disturbed tree cover states gridcells are represented in Fig. 3 and they cover approximately ~5% of the total boreal area.
Specifically, each class contains on average 29 gridcells. Note that we excluded classes containing less than 1% of the gridcells
corresponding to each vegetation state. Equivalent tree cover states can be found in every region, with a total of 14 different Evs

environmental variables classes related to them, whereas fire disturbed (FD) states appear consistently only in Eastern North
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Figure 2. Representation of the KDEs of the three vegetation states in the phase-space generated by MTmin mean minimum temperature
and MAR mean annual rainfall (a), and MssM mean spring soil moisture and Gbpo growing degree days above 0°C (b), for Eastern North
Eurasia. Vegetation states are colour-coded as follows: green for forest, orange for open woodland, and purple for treeless. The isolines
describe the probability of finding the three vegetation states under the specified Evs environmental variables regimes, with intense colours
indicating higher probabilities. Intersections Highlighted intersections in phase-space represent areas with different vegetation states under
the same environmental conditions (a), whereas the marked areas with only one dominant state hint at the unimodality of the underlying

distribution (b). Marginal distributions for the variables are reported to the sides of the plots in the form of histograms.

Eurasia, and consist of 5 Evs environmental variables classes, of which 4 are also related to equivalent tree cover states. All 19
classes are reported in Table 4. Qualitative indexes for the Evsenvironmental variables, except for ST and PZI, represent the bin
into which the variable’s value falls in the classification, as described in Section 2.2; the order is: very low, low, medium-low,
medium-high, high, very high. Precise values are reported in Table 4 (see Supplementary Material for further details). Soil
texture is described as belonging to the sand, loam, or clay group. Permafrost is described as sparse, discontinuous, frequent,
or continuous. Each Ev environmental variable class contains two possible vegetation states, e.g., forest and open woodland,
that are consistently found under the same specified environmental regimes.

Table 4 and Figure 3 pinpoint the conditions and locations, respectively, of the possible alternative tree cover states in the
boreal area. Results of the TO test whether the distributions of the possible alternative tree cover states are multimodal, we
employ the Silverman’s sts on the test. Each Silverman’s test assesses the hypothesis that the number of modes of the
distributions of the alternative open woodland and treeless gridcells, and the one of the alternative open woodland and forest
gridcellSconfirm their bimodality, as shown in Fig. 4. Each Silverman’s test assesses the hypothesis that the number of modes of each distribution , 18 <1. The tests
show that the minimum number of modes to describe the distributions is two, for both cases, is two, with p-values smaller than
0.001 and 0.010.001 and 0.01, respectively. Furthermore, by fitting these distributions Figure 4 shows the results of the Silverman’s tests on

the distributions of the possible alternative tree cover states, confirming their bimodality, together with the respective tree

13



10

15

Table 3. Summary of possible vegetation states, divided as monostable, bistable, and fire disturbed. Fire disturbed states have a higher
fire regime than the indicated counterpart. Type of state Single stable Treeless (TCF Treeless always refers to TCF<20%) Open %, open woodland (to

20% <TCF<45%) Forest (TCF%, and forest to TCF>45%) %.

Monostable Bistable Fire disturbed

Treeless - Open

Equivalent tree cover Open woodland -

woodland
Treeless FD Treeless
Open woodland Forest -  Open
woodland FD Open
woodland

Open woodland -

Fire disturbed (FD) tree  Open woodland - FD  pry oo o

cover Forest Treeless Forest - FD

Open woodland

cover distributions. It is clear in Fig. 4 that both cases exhibit a decrease in frequency around 20 and 45 percent tree
cover.

Furthermore, we test whether the tree cover modes can be a product of internal variability alone. To do so, we fit the
distributions of the possible alternative tree cover states using KDEs, we estimate the distances between the peaks of the
distributions, and we compare them with the standard deviation of the Tcr tree cover fraction distribution during the 2001—
2010 time interval, as a measure of variability. The minimum distance between the peaks is 18.19 peaks corresponding to different
vegetation states is 18.19 percentage points (note that Tcr tree cover fraction is measured as a percentage), whereas the
average standard deviation for the alternative states gridcells is 5.77 5.77 percentage points, with only one gridcell possessing a
variability greater than 18 percentage points, as shown in Fig. 5. 18 percentage points. Henceforth, the bimodality of the alternative states
distributions is not influenced cANNOt be explained by the variability of the Tcr tree cover fraction alone. A comparison between
the distributions of the alternative tree cover states, the estimated modal peaks, and internal variability is presented in
Fig. 5.

Notably, equivalent tree cover states generally fall into two categories: either they possess intermediate values for the en-
vironmental variables, or they have contrasting ones. For instance, case number 1 in Table 4 is characterised by medium or
intermediate values for all the environmental variables, whereas case number 6 shows high values for FF and MAR, but very
low for MSSM and MTmin. The first category, with intermediate values, can be associated with transition zones, when passing
from a EV an environmental variable class where only a single vegetation state is dominant, to a class where another state
is dominant. As a result, the observed 1cF tree cover fraction distribution can oscillate between the two states. The second

category, on the other hand, relates to classes where at least one of the environmental variables has a value contrasting with the
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Equivalent Tree Cover States
‘ Treeless / Open Woodland O Open Woodland / Treeless ‘ Open Woodland / Forest ‘ Forest / Open Woodland

Fire Disturbed Tree Cover States
‘ Treeless / Open Woodland ‘ Open Woodland / Treeless ‘ Open Woodland / Forest ‘ Forest / Open Woodland

Figure 3. Possible alternative tree cover states over North America (left) and North Eurasia (right). The bottom five panels represent a close-
up of the areas of interest ordered from West to East. Legend to be interpreted as follows: for every entry in the legend, the first name refers
to the observed vegetation state in a specific gridcell, the second name corresponds to the possible alternative state found elsewhere under

the same environmental conditions. Fire disturbed tree cover states are only present Eastern North Eurasia.

remaining ones. For instance, in case 8, PZI, MAR, MSSM, and ST, all possess values generally associated with forest states,
however, MTmin is low, preventing tree growth. This possibly creates a limit cycle where the ecosystem alternates between the
different alternative states. Fire disturbed tree cover states, instead, can be grouped into three categories. The first category is
represented by classes where the vegetation state with the lowest tree cover is disturbed by fire, and the one with highest tree
cover corresponds to one of the existing equivalent tree cover states (case 16, 18, and 19). The second category is the opposite:
the vegetation state with the highest tree cover is disturbed and the one with the lowest tree cover is found among the equivalent
tree cover states (case 17). The third category corresponds to the first one, but neither of the vegetation states is found among
equivalent tree cover classes (case 15, although very similar to case 10).

Classification results suggest that environmental variables exert a strong, albeit sensitive, control over the tree cover dis-
tribution. Depending on the conditions, only one of the three possible vegetation states is attained. ; for instance, in Eastern

North America, classes with very low mean annual rainfall and mean minimum temperature (MAR below 500 mm yr—*
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Figure 4. TCF Distribution Tree cover fraction distribution over the gridcells where equivalent or fire disturbed open woodland and treeless states
are found (left), and where equivalent or fire disturbed open woodland and forest states are found (right). For each case the Silverman’s test

verifies the hypothesis that the distribution is unimodal. The p-value is low in both cases, confirming the multimodality of the distributions.

and MTmin lower than —9°C, see Supplementary Material) are associated with treeless gridcells. In 95% of the grid-
cells, environmental conditions uniquely determine the vegetation state. However, in transition zones with intermediate or
contrasting conditions, it is possible to find multiple vegetation states with the same environmental regimes. In such zones,
disturbances could shift the system between the possible alternative states. In this sense, fire is part of the environment both
as a variable (Wirth, 2005; Schulze et al., 2005) and as a disturbance. Strong fire events in transition zones can determine
which of two alternative states the system will fall into. On the other hand, changes due to fire events in a stable area should be
reabsorbed with time, unless they are so dramatic to produce changes in another main environmental variable, creating a new

transition zone.

4 Discussion

The link between environmental variables and tree cover fraction varies within the four boreal regions here considered, as
described in Section 3.1, and is stronger in Eastern North America, where the cold temperatures, permafrost distribution,
and rainfall gradients, dominate the tree cover distribution. Furthermore, the percentage of explained tree cover fraction
distribution is greatly reduced when performing the analysis on broader regions, such as the entire boreal area at once or

on the single continents. We hypothesise this is caused by the different species distribution across the regions and by the
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Figure 5. KDE fitings The histogram shows the tree cover fraction distributions of the TCF distribution for gridcells where poSsible alternative
tree cover states are foundcompared with tree cover fraction internal variability. Purple bars refer to treeless / open woodland states,
showing and green to forest / open woodland states. The black lines and the bimodality of oOrange dots represent the underlying kernel density
estimate fittings of these distributions and the locations of their modal peaks, respectively. The Internal variability of the TCF tree cover
fraction distribution for the period 2001-2010is , computed using as the standard deviation of the distribution, is 5.77 percentage points, and
is represented as the orange error-bars. The minimum distance between peaks corresponding to different vegetation states is 18.19

percentage points and is higher than what internal variability could explain.

different species-specific adaptations to the surrounding environment. For instance, North America is mainly dominated
by “fire embracing trees”, promoting the accumulation of fuel and the occurrence of high-intensity crown fires. On the
other hand, Eurasia is populated by “fire resistant trees” in its driest regions, i.e., Eastern North Eurasia, where only
surface fires are common, and fire avoiders in Western North Eurasia, which burn less frequently due to the wetter
5 climate of this region (Wirth, 2005; Rogers et al., 2015). As a result, despite the environmental variables having different
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distributions, the general response of the tree cover distribution in the four regions is similar, but the impact of each
individual environmental variable varies within the regions.

Minimum temperatures and growing degree days are the most influential environmental variables for the boreal TcF tree
cover fraction distribution, as can be seen in Table 2. Nonetheless, their combined effect does not fully explain the tree cover
distribution, as a more diverse set of variables and feedbacks plays a role. Additionally, the environmental variables are not
independent of each other, and hence the combined impact of multiple variables does not correspond to the sum of
the single terms. Furthermore, the overall effect of the environmental variables is not able to fully explain the tree cover
distribution. We hypothesise this can be linked mainly to three possible causes. First, missing factors in the evaluation,
for instance insect outbreaks, which are linked to climate and play an important role in the boreal forest dynamic (Bonan
and Shugart, 1989), or grazing from animals (Wal, 2006; Olofsson et al., 2010). Second, deficiencies in the datasets
used, such as the underestimation of fire events in the boreal region (Mangeon et al., 2015), and the limited timespan of
satellite observations, as fire return intervals in high latitudes can exceed 200 years (Wirth, 2005). Third, supported by
the multimodality of the boreal forest (Scheffer et al., 2012; Xu et al., 2015) and by the results presented in Section 3.3,
the presence of areas where the system is in different alternative stable states under the same environmental conditions.

By linking tree cover distribution to a 6D phase-space formed by environmental variables, we show that under most environ-
mental conditions, the Tcrtree cover fraction distribution is uniquely determined, i.e., is unimodal, suggesting a strong control
of the vegetation by means of the environment. In this sense, the three different modes of the boreal tree cover distribution
(Scheffer et al., 2012; Xu et al., 2015) represent three distinct stable tree cover states that do not generally appear under the
same environmental conditions. However, we find areas where the TcF tree cover fraction distribution is bimodal under the
same environmental conditions, suggesting the existence of possible alternative states, as depicted in Fig. 3. These areas are
characterised by either intermediate or contrasting environmental conditions, possibly creating limit cycles that allow alter-
native tree cover states. Furthermore, these areas seem to exhibit a reduced resilience, since disturbances, such as wildfires,
appear to be able to shift the vegetation from one state to the other, as in the case of fire disturbed tree cover states. Particularly,
Eastern North Eurasia is the region with the greatest extent of possible alternative tree cover states, and it is the only
region where fire disturbed states are found, hinting at a greater susceptibility of its forest resilience.

Environmental conditions control the tree cover distribution in high latitudes, pushing its vegetation towards three distinct
tree cover states. This hints at the presence of feedbacks between the vegetation and the environment able to stabilise the
vegetation cover in three different ways. However, the environment is influenced by the forest cover state through albedo,
water evapotranspiration (Brovkin et al., 2009), and nutrients recycling. Thus, changes in climate and environmental variables
will trigger feedbacks from the vegetation that can either further amplify or dampen the initial changes. In particular, areas
of reduced resilience where alternative tree cover states are found, i.e., what we call transition zones, will be affected. As
the classification results suggest, environmental variables drive the ecosystem towards seemingly stable states and away from
intermediate unstable ones, resulting in the multimodality of the tree cover. Thus, disturbances in transition zones could cause a
rapid ecosystem shift regarding tree cover. Henceforth, it is important to better understand the interplay between environmental

variables and tree cover.
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Additionally, there are other factors playing a role in the dynamics of the boreal forest, both at local and larger scales. For
instance, the understory vegetation acts as an important driver of soil fertility, influencing decomposition. nutrient flow and availability, plant
growth , plant growth and tree seedling establishment (Bonan and Shugart, 1989; Nilsson and Wardle, 2005). Under An increased
nitrogen deposition , may promote accumulation of organic matter and carbon may increase in boreal forest (Mikipad, 1995).
At the same time, its effects on the forest floor and soil processes might decrease forest growth (Makipdd, 1995), thus hindering
carbon storage. Despite its importance, there is a lack of knowledge regarding the impact of understory interactions at large spatial
scales, and the contribution of climate change drivers such as nitrogen deposition and global warming (Nilsson and Wardle, 2005). For this
these reasons we could not take it into account in our study. Another missing factor is nitrogen (N). Plant, @s plant growth in
the boreal forest is thought to be generally N limited (Makipéa, 1995). This is supposedly due to the slow mineralisation of soil organic nitrogen and
the assumption that most plants are incapable of using organic nitrogen (Néisholm et al., 1998). In fact, nitrogen cycling in the boreal forest is regulated to a great extent by soil fungi
(Fierer and Jackson, 2006). Additionally, herbivore grazing is also influenced by N fertilisation (Ball et al., 2000), with the potential
to affect feedbacks involving soil nutrient cycle and plant regeneration (Wal, 2006). However, globally-distributed datasets for
N availability and grazing pressure suitable for our analysis are not yet available. Local topography also plays a role, as the
low solar elevation angle at high latitudes accentuates the effect of ground characteristics such as slope and aspect (Rydén and
Kostov, 1980; Bonan and Shugart, 1989; Rieger, 2013). South-facing slopes are warmer and drier than north-facing ones (Bonan and Shugart, 1989), and
these differences are proportional to the slope gradients. Therefore, topography indirectly influences vegetation and forest productivity, by affecting two major factors controlling
them, namely , affecting temperature and soil moisture, that we took into account in our analysis. Finally, micro-topography, such as shelter
from boulders, can increase resistance to disturbances by creating small-scale refugia (Schmalholz and Hylander, 2011), thus
locally increasing the resilience of the forest.

In the context of climate change, understanding transition zones at large scales is necessary for assessing future projections
of vegetation cover. Climate change is impacting the boreal area more rapidly and intensely than other regions on Earth; for
instance, surface temperature has been increasing approximately twice as fast as the global average (IPCC, 2013). Temperature
is a key variable in this region, as it is connected with tree growth and mortality cycles, with permafrost thawing and the
hydrological cycle, and with disturbances, such as wildfires and insect outbreaks (Assessment, 2005; Wolken et al., 2011;
Johnstone et al., 2010; Scheffer et al., 2012; D’Orangeyville et al., 2016). Particularly, air and surface warming can increase
the frequency and extent of severe fires (Flannigan et al., 2005; Balshi et al., 2009; Johnstone et al., 2010), and promote
more favourable conditions for insect outbreaks (Volney and Fleming, 2000). At the same time, climate change influences the
resilience of boreal forest stands (Johnstone et al., 2010), making them more susceptible to abrupt shifts due to disturbances.
As temperature increases and permafrost thaws, it is more likely to find intermediate conditions where alternative tree cover
states are possible. For instance, a study on the southern part of the eastern North America boreal forest has shown that an
increased disturbance regime, together with the superimposition of fires and defoliating insect outbreaks, can cause a shift
between alternative vegetation states (Jasinski and Payette, 2005). Furthermore, there is strong evidence that certain types of
extreme events, mostly heatwaves and precipitation extremes, are increasing under the effect of climate change (Orlowsky and
Seneviratne, 2012; Coumou and Rahmstorf, 2012). Such events could foster areas with contrasting environmental conditions,

further weakening the stability of the boreal ecosystem, and increasing its susceptibility to shifts.
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5 Conclusions

Eight environmental variables datasets, namely mean annual rainfall, mean minimum temperature, growing degree days above 0, permafrost distribution, mean spring soil moisture,
wildfire occurrence frequency, soil texture, and thawing depth, are used to investigate the multimodality of the tree cover distribution of the boreal forest. Through the
analysis of generalised additive models, we find that the environment exerts a strong control over the tree cover distribution,
forcing it into distinct tree cover states. Nonetheless, the tree cover state is not always uniquely determined by the variables at
use. Furthermore, the response of vegetation to the environment varies in the four regions considered: Eastern North America,
Western North America, Eastern North Eurasia, and Western North Eurasia.

By means of a classification, we analyse the 6D phase-space formed by mean annual rainfall, mean minimum temperature,
permafrost distribution, mean spring soil moisture, wildfire occurrence frequency, and soil texture. We find several environ-
mental conditions under which alternative tree cover states are possible, broadly falling into two categories: with contrasting
environmental features, e.g. high rainfall but low temperature, or with intermediate environmental values. In our opinion, these con-
ditions favour competition between different tree cover states by limiting tree reproduction and growth. In I‘CgiOl‘lS under these environmental conditions, the
tree cover exhibits a reduced resilience, as it can shift between alternative states if subject to forcing.

Fire is an intrinsic component of the boreal ecosystem, with an essential role in biodiversity maintenance and stand succession. At the same time, wildfires can contribute to
alternative tree cover states as a disturbing agent. In regions of reduced resilience, in fact, As fires can shift the tree cover from one Vegetation state to
another under the same EVs. Hence, we hypothesise in regions of reduced resilience, we find support for the hypothesis that a strong
fire disturbance could permanently change the state of the ecosystem, by the combined effect of a shift in tree cover and its
potential feedbacks on the environment.

we Finally, we find that regions with possible alternative tree cover states encompass only a small percentage of the boreal
area (~5%). However, since temperature and temperature-related environmental variables - such as permafiost distribution - exert the
strongest control on the tree cover distribution and its modes, temperature changes can could greatly affect forest resilience .
Therefore, under a changing climate, regions allowing for and cause an expansion of regions with alternative tree cover statescould expand both in
frequency and extent.

In the context of climate change, a gradual expansion of transition zones with reduced resilience could lead to regional
CCOSYSteIIlS shifts . As climate in the boreal area is related to tree cover through numerous biogeophysical feedbacks, such as changes in albedo and transpiration, these shifts

could have With a significant impact not only on the structure and functioning of the boreal forest, but also on its climate.
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