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Popularvetenskaplig sammanfattning

Den globala temperaturdkningen ar proportionell mot den totala médngden utslépp
av koldioxid till atmosféren. Detta fenomen har observerats i uppmétta historiska
tidsserier och aterfinns i vara klimatmodeller. Denna observation har i sin tur gett
upphov till koncept sé som utsldppsbudgetar, vilka anger hur mycket koldioxid som
maximalt far slédppas ut for att kunna halla politiskt uppsatta mal — till exempel
Parisavtalet.

Vira ekosystem reglerar till stor del floden av koldioxid pa Jorden och hur dessa
fungerar nu och hur de kommer att fungera i framtiden péverkar ddrmed den méngd
koldioxid som kan sléppas ut. Ekosystemen kan antingen buffra véra utslépp genom
att ta upp mer koldioxid via fotosyntesen &n de sldpper ut via nedbrytning av
organiskt material. Det motsatta géller ocksa, ekosystemen kan i stéllet for att ta upp
koldioxid borja slippa ut mer koldioxid dn de tar upp. I sddana fall minskas
’budgetutrymmet’ och den tid vi har pa oss for att stdlla om till ett samhélle som
haller oss under 2 graders uppvarmning.

Arktiska jordar lagrar enorma méangder kol, mer dn dubbelt s& mycket som finns i
all jordens vixtlighet eller den méngd som finns i atmosfaren. Stora delar av dessa
jordar &r frusna, men nér temperaturen okar finns en osidkerhet kring ifall en del av
detta kol kommer att brytas ned och hamna i atmosféren. Sma foréndringar i dessa
ekosystem kan fa stora konsekvenser for vart samhaille. Till saken hor dessutom att
medeltemperaturen i Arktis okar mer dn dubbelt s& snabbt som den globala
medeltemperaturen.

Nér Arktis blir varmare blir ocksa ekosystemen mer produktiva och kan ta upp mer
koldioxid. Dessutom fordndras vegetationen sa att buskar blir vanligare och trdd kan
borja etablera sig langre norrut. Vegetationsforandringen medfor dven forandringar
i markytans egenskaper sdsom den andel inkommande solstralning som reflekteras
(albedo) samt hur mycket luften néra marken varms. Hér finns en potentiell s kallad
aterkopplingseffekt — en temperaturokning sker vilket leder till 6kad véxtlighet,
vilket i sin tur leder till ldgre albedo, som till sist bidrar till ytterligare
temperaturdkning.

I den hir avhandlingen anvédnder jag ekosystemmodellen LPJ-GUESS for att
forsdka uppskatta hur snabbt véxtligheten kommer att fordndras samt vad det
kommer medfora i form av viaxthusgasfloden s& som koldioxid, metan och lustgas.
Jag anvinder dven en version av modellen som kopplas till en regional
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klimatmodell, RCA-GUESS, for att uppskatta hur stora aterkopplingseffekterna pa
klimatet ar.

Modellen visar att Arktis kommer att bli en nettosidnka av kol i framtiden eftersom
skogen kommer att forflytta sig norrut, samt att véxtligheten tilltar i de boreala
skogar som redan finns. Detta géller trots att stora okningar av utsldpp av andra
viaxthusgaser sdsom metan och lustgas kan forvidntas. De platser dar skogen
avancerar norrut riskerar dock att drabbas av en stark lokal uppvarmning till foljd
av lagre albedo. Denna uppvarmning verkar dock vara just lokal och inte ha sa stor
paverkan pa hela Arktis. Dessa resultat dr ganska tillforlitliga och i viss man dven
forvéantade.

Den 6kade méngden trdd, framfor allt barrtrdd, och buskar kan ocksé ha en annan,
indirekt, effekt pa klimatet. Detta eftersom de sldpper ut sa kallade BVOCer (detta
star for ’Biogenic Volatile Organic Compounds’ pa engelska), alltsd véixtskapade
flyktiga organiska dmnen. Dessa reagerar med andra &mnen i atmosféren for att till
sist bilda aerosoler, alltsa luftpartiklar, som béde kan hjélpa till att bilda fler moln,
vilka sdnker temperaturen under sommaren, samt reflektera den inkommande
stralningen frén solen. Nettoeffekten frén 6kad méng barrtrdd &r alltsd en nagot
reducerad regional uppvarmning. Denna effekt uteblev dock i omraden déir 16vtrad
avancerade eftersom dessa inte sldpper ut samma BVOCer.

Till sist analyserade vi dven tundra-ekosystem, dér en storre méngd buskar vixte
mot slutet av drhundradet jamfort med dagens tundra-ekosystem. Dessa regioner
fungerade ocksé som kolsdnkor i olika framtida klimat. Den 6kade mdngden buskar
kan ocksa leda till en snabbare temperaturokning néra markytan, framfor allt pa
varen. | jimforelse med mer utbredda skogar sé ticker den 6kade médngden buskar
en storre yta, men har i gengédld mindre effekt pa albedo och ddrmed uppvarmningen
av markytan i vara simuleringar.

Att tundra-ekosystemen skulle vara sénkor av kol dven i framtiden &r ett mer osékert
resultat med tanke pa de ménga studier som tyder pa att tundrackosystem troligtvis
kommer att slédppa ut koldioxid i ett varmare klimat. Det skulle kunna vara sa att
modellen saknar processer som kommer att bli viktiga i framtiden, till exempel hur
jordlevande bakterier och svampar hjilper till att antingen bilda ett kollager i
marken, eller snabbt kunna bryta ner det ifall mer niringsrik forna tillfors, sa kallad
’priming’. Dessa processer kommer att formodligen bli framtida utmaningar att
forsta battre och implementera 1 vara modeller.
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Popular summary

The rise in global temperatures is proportional to the total amount of carbon dioxide
emissions to the atmosphere. This phenomenon has been observed in historical
time-series of temperature and carbon dioxide and is consistent with climate model
simulations. This observation has in turn given rise to concepts such as a carbon
budget, which dictated the allowable amount of carbon dioxide that can be emitted
to the atmosphere while still fulfilling political goals such as the Paris agreement.

Terrestrial ecosystems regulate large fluxes of carbon dioxide and other greenhouse
gases on Earth, and how these ecosystems function in the future could thus affect
the amount of carbon dioxide that can be emitted in the future. Ecosystems may
either buffer anthropogenic emissions by taking up more carbon through
photosynthesis than what is emitted by decomposition of organic material or add
the emissions by releasing larger amounts of carbon dioxide than what is taken up.
In the latter case, the ‘budget space’ and the time frame we have to transition into a
sustainable society in order to stay below 2 degrees global warming will shrink.

Arctic soils contain vast amounts of carbon, more than double the amount that is
stored in the vegetation on Earth or the atmosphere. Large parts of these soils are
perennially frozen, however, when temperatures increase there is a large uncertainty
as to how much of this carbon that might end up in the atmosphere as carbon dioxide.
Small changes in these vast stores may thus lead to large implications for our human
societies. Furthermore, temperature rise in the Arctic is more than twice as fast
compared to the average global temperature rise.

As the Arctic becomes warmer, the ecosystems may also be more productive and
thus sequester a larger amount of carbon dioxide. Moreover, a more productive
vegetation will lead to increases in the abundance of shrubs and northward migration
of trees. Changes in the vegetation will also change the properties of the land
surface, such as the amount of incoming solar radiation that is reflected back to
space (albedo), or the partitioning of absorbed solar radiation into surface
temperature warming and evapotranspiration. Here a potential feedback may arise
— temperature warming will lead to increased stature of the vegetation, which will
lower the albedo with additional surface warming as a result.

In this thesis, I will use the vegetation model LPJ-GUESS to estimate how fast the
vegetation change will occur in a different climate, and the implications of this for
greenhouse gas fluxes such as carbon dioxide, methane and nitrous oxide. I will also
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use a version of the model which is coupled to a regional climate model — RCA-
GUESS - to estimate the magnitude of the feedback effects on the climate.

The model shows that the Arctic will be a net sink of carbon in the future because
the forests will migrate northwards and the southern boreal forests will increase their
growth. This effect will occur, despite large increases in other greenhouse gases
such as methane or nitrous oxide. In the areas where forests will migrate northward,
strong climate warming can be expected as a result of a lowered albedo. This
temperature increase however seems to be local and does not have a large effect on
the pan-Arctic climate. These results are robust, and to some degree can be expected.

The increased amount of trees, most of all coniferous trees, and shrubs may also
have an indirect effect on the climate. This is because they release so called
‘Biogenic Volatile Organic Compounds’ (BVOCs). These compounds react with
other gases in the atmosphere and form aerosols, or air particles. These may increase
cloud formation and also reflect some of the incoming solar radiation, which may
lower the surface temperatures in summer. The increased amount of coniferous trees
may thus have a small regional cooling effect. This effect was however not seen in
areas with increased broadleaved trees as these do not release the same kinds of
BVOCs.

Finally, we analysed tundra ecosystems, where a shrubs became more abundant in
the future compared to present day. Like forests, these ecosystems acted as carbon
sinks in different future climates. The increased abundance of shrubs contributed to
a faster rate of near-surface air temperature increase, especially in spring. Compared
to forests, the effect on albedo — and thus warming — was smaller in our simulations,
however, they cover a larger area than the expanding forest.

The result that tundra ecosystems will act as a carbon sink in the future is more
uncertain given the many studies suggesting that the tundra will likely be a source
of carbon dioxide in the future. The model may lack processes that will be of greater
importance in the future, for instance how soil microbes will aid in soil carbon
sequestration, or rapidly decompose carbon stores if more nutrient rich litter is
added — so called ‘priming’. These processes will comprise future challenges to
understand and incorporate in our models.
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Introduction

The global temperature increase is proportional to the cumulative emissions of CO;
to the atmosphere (Canadell et al., 2021; Matthews et al., 2009). This carbon-climate
feedback is consistent between climate models and historic trends of CO, emissions
and warming (Matthews et al., 2009). Thus, every ton of CO; added to or removed
from the atmosphere through anthropogenic or natural sources will affect global
climate change. Terrestrial ecosystems are major regulators of greenhouse gases
(GHGs) such as CO,, and the global terrestrial ecosystems have historically buffered
approximately 25% of the anthropogenic greenhouse gas emissions (Friedlingstein
et al., 2019), how future ecosystems will respond to the warming is however still
uncertain.

The rise in global temperatures is not evenly distributed around the globe but is
almost twice (IPCC, 2021), or even three times (AMAP, 2021), as fast towards the
high latitudes. During the period 1971-2019, the average Arctic surface temperature
increased by 3.1°C (AMAP, 2021). This phenomenon of stronger warming towards
the high latitudes is termed polar amplification. For the northern high latitudes, the
phenomenon is called Arctic amplification. Unlike global warming, the relatively
stronger warming towards the poles is not due to a stronger sensitivity to
atmospheric CO; concentration in these regions but due to internal feedbacks that
are stronger at the high latitudes (Serreze & Barry, 2011). An example of such a
feedback that amplifies the northern high latitudes’ response to warming is the loss
of Arctic sea ice and associated albedo and latent heat changes (Serreze & Barry,
2011). As the climate warms a larger proportion of the sea ice is melted during
summer. This exposes the comparatively much darker sea surface to the sun’s
radiation, which warms the surface water as the albedo is decreased. Moreover, the
retreat of the insulating sea ice cover also allows for a greater latent heat flux from
the ocean to the atmosphere. In autumn, the warmer ocean slows down refreeze of
sea ice, which may further amplify the sea ice retreat next spring. Feedbacks also
occur on land (Chapin et al., 2005; Zhang et al., 2014), and from terrestrial
ecosystems, which will be discussed in this thesis.

Climate warming affects both the cryosphere, such as sea ice, glaciers and
permafrost soils (soils which are frozen for two or more consecutive years), and the
natural ecosystems (AMAP, 2021; Hofgaard et al., 2012). Arctic soils store an
estimated 1100-1500 PgC (Hugelius et al., 2014; Schuur et al., 2015), which is
double the amount stored in the atmosphere (~829 PgC) currently or what is stored
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in global terrestrial vegetation (450-650 PgC)(Ciais et al., 2013). Thus, even small
changes in these carbon stocks may feed back to the global climate.

The net balance between carbon uptake and release of CO, to the atmosphere from
the terrestrial ecosystems will determine whether the Arctic will be a source or sink
of carbon in the future. Warmer temperatures, longer growing seasons, and
increased atmospheric CO; are all expected to increase photosynthetic carbon
assimilation by plants (Dusenge et al., 2019; Fernandez-Martinez et al., 2018), and
thus the gross primary productivity (GPP). On the other hand, warming permafrost
soils may mobilise carbon that is currently frozen (Schuur et al., 2015) and increase
rates of soil organic matter (SOM) mineralisation (Crowther et al., 2016). Warmer
temperatures and changing precipitation regimes may increase fire frequencies
which may also increase the flux of greenhouse gases to the atmosphere as well as
reduce the ecosystem carbon store (Bruhwiler et al., 2021; Stuart Chapin lii et al.,
2009). Although uncertain, the Arctic has been estimated to be a small sink of CO;
in the past (Bruhwiler et al., 2021; McGuire et al., 2012). How the Arctic will
respond to climate warming and other environmental perturbations is however
uncertain and the quantification of the responses is an aim of this thesis.

The Arctic terrestrial land area is comprised of ~8.6% peatlands, which is a
disproportionally large fraction compared to 2.6% for the globe as a whole (Xu et
al., 2018). Methane (CH4) is formed in the water-logged soils of peatlands
(Bridgham et al., 2013). This makes the high latitudes an important source of natural
CH4 emissions (Saunois et al., 2020; Stavert et al., 2022). Estimates of Arctic CHy
emissions differ somewhat with the method used to estimate them, with 9 [2-18]
TgCH4 yr! for bottom-up (process models) approaches and 13 [7-16] TgCH4 yr!
for top-down (inversion-models) approaches (Saunois et al., 2020). Estimates from
process models indicate that peatlands in a strong mitigation scenario might remain
a sink of CO; while turning into a source in the future (Qiu et al., 2022). How
peatlands and their associated greenhouse gas fluxes might behave in the future is
still uncertain.

Temperature estimates for the 21% century are highly uncertain, ranging from
0.34°C decade™ to 0.99°C decade™! (Cai et al., 2021). Most of this uncertainty stems
mainly from uncertainties in the sensitivity of the climate system to perturbations in
greenhouse gas concentrations (i.e., model uncertainty), but also from the uncertain
future itself (i.e., scenario uncertainty). These large uncertainties in climate
warming further make estimates of changes in the natural ecosystems and the Arctic
carbon cycle uncertain.
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Arctic environmental change

During the last decades, satellite observations have noted an increase in spectral
vegetation greenness (Myers-Smith et al., 2020). This greenness is likely due to
longer growing seasons (Bhatt et al., 2017) as well as productivity and increased
biomass of Arctic vegetation (Epstein et al., 2012). Decreasing sea ice has likely
contributed to warmer springs and an earlier onset of the growing season (Bhatt et
al., 2017; Bhatt et al., 2010), which favours plant productivity. Site-level monitoring
has revealed increases in vegetation height and other size-related traits (Bjorkman
et al., 2018; Elmendorf et al., 2012), especially in regions which are not limited by
moisture. Furthermore, spectral greening has often been associated with an
increased abundance of shrubs (Forbes et al., 2010; Mekonnen et al., 2021).

Shrub cover

Increases in shrub cover, or ‘shrubification’, occur through either infilling of shrub-
free patches, increased stature of shrubs, or through range expansion of shrubs into
herbaceous tundra (Myers-Smith et al., 2011). Many studies report an increase in
deciduous shrubs such as alder (Alnus spp.), willows (Salix spp.) and dwarf birch
(Betula nana) (Myers-Smith et al., 2011; Ropars & Boudreau, 2012), but some
studies also report increases in evergreen shrub cover (e.g., Elmendorf et al., 2012).
The relative abundance of evergreen to deciduous shrubs may be driven by soil
moisture, with deciduous shrubs abundant in moister conditions (Scharn et al.,
2021).

The advance of shrubs is mainly linked to temperature increase but is also sensitive
to soil moisture (Elmendorf et al., 2012; Garcia Criado et al., 2020; Myers-Smith et
al.,, 2015; Myers-Smith et al., 2011; Myers-Smith et al., 2018), but are still
heterogenous and site-dependent. Shrub growth may however be modulated by soil
nitrogen (Martin et al., 2022; Mekonnen et al., 2021). Shrub advance as well as the
relative abundance between deciduous and evergreen types may be controlled by
strong herbivory pressure (Vowles & Bjork, 2018; Vowles et al., 2017).

Forest and Treeline advance

The transition from forests to tundra, the forest-tundra ecotone, is interesting to
study as this is one of the world’s largest ecological boundaries and represents a
rather abrupt shift in ecosystem structure and functioning (Hofgaard et al., 2012).
Treelines form at either high altitudes or at high latitudes, and at surprisingly similar
temperature conditions, something first described by Alexander von Humboldt
(Korner & Spehn, 2019). Indeed, historical treeline positions have been observed to
correlate well with an air temperature isotherm of 6-7°C average growing season
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ground temperature (Koérner & Paulsen, 2004). However, as temperatures have
warmed, treelines have not always followed. A study of global treelines found that
approximately half of the reported treelines had advanced while only 1% retreated,
the rest were stationary (Harsch et al., 2009). A similar large-scale pattern was found
for latitudinal treelines from satellite-derived observations (Berner & Goetz, 2022).
Treeline advance is however expected to continue in the future as temperatures
warm (Mamet et al., 2019; Rees et al., 2020), although at what rate is uncertain.

Despite the strong historical correlations between temperature isolines and treelines
that have been observed, the causes of treeline formation are still a matter of
scientific discussion. Obviously, for treeline migration to occur tree species need to
disperse and establish beyond their current range (Holtmeier & Broll, 2007; Lett &
Dorrepaal, 2018). While latitudinal treelines may be limited by their dispersal
(Brown et al., 2018; Rees et al., 2020), altitudinal treelines are often not limited by
dispersal (Kollas et al., 2012; Komer, 1998). Seedlings of the treeline-forming
species do however establish beyond the treeline (Hofgaard et al., 2009; Sundqvist
et al., 2008), but remain stunted in their growth rather than grow into full trees. A
simple explanation could include increased growth as the forests become more
productive in a warmer climate with longer growing seasons, yielding increases in
the carbon available for growth. Thus, this productivity, or ‘source’ limitation, could
potentially explain the low-temperature ranges of trees. The source limitation
hypothesis is however contradicted by observations of ample stores of non-
structural carbohydrates in trees close to or at the treeline (Hoch & Korner, 2012;
Korner, 2003). These observations in combination with indications that
meristematic activity may be more sensitive to cold temperatures than
photosynthesis (Kdrner, 2003) have yielded an opposing hypothesis that the plant-
level carbon sink, i.e., biomass production, could be more limiting for growth than
the source (Kdrner, 2015; Korner et al., 2016). Despite whether trees are limited by
either their photosynthetic capacity or growth capacity, the advance of trees and
forests is still expected in a warmer climate.

In Arctic regions, heterogeneity of treeline advance may be driven by differences in
the snowpack. The snowpack may insulate low trees and shrubs from frost damage
during the cold period, while also shortening the growing season. The thickness of
the snowpack may thus either promote or inhibit the establishment of tree seedlings
(Lett & Dorrepaal, 2018). Furthermore, in regions with high densities of grazers,
e.g., reindeers, or browsers, i.e., moose, treelines have been hypothesised to be held
back by herbivory (Cairns & Moen, 2004; Van Bogaert et al., 2011).
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Feedbacks from ecosystem change

The changing landcover with an increasing abundance of shrubs and advancing
treelines have both direct and indirect implications for the climate system and
biogeochemical cycling.

As mentioned above, longer growing seasons and higher temperatures are expected
to increase ecosystem productivity (Dusenge et al., 2019). A larger net uptake of
CO, would constitute a cooling feedback to the global climate as CO, is removed
from the atmosphere and stored in vegetation and soils (Bonan, 2008). Vegetation
biomass has likely increased during the recent decades, storing a larger amount of
carbon, although it is ambiguous whether the Arctic is a greater carbon sink due to
this (Mekonnen et al., 2021, and references therein).

Warming temperatures may induce higher rates of SOM mineralisation and
consequently, nitrogen mineralisation (Chapin, 1983; Nadelhoffer et al., 1991),
which favours shrubs whose growth are often nitrogen-limited (Martin et al., 2022;
Mekonnen et al., 2021). Nitrogen cycling in summer may be enhanced by the
advancement of deciduous shrubs with higher quality litter (Buckeridge et al.,
2009), measured as a lower litter C:N ratio. Tall woody shrubs, as opposed to
herbaceous vegetation or low-stature shrubs, may furthermore trap snow in winter
(Sturm et al., 2001). The insulating snow cover could subsequently raise winter soil
temperatures and increase SOM mineralisation. Mineralisation of organic material
and recycling of nutrients is often the largest source of nitrogen in tundra
environments (Chapin, 1983), as such the added winter mineralisation could provide
a positive feedback to shrub growth and expansion (Sturm et al., 2001).
Encroachment of low evergreen shrubs, would on the other hand not necessarily
cause this snow-trapping, and could through their relatively more recalcitrant litter
contribute to increased soil carbon sequestration (Vowles & Bjork, 2018). There are
also indications that taller shrubs with larger canopies could lower surface soil
temperatures in summer as they absorb incoming solar radiation (Blok et al., 2010),
which could reduce permafrost degradation.

Tall woody vegetation that protrudes through the snow could however contribute to
biogeophysical feedbacks through a decreased albedo of up to 30% in winter and
spring (Sturm, 2005). Similarly, conversion from tundra to forested ecosystems is
associated with reduced albedo with warming consequences (de Wit et al., 2014;
Zhang et al., 2013). Due to the low albedo during the snow season, the
biogeophysical effects of boreal forests are vital to land surface feedbacks to local
and regional surface temperature (Bonan, 2008). Forest canopies on the other hand
provide a relatively stronger latent heat flux from the land surface compared to
tundra ecosystems, which may cool the climate in summer (Zhang et al., 2014).
Coniferous forests differ from deciduous forests in their partitioning of sensible and
latent heat flux — the so-called Bowen ratio (Bonan, 2008). Deciduous forests
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produce a relatively larger sensible heat flux in summers compared to coniferous
forests, which have a larger fraction of sensible heat flux (Bonan, 2008).

An indirect feedback to the regional climate may arise from plant emissions of
Biogenic Volatile Organic Compounds (BVOCs). Plant-emitted BVOCs are mainly
comprised of different terpenoids, including isoprene and different species of
monoterpenes (Penuelas & Staudt, 2010). The generation of BVOC:s is linked to
photosynthesis and is thus subject to factors such as nutrients, water availability and
CO; concentration. BVOC emissions are also positively linked with temperatures
(Yli-Juuti et al., 2021). However, high concentrations of CO, could inhibit BVOC
production (Almut Arneth et al., 2007). The BVOC species emitted is highly
dependent on plant species, and so the vegetation composition is of high relevance
when predicting BVOC emissions (Penuelas & Staudt, 2010).

The emitted BVOCs are part in a series of atmospheric chemical reactions which
result in increased concentrations of secondary organic aerosols (SOA) and cloud
condensation nuclei (CCN)(Roldin et al., 2019). Aerosols scatter incoming solar
radiation and act as CCNs. Anthropogenic aerosol concentrations are lower in the
Arctic, which may result in a relatively larger impact on the regional climate from
plant-emitted aerosols. This would provide a negative feedback to the climate (Yli-
Juuti et al., 2021). The strength of this feedback and the sensitivity of BVOC
emissions to increasing plant productivity, CO, concentration and vegetation
composition under future conditions are however not very well quantified.

Investigating Arctic environmental change

In this thesis, modelling will be the main tool for investigating Arctic environmental
change. It is thus worth writing a few sentences on different kinds of models and
the context in which they are used.

A model is an abstraction of reality. Analogous to a map of a landscape, the model
cannot be said to include all features and details of the landscape. However, by
studying the map we might understand something about the landscape, like how
long the distance from A to B is, if the terrain will be easy or difficult and how long
it would take us to get there. Like map-reading, modelling and the studying of
models is a skill that needs to be learnt.

Kinds of models

Models come in different kinds, shapes and forms. They differ in what system they
represent, and their temporal and spatial resolution. Furthermore, while the
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overarching system that is represented is similar, the models differ in what processes
they include and how these are represented, i.e., their structure.

General circulation models (GCMs), also called global climate models, simulate
variations in global climate over space and time in response to atmospheric
greenhouse gases. Most of today’s GCMs incorporate a coupling between the ocean,
sea ice, and the atmosphere but may also account for a dynamically changing
landcover. The land surface part of a GCM is often referred to as a land surface
scheme (LSS) or land surface model (LSM). These vary greatly in complexity and
but generally need to include processes to solve the fluxes of energy and water
between the land-surface and the atmosphere. LSMs generally also simulate runoff
from land to lakes and oceans, thus incorporating the terrestrial hydrologic cycle.
GCMs that also incorporate the full carbon cycle, of which the land component is a
vital part, are referred to as Earth System Models (ESMs).

GCMs generally operate on a coarse grid, ranging from approximately 100x100km
up to 250x250 km in size., although the resolution has increased as computing
power has increased. To overcome this gap, especially for purposes of climate
impact studies, Regional Climate Models (RCMs) have been developed. These
models can be viewed as a ‘box’ over a geographic domain and operates on a grid
with finer resolution, from approximately 50 km down to 1 km. They require large
scale climate at the domain boundaries as input as well as atmospheric greenhouse
gas concentrations. Furthermore, RCMs may be designed to be generic and
applicable to most regions of the Earth or be specialised to one specific region of
the Earth, e.g., the Arctic.

Parallel to the development of climate models, Terrestrial Biosphere Models
(TBMs) have been developed. Their mission is to simulate the distribution and
functioning of terrestrial ecosystems in response to climate and other forcing
variables such as atmospheric CO, concentration, land-use and nitrogen deposition.
Thus, their use is somewhat overlapping to that of LSMs. A special case of TBMs
is Dynamic Vegetation Models (DVMs) in which the vegetation is evolving over
time in response to external forcing. DVMs often include the carbon cycle and
detailed ecological processes such as succession, competition for resources,
disturbance and fire.

CMIP programmes

The earth system’s response to perturbations such as increased greenhouse gas
concentrations in the atmosphere and land-use change is uncertain. Furthermore, the
models intended to quantify these responses have different conceptualisations,
which add another uncertainty to the future projections of the earth system. The
coupled model intercomparison project (CMIP) is an organised effort to compare
and evaluate GCMs with a coupled atmosphere and ocean. Phase 5 of CMIP
(CMIP5; Taylor et al., 2012) also included a few GCMs with dynamic vegetation
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and the coupled climate-carbon cycle. The CMIP phases are also major inputs to the
Intergovernmental Panel on Climate Change (IPCC) assessment reports.

Two emergent model properties are given particular importance in the evaluation.
The Equilibrium Climate Sensitivity (ECS) is the amount of global surface
temperature warming between two climate equilibriums associated with an abrupt
doubling or quadrupling of atmospheric CO concentration. The ECS was
constrained to a likely range of 1.5-4.5 K in the fifth assessment report (IPCC,
2013). A notable difference between CMIP5 and CMIP6 is that the ECS is beyond
this range for several GCMs in the latter (Nijsse et al., 2020; Tokarska et al., 2020),
something that has been attributed to a stronger cloud feedback (Zelinka et al.,
2020). The second property which is important for model evaluation is the transient
climate response (TCR). This is the response of a yearly 1% increase in atmospheric
CO; concentration over 140 years.

CORDEX

The coarse spatial resolution used by the GCMs is often judged as irrelevant for
climate impact studies. The COordinated Regional Downscaling EXperiment
(CORDEX) was organised as an effort to dynamically downscale the large spatial
resolution simulated by the CMIP5 GCMs (Giorgi et al., 2009; Jones et al., 2011).
The project has set up standardised domains for RCMs globally which participating
models can utilise. The CORDEX project evaluates RCMs and is a standard part of
CMIP6 (Gutowski Jr et al., 2016).

Scenarios

The socio-economic development of the world is another uncertainty in projections
of the future. Thus, common drivers have been developed under the different CMIP
programmes. For the CMIP5 experiments, different greenhouse gas concentration
scenarios were created, termed Representative Concentration Pathways (RCPs)
(Moss et al., 2010; Taylor et al., 2012). These build on a range of projections of
population growth, policy interventions and technological developments. The
labelling of the scenarios corresponds approximately to the amount of resulting
radiative forcing in the year 2100 compared to pre-industrial conditions.
Consequently, RCP 8.5 corresponds to an increased radiative forcing of 8.5 W m™.

During CMIP6 the scenarios were designed from narratives of the future
development of the world (Meinshausen et al., 2020; O'Neill et al., 2016). Five
narratives, or Shared Socio-economic Pathways (SSPs), were designed from
different combinations of challenges for climate change mitigation and adaptation
efforts (O’Neill et al., 2017). Qualitative descriptions of factors such as population
growth, economic and technological development, use of fossil fuels, etc were
combined to produce the five pathways. The five SSPs are sustainability (SSP1),
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Middle of the road (SSP2), regional rivalry (SSP3), Inequality (SSP4), and Fossil-
fueled development (SSP5). The SSPs were later integrated with the RCPs to create
scenarios of the future, for instance SSP1-2.6 for the sustainability-pathway where
radiative forcing is approximately 2.6 W m at the end of the century.
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Aims and objectives

This thesis aims to broadly investigate the role of high latitude vegetation shifts on
climate and biogeochemical cycling. Furthermore, a large part of the work is aimed
at evaluating the models used in each study. The overall aims and objectives of the
thesis are:

e To estimate future Arctic vegetation shifts

e To identify drivers and modulating factors of high latitude vegetation
change

e To quantify the direct and indirect climate effects of vegetation change

e To quantify the high latitude greenhouse gas fluxes in order to determine
the contribution of 21st-century climate change.

This will be done through four separate studies presented in four separate papers.

Paper I

In this paper, we aimed at evaluating the processes in the model at a local level
where plenty of comparison data is available. We also wanted to estimate the rate
of future treeline advances and changes in shrub cover and disentangle their drivers.

Paper 11

This paper will aim at investigating the direct, i.e., albedo and latent heat, climate
feedback from vegetation change. Furthermore, the paper will evaluate the regional
ESM RCA-GUESS against historic climate data.

Paper 111

This paper will investigate the effects of changed vegetation on biogeochemical
cycling and greenhouse gas generation from natural ecosystems. The paper aims at
quantifying net emissions of CO,, CHs and N0 under four different future
scenarios.

Paper IV

This paper aims at quantifying the indirect climate feedback from BVOC emissions
under five different future scenarios.
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Methods

Model description

LPJ-GUESS

The Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS) is an
individual-based dynamic vegetation model optimised for regional and global
applications (Smith et al., 2001; Smith et al., 2014), although it is not restricted to
this scale.

The basic simulation unit in the model is a gridcell of arbitrary size. The gridcell is
then further divided into separate stands of which the fraction of the gridcell is
specified in the model instructions. The stands represent different landcover classes
and enable the simulation of land-use and land-use change. The standard landcover
class is the potential natural vegetation (PNV), i.e., the assumed vegetation that
would be naturally present based solely on climatic, soil and nitrogen deposition
conditions of each site. Additional landcover classes that the model is capable of
simulating are peatlands, managed forests, pastures and agricultural crops. Each
stand further includes a number of patches, intended to represent heterogeneity
within each stand. The number of patches in each stand may vary, where
anthropogenically managed stands generally only have one patch and naturally
varying stands have more patches. The model output is the average of all the patches
in each stand. Stochastic processes in the model, such as fire, disturbance, mortality,
and establishment, are simulated on the patch level.

Vegetation and Plant functional types

Vegetation is represented by plant cohorts belonging to a set of Plant Functional
Types (PFTs). These are generalisations of plant species with similar life forms
(tree, shrub, grass or moss), life history strategies (shade tolerance, longevity, etc)
and phenology class (deciduous or evergreen). A cohort is a group of equally aged
individuals. In a patch, differently aged cohorts are competing for light, water and
nutrients. The vegetation structure in the model is the emergent outcome of the
competition between cohorts of the same and different PFT in each patch.
Competition for light and nitrogen is asymmetric, i.e., the individual with the largest
canopy or root biomass will have an advantage in the competition under scarcity.
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Water uptake is symmetrically distributed among individuals based on root fractions
and water availability in each soil layer. The PFTs also have a pre-determined
bioclimatic envelope within which they are allowed to establish. The bioclimatic
envelope sets a hard limit on vegetation distribution while competition can
potentially limit the geographical distribution of a PFT.

LPJ-GUESS traditionally include a set of global PFTs, ranging from the tropics to
the boreal and tundra regions. In this thesis, only boreal and tundra species will be
in focus. In addition, six additional shrub PFTs have been parameterised and
calibrated in this thesis. These shrub PFTs include evergreen and deciduous PFTs
of each physiognomic class tall, low and prostrate shrub.

Carbon and nitrogen cycling

Fluxes of carbon and water in the canopy are modelled in a coupled photosynthesis
and stomatal conductance scheme adopted from the BIOME3 model (Haxeltine &
Prentice, 1996). Plant respiration is comprised of three parts: leaf, maintenance and
growth respiration. Leaf respiration is set as a fixed fraction of plant assimilated
carbon. Growth- and maintenance respiration on the other hand is dependent on
temperature, biomass, and stoichiometric constraints. The remaining assimilated
carbon after respiration is allocated to new plant biomass, following a set of
predefined allometric rules. The leafiroot ratio is however set dynamically, where
an individual will allocate a larger part of the carbon to the roots if stressed by
nitrogen limitation or drought.

The decomposition of plant litter in the model is modelled through a CENTURY-
based soil scheme (Parton et al., 2010; Parton et al., 1993; Smith et al., 2014). This
is a type of box-transfer scheme, where decomposing litter is transferred between
pools of SOM of differing recalcitrance. The rate of the transfer is based on first
order Michaelis-Menten kinetics. For each time step, a fraction of the carbon mass
is lost as CO; to the atmosphere.

Nitrogen is added to the system either through deposition, biological fixation or (in
managed stands) as fertilisation. The biological fixation of nitrogen is based on an
empirical relationship to evapotranspiration (Cleveland et al., 1999). Nitrogen is
also mineralised from SOM decomposition and a fraction of the mineralised
nitrogen is immobilised by the soil microbes. The amount of immobilised nitrogen
is dependent on stoichiometric requirements for each SOM-pool. If microbial
demand for nitrogen exceeds the supply, the decomposition rate is reduced.
Nitrogen is also lost from the system, either through leaching or through
volatilisation from wildfires.

Spinup and initialisation

To initialise LPJ-GUESS, a 500-year spinup is conducted. During this spinup, a 30-
year detrended reference climate is used, usually extracted from the first 30 years of
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the forcing climate dataset. LPJ-GUESS starts with bare ground, which is
subsequently built up during the spinup towards an equilibrium between climate,
vegetation distribution and the carbon cycle.

Methane module

The methane module of LPJ-GUESS was adopted from the implementation in the
LPJ DGVM (Wania et al., 2009a, 2009b, 2010). Methane dynamics are simulated
on a separate peatland stand. In this stand the soil column is divided into a catothelm,
which is permanently flooded, and an acrothelm, which has a fluctuating water
table. The depth of the acrothelm is fixed to 30 cm. The peatland stand furthermore
has additional associated PFTs, which have specific peatland properties, for
instance, aerenchyma and tolerance to inundation stress. The peatland PFTs include
two peatland shrubs, flood tolerant Cs grasses and graminoids as well as a Sphagnum
spp. moss PFT.

The CENTURY -based SOM decomposition scheme provides the substrate input for
CH,4 generation. Furthermore, the production of CHain each soil layer is dependent
on the O, availability in that layer. CHs is reduced through oxidation to CO; in each
layer after production. This rate is dependent on the layer O, concentration in such
a way that the stoichiometric constraints can be satisfied.

CH4 + 20, => CO, + H,O

CH4 can escape to the atmosphere through three pathways: diffusion, plant-
mediated transport and ebullition. The gas diffusion equation for both O, and CH4
is numerically solved by the Crank-Nicholson method. The diffusivity of each gas
is dependent on the temperature in each layer and the layer porosity. Plant-mediated
transport of CHs only occurs in aerenchymatous PFTs and is dependent on the
fraction of roots in each soil layer as well as on the cross-sectional area of the plant
tillers. Finally, plant ebullition is determined by a threshold set by the maximum
CH4 solubility at a given soil temperature. If the produced CH4 concentration
exceeds this threshold after oxidation, diffusion or plant transport, the excess gas is
released into the atmosphere.

BVOC module

LPJ-GUESS includes a BVOC module capable of simulating emissions of both
isoprene and monoterpenes (A. Arneth et al., 2007; Schurgers et al., 2009). The rate
of BVOC production is derived from the photosynthetic electron transport part (J).
A PFT-specific standardised parameter, &, for each BVOC type is used to determine
the fraction of the electron transport rate that is attributed to the production of a
specific BVOC. This value of this parameter is determined from measured
emissions under standard conditions. Furthermore, this standardised parameter is
modified by the leaf temperature and a CO, factor. The CO, factor acts inhibiting to
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BVOC production under concentrations larger than pre-industrial (370 ppm) and
enhancing for concentrations below this concentration. Isoprene generation is
further modified by a seasonality factor which is determined by the growing degree
day (GDD:s) requirement for production in spring and by temperature and day length
in autumn. Monoterpenes may also have an optional storage pool, which size is set
by a PFT-specific parameter, m. Emission from this pool is then calculated by
dividing the storage pool size by a temperature-dependent turnover.

RCA-GUESS

RCA4 — a regional atmospheric model

The Rossby Center Atmospheric model is a generic RCM intended for dynamic
downscaling of global climate at any location of the Earth (Samuelsson et al., 2015;
Samuelsson et al., 2011). In this thesis, the dynamic coupling to the LSS of RCA4
was updated, originally described by Smith et al. (2011). Arctic applications of the
model have previously not included any nitrogen dependencies, permafrost or soil
freezing. Furthermore, only the global set of PFTs has been used in previous studies,
i.e., no explicit representation of shrubs.

The LSS of RCA4 is a tiled LSS, meaning that each gridcell is divided into smaller
fractions with different landcover classes, not unlike the division of LPJ-GUESS.
Three landcover tiles are represented in the model. These include a forest fraction,
an open land fraction and a fraction for snow on open land. Additionally, the forest
has a snow-covered sub-tile. In its stand-alone implementation, RCA4 receives
information about the size of each tile from the ECOCLIMAP (Masson et al., 2003)
map over landcover parameters along with other landcover information. The
parameters are provided on a monthly basis but are not evolving during the
simulation.

Model coupling

In the coupled model, which is used in this thesis, LPJ-GUESS is fed daily
temperature, precipitation and net shortwave radiation calculated by RCA4. LPJ-
GUESS then simulates the daily LAI and updates the landcover fractions on an
annual basis. The forest is further divided into fractions of deciduous and evergreen
forests. LPJ-GUESS also simulates biogeochemical cycling of the land surface;
however, this output is not used by RCA4.

The spinup of RCA-GUESS is performed in two steps. In the first step, each model
is first spun up separately. LPJ-GUESS, which requires a longer time to spin up,
runs its standard 500-year spinup forced with CRU-NCEP (Viovy, 2018) while
RCAA4 is forced by the selected boundary conditions. The two models are then run
in the coupled mode for 30 years to be able to equilibrate. Data from this part of the
spinup is saved and detrended for the second stage in the spinup. During the second
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spinup stage, LPJ-GUESS is forced with the climate generated by RCA4 during the
first spinup stage, while RCA4 is forced with land surface parameters generated
with LPJ-GUESS. Finally, the models are run in coupled mode with transient
climate and greenhouse gas forcings.

Paper I

In this paper, we employed LPJ-GUESS over the Tornetrésk region in northern
Sweden. The model was forced with a spatially highly resolved (50m x 50m) local
climate dataset, generated by Yang et al. (2011). The temperature data was
generated using local loggers, placed in the terrain to capture meso- and
microclimatic features such as lapse rates, aspect and local lake effects. The
microclimatic features were then extended back in time by Yang et al. (2011) using
the long climate record measured at the Abisko Scientific Research Station (ANS).
The historic data was created at a monthly resolution between the years 1913 to
2000.

To simulate future vegetation change we similarly extended the climate dataset into
the future between the years 2001 to 2100. Using three CMIP5 GCMs as sources
for macroclimatic changes under one low (RCP 2.6) and one high (RCP 8.5)
emissions scenario, the projection climate was created. An additional ‘no trend’
climate scenario was created by randomly sampling from the historical dataset. The
GCM climate for the gridcell containing the Abisko area was extracted. This climate
was then bias-adjusted against each gridcell in the microclimatic dataset generated
by Yang et al. (2012). Bias adjustment was done through the delta-change approach.
In this method an average monthly bias is generated by comparing a 30-year
reference period in two datasets. The difference is subsequently added or multiplied
to the climate variable to adjust the bias in that dataset. Nitrogen deposition from
both historic and scenario periods were extracted from the dataset by Lamarque et
al. (2013).

We then performed model runs of future treeline advance and shrub increase for all
GCMs and scenarios where all forcing variables were transient. To disentangle the
driving factors, we subsequently performed a factorial model experiment where
each factor, climate, nitrogen deposition and CO, were varied one at a time. To
make the CO; and nitrogen deposition scenarios more robust, we added two CO;
scenarios (RCP 4.5 and RCP 6.0) and four nitrogen deposition scenarios. Since
nitrogen deposition is projected to decrease in this area, we added scenarios where
deposition increased by 2.5x, 5x, 7.5x and 10x compared to the year 2000 value.

The model was evaluated against data from local observations. We collected data
for treeline position (Callaghan et al., 2013), treeline advance (Van Bogaert et al.,
2011), biomass change (Hedenas et al., 2011), shrub densification (Rundqvist et al.,
2011), LAI (Ovhed & Holmgren, 1996), and GPP (Olsson et al., 2017).
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Paper 11

In this paper, we employed the regional Earth system model RCA-GUESS over the
Arctic CORDEX domain (https://cordex.org/domains/region-11-arctic/, last
accessed 2022-03-21). The simulations were purely historic and driven with ERA-
Interim reanalysis data at the domain boundaries. As described above, LPJ-GUESS
was coupled to the regional atmospheric model RCA4 to simulate the
biogeophysical effects of dynamic vegetation change.

We performed two simulations with RCA4. In the first simulation the standard set
of PFTs, which are usually included in GCMs. In the second simulation, the six
shrub PFTs developed for this thesis were added to the standard set of PFTs. The
effects of including shrubs in an ESM were estimated by differencing the dynamic
vegetation run in each simulation pair, as well as comparing absolute values against
each other and evaluation data.

The Arctic is a vast and data-sparse area. Large-scale evaluation data for models are
thus often satellite inferred or upscaled from a few measurement stations. For
climate variables, reanalysis datasets such as ERA-Interim (Dee et al., 2011) are
commonly used for model evaluation as these are often considered the most reliable.
In our study, we compare the model vegetation output to GLASS-GLC (Liu et al.,
2020) for landcover changes, GIMMS (Mao & Yan, 2019) for LAI climatology.
The climate generated is compared against ERA-Interim to discover any biases in
the simulated climate. Furthermore, we evaluate albedo against both ERA-Interim
and the GlobAlbedo product (Muller et al., 2012). Latent heat flux was furthermore
evaluated against the upscaled eddy-covariance data by Jung et al. (2011). Annual
carbon fluxes were also evaluated against upscaled flux data by Virkkala et al.
(2021).

Paper 111

In this study, we used LPJ-GUESS forced with daily weather data generated from
three CMIP6 GCMs under four future scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5). In addition, a purely historic simulation with CRU-NCEP (Viovy, 2018)
was conducted for evaluation purposes. All weather data, including CRU-NCEP,
were re-gridded and bias-adjusted against the Watch Forcing Data Era-Interim
(WFDEI) dataset (Weedon et al., 2014) as a pre-processing step. Re-gridding was
done bilinearly using the Climate Data Operator tool. Bias-adjustment of the climate
data was done using the ISI-MIP approach (Lange, 2019). This approach uses
quantile mapping rather than simple differencing approaches, such as the one used
in Paper 1. Quantile mapping preserves both trends and extreme values better than
the delta-change approach. For this paper, we used a domain comprised of all
terrestrial land north of 60°N.
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The study makes use of newly implemented features in LPJ-GUESS, allowing
simulations of permafrost, peatlands, CH4-fluxes (described above), and N,O
emissions. The N>O emissions are enabled by a new nitrogen scheme, adapted from
Pilegaard (2013). Furthermore, the new model implements a new fire model,
SimFIRE-BLAZE (Knorr et al., 2014; Pellegrini et al., 2018; Rabin et al., 2017).
These new features enable an analysis of climate feedback from non-CO;
greenhouse gases as well as CO; from high-latitude ecosystems.

To compare the climate effect of the simulated greenhouse gas emissions we
calculate the Global Warming Potential over a 100-year time window (GWPjq).
The conversion from emissions to COeq was done by first summing the fluxes of
each gas over the domain and then multiplying them with each gas’s respective
global potential factor. Conversion to CO,eq was done by multiplying CH4 with a
factor of 27 while N,O was multiplied by 273 following the updated values from
the IPCC Sixth Assessment report (Forster et al., 2021). CO; by definition has a
factor of 1 for conversion to CO»eq.

The model was evaluated against several datasets. Simulated biomass carbon
densities were evaluated against satellite inferred estimates of aboveground biomass
(Liu et al., 2020). The GPP, Rec, and NEE were evaluated against Virkkala et al.
(2021) as in Paper II. An upscaled eddy-covariance CH4 dataset by Peltola et al.
(2019) for seasonality patterns and total emissions. We also compare our
simulations to other estimates of CH4 (Saunois et al., 2020) and N»>O (Voigt et al.,
2020).

Paper IV

In this study, LPJ-GUESS was employed together with the atmospheric chemistry
transport model version 5 (TMS5; Bergman et al., 2022). First, LPJ-GUESS was
forced with monthly climate data from 3 different GCMs under five of the CMIP6
SSPs (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5). The GCMs were
selected to represent a broad range of climate sensitivities, one high (CanESMS),
one medium (MRI-ESM2-0) and one low (GFDL-ESM4) sensitivity GCM were
selected. The 15 (3 GCMs x 5 SSPs) scenarios covered a broad range of climate
warming by the end of the century, ranging from 1°C to 12°C for the region. LPJ-
GUESS were run for each scenario, simulating vegetation composition and
emissions of isoprene and monoterpenes.

In addition to the 15 scenarios, factorial experiments using only one GCM
(CanESMS5) under two (SSP1-1.9 and SSP5-8.5) scenarios were conducted. These
factorial experiments were done to test the modelled BVOC emission’s sensitivity
to CO,, nitrogen deposition, climate, and vegetation change. This was done by either
keeping the CO, concentration experienced by vegetation constant (noCO;) or
keeping the CO, concentration experienced by isoprene synthesis constant
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(noCO2linhibition), and in another run, vegetation distribution was not allowed to
change (noVegDym). Lastly, nitrogen deposition was increased in one final run so
that nitrogen could be assumed to not be limiting for vegetation productivity
(noNlim).

Secondly, vegetation LAI and composition as well as BVOC fluxes were fed into
TMS5 for atmospheric calculations of secondary organic aerosols (SOA) generation
and aerosol optical depth (AOD). Due to the expensive computational requirements
of TMS5, the simulations were only run for the year 2009. Furthermore, TM5 was
forced with ERA-Interim (Dee et al., 2011) and thus the climate change impacts
were not analysed in this part of the paper.

Finally, radiative forcing due to atmospheric SOA changes was calculated from the
TMS results for the factorial experiments.
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Results and discussion

Vegetation change and its drivers (Paper I, III and IV)

On the local scale, in Abisko (Paper I), LPJ-GUESS simulated a historic treeline
advance of 0.84 m yr'!. This can be considered to be within the range of available
estimates for the area of approximately 0.6 m yr'! (Van Bogaert et al., 2011). The
observed average is influenced by a severe moth out-brake that is not accounted for
in the model, which induced treeline retreat in some parts of the region.

The rate of this elevational shift continued into the projection period with a rate of
between 0.45 to 1.95 m yr! depending on the GCM scenario. During the historic
period, the treeline tracked the theoretically limiting 6-7°C isotherm closely,
however, in the projection this relationship was broken as the temperature isoline
advanced faster than the treeline. Furthermore, the deviation between the treeline
and the isotherm was greater in the warmer GCM scenarios. This suggests that
future treeline advances may be limited by things other than temperature. This result
may be regarded as contrasting from the observations of the historic global
correlation between temperature and the treeline (Korner & Paulsen, 2004).
Observations of current treeline positions may be robust but are by necessity a
snapshot in time. It is thus difficult to infer future migration rates from the treeline-
isotherm correlation alone, as have been done by some models (Paulsen & Korner,
2014).

In our results the limiting factor was nitrogen. In the projection simulations, nitrogen
deposition decreased, and nitrogen mineralisation could not sustain an increased tree
growth, thus limiting rates of treeline advance. This was further strengthened by the
factorial experiments, where we forced LPJ-GUESS with a climate without trend
but added nitrogen. Tree PFTs above the treeline that had only displayed stunted
growth increased their biomass which advanced the treeline.

Factorially increasing atmospheric CO; increased GPP in the trees, but it did not
drive treelines (Fig 1). Furthermore, the treeline trees had a positive NPP of
approximately 60 gC m™ yr'!, indicating no carbon limitation on simulated growth
at the treelines. The extent of the simulated forest is in other words not completely
dependent on productivity, which is also evident from the CO, fertilisation
experiment. Measurements of mobile carbon stores in treeline trees globally have
similarly found no shortage of carbon in treeline trees (Hoch & Korner, 2012), in
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Fig 1 Simulated treeline advance and its drivers in Paper I. The data is from a model experiment with
factorially changing either climate (a), CO2 concentration (b) or nitrogen deposition (c). As nitrogen
deposition decreased in the projection simulations, we added simulations where nitrogen deposition
was either 2x, 5x, 7.5x or 10x the year 2000 value.

line with the results of Paper I. Increasing CO, concentration did however induce
strong shifts in shrub growth, which increased their biomass with 150% above the
treeline (Paper I). The model thus suggests that shrub growth is largely inhibited
by productivity rather than nutrients.

Much of the knowledge about plant and ecosystem response to elevated CO, comes
from Free Air CO, enrichment (FACE) experiments. These experiments generally
show increases in leaf-level productivity (Ainsworth & Long, 2005; Walker et al.,
2021), which can also be expected from what we know about plant physiology
(Dusenge et al., 2019). There is however substantial uncertainty whether this
increased productivity is translated into biomass (De Kauwe et al., 2014; Walker et
al., 2021). The increased shrub biomass is difficult to verify since very few CO;
enhancement experiments have been conducted above the treeline or included
shrubs in the analysis. One FACE experiment in the Swiss alps did analyse shrub
growth but saw mixed effects of increasing CO, concentration on shrub growth
(Dawes et al., 2013).

On the pan-Arctic scale, tundra vegetation in our future simulations shifted towards
a woodier and evergreen vegetation while the southern boreal forests were shifting
from evergreen to deciduous in both Paper I1I and Paper IV. Both shifts could be
expected as more shrubs are expected to colonise the tundra in the warmer future
(Myers-Smith et al., 2015) and temperate trees could be expected to shift
northwards. In Paper I there was a relationship between soil moisture and the
abundance of deciduous in relation to evergreen shrubs, where higher soil moisture
favoured deciduous vegetation. Similar relationships have also been observed from
long-term monitoring (Scharn et al., 2021). The type of shrub (i.e., evergreen or
deciduous) could have implications for biogeochemical cycling (Buckeridge et al.,
2009; Vowles & Bjork, 2018). How biogeochemical cycling in LPJ-GUESS
responds to the advance of either evergreen or deciduous shrubs remains to be
analysed in future studies.
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Climate feedbacks (Paper II and 1V)

In this section, I will analyse feedbacks to the pan-Arctic climate. I will separate
between direct and indirect feedback, where the direct feedbacks stem from albedo
changes or changes in the partitioning of latent to sensible heat flux (analysed in
Paper II). The indirect feedbacks stem from the emissions of BVOCs which feed
back to the climate through the formation of SOA and CCN with subsequent effects
on cloud formation and light scattering (analysed in Paper IV).

In our coupled simulations with interactive climate-vegetation feedbacks, the
inclusion of shrubs increased the rate of climate warming over mid-Siberia and the
Canadian Archipelago by approximately 2°C over the time-period 1981-2013 (Fig
2), corresponding to a rate of approximately 0.66°C decade™! of additional warming
in these areas in spring due to the inclusion of shrubs. Summer warming was
however much more moderate with slightly additional warming over the Siberian
tundra and cooling over Northern Canada.

The largest differences in warming were however due to differences in tree cover in
a few gridcells in Siberia. The much-lowered albedo in these gridcells contributed
to differential warming of over 8°C in spring and up to 1.5°C in summer. Additional
warming due to this effect was however only localised to those few gridcells. The
differences in forest extent could be attributed to a competitive effect between
shrubs and trees in the model which reduced the extent of the tree cover. These
results highlight the potential importance of treeline advances for climate feedbacks.

The inclusion of shrubs amplified warming in some areas but reduced it in others.
The net effect of including shrubs in our simulation on the pan-Arctic climate was
however not statistically significant.

Finally, the RCA-GUESS simulations displayed a large cold-bias over the tundra
region in our comparison against the ERA-Interim reanalysis data (Dee et al., 2011).
This cold bias was amplified in our simulations with dynamic vegetation compared
to stand-alone RCA4 (Berg et al., 2013) which has prescribed land-surface
parameters. The colder temperatures simulated by RCA4 created a reinforcing
negative feedback loop where the original cold-bias reduced vegetation productivity
and nitrogen mineralisation while simultaneously lowering soil temperatures and
the plant available water. The reduced vegetation in turn drove an over-estimation
of albedo and subsequently amplified the cold bias. This response has likely not
been present in previous RCA-GUESS simulations
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Fig 2 Difference in seasonal 2m air temperature (top row), latent heat flux (middle row) and albedo
(lower row) change from inclusion of shrubs in the simulations. Values are the difference in each
variable between the end (2008-2013) and start (1980-1985) and between simulations (Shrub —
NoShrub). Figure is from Paper IL.

(e.g., Zhang et al., 2020; Zhang et al., 2014; Zhang et al., 2018) as these have not
included frozen ground or carbon-nitrogen interactions. Such a bias should probably
be resolved before any simulations of future climate change feedbacks are attempted
with this version of the model.

The simulated BVOC emissions in Paper IV were highly dependent on the type of
vegetation climate scenario, where isoprene emissions increased with up to 120%
in the GCM with the highest climate sensitivity (CanESMS5), while monoterpenes
increased by 36%. In the GCMs with lower climate sensitivity, the isoprene
emissions did not increase significantly, and monoterpene emissions decreased.
Vegetation distribution and composition were found to be a strong driver of BVOC
emissions, while CO; inhibition strongly modulated the emitted BVOCs in the high
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emission scenarios, which was evident from the factorial runs when the CO;
inhibition was removed. In the southern parts of our simulation domain, broad-
leaved trees expanded at the expense of needle-leaved trees resulting in reductions
in monoterpene emissions. Contrary to this, isoprene emissions increased in the high
Arctic as shrubs and needle-leaved trees expanded northwards.

The decreased monoterpene emissions led to a decrease in SOA formation in the
lower latitudes of our domain, and thus a decrease in the SOA formation with a
resulting regional warming of 0.79 Wm. Contrary, in the high latitudes, the increased
BVOC emissions had a strong effect on SOA formation and thus the SOA attributable
optical depth by up to 45%. This in turn led to regional radiative cooling of -2.25 Wm"
2 and -2.09 Wm for the coolest (CanESM5-SSP1-1.9) and strongest (CanESMS5-
SSP5-8.5) warming scenario, respectively. The optical depth is a measure of the
distance that the light must travel to reach the surface, and thus a proxy for the light
scattering effect. Furthermore, effects on this scale are only made possible as the
Arctic has a relatively low background concentration of aerosols, and thus the BVOC-
induced particle formation can have a strong effect in the high latitudes.

The model results from Paper II and Paper IV display the complexity of the
feedbacks from vegetation change. This thesis makes no effort in comparing or
ranking the importance of the respective feedback, i.e., albedo-induced surface
warming versus indirect radiative cooling from BVOC emissions, as the feedbacks
are likely to interact. This will with no doubt be a topic for future studies. The results
nonetheless point to the importance of including shrubs in detailed high-latitude
simulations as they are involved in both feedbacks.

Feedbacks on biogeochemical cycling (Paper III)

As global climate change is dependent on CO; emissions to the atmosphere, the
Arctic ecosystems may either modulate or amplify global warming. In Paper I11 we
investigate this for the terrestrial land 60°N and for both CO; and non-CO;
greenhouse gases, i.e., CH4 and N»O, under different scenarios of climate change.

LPJ-GUESS simulated a net cooling effect on global climate, despite large increases
in both CH4 and N>O flux (Fig 3). Furthermore, the intermediately warmed
scenarios had the strongest cooling effect, while both SSP1-2.6 and the two warmest
scenarios (EC-Earth3-Veg SSP3-7.0 and EC-Earth3-Veg SSP5-8.5) more often
displayed years when the region had a warming effect on global climate. The largest
contributor to the net GWPioo was CO; for all scenarios, as such the net exchange
of CO, drove the magnitude of the cooling effect.

The net CO; exchange was mainly determined by the boreal forests, which acted as
large and persistent carbon sinks in our simulations. Tundra also acted as a net
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Fig 3 Contribution of each flux CO2, CH4 and N20 to net GWP100 summed over the simulation
domain at the end of the historical (2001-2010) and scenario (2091-2100) periods. Black bars
represent + 1 standard deviation of interannual variability. The figure is taken from Paper III.

carbon sink, although a weaker sink than the forests, and with an increasing trend
over the 21% century. On the other hand, GPP on the tundra was underestimated
compared to both upscaled eddy-covariance fluxes (Virkkala et al., 2021) and
satellite-derived GPP (Li & Xiao, 2019), and so the sink strength could also have
been underestimated.

The boreal forests also became large sources of N>O at the end of the century for
two of the GCMs, but not for MRI-ESM2-0, which was selected as our mid-range
climate sensitivity GCM. This source stemmed from excess nitrogen in the soil as
nitrogen uptake by the vegetation was outpaced by the net mineralisation. Although
some emerging evidence for this pathway of N,O formation exists (Burnett et al.,
2022), models of N>O emissions in the high latitudes are still poorly constrained
(Pilegaard, 2013; Voigt et al., 2020) and our results should be regarded as uncertain.

Peatland CH4 fluxes were the second largest contributor to the net GWPi¢. These
fluxes also depended on both the hydroclimate, but also on the vegetation growing
on the peatlands with peatlands that had a greater abundance of flood-tolerant
graminoids being more sensitive to increasing soil temperatures.

The finding that the northern high latitudes would have a net cooling effect contrasts
with expectations of the Arctic turning into a net source of CO; in the future (Belshe
et al., 2013; Crowther et al., 2016; Schuur et al., 2015). As very few — if any — other
estimates of GWP, o for this region under future climate change exists, it is difficult
to verify or compare our results to other estimates. The results are robust within
LPJ-GUESS and the results were also more dependent on scenario than previous
studies suggest (Ahlstrom et al., 2012). The uncertainty thus seems to be smaller
between GCMs than between scenarios. There is however always an uncertainty
associated with the model and the model’s conceptualisations of ecosystem
processes. This will be briefly discussed in the outlook section.
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Key findings

In this thesis I find the following key take-away messages:

The correlation between the treeline position and the theoretically limiting
6-7°C isotherm may be broken in the future as a result of nitrogen
limitations

Treeline advance is likely important for local climate feedbacks, which is
less discussed than effects on shrub increase.

The Arctic will have a cooling effect on the global climate through
increased uptake of CO», despite many-fold increases in the other potent
greenhouse gases CHs and N>O.

Vegetation shifts may induce a slight indirect cooling from the emissions of
BVOCs. This cooling is however dependent on the vegetation distribution
where needle-leaved forests induced a cooling response, while broad-leaved
forests had a slight positive climate warming due to the BVOC effect.
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Outlook and environmental science
perspective

This thesis discusses a broad range of climate-vegetation interactions which are both
complex and interacting. Such a broad analysis of a large region is only made
possible with a tool such as LPJ-GUESS and other DVMs. Models do offer a
tractable way to estimate climate impacts and biogeochemical and biogeophysical
fluxes in areas where observations are scarce or difficult to obtain or — as in the case
of remotely sensed data — to verify. Without a doubt, these analyses come with a
large degree of uncertainty, stemming not only from difficulties of evaluating
models at the pan-Arctic or even global scale but also from the conceptualisations
of the processes within the models themselves.

As a modeller it is always tempting to or even necessary to improve the realism of
the model. For models to stay relevant for both policy and science, they need to
evolve — it is a part of their life-cycle. This is however not unproblematic. Models
are initially developed with the purpose to solve a specific set of tasks, for instance
we could want to obtain an estimate of Arctic carbon fluxes and develop a model to
solve this problem. As all models are flawed, there will be biases in some regions
which we in the next iteration of the model would like to remidy with an added
process. The added complexity may yield a more realistic result, but may also
conceal a bias in the original model.

Over the course of time, the model may be given a large number of new processes
and sets of purposes, some of which may remedy biases and others that may conceal
them. A larger model is also more difficult to ‘falsify’ as it is difficult to track down
biases from one part of the model that may yield biases in another part of the model.
As an example from Paper III, it is difficult to know whether the low-bias in
ecosystem respiration from the tundra is due to a bias stemming from the bias in
GPP or if there is a bias or missing process in the decomposition module. The next
generation of land-surface models has already been called upon to not only improve
the realism, but also the robustness and reliability of the simulations (Prentice et al.,
2015). I also believe that models will need to be more transparent, i.e., we need to
be able to easier probe the models for process biases. In order to do this, modules
may need to be broken out from the larger framework, and models would thus be
‘split-up’ into smaller models that can then be coupled to each other. In Paper II
there was a large cold-bias over the tundra which was amplified by our dynamic
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vegetation and improved realism of nitrogen cycling. I firmly believe that such a
bias would have been harder to spot had the model not been coupled as other sub-
modules could have been calibrated to compensate for such a bias. As models are
common tools for assessments of future climate change, with global implications
for policymaking, it is vital that these models represent the best available data and
knowledge.

Science develops very quickly and new knowledge is rapidly gained in many fields.
For a large-scale model, this can be difficult to keep up with to stay relevant as some
of the core assumptions may become outdated. An example of a rapidly moving
field where the paradigm is shifting is the cycling of soil organic matter.

Here the older humification theory is replaced with new evidence of formation of
soil organic matter through microbial processes and stabilisation by the soil matrix
(Cotrufo et al., 2013; Lehmann & Kleber, 2015). This may render older
conceptualisations such as the CENTURY-model (Parton et al., 1993) obsolete in
favour of new conceptualisations. Smaller models could be more quickly developed
and tested, and also easier abandoned if deemed unrealistic. As a new paradigm
forms, there may be larger uncertainties in how to represent or conceptualise
processes in a model, as old explanations are no longer viable.

Bradford et al. (2016) advocate a broad range of conceptualisations in such a case.
As knowledge is gained, some conceptualisations will inevitably need to be
abandoned and models may converge around one or a few conceptualisations.
Ideally, this should be done in cooperation between modellers and empiricists.

Models for policy

As stated in the introduction, the global average temperature increase is proportional
to the emissions of CO; to the atmosphere. To avoid dangerous climate change and
fulfil the Paris Agreement of keeping global warming below 2°C within this century
and pursuing the limit of 1.5°C (UNFCCC, 2015), a threshold of maximally allowed
cumulative emissions can thus be set. The concept of a carbon budget has evolved
from this reasoning and transformed the problem from a flux problem (i.e., at what
rate can we emit greenhouse gases?) to a stock problem (i.e., what amount of
greenhouse gases can we emit?). The budget space will shrink with continued CO;
emissions but may be expanded if carbon sinks are enhanced. The functioning of
our natural ecosystems, i.e., if they turn from sources to sinks or vice versa, is in
that regard vital for human societies in estimating the carbon budget space.

Models like LPJ-GUESS and other DVMs can help in determining how natural and
anthropogenic ecosystems will respond to environmental perturbations. As such the
models will need to be reliable and robust, and also maintain the scope for which
they were developed. Furthermore, policymaking should not — and does likely not
—rely on the output of a single model, but should look at ensembles of models.
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Examples of such ensembles are obviously the CMIP and CORDEX programmes,
but for LSMs there is also the TRENDY ensemble (Sitch et al., 2015), which
compares and evaluates DVMs. Differences between models in ensembles could be
regarded as a strength, as that means that a larger range of conceptualisations is
covered. It is however important to find ways to constrain results from models that
lie outside the plausible range of the system that is studied. Such efforts are
emerging for GCMs under CMIP6 (See for instance, Nijsse et al., 2020; Tokarska
et al., 2020) where future predictions are constrained by historical data. Similar
efforts are still lacking for DVMs, but will likely be developed in the future.
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Abstract. Arctic environmental change induces shifts in
high-latitude plant community composition and stature with
implications for Arctic carbon cycling and energy exchange.
Two major components of change in high-latitude ecosys-
tems are the advancement of trees into tundra and the in-
creased abundance and size of shrubs. How future changes
in key climatic and environmental drivers will affect distribu-
tions of major ecosystem types is an active area of research.
Dynamic vegetation models (DVMs) offer a way to investi-
gate multiple and interacting drivers of vegetation distribu-
tion and ecosystem function. We employed the LPJ-GUESS
tree-individual-based DVM over the Tornetrisk area, a sub-
arctic landscape in northern Sweden. Using a highly resolved
climate dataset to downscale CMIP5 climate data from three
global climate models and two 21st-century future scenar-
ios (RCP2.6 and RCPS.5), we investigated future impacts
of climate change on these ecosystems. We also performed
model experiments where we factorially varied drivers (cli-
mate, nitrogen deposition and [CO;]) to disentangle the ef-
fects of each on ecosystem properties and functions. Our
model predicted that treelines could advance by between 45
and 195 elevational metres by 2100, depending on the sce-
nario. Temperature was a strong driver of vegetation change,
with nitrogen availability identified as an important modu-
lator of treeline advance. While increased CO; fertilisation
drove productivity increases, it did not result in range shifts
of trees. Treeline advance was realistically simulated with-
out any temperature dependence on growth, but biomass was
overestimated. Our finding that nitrogen cycling could modu-

late treeline advance underlines the importance of represent-
ing plant-soil interactions in models to project future Arctic
vegetation change.

1 Introduction

In recent decades, the Arctic has been observed becoming
greener (Epstein et al., 2012; Bhatt et al., 2010). Causes in-
clude an increased growth and abundance of shrubs (Myers-
Smith et al., 2011; Elmendorf et al., 2012; Forbes et al.,
2010), increased vegetation stature associated with a longer
growing season, and poleward advance of the Arctic treeline
(Bjorkman et al., 2018). Shrubs protruding through the snow
and treeline advance alter surface albedo and energy ex-
change with potential feedback to the climate system (Chapin
et al., 2005; Sturm, 2005; Serreze and Barry, 2011; Zhang et
al., 2013, 2018). Warming and associated changes in high-
latitude ecosystems have implications for carbon cycling
through increased plant productivity, species shifts (Chapin
et al., 2005; Zhang et al., 2014) and increased soil organic
matter (SOM) decomposition with subsequent loss of car-
bon to the atmosphere. Studies of the Arctic carbon balance
have shown that the region has been a weak sink in the past
(Mcguire et al., 2009, 2012; Bruhwiler et al., 2021; Virkkala
et al., 2021), although uncertainty is substantial, and it is dif-
ficult to determine accurately the strength of this sink. How
climate and environmental changes will affect the relative
balance between the carbon uptake, i.e. photosynthesis, and
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release processes, i.e. autotrophic and heterotrophic respira-
tion, will determine whether the Arctic will be a source or a
sink of carbon in the future.

Forest—tundra ecotones constitute vast transition zones
where abrupt changes in ecosystem functioning occur (Hof-
gaard et al., 2012). While a generally accepted theory of what
drives treeline advance is currently lacking, several alterna-
tive explanations exist. Firstly, direct effects of rising tem-
peratures have been thoroughly discussed (e.g. Rees et al.,
2020; Hofgaard et al., 2019; Korner, 2015; Chapin, 1983).
On the global scale, treelines have been found to correlate
well with a 6-7°C mean growing season ground tempera-
ture (Korner and Paulsen, 2004) and could thus be expected
to follow isotherm movement as temperatures rise. A global
study of alpine treeline advance in response to warming since
1900 showed that 52 % of treelines had advanced while the
other half were stationary (47 %), with only occasional in-
stances of retreat (1 %) (Harsch et al., 2009). Similar patterns
have been observed on the circumarctic scale, although lati-
tudinal treelines might be expected to shift more slowly than
elevational treelines due to dispersal constraints (Rees et al.,
2020). As trees close to the treeline often show ample storage
of non-structural carbohydrates (Hoch and Korner, 2012), it
has been suggested that a minimum temperature requirement
for wood formation, rather than productivity, might constrain
treeline position (Korner, 2003, 2015; Korner et al., 2016).

Secondly, it has been hypothesised that indirect effects
of warming might be as important as or more important
than direct effects (Sullivan et al., 2015; Chapin, 1983). For
example, rising air and soil temperatures might induce in-
creased mineralisation and plant availability of nitrogen in
the litter layer and soil (Chapin, 1983). Increased nitrogen
uptake could in turn enhance plant productivity and growth
(Dusenge et al., 2019). Increased nitrogen uptake as a conse-
quence of increased soil temperatures or nitrogen fertilisation
has been shown to increase seedling winter survival among
seedlings of mountain birch (Betula pubescens ssp. tortuosa)
— the main treeline species in Scandinavia (Weih and Karls-
son, 1999; Karlsson and Weih, 1996).

Thirdly, experiments exposing plants and ecosystems to
elevated CO; often show increased plant productivity and
biomass increase, especially in trees (Ainsworth and Long,
2005). Terrestrial biosphere models generally emulate the
same response (Hickler et al., 2008; Smith et al., 2014; Piao
et al., 2013). Although difficult to measure in field experi-
ments, the treeline position seems unresponsive to increased
[CO3] alone (Holtmeier and Broll, 2007). Whether treelines
are responsive to increased productivity through CO, fertili-
sation might yield insights into whether treelines are limited
by their productivity, i.e. photosynthesis, versus their ability
to utilise assimilated carbon, i.e. wood formation. However,
the extent to which increased [CO;] drives long-term tree and
shrub encroachment and growth remains poorly studied.

For treeline migration to occur, it is not only the growth
and increased stature of established trees but also the re-
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cruitment and survival of new individuals beyond the exist-
ing treeline that is important (Holtmeier and Broll, 2007).
Seedlings of treeline species are sometimes observed above
the treeline, especially in sheltered microhabitats (Hofgaard
et al., 2009; Sundqyvist et al., 2008). However, these individ-
uals often display stunted growth and can be decades old,
although age declines with elevation (Hofgaard et al., 2009).
The suitability of the tundra environment for trees to estab-
lish and grow taller will thus be an important factor for the
rate of treeline advance (Cairns and Moen, 2004). Interspe-
cific competition and herbivory are known to be important
modulators of range shifts of trees (Cairns and Moen, 2004;
Van Bogaert et al., 2011; Grau et al., 2012). For instance,
the presence of shrubs has been shown to limit tree seedling
growth (Weih and Karlsson, 1999; Grau et al., 2012), likely
as a consequence of competition with tree seedlings for nitro-
gen. Comparisons of a model incorporating only bioclimatic
limits to species distributions and more ecologically complex
models have also suggested interspecific plant competition
to be important for range shifts of trees (Epstein et al., 2007;
Scherrer et al., 2020). Thus, as a fourth factor, shrub—tree in-
teractions could be important when predicting range shifts
such as changing treeline positions under future climates.
Rising temperatures have been suggested as the dominant
driver of increased shrub growth, especially where soil mois-
ture is not limiting (Myers-Smith et al., 2015, 2018). Further-
more, a changed precipitation regime, especially increased
winter snowfall, might promote establishment of trees and
shrubs through the insulating effects of snow cover with sub-
sequent increases in seedling winter survival (Hallinger et al.,
2010).

A narrow focus on a single variable, e.g. summer tempera-
ture, or a few driving variables may lead to overestimation of
treeline advance in future projections (Hofgaard et al., 2019).
Dynamic vegetation models (DVMs) offer a way to investi-
gate the influence of multiple and interacting drivers on veg-
etation and ecosystem processes. Model predictions may be
compared with observations of local treelines and ecotones
to validate assumptions embedded in the models and to in-
terpret causality in observed dynamics and patterns. DVMs
also offer a way to extrapolate observable local phenom-
ena to broader scales, such as that of circumarctic shifts in
the forest—tundra ecotone and the responsible drivers. Here,
we examine a sub-arctic forest—tundra ecotone that has un-
dergone spatial shifts over recent decades (Callaghan et al.,
2013), previously attributed to climate warming. Adopting
an individual-based DVM incorporating a detailed descrip-
tion of vegetation composition and stature and nitrogen cy-
cle dynamics, we apply the model at a high spatial resolution
to compare observed and predicted recent treeline dynam-
ics, and we project future vegetation change and its impli-
cations for carbon balance and biogeophysical vegetation—
atmosphere feedbacks. In addition, we conduct three model
experiments to separate and interpret the impact of driving
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factors (climate, nitrogen deposition, [CO;]) on vegetation
in a forest—tundra ecotone in Sweden’s sub-arctic north.

2 Materials and methods
2.1 Study site

Abisko Scientific Research Station (ANS; 68°21'N,
18°49’E), situated in the mountain-fringed Abisko Valley
near Lake Tornetrdsk in northern Sweden, has a long record
of ecological and climate research. The climate record dates
back to 1913 and is still ongoing. The area is situated in a
rain shadow and is thus relatively dry despite its proximity
to the ocean (Callaghan et al., 2013). The forests in the
lower parts of the valley consist mostly of mountain birch
Betula pubescens ssp. czerepanovii, which is also dominant
at the treeline. Treeline elevation in the Abisko Valley ranges
between 600-800m above sea level (a.s.l.) (Callaghan et
al., 2013). Other tree types in lower parts of the valley are
Sorbus aucuparia and Populus tremula, along with small
populations of Pinus sylvestris, which are assumed to be
refugia species from warmer periods during the Holocene
(Berglund et al., 1996). Soils consist of glaciofluvial till and
sediments. An extensive summary of previous studies and
the environment around Lake Tornetrisk can be found in
Callaghan et al. (2013).

Our study domain covers an area of approximately 85 km?
and extends from Mount Nuolja in the west to the moun-
tain Nissoncorru in the east (see Fig. 2). The northern part
of our study domain is bounded by Lake Tornetrdsk. The
mean annual temperature was —0.5 0.9 °C for the 30-year
period 1971-2000 (Fig. 1, Table 2), with January being
the coldest month (—10.2+3.5°C) and July the warmest
(11.3 £ 1.4 °C). Mean annual precipitation was 323 4= 66 mm
for the same reference period. This reference period was cho-
sen as it is the last one in the dataset by Yang et al. (2011).

2.2 Ecosystem model

We used the LPJ-GUESS DVM as the main tool for our
study (Smith et al., 2001, 2014; Miller and Smith, 2012).
LPJ-GUESS is one of the most ecologically detailed mod-
els of its class, suitable for regional- and global-scale studies
of climate impacts on vegetation, employing an individual-
and patch-based representation of vegetation composition
and structure. It simulates the dynamics of plant populations
and ecosystem carbon, nitrogen and water exchanges in re-
sponse to external climate forcing. Biogeophysical processes
(e.g. soil hydrology and evapotranspiration) and plant phys-
iological processes (e.g. photosynthesis, respiration, carbon
allocation) are interlinked and represented mechanistically.
Canopy fluxes of carbon dioxide and water vapour are cal-
culated by a coupled photosynthesis and stomatal conduc-
tance scheme based on the approach of BIOME3 (Haxel-
tine and Prentice, 1996). Photosynthesis is a function of air
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Figure 1. Historic (1971-2000) and projected (2071-2100) temper-
ature (left) and precipitation (right) variability at the Abisko study
area. The shaded areas (temperature) and narrow bars (precipita-
tion) mark &1 standard deviation uncertainty in the three CMIP5
multi-model means for RCP2.6 and RCP8.5.

temperature, incoming short-wave or photosynthetically ac-
tive radiation, [CO,], and water and nutrient availability. Au-
totrophic respiration has three components — maintenance,
growth and leaf respiration. Tissue maintenance respiration
is dependent on soil and air temperature for root and above-
ground respiration, respectively, along with a dependency on
tissue C: N stoichiometry. All assimilated carbon that is not
consumed by autotrophic respiration, less a 10 % flux to re-
productive organs, is allocated to leaves; fine roots; and, for
woody plant functional types (PFTs), sapwood, following a
set of prescribed allometric relationships for each PFT, re-
sulting in biomass, height and diameter growth (Sitch et al.,
2003). Consequently, an individual in the model is assumed
to be carbon limited when autotrophic respiration equals or
exceeds the amount of carbon assimilated by photosynthesis.
A chronically negative carbon balance at the individual level
eventually results in plant death.

The model assumes the presence of seeds in all grid cells,
meaning that simulated PFTs can establish once the climate
is favourable, as defined by each PFT’s predefined biocli-
matic limits. The competition between neighbouring plant
individuals for light, water and nutrients, affecting establish-
ment, growth and mortality, is modelled explicitly. Competi-
tion for light and nutrients is assumed to be asymmetric; i.e.
individuals with taller canopies or larger root systems will be
advantaged in the capture of resources under scarcity. Wa-
ter uptake is divided equally among individuals according to
the water availability and the fraction of each PFT’s roots
occupying each soil layer. Individuals of the same age co-
occurring in a local neighbourhood or patch and belonging to
the same PFT (see below) are assumed to be identical to each

Biogeosciences, 18, 6329-6347, 2021
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Lake Tornetrask

Biomass C (kgC m~2)
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Figure 2. Map of Sweden and Scandinavia with a red square marking the study area. The location of the Abisko Scientific Research Station
(ANS) is marked in panel (a). Panels on the right show the study area in more detail and the modelled forest—tundra ecotone for the historic
period (1990-2000). (a) Dominant PFT (BNE — boreal needle leaved evergreen tree; BINE — boreal shade-intolerant needle leaved tree; IBS
— boreal shade-intolerant broadleaved tree; HSE — tall evergreen shrub; HSS — tall summergreen shrub; LSE — low evergreen shrub; LSS
— low summergreen shrub; EPDS — evergreen prostrate dwarf shrub; SPDS — summergreen prostrate dwarf shrub; GRS — grasses) in the
ecotone and total ecosystem, (b) LAI (m2 mfz), (¢) productivity (GPP; kgC m—2 yrfl), and (d) plant biomass carbon density (kgC mfz).
The black line in panels (a)—(d) shows the modelled treeline position. Numbers on the contour lines mark the elevation in metres above sea

level. Data source for map: Natural Earth.

other. Decomposition of plant litter and cycling of soil nutri-
ents are represented by a CENTURY-based soil biogeochem-
istry module, applied at the patch scale (Smith et al., 2014).
Biological N fixation is represented by an empirical relation-
ship between annual evapotranspiration and nitrogen fixation
(Cleveland et al., 1999). LPJ-GUESS does not currently in-
corporate PFT-specific nitrogen fixation, which for instance
may be associated with species that form root nodules, such
as Alnus spp. Additional inputs of nitrogen to the system
occur through nitrogen deposition or fertilisation. Nitrogen
is lost from the system through leaching, gaseous emissions
from soils or wildfires (Smith et al., 2014).

For this study we employed LPJ-GUESS version 4.0
(Smith et al., 2014), enhanced with arctic-specific features
(Miller and Smith, 2012; Wania et al., 2009). The com-
bined model incorporates an updated set of arctic PFTs (de-
scribed below), improved soil physics and a multi-layered
dynamic snow scheme, allowing for simulation of permafrost
and frozen ground. The soil scheme includes 15 equally dis-
tributed soil layers constituting a total soil depth of 1.5 m.

Vegetation in the model is represented by cohorts of in-
dividuals interacting in local communities or patches and
belonging to a number of PFTs that are distinguished by

Biogeosciences, 18, 6329-6347, 2021

growth form (tree, shrub, herbaceous), life history strate-
gies (shade tolerant or intolerant) and phenology class (ev-
ergreen or summergreen). Herbaceous PFTs are represented
as a dynamic, aggregate cover of ground layer vegetation
in each patch. In this study 11 PFTs were implemented
(see Table S2.1 in the Supplement for a description of in-
cluded PFTs; see Table S2.2 in the Supplement for param-
eter values associated with each PFT). Out of these, three
were tree PFTs: boreal needle-leaved evergreen tree (BNE),
boreal shade-intolerant evergreen tree (BINE) and boreal
shade-intolerant broad-leaved summergreen tree (IBS). Cor-
responding tree species present in the Tornetrésk region in-
clude Picea abies (BNE), Pinus sylvestris (BINE), Betula
pubescens ssp. czerepanovii, Populus tremula and Sorbus
aucuparia (IBS). Following Wolf et al. (2008), shrub PFTs
with different statures were implemented as follows: tall
summergreen shrub (HSS) and tall evergreen shrub (HSE),
corresponding to Salix spp. (HSS) and Juniperus commu-
nis (HSE), and low summergreen shrub (LSS) and low ever-
green shrub (LSE) such as Betula nana (LSS) and Empetrum
nigrum (LSE). We also included prostrate shrubs and two
herbaceous PFTs.

https://doi.org/10.5194/bg-18-6329-2021
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Grid cell vegetation and biogeophysical properties are cal-
culated by averaging over a number of replicate patches, each
nominally 0.1 ha in area and subject to the same climate forc-
ing. No assumptions are made about how the patches are
distributed within a grid cell; they are a statistical sample
of equally possible disturbance/demographic histories across
the landscape of a grid cell. Within each patch, the estab-
lishment, growth and mortality of tree or shrub cohorts com-
prising individuals of equal age (and dynamic size/form) are
modelled annually (Smith et al., 2001, 2014). Establishment
and mortality have both an abiotic (bioclimatic) and a bi-
otic (competition-mediated) component. Vegetation dynam-
ics, i.e. changes in the distribution and abundance of differ-
ent PFTs in grid cells over time, are an emergent outcome
of the competition for resources between PFT cohorts at the
patch level within an overall climate envelope determined by
bioclimatic limits for establishment and survival. The bio-
climatic envelope is a hard limit to vegetation distribution,
intended to represent the physiological niche of a PFT. Fur-
thermore, the climate envelope is a proxy not only for phys-
iological processes such as meristem activity that may set
species ranges but also for climatic stressors such as tis-
sue freezing. The parameters are intended to capture broader
climatic properties of each grid cell. A detailed description
of each bioclimatic parameter and its respective values can
be found in Table S2.2 in the Supplement. Disturbance is
accounted for by the occasional removal of all vegetation
within a patch with an annual probability of 300 yr~!, repre-
senting random events such as storms, avalanches, insect out-
breaks and windthrow. The study used three replicate patches
within each 50 x 50 m grid cell. We judged this number suffi-
cient to obtain a stable representation of vegetation dynamics
given the relative area of each grid cell and replicate patches
(0.1 ha). For summergreen PFTs we slightly modified the as-
sumption of a fixed growing degree day (GDD) requirement
for establishment, using thawing degree days (TDDs — de-
gree days with a 0°C basis; see Table S2.2) to capture the
thermal sum requirement for the establishment of new indi-
viduals.

2.3 Forcing data

The input variables used as forcing in LPJ-GUESS simu-
lations are monthly 2m air temperature (°C), precipitation
(mm) and incoming short-wave radiation (W m~2) as well
as annual atmospheric [CO;] (ppm), soil texture (mineral
fractions only) and nitrogen deposition (kgN per hectare per
month). Monthly air temperature and short-wave radiation
are interpolated to a daily time step, while precipitation is
randomly distributed over the month using monthly wet days.

2.3.1 Historic period

A highly resolved (50 x 50m) temperature and radiation
dataset using field measurements and a digital elevation
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model (DEM) by Yang et al. (2011) provided climate input
to the model simulations for the historic period (1913-2000).
The field measurements were conducted in the form of tran-
sects that captured mesoscale climatic variations, i.e. lapse
rates. In addition, the transects were placed to capture mi-
croclimatic effects of the nearby Lake Tornetrisk and aspect
effects on radiation influx. The temperature in the lower parts
of the Abisko Valley in the resulting dataset was influenced
by the lake, with milder winters and less yearly variability.
At higher elevation, the temperature was more variable over
the year and the local-scale variations were more dependent
on the different solar angles between seasons and by aspect
(Yang et al., 2011, 2012) (see Fig. S1.1 in the Supplement).
For a full description of how this dataset was constructed we
refer to Yang et al. (2011, 2012).

Monthly precipitation input was obtained from the Abisko
Scientific Research Station weather records. Precipitation
was randomly distributed over each month using the num-
ber of wet days from the CRUNCEP v.7 dataset (Wei et al.,
2014). We assumed that local differences in precipitation can
be neglected for our study domain, and thus the raw station
data were used as input to LPJ-GUESS for the historic pe-
riod. Nitrogen deposition data for the historic and future sim-
ulations were extracted from the grid cell including Abisko
in the dataset of Lamarque et al. (2013). Nitrogen deposition
was assumed to be distributed equally over the study domain.

Soil texture was extracted from the WISE soil dataset (Bat-
jes, 2005) for the Abisko area and assumed to be uniform
across the study domain. Callaghan et al. (2013) report that
the soils around the Tornetrisk areas are mainly glaciofluvial
till and sediments. Clay and silt fractions vary between 20 %—
50 % (Josefsson, 1990) with higher fractions of clay and silt
in the birch forest and a larger sand content in the heaths. In
the absence of spatial information on particle size distribu-
tions, the soil was prescribed as a sandy loam soil with 43 %
sand and approximately equal fractions of silt and clay.

2.3.2 Future simulations

Future estimates of vegetation change were simulated for
one low-emission (RCP2.6) and one high-emission (RCP8.5)
scenario. For each scenario, climate change projections
from three global climate models (GCMs) from the CMIP5
GCM ensemble (Taylor et al., 2012) were used to inves-
tigate climate effects on vegetation dynamics. The cho-
sen GCMs (MIROC-ESM-CHEM, HadGEM2-AO, GFDL-
ESM2M) were selected to represent the largest spread, i.e.
the highest, the lowest and near average, in modelled mean
annual temperature for the reference period 2071-2100. Only
models with available simulations for both RCP2.6 and
RCP8.5 were used in the selection. Monthly climate data
for input to LPJ-GUESS (temperature, total precipitation and
short-wave radiation) were extracted for the grid cell includ-
ing Abisko for each GCM. The number of wet days per
month was assumed not to change in the future scenario sim-
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ulations, so we used the 1971-2000 climatology for this pe-
riod.

The historic climate dataset by Yang et al. (2011) was ex-
tended into the projection period (2001-2100) using the delta
change approach as follows. For each grid cell monthly dif-
ferences were calculated between the projection climate and
the dataset by Yang et al. (2011) for the last 30-year reference
period in our historic dataset (1971-2000). For temperature,
the arithmetic difference was extracted, while for precipita-
tion and incoming short-wave radiation, relative (i.e. geomet-
ric) differences between the two datasets were extracted. The
resulting monthly anomalies were then either added (temper-
ature) to the GCM outputs or used to multiply (precipitation,
radiation) the GCM outputs from 2001-2100, for each of the
climate scenarios used. Forcing data of atmospheric [CO;]
for the two scenarios were obtained from the CMIP5 project.

2.4 Model experiments

To investigate the possible drivers of future vegetation
change, we performed three model experiments. The model
was forced with changes to one category of input (driver)
variables (climate, [CO2], nitrogen deposition) at a time for
a projection period between the years 2001-2100. A full list
of simulations can be found in Table S3 (Supplement).

A control scenario with no climate trend (and with [CO;]
and nitrogen deposition held at their respective year 2000
values) was also created. We estimated the effect of the tran-
sient climate change, [CO;] or nitrogen deposition scenarios
by subtracting model results for the last decade (2090-2100)
in the no-trend scenario from those for the last decade (2090—
2100) of the respective transient scenario. To estimate how
sensitive the model was to different factors, we performed a
Spearman rank correlation for each PFT in 50 m elevational
bands over the forest—tundra ecotone. We chose Spearman
rank over Pearson since not all correlations were linear.

2.4.1 Climate change

To estimate the sensitivity to climate change, the same sce-
narios as those used for the future simulations (Sect. 2.3.2)
were used while [CO,] and nitrogen deposition were held
constant at their year 2000 value.

Climate anomalies without any trend were created by ran-
domly sampling full years in the last decade (1990-2000)
from the climate station data. The climate dataset was then
extended using these data. The resulting climate scenario had
the same interannual variability as the historic dataset and no
trend for the years 2001-2100. This scenario was used to in-
vestigate any lag effects on vegetation change. This scenario
also provided climate input for the nitrogen and [CO;] sen-
sitivity tests described below.
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242 CO,

For our projection simulations we used five different
[CO3] scenarios from the CMIP5 project. High-emission
(RCP8.5), medium-emission (RCP6.0, RCP4.5) and low-
emission (RCP2.6) scenarios as well as a “no change” emis-
sion scenario were used.

2.4.3 Nitrogen deposition

Scenarios of nitrogen deposition were obtained from the
Lamarque et al. (2013) dataset. Since this dataset assumes
a decrease in nitrogen deposition after the year 2000, we also
added four scenarios where nitrogen deposition increased
with 2, 5, 7.5 and 10 times the nitrogen deposition relative
to the year 2000. These four scenarios were created to iso-
late the single-factor effect of nitrogen increase without any
climate or [CO;] change. The resulting additional loads of ni-
trogen after the year 2000 in these scenarios were 0.38, 0.97,
1.46 and 1.9 gN' m~2 yr—!, respectively.

2.5 Model evaluation

We evaluated the model against available observations in the
Abisko area. Measurements of ecosystem productivity from
an eddy covariance (EC) tower were obtained for 6 non-
consecutive years (Olsson et al., 2017). Biomass and biomass
change estimates were used to evaluate simulated biomass in
the birch forest (Hedenis et al., 2011). Surveys of historic
vegetation change above the treeline were obtained from
Rundqyvist et al. (2011). Leaf area index (LAI) and evapo-
transpiration estimates were obtained from Ovhed and Holm-
gren (1996).

The studies by Hedends et al. (2011) and Rundqvist et
al. (2011) were used to evaluate model outputs around the
observation year 2010. To compare biomass and vegeta-
tion change with these studies, we extracted 5-year multi-
model averages for 20082012 from our projection simula-
tions (Sect. 2.3.2). These means were used to calculate mod-
elled change in biomass and vegetation in our historic dataset
and to compare the modelled output to the observational data.

To determine the local rates of treeline migration, several
transects were defined within our study domain (Fig. S1.2 in
the Supplement). These transects were chosen to represent a
large spread in heterogeneity with regard to slope and aspect
in the landscape. A subsample of the selected transects were
placed close to the transects used by Van Bogaert et al. (2011)
and used to evaluate model performance. Results from the
model evaluation are summarised in Tables 1 and S1.1.

2.6 Determination of domains in the forest-tundra
ecotone

In our analysis we distinguished between forest, treeline and

shrub tundra, defined as follows. Any grid cell containing
30 % fractional projective cover or more of trees was clas-
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Table 1. Model evaluation and benchmarking results.
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Parameter Unit Domain Time Model Observed  Reference
interval value estimate

GPP (average) gC m—2 yro 1 Birch forest 2007-2014 410+ 64 440+54  Olsson et al. (2017)
Carbon density tCha™! Birch forest 2010 21.8+10 4.39+3.46 Hedenasetal. (2011)
Carbon density change % Birch forest 1997-2010 25 19  Hedenas et al. (2011)
LAI m?m~2 Forest canopy ~ 1988-1989  1.65 £ 0.66 ~2.0  Ovhed and Holmgren (1996)

Understorey 0.174+0.12 ~0.5
Densification % Shrub tundra 1976-2010 +87+15 +50to 80  Rundgvist et al. (2011)
Treeline elevation (min) m.as.l Treeline 2010 444 ~600 Callaghan et al. (2013)
Treeline elevation (mean) 564 -
Treeline elevation (max) 723 ~ 800
Treeline elevation change (mean)  Elevational metres  Treeline 1912-2009 80 24 Van Bogaert et al. (2011)
Treeline elevation change (max) 123 145
Treeline migration rate (mean) m yr_l Treeline 1912-2009 +0.85 +0.6  Van Bogaert et al. (2011)
Treeline migration rate (max) +1.18 +1.1

sified as forest. This limit has been used by other studies in
the area (e.g. Van Bogaert et al., 2011) to determine the birch
forest boundary. The treeline was then determined by first se-
lecting grid cells classified as forest. Any grid cell with four
or more neighbours fulfilling the 30 % cover condition crite-
rion was classified as belonging to the forest. The perimeter
of the forest was then determined through sorting out grid
cells with four or five neighbours classified as forest. Grid
cells with fewer or more neighbours were regarded as tun-
dra or forest, respectively. Grid cells below the treeline were
classified as forest in the analysis, and grid cells above the
treeline were classified as tundra.

2.7 Presentation of results

We present seasonal values for soil and air temperature.
These are averages of the 3-month periods DJF, MAM, JJA
and SON, referred to as winter, spring, summer and autumn
below. For the RCPs average values are presented with the
ranges of the different scenarios within each RCP given in
parentheses. We report values of both gross primary produc-
tion (GPP), which we benchmark the model against, and net
primary productivity (NPP) as this is of relevance for the car-
bon limitation discussion.

3 Results

3.1 Historic vegetation shifts

The dominant PFT in the forest and at the treeline was IBS,
which constituted 90 % of the total LAI (Figs. 2a—3a). The
only other tree PFT present in the forest was BINE, which

comprised a minor fraction of total LAI. However, in the
lower (warmer) parts of the landscape, BINE comprised up
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to 20 % of the total LAI in a few grid cells. The forest under-
storey was mixed but consisted mostly of tall and low ever-
green shrubs and grasses. Shrub tundra vegetation above the
treeline was more mixed, but LSE dominated with 51 % of
the total LAI. Grasses comprised an additional 25 % of the
total LAI, and IBS was present close to the treeline, where
it comprised up to 5% of the LAI in some grid cells. NPP
for IBS in the forest increased from 96 to 180 gCm=2 yr~!
over our historic period (1913-2000). Corresponding values
at the treeline did not increase but were saturated at around
60gCm~2yr~!. Above the treeline, IBS showed very low
NPP values (<15 gCm~2 yr~1), while NPP for the dominant
shrub (LSE) doubled from 20 gCm~2yr~! at the treeline to
40 gCm~2 yr~! in the tundra.

Between the start and end of our historic (1913-2000) sim-
ulation the treeline shifted upwards by 67 elevational metres
on average, corresponding to a rate of 0.83myr~!. How-
ever, during the 20th century both a period (1913-1940) with
more rapid warming (0.8 °C) and a faster tree migration rate
(1.23m yr’l) and a period (1940-1980) with a cooling trend
(—0.3°C) and stationary treeline occurred (Fig. 5). Between
1913-2000, the lower boundary of the treeline shifted up-
wards by 2m, while treeline upper boundaries shifted up-
wards by 123 m. These shifts corresponded to rates of 0.03
and 1.54myr~!, respectively. Similar rates were also found
in the transects established to test how the model simulates
the heterogeneity of treeline migration (Fig. S1.2 and Ta-
ble S1.1 in the Supplement), where the average migration
rate was 0.87 (0.54—1.25)myr~ .

During the 1913-2000 period, annual average air tempera-
ture at the simulated treeline warmed from —2.0 to —0.8 °C.
Warming occurred throughout the year but was strongest in
winter and spring, when temperatures increased by 3.0 and
1.4°C, respectively. In contrast, both summer and autumn
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Figure 3. Leaf area index (LAI) in the forest—tundra ecotone for the historic period (1990-2000) (a) and at the end of the century (2090-2100)
for (b) RCP2.6 and (c) RCP8.5, respectively. Each bar represents 50 elevational metres.

temperatures warmed by only 0.6 °C. The resulting winter,
spring, summer and autumn air temperatures at the treeline
in 1990-2000 were —8.7, 3.3, 8.8 and —0.1 °C, respectively.
The warming was also reflected in annual average soil tem-
perature increases of a similar magnitude, by 2.1°C from
—0.8 to 1.3 °C. Winter soil temperature increased by 3.7 °C
from —5.6°C in 1913 to —1.9°C in 2000. The warmer soil
temperatures resulted in a 4.8 % simulated increase in the
annual net nitrogen mineralisation rate in the treeline soils
over the same period. In absolute numbers, nitrogen mineral-
isation increased from 1.29 to 1.36 gN-m~2, Combined with
an increased nitrogen deposition load from 0.06 gN'm~2 in
1913 to 0.20 gN'm~2 in 2000 and an increased nitrogen fixa-
tion from 0.13 to 0.18 gN'm~2, plant-available nitrogen was
simulated to increase by 15.9 %. Simulated permafrost with
an active layer thickness of <1.5 m was present at elevations
down to 560 ma.s.l. in a few grid cells but was always well
above the treeline. More shallow permafrost (active layer
thickness <1 m) was only present in grid cells at elevations
of 940 ma.s.. and above.

3.2 Projected vegetation shifts

During the 100-year projection period (2001-2100) treelines
advanced by between 45 (HadGEM2-AO-RCP2.6) and 195
(GFDL-ESM2M-RCP8.5) elevational metres in the differ-
ent scenarios, corresponding to rates of 0.45 and 1.95 el-
evational metres per year. The total LAI increased in the
entire ecotone in both RCP2.6 and RCP8.5 compared to
the historic (1990-2000) values (Fig. 3b—c). The increase
was more pronounced in RCP8.5, which also saw a large
increase in low evergreen shrubs (LSE) at the end of the
century (2090-2100). While the forest was still dominated
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by IBS, evergreen trees (BNE and BINE) increased and
together comprised approximately 15 % of the total LAIL
The fraction of evergreen trees in the forest correlated
well with the degree of warming in each scenario. For-
est GPP was mainly driven by tree PFTs and increased by
50 % (12 %99 %) for RCP2.6 and 177 % (98 %—-270 %) for
RCP8.5. Above the treeline, low shrubs (LSS and LSE) con-
tributed the most to annual GPP change, which increased
by 33% (=12% to 67 %) and 239 % (105 %—-370 %) in
RCP2.6 and RCP8.5, respectively. Forest NPP, wherein IBS
was always dominant, increased from 200 gCm~2yr~! in
the year 2000 to 300 (220-375) gCm~2 yr~! and 490 (380—
610) g€ m~2 yr~! for RCP2.6 and RCP8.5, respectively, over
the projection period. NPP for the same period for IBS
at the treeline increased slightly from 60gCm~2yr~! to
80(74-90) gCm~2 yr~! and 104 (80-116) gCm~2yr~! for
RCP2.6 and RCP8.5. Above the treeline NPP remained low
(<25gCm~2yr~ 1) for IBS in all scenarios and always had
a lower NPP than the most productive shrub PFT (LSE).
NPP for this shrub was 49 (24—64) gCm~2 yr~! and 130 (81—
180) gCm~2 yr~!. The productivity increase translated into a
biomass C increase of the same magnitude both in the forest
and above the treeline.

The average summer air temperature at the treeline
between the last decade of the historic and projec-
tion periods increased by 0.3 and 6.7°C for the cold-
est (GFDL-ESM2M-RCP2.6) and warmest (MIROC-ESM-
CHEM-RCP8.5) GCM scenario, respectively. The advance
of the 6°C JJA soil temperature isotherm was more rapid
than the treeline advance (Fig. 4). In the two warmest sce-
narios (MIROC-ESM-CHEM-RCP8.5 and HadGEM2-AO-
RCP8.5) summer soil temperatures exceeded 6 °C in the
whole study domain. Treeline elevations in these scenarios
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Figure 4. JJA 6°C soil temperature isotherm elevation relative
to average treeline elevation. Square markers represent RCP2.6,
and triangles represent RCP8.5. In the two warmest scenarios
(HadGEM2-AO-RCP8.5 and MIROC-ESM-CHEM-RCPS.5), the
6 °C soil temperatures exceed 6 °C in the whole landscape. The dot-
ted line represents the 1 : 1 relationship between the treeline and
isotherm placement, and the solid line displays the treeline—soil
temperature regression.

only reached 745 and 660 m a.s.1., respectively. Treelines ad-
vanced almost twice as fast in RCP8.5 compared to RCP2.6,
by 1.55(1.10-1.96) myr—" and 0.84 (0.44—1.16)myr~!, re-
spectively.

3.3 Model experiments

A slight treeline advance at the end of the projection period
(2090-2100) of approximately 11 elevational metres was
seen in the control simulation. As all drivers were held con-
stant or trend-free in this simulation, this reveals a lag from
the historical period, likely resulting from smaller trees that
had established in the historic period that matured during the
projection period.

3.3.1 Climate change

Treeline advance occurred in all climate change scenarios al-
though the rate was not uniform throughout the projection
period (Fig. 5). When driven by climate change alone, mi-
gration rates were faster compared to simulations where ni-
trogen deposition and [CO;] were also changed (Sect. 3.2).
Treeline advance in climate-change-only scenarios ranged
between 60 elevational metres (HadGEM2-AO-RCP2.6) and
245 elevational metres (MIROC-ESM-CHEM-RCPS.5) over
the 100-year projection period.

Tree productivity was strongly enhanced by air tempera-
ture increase over the whole study domain (Fig. 6a). Weaker
correlations between productivity and other climate factors
such as precipitation and net short-wave radiation were also
seen (Figs. S1.5 and S1.6 in the Supplement). Annual precip-
itation increased in all climate change scenarios (Table 2).
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In the lower parts of the valley, the increased precipitation
did not result in increased soil moisture during summer as
losses through evapotranspiration driven by temperature ex-
ceeded the additional input. Spring and autumn soil moisture
increased in the forest, mainly because of earlier snowmelt
and thawing ground in spring and relatively weaker evap-
otranspiration in autumn. Above the treeline, soil moisture
increased as the lower temperatures and LAI did not drive
evapotranspiration as strongly as in the lower parts of the
valley, and the increased moisture input thus outweighed the
slightly increased evapotranspiration.

Increased tree productivity in the forest resulted in an in-
creased LAI of 0.3-1.5 m? m~2 (18 %-90 %). BNE appeared
in the forest and dominated in a few grid cells. In most places
BNE constituted approximately 5 % of the total LAI. Tall
shrub (HSE and HSS) productivity and the LAI increased in
the forest. This increase was negatively correlated with tem-
perature; i.e. the increase was highest in the coolest climate
change scenarios. Above the treeline, tall shrubs showed the
opposite pattern, increasing by 8 %—50 % to finally constitute
10 %—36 % of the total LAIL

Higher soil moisture content in spring and autumn
favoured trees in the whole ecotone, while the forest under-
storey suffered from the earlier onset of the growing season
with subsequent flushing of the leaf and light shading from
taller competitors. Although soil moisture in summer de-
creased in the forest, the LAI and biomass carbon of summer-
green shrubs were positively correlated with soil moisture.
Higher soil moisture during summers in the wetter GCM sce-
narios promoted summergreen shrubs over evergreen shrubs
in the whole ecotone. As an example, vegetation composi-
tion on the tundra above the treeline differed between GFDL-
ESM2M and MIROC-ESM-CHEM under RCP8.5, where
the warmer GCM showed a 52 % biomass C increase in the
tall evergreen shrub, HSE. The intermediate warming sce-
nario (GFDL-ESM2M-RCP8.5) showed a more mixed in-
crease in biomass carbon in HSE (20 %) and HSS (24 %).
While annual temperature differed by 3.9°C between the
two scenarios, average annual precipitation only differed by
6.2 mm, yielding much (26 %) lower JJA soil moisture in
the warmest scenario (MIROC-ESM-CHEM-RCPS.5) com-
pared to the coldest (GFDL-ESM2M-RCP8.5). Relatively
higher soil moisture and subsequently lower water stress al-
low taller plants to establish.

Radiation correlated positively with the growth of tree
PFTs, with spring and autumn radiation found to be espe-
cially important for height and biomass increase (Fig. S1.7
in the Supplement). Increased radiation provided a competi-
tive advantage for taller trees and shrubs to shade out lower
shrubs and grasses in the forest. Shrubs above the treeline
were also favoured by increased light.

Net nitrogen mineralisation at the treeline showed great
variation between different climate change scenarios, rang-
ing from a 4 % decrease in GFDL-ESM2M-RCP8.5 to a 79 %
increase in the strongest warming scenario (MIROC-ESM-
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Figure 5. Shifts in average treeline elevation over the simulation period for the three experiments of (a) climate change, (b) CO, fertilisation
and (c¢) nitrogen deposition. The start of projection simulations is marked with a vertical dotted line in all panels. The no-trend scenario in
panels (b)—(c) represents a scenario where climate, CO, and nitrogen deposition are kept constant (without a trend) relative to the year 2000.

The black line before the year 2000 represents the historic simulation.

Table 2. Seasonal temperature and precipitation for historic and scenario simulations.

1971-2000 | 2071-2100

Yangetal. (2011) | GFDL-ESM2M | HadGEM2-AO | MIROC-ESM-CHEM

Season Historic | RCP2.6  RCP8.5 | RCP2.6 RCP8.5 | RCP2.6 RCP8.5

Temperature (°C) Winter (DJF) —9.8 —8.2 —54 —8.1 —44 74 -3.1
Spring (MAM) -2.1 -13 1.0 04 411 0.7 48

Summer (JJA) 9.9 10.9 132 11.9 14.4 13.1 13.4

Autumn (SON) 0.1 L1 42 23 9.1 32 72

Annual (mean) -0.5 0.6 33 1.6 5.0 24 6.6

Precipitation (mm)  Winter (DJF) 75 80 85 75 80 70 95
Spring (MAM) 45 40 45 40 45 50 55

Summer (JJA) 125 130 130 130 150 135 145

Autumn (SON) 75 90 95 85 95 95 110

Annual (sum) 325 340 355 335 370 350 405

CHEM-RCPS.5). In absolute terms, the latter increase corre-
sponds to an increase from 1.35gNm~2yr~! at the end of
the historic period (1990-2000) to 2.43 gNm~2yr~! at the
end of the century (2090-2100). This is comparable to the
nitrogen load in the 7.5 x increased nitrogen deposition sce-
nario. Interestingly, despite very different plant-available ni-
trogen and warming, the two scenarios displayed a similar
resulting (2090-2100) treeline elevation (Fig. 5a).

Permafrost with an active layer thickness of <1.5 m disap-
peared completely from our study domain in all scenarios ex-
cept the coldest (GFDL-ESM2M-RCP2.6), where it occurred
in a few grid cells at elevations of approximately 600 m a.s.1.
However, the shallow permafrost (<1m) had also disap-
peared in this scenario.

332 CO,

[CO,] increase enhanced productivity in most PFTs
(Fig. 6b). The total GPP averaged over the forest increased
by between 2 %—10 % depending on the [CO-] scenario, with
the largest increase in RCP8.5 and smallest in RCP2.6. The
CO, fertilisation effect was not uniform within the landscape
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but stronger towards the forest edge with increases from 2 %
to 18 % from the weakest to the strongest [CO;] scenario.
NPP for IBS increased uniformly over the forest with 2.5 %—
8.4 % but decreased above the treeline. Thus, the productivity
of the two dominant PFTs (IBS in the forest and LSE above
the treeline) was reinforced in their respective domains. The
increased productivity translated into a 1 %—-5 % increase in
the tree LAI in the forest, while the low shrub LAI increased
by 24 %-T77 %. Likewise, the increase in the leaf area of low
shrubs was largest on the tundra under elevated [CO;], which
saw a 15 %—40 % LAI increase in the low and high [CO;]
scenario, respectively. Above the treeline, the productivity of
grasses and low shrubs responded strongly to the CO, fertil-
isation with a 350 % increase in GPP for grasses and 150 %
increase for low shrubs. The additional litter fall produced by
the increased leaf mass did not lead to an increase in N min-
eralisation. However, immobilisation of nitrogen through in-
creased uptake by microbes increased by 2 %—6 % between
the lowest and highest [CO;] scenarios, yielding a net re-
duction in plant-available nitrogen. Despite productivity in-
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Figure 6. Correlation (Spearman rank) between annual GPP for each PFT and (a) average 2090-2100 temperature anomalies in the climate
change experiment, (b) the CO; scenario and (c) the nitrogen deposition scenario. Each box represents a 50-elevational-metre band for a

given PFT.

creases, the treeline remained stationary in all [CO;] scenar-
ios (Fig. 5b).

3.3.3 Nitrogen deposition

Productivity of woody PFTs was in general positively corre-
lated with nitrogen in the different nitrogen deposition sce-
narios. In contrast, productivity of grasses was negatively
correlated (Fig. 6¢) as they suffered in competition for light
with the trees. Annual GPP of trees (especially IBS) was pos-
itively correlated throughout the whole ecotone, but the in-
crease in GPP was larger towards the forest boundaries than
in the lower parts of the forest when nitrogen was added.
Nitrogen-stressed plants in the model allocate more carbon
to their roots at the expense of foliar cover when they suffer a
productivity reduction (Smith et al., 2014). In the two scenar-
ios with decreasing nitrogen deposition (RCP2.6, RCP8.5)
there was an overall reduction in the LAI in both the tun-
dra and the forest of 6 %—10 %. The largest reduction was
seen in tree PFTs, which have the largest biomass and con-
sequently will have the highest nitrogen demand, followed
by tall shrubs. Low shrubs and grasses did however increase
their LAI in the forest when nitrogen input decreased as a re-
sult of less light competition from trees. Above the treeline,
the LAI of low shrubs and grass PFTs also decreased with
less nitrogen input.

In all scenarios with increasing nitrogen deposition there
was an advancement of the treeline on the order of 10-85
elevational metres with the smallest (2x nitrogen deposi-
tion) having the smallest change in treeline elevation and
vice versa for the largest input (10x nitrogen deposition)
(Fig. 5¢). In the scenarios where nitrogen input was constant
or decreasing, the treeline remained stationary.
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4 Discussion

In our simulations, rates of treeline advance were faster
under climate-change-only scenarios than when all drivers
were changing. This revealed nitrogen as a modulating en-
vironmental variable, as nitrogen deposition was prescribed
to decrease in both the RCP2.6 and the RCP8.5 scenar-
ios. During our historic simulations, the treeline correlated
well with a soil temperature isotherm close to the globally
observed 6-7 °C isotherm. However, in our projection pe-
riod the correlation between the treeline position and the
isotherm weakened, revealing a fading or potential lag of the
treeline—climate equilibrium that became stronger with in-
creased warming. Future rates of treeline advance were thus
constrained by factors other than temperature in our sim-
ulations. In contrast to previous modelling studies of tree-
line advance (e.g. Paulsen and Korner, 2014), we include not
only temperature dependence on vegetation change but also
the full nitrogen cycle and CO; fertilisation effects (Smith
et al., 2014). Scenarios with increased nitrogen deposition
induced treeline advance, further illustrating the modulating
role played by nitrogen dynamics in our results. Rising [CO3]
induced higher productivity in our simulations, but these pro-
ductivity enhancements alone did not lead to significant tree-
line advance. Furthermore, although NPP for IBS was lower
at the treeline than in the forest, it was never close to zero.
Such a pattern, which was seen above the treeline, indicates
stagnant growth in which the carbon costs of maintaining a
larger biomass cancel out any productivity increase. How-
ever, enhancement of productivity in combination with an
allocation shift from roots to shoots, enabled by a greater ni-
trogen uptake, favoured taller plants over their shorter neigh-
bours in the competition for light within the model. For tree-
line advance to occur, trees need to invade the space already
occupied by other vegetation. As the model assumes asym-
metric competition for nutrients, newly established seedlings
have a disadvantage compared to incumbent vegetation, fur-
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ther slowing down the modelled rate of treeline advance.
Field experiments with nitrogen fertilisation have shown that
mountain birches at the treeline display enhanced growth af-
ter nitrogen addition (Sveinbjornsson et al., 1992). Further-
more, fertilisation with nitrogen improved birch seedling sur-
vival above the treeline (Grau et al., 2012) and is thus likely
important for the establishment and growth of new individ-
uals to form a new treeline. Historically, treeline positions
show a strong correlation with the 67 °C isotherm (Koérner
and Paulsen, 2004). These records are, however, a snapshot
in time and are not necessarily a strong predictor of the future
treeline, with other factors (as with nitrogen in our results)
potentially breaking the link to temperature. As pointed out
by others (Hofgaard et al., 2019; Van Bogaert et al., 2011),
considering climate change or temperature alone in projec-
tions of treeline advance could potentially result in overesti-
mation of vegetation change. Our results clearly point to ni-
trogen cycling as a modulating factor when predicting future
Arctic vegetation shifts.

In our simulations, the treeline advanced at similar rates
to those experienced during the historic period, resulting in
a displacement of 45-195 elevational metres over the 100-
year projection period. Some estimates based on lake sed-
iments in the Tornetrisk region from the Holocene ther-
mal maximum, when summer temperatures may have been
about 2.5°C warmer than present (Kullman and Kjallgren,
2006), indicate potential treeline elevations approximately
500 m above the present level in the warmer climate (Kull-
man, 2010). Macrofossil records from lakes in the area in-
dicate that birch was present 300—400 m above the current
treeline (Barnekow, 1999). Furthermore, pine might have oc-
curred approximately 100150 m above its present distribu-
tion (Berglund et al., 1996). IBS emerged as the dominant
forest and treeline PFT in both our historic and our projec-
tion simulations but with larger fractions of evergreen trees
(BNE and BINE) at the end of the century (2090-2100).
Mountain birch, represented by IBS in our model, has his-
torically dominated treelines in the study area, even during
warmer periods of the Holocene (Berglund et al., 1996), but
with larger populations of pine (BINE) and spruce (BNE)
than seen at present. Both pine and spruce have been found
in high-elevation lake pollen sediments and can thus be as-
sumed to have grown in higher parts of the ecotone during
warmer periods (Kullman, 2010). Treeline advance for the
historic period in our simulations is broadly consistent with
observational studies from the Abisko region (Van Bogaert
etal., 2011).

Temperature was a strong driver of tree productivity and
growth in the whole ecotone in our simulations. For the his-
toric period, higher rates of treeline advance followed pe-
riods of stronger warming. However, other factors such as
precipitation indirectly influenced treeline advance through
changes in vegetation composition and nitrogen mineralisa-
tion. This is illustrated by the comparison of GFDL-ESM2M
and MIROC-ESM-CHEM under RCP8.5, where the interme-
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diate warming but wetter scenario had a very similar result-
ing treeline elevation to that of the warmer scenario. While
the simulated treeline position was too low compared to the
treeline elevation reported by Callaghan et al. (2013), the cor-
relation with the globally observed 67 °C ground tempera-
ture isotherm (Korner and Paulsen, 2004) throughout the his-
toric period gives confidence in the model results.

IBS at the treeline had a positive carbon balance (NPP) and
was thus not directly limited by its productivity in our simu-
lations. This is consistent with observations of ample carbon
storage in treeline trees globally (Hoch and Kérner, 2012).
The modelled treeline is thus not set by productivity directly
but rather by competition, as non-tree PFTs become more
productive above the treeline. Whether the treeline is set
by productivity constraints or by cold temperature limits on
wood formation and meristematic activity has been a subject
of debate in the literature (Korner, 2015, 2003; Korner et al.,
2016; Fatichi et al., 2019; Pugh et al., 2016). DVMs assume
NPP to be constraining for growth. On the other hand, trees
close to the treeline have been shown to have ample stored
carbon (Hoch and Korner, 2012). Furthermore, enhancement
of photosynthesis through added CO» does not always result
in increased tree growth close to the treeline (Dawes et al.,
2013), and wood formation is slow below around 5 °C, lead-
ing to a hypothesis of reversed control of plant productivity
and treeline position (Korner, 2015). As has also been high-
lighted in this study, ecological interactions as a component
in the control of treeline position have been the subject of
attention in some recent modelling studies (see for example
Scherrer et al., 2020). Such studies add an extra dimension
to the discussion as they not only consider plant physiology
and hard limits to species distributions but also broadly ac-
cept ecological concepts such as realised versus fundamen-
tal niches.

The model overestimated biomass carbon in the forest
but captured historic rates of biomass increase. The over-
estimation was more severe closer to the forest bound-
aries as the model showed a weaker negative correlation
between biomass carbon and elevation than observed by
Hedenas et al. (2011). The mean annual biomass increase
in the same dataset is, although highly variable, on average
2.5gCm~2yr~! between 1997 and 2010. As the simulated
GPP and LAI were within the range of observations in the
area (Rundqyvist et al., 2011; Ovhed and Holmgren, 1996;
Olsson et al., 2017), this indicates a coupling between pho-
tosynthesis and growth in the model that is stronger than
that observed. Terrestrial biosphere models often overesti-
mate biomass in high latitudes (Pugh et al., 2016; Leuzinger
et al., 2013) and potentially lack processes that likely limit
growth close to low temperature boundaries. Examples of
such processes are the carbon costs of nitrogen acquisition
(Shi et al., 2016), including costs for mycorrhizal interac-
tions (Vowles et al., 2018), and temperature limits on wood
formation (Friend et al., 2019). However, data on carbon al-
location and its temperature dependence are scarce (Fatichi
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et al., 2019). Additionally, the overestimation in our study
can be partly attributed to a lack of herbivory in the model.
Outbreaks of the moth Epirrita autumnata are known to
limit productivity and reduce biomass of mountain birch in
the area in certain years (Olsson et al., 2017); however, this
would not fully explain the overestimation of biomass at the
treeline in our simulations. Since growth and biomass incre-
ments in the model do not include a direct temperature de-
pendence or any decoupling of growth and productivity, we
do not regard these mechanisms as necessary to accurately
predict treeline dynamics. However, they might be important
to accurately predict forest biomass at the treeline.

To examine variability in the simulated treeline dynamics
across the study area, we established a number of transects
close to observation points in the landscape. Average tree-
line advance in the transects showed a somewhat faster and
more homogenous migration than reported (Van Bogaert et
al., 2011). The model does not include historic anthropogenic
disturbances, topographic barriers or insect herbivory, all of
which have been invoked to explain the heterogeneity of
treeline advance rates and placement in the landscape (Van
Bogaert et al., 2011; Emanuelsson, 1987). Furthermore, our
model does not include any wind-related processes such as
wind-mediated snow transport or compaction. Thus, our sim-
ulations result in a homogenous snowpack during the winter
months with no differentiation in sheltering or frost damage
that may result from different snow and ice properties. Shel-
tered locations in the landscape are known to promote the
survival of tree saplings (Sundqvist et al., 2008). For nitro-
gen cycling this may also mean that suggested snow—shrub
feedbacks (Sturm et al., 2001; Sturm, 2005) are not possible
to capture with the current version of our model. While over-
all rates of treeline migration were captured, local variations
arising from physical barriers such as steep slopes, stony
patches or anthropogenic disturbances were not possible to
capture as these processes are not implemented in the model.
High-resolution, local observations of vertically resolved soil
texture and soil organic matter content (see, e.g., Hengl et al.,
2017, for an example compiled using machine learning) have
the potential to improve the spatial variability in modelled
soil temperatures and nutrient cycling in our study domain.

A longer growing season favoured tree PFT's in the whole
ecotone, which escaped early-season desiccation due to
milder winters and earlier spring thaw. Permafrost was only
present at the highest elevations during the historic simula-
tion but had disappeared from the landscape by 2100 for all
except the coolest scenario (GFDL-ESM2M-RCP2.6). The
simulated permafrost was however always well above the
treeline and did not have a significant impact on the treeline
advancement. While some aspects of ground freezing are ac-
counted for in the model, soil vertical and horizontal move-
ment caused by frost, as well as the amelioration of such
effects in the warmer future climate, is not. Such processes
could affect survival and competition among the plant func-
tional types, especially in the seedling stage when plants are
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most vulnerable to mechanical disturbance (Holtmeier and
Broll, 2007). These effects could be relevant to treeline dy-
namics at the high grid resolution of our study but are not
included in our model.

Higher summer soil moisture in the wetter climate sce-
narios shifted the ratio of summergreen to evergreen shrubs
in favour of the summergreen shrubs, in line with observa-
tions (Elmendorf et al., 2012). Conversely, drier scenarios
yielded an increased abundance of evergreen shrubs, simi-
lar to what has been observed in drier parts of the tundra
heath in the Abisko region (Scharn et al., 2021). Within
RCP8.5, the warmest (MIROC-ESM-CHEM-RCP8.5) and
coldest (GFDL-ESM2M-RCP8.5) scenarios gave rise to very
similar treeline positions at the end of the projection period
(2090-2100). The cooler scenario led to both higher soil
moisture and a greater abundance of summergreen shrubs.
Higher soil moisture promoted carbon allocation to the
canopy and thus favoured the taller IBS tree PFT over tall
shrubs (HSS). Increased shrub abundance and nutrient cy-
cling have been shown to have potentially non-linear effects
on shrub growth and ecosystem carbon cycling (Buckeridge
et al., 2009; Hicks et al., 2019), and some observations in-
dicate that changes in the ratio of summergreen to evergreen
shrubs or an increased abundance of trees might impact soil
carbon loss (Parker et al., 2018; Clemmensen et al., 2021).
Thus, our results indicate that any future change in soil mois-
ture conditions could play an important role in the competi-
tive balance between shrubs and trees and for carbon balance.

LPJ-GUESS assumes the presence of seeds in all grid
cells, and PFTs may establish when the 20-year (running)
average climate is within PFT-specific bioclimatic limits for
establishment. This assumption may overlook potential con-
straints on plant migration rates such as seed dispersal and
reproduction. On larger spatial scales, it is likely that lags
in range shifts would arise from these additional constraints
(Rees et al., 2020; Brown et al., 2018). Models that account
for dispersal limitations generally predict slower latitudinal
tree migration than models driven solely by climate (Epstein
et al., 2007). However, on smaller spatial scales, the same
models predict competitive interactions to be more dominant
in determining species migration rates (Scherrer et al., 2020),
and this is included in our model. In a seed transplant study
from the Swiss Alps, seed viability could not be shown to de-
cline towards the range limits of eight European broadleaved
tree species (Kollas et al., 2012; Korner et al., 2016). Simi-
larly, gene flow above the treeline could not be shown to be
limited to near-treeline trees in the Abisko region (Truong et
al., 2007). Furthermore, tree saplings have been reported to
be common up to 100 m above the present treeline (Sundqvist
et al., 2008; Hofgaard et al., 2009). As environmental condi-
tions improve, these individuals may form the new treeline.

Above the treeline low evergreen shrubs (LSE) dominated
the vegetation in both our historic and our projection simula-
tions. The productivity of shrubs and grasses was greatly en-
hanced by CO; fertilisation in our [CO;] model experiment,
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and a large proportion of tundra productivity increases in our
projection simulations could be attributed to rising [CO;].
Physiological effects of elevated CO, on arctic and alpine
tundra productivity and growth are understudied. Free-air
CO; enrichment (FACE) experiments are generally consid-
ered the best method for quantifying long-term ecosystem
effects of elevated CO, but are extremely costly, and very
few have been deployed in near-treeline locations. A ma-
jority of FACE experiments have been implemented in tem-
perate forests and grasslands, yielding limited evidence of
relevance to boreal and tundra ecosystems (Hickler et al.,
2008). One FACE experiment situated in a forest—tundra eco-
tone in the Swiss Alps showed differing responses to elevated
CO» among shrub species where Vaccinium myrtillys showed
11 % increased shoot growth, while Empetrum nigrum was
unresponsive and the response of V. gaultherioides depended
on the forest type in which it was growing (Dawes et al.,
2013). Our model results indicated that shrubs are carbon
limited, and shrub productivity and growth are consequently
responsive to CO; fertilisation.

5 Conclusions

In this study we examined treeline dynamics in the sub-arctic
north of Sweden using an individual-based dynamic vege-
tation model at a high spatial resolution. The model identi-
fied nitrogen cycling and availability as important modulat-
ing factors for treeline advance in a warming future climate.
Internal cycling of nitrogen in soils provides the main source
of this usually limiting nutrient for Arctic plants (Chapin,
1983). The model performed well regarding rates of shrub
increase and treeline advance but overestimated biomass car-
bon in the treeline forest. Treeline migration rates were re-
alistically simulated even though the model did not repre-
sent temperature limitations on tree growth. While a decou-
pling between productivity and growth in the model could
potentially have improved estimates of biomass carbon, it
was not needed to correctly predict treeline elevation. In-
stead, our results point to the importance of indirect effects
of rising temperatures on tree range shifts, especially with
regard to nutrient cycling and competition between trees and
shrubs. Furthermore, soil moisture strongly influenced veg-
etation composition within the model with implications for
treeline advance. Improving how models represent nutrient
uptake and cycling and incorporating empirical understand-
ing of processes that determine tree and shrub growth will be
key to making better predictions of Arctic vegetation change
and carbon and nitrogen cycling. Models are a valuable aid in
judging the relevance of these processes for sub-arctic tree-
line ecosystems.

Code availability. The LPJ-GUESS code is located at a non-public
repository hosted by Lund University. The code can be accessed for
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Table S1.1 - Historical treeline migration rates in local transects with partial comparison to values
reported by van Bogart et al. (2011). See Figure S1.2 above for a map of the transect locations

Transect Elevation shift (m) Modelled Reported elevational shifts (m)
migration rate  (van Bogart et al. 2011)
(myr7)

Al 57 0,6

A2 90 0,95

A3 112 1,18

A4 75 0,79

S1 119 1,25 40 +-15

S3 78 0,82 60+-15

S4 94 0,99 145+-10

Annual GPP (g Cm™~2 yr~1)

Annual GPP over birch forest
model vs. EC-tower

=== GFDL-ESM2M - rcp26
—— GFDL-ESM2M - rcp85
-~ HadGEM2-AO - rcp26
—— HadGEM2-AO - rcp85
MIROC-ESM-CHEM - rcp26
MIROC-ESM-CHEM - rcp85
@ EC tower (Olsson et al., 2017)
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Figure S$1.3. Annual GPP in the lower (warmer) section of the birch forest vs. Eddy covariance
(EC) data obtained from Olsson et al (2017). Year 2012 (red marker) had a severe moth outbreak
durina the arowina season and thus lower GPP.
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Table S2.1. Plant Functional Types (PFTs) simulated in the study.

PFT

Typical species

BNE

Boreal needle-leaved evergreen tree

BINE

Boreal needle-leaved shade-intolerant evergreen tree

IBS

Boreal shade-intolerant broad-leaved summergreen tree

HSS

Tall summergreen shrub

HSE

Tall evergreen shrub
LSS

Low summergreen shrub
LSE

Low evergreen shrub
SPDS

Prostrate summegreen dwarf shrub

EPDS

Prostrate evergreen dwarf shrub

GRS

Boreal C3 graminoids

CLM

Cushion-forb-lichen-moss-tunda

Picea abies

Pinus sylvestris

Betula pubescens ssp. czerepanovii,
Alnus glutinosa, Sorbus aucupatria,
Populus tremula

Salix spp.

Juniperus communis

Vaccinium myrtillus, Salix hastata

Empetrum nigrum, Cassiope

tetragona

Saxifraga oppositifolia

Arctostaphylos uva-ursi

Gramineae

Cushion-forming Caryopyhyllaceae
and Saxifragacea, lichens, mosses
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Table S2.3 - Simulations performed in the study. Please refer to the main text for more
information about global climate model (GCM) selection and model experiments

Climate source

Simulation period Climate scenario*

CO2 scenario**

N-dep scenario**

Historic simulations

Yang et al. (2011) 1913-2000 Historic Historic Historic
Projection Simulations
Yang et al. (2011) 2000 - 2100 No trend Constant Constant
GFDL-ESM2M RCP 2.6 RCP 2.6 RCP 2.6
2000 - 2100
RCP 8.5 RCP 8.5 RCP 8.5
HadGEM2-AO RCP 2.6 RCP 2.6 RCP 2.6
2000 - 2100
RCP 8.5 RCP 8.5 RCP 8.5
MIROC-ESM-CHEM RCP 2.6 RCP 2.6 RCP 2.6
2000 - 2100
RCP 8.5 RCP 8.5 RCP 8.5
Climate change experiment
RCP 2.6
GFDL-ESM2M 2000 - 2100 Constant Constant
RCP 8.5
RCP 2.6
HadGEM2-AO 2000 - 2100 Constant Constant
RCP 8.5
RCP 2.6
MIROC-ESM-CHEM 2000 - 2100 Constant Constant
RCP 8.5
CO:2 experiment
RCP 2.6
RCP 4.5
Yang et al. (2011) 2000 - 2100 No trend Constant
RCP 6.0
RCP 8.5
Nitrogen deposition experiment
RCP 2.6
RCP 8.5
2x Ndep
Yang et al. (2011) 2000 - 2100 No trend Constant
5x Ndep
7.5x Ndep
10x Ndep

* No trend refers to extended climate dataset with climate sampled randomly from the period 1990-2000.
** Constant refers to values unchanged after year 2000 and throughout the projection period









The contribution of shrubs to Arctic land surface

feedbacks

Adrian Gustafson, Paul A. Miller, Wenxin Zhang, Jing Tang, Robert G. Bjork, Benjamin
Smith

Abstract

The northern high latitudes have experienced a pronounced increase in spectral greening over
the past decades in response to strong warming. This greening has been attributed to an
increased abundance of shrubs and woody vegetation, which is hypothesised to result in
stronger warming of the high latitudes due to reduced albedo, earlier snowmelt, and enhanced
nutrient cycling. Previous attempts to quantify this feedback have often built on simplified
assumptions such as fixed amounts of vegetation increase. In this study, we provide an
improved estimate of shrub-climate feedbacks in the Arctic by using a regional earth system
model, capable of simulating dynamic vegetation and biogeochemical cycling, and recently
improved with additional high-latitude processes. We found no strong effect of including
shrubs on regional climate. However, strong warming over Siberia and the Northern Canadian
Archipelago was experienced in spring. Furthermore, strong local effects of forest advance
were found in parts of Siberia. A cold bias driven by albedo in the model may have reduced
the shrub-climate effect in the model as mostly low shrubs were established over our domain.
Our study advances previous studies of shrub-climate interactions and provides concrete
advice for further model improvement of dynamically simulating high latitude vegetation-

climate interactions.

1. Introduction

During the past decades, satellite observations over high-latitude regions have observed an
increase in spectral vegetation greenness (Myers-Smith et al., 2020), which has been partially
attributed to increased shrub growth (Epstein et al., 2012; Forbes et al., 2010). The increase in
height and abundance of Arctic shrubs have also been shown in plot-scale measurements
(Forbes et al., 2010; Elmendorf et al., 2012). These increases have been attributed to
increasing air temperatures (Myers-Smith et al., 2015; Myers-Smith et al., 2018) and longer

growing seasons as a consequence of decreasing sea ice cover (Bhatt et al., 2010). Shrub



advancement is however not uniform across the Arctic (Berner et al., 2020; Elmendorf et al.,
2012), and though the causes of the spatial heterogeneity of shrub growth are not completely
understood, growth has been shown to be more sensitive to warming in environments with
higher soil moisture (Elmendorf et al., 2012; Bjorkman et al., 2018) and nitrogen availability
(Martin et al., 2021; Mekonnen et al., 2020).

An increased shrub cover may have contrasting consequences for land surface feedbacks to
both regional climate and biogeochemical cycling (Myers-Smith et al., 2011; Vowles and
Bjork, 2019). Feedbacks arise from interactions of processes that may either amplify or
dampen the response to external forcing. Such effects may occur due to Arctic vegetation
shifts (Chapin et al., 2005; Serreze and Barry, 2011). Relative to low-growing tundra, taller
woody vegetation can both trap snow, thereby insulating the soil against cold air temperature
in winter, and protrude through the snow in late winter and spring (Sturm et al., 2001),
effectively lowering the surface albedo (Sturm, 2005). As a result, earlier snow-melt and
higher soil temperatures have been hypothesised to occur, thus increasing soil nitrogen
mineralisation (Sturm, 2005; Sturm et al., 2001). Furthermore, nutrient cycling may be
enhanced by litter feedbacks arising from deciduous shrub advancement (Vowles and Bjork,
2019; Buckeridge et al., 2009). In summer, by contrast, a taller and denser canopy may
protect soils from direct sunlight, thus reducing permafrost decay (Blok et al., 2010) and
cooling the land surface through increased evapotranspiration (Zhang et al., 2014). This
negative land surface feedback would primarily occur during the growing season (Zhang et
al., 2020). Furthermore, aerodynamically rougher surfaces resulting from increased shrub and
forest cover may enhance air mixing between lower and higher atmospheric layers,

facilitating the transport of warmer surface air to the atmosphere (Akperov et al., 2021).

The biogeophysical processes described above also have implications for the carbon balance
of Arctic ecosystems. A longer and warmer growing season could lead to a larger uptake of
atmospheric COz through increased productivity and biomass production, thus providing an
increased carbon sink (Bonan, 2008). Furthermore, some recent evidence points to the
possibility of enhanced carbon storage and stabilisation of organic matter in soils through
enhanced organo-mineral complexation (Cotrufo et al., 2019) as shrubs advance (Lynch et al.,

2018). On the other hand, the advance of forest and tall shrubs into tundra has been associated



with loss of carbon through substrate priming and microbial nitrogen mining (Keuper et al.,
2020; Clemmensen et al., 2021; Hartley et al., 2012). Carbon loss from Arctic soils has
serious consequences for the global carbon cycle as Arctic permafrost soils are estimated to
store between 1100-1500 PgC (Hugelius et al., 2014), far outweighing the global atmospheric
(~829 PgC) and vegetation (450-650 PgC) carbon pools (Ciais et al., 2013).

Reductions in albedo have been confirmed to influence local climate (Te Beest et al., 2016),
however, few studies that provide realistic quantification of the dynamic effects of recent
vegetation shifts on a pan-Arctic scale are available. Previous studies have either used
idealised scenarios to quantify climate feedback potentials (Bonfils et al., 2012), or used
prescribed climate forcing with a dynamic vegetation model to calculate albedo reductions
from vegetation shifts (Miller and Smith, 2012; Zhang et al., 2013). The significance of
dynamically simulating land surface feedbacks for Arctic climate compared to using static
vegetation has been demonstrated (Zhang et al., 2018), although these simulations did not
include an explicit representation of shrubs. Despite, nitrogen being limiting for plants in high
latitudes (Mekonnen et al., 2021), neither nitrogen cycling nor permafrost has been included

in previous land surface feedback studies.

Current General Circulation Models (GCMs) typically lack dynamic feedbacks due to
climate-induced changes in vegetation cover. Although GCMs capable of simulating dynamic
land cover and carbon cycle (often referred to as Earth System Models, ESMs) have emerged,
none of the ensembles of current models used in the latest set of global climate projections
underpinning the IPCC climate assessments (Ipcc, 2021) includes explicit representations of
Arctic shrubs or tundra vegetation and their dynamics in response to climate. Regional
climate models (RCMs) offer an alternative to global models to either increase the spatial
resolution, provide more representative parameterisations over certain domains or include
more detailed process descriptions (See for instance Klaus et al., 2016). Similar to the GCMs,
dynamic vegetation processes — such as a dynamically changing land cover — are seldom

represented in RCMs.

Here we attempt to advance on previous studies by using a regional ESM to quantify the land-

surface feedbacks associated with increasing shrub cover in the high latitudes, including



nitrogen cycling. As coupled vegetation-climate models are under-evaluated, we perform an
evaluation against reanalysis data to highlight potential difficulties in modelling the coupling
between terrestrial ecosystems and climate. Finally, we will investigate the relative
importance of each feedback mechanism and discuss what factors might be important for

future predictions of impacts of shrub advancement on regional climate.

2. Methods

2.1 Regional Earth System model - RCA-GUESS
RCA-GUESS (Smith et al., 2011) is a regional ESM that is capable of simulating the dynamic

interactions between atmospheric processes and a dynamic land surface, including
biogeochemical cycling. It couples biophysical climate fields from the RCA4 atmospheric
model with outputs of vegetation cover and structure, leaf area index and dependent
biophysical parameters that control albedo, surface roughness and evapotranspiration based
on vegetation dynamics simulated by the dynamic ecosystem model LPJ-GUESS (Smith et
al., 2001; Smith et al., 2014). The separate sub-models are described in more detail in
Supplementary materials S1. New features in the current version of RCA-GUESS include (1)
six updated Arctic shrub plant functional types (PFTs); (2) updated biogeochemical cycling
from Smith et al. (2014) which considers interactions between carbon and nitrogen on
vegetation growth and soil decomposition; (3) updated soil physics which enables simulations

of soil freezing and permafrost formation.

At the daily time step, surface temperature, precipitation and downwelling shortwave
radiation simulated by RCA4 were sent to the ecosystem model. LPJ-GUESS in turn
simulated the daily ecosystem response and computed the variables required by the land
surface scheme (LSS) of RCA4 to replace its standard ECOCLIMAP land surface
representation. Variables returned to RCA4 were daily LAI of the open land and forest tiles,
and the fractions of forest cover, broadleaved forest and coniferous forest. Low, and prostrate
shrubs, as well as grasses, were counted towards the open land tile. The LSS of RCA4
assumes forests to have at least 2m in height and thus trees and tall (up to 2 m) shrubs with a
total projective cover of 40%, the gridcell is counted towards open land. This limit has been
used in previous versions of RCA-GUESS. The projective cover metric is derived from

vegetation LA, and thus the size of individuals. If total tree projective cover was lower than



40%, vegetation was thus considered stunted and more characteristic of tundra than forest

ecosystems.

2.2 Simulation protocol

Our simulations were conducted for the Arctic domain from the Coordinated Regional

Downscaling Experiment (CORDEX;; https://cordex.org/domains/region-11-arctic/; last

accessed 2022-01-11) at a spatial resolution of 0.44°x0.44° on a rotated pole grid with 40

vertical levels.
2.2.2 Historic simulations

We performed two historic simulations between the years 1979 to 2013. RCA was forced
with ERA-Interim reanalysis fields at the domain boundaries as well as historical CO; and
CH4 concentrations. The first simulation (henceforth referred to as the “‘NoShrub’ run) used
plant functional types (PFTs) commonly included in GCMs but did not include any shrub
PFTs. In the second simulation (henceforth ‘Shrub’ run), six shrub PFTs (see Supplementary

material S1) were added.

Other input data required by the dynamic vegetation model was obtained from the dataset by
Lamarque et al. (2013) for nitrogen deposition. Information about soil texture was collected

from Batjes (2005).

2.3 Evaluation

We conducted an evaluation of the simulations against available satellite-derived monthly
LAI from the GIMMS-LAI3g climatology (Mao and Yan, 2019) and annual GLASS-GLC
landcover data (Liu et al., 2020). Since the coupling between the models are largely
dependent on LAI and landcover fractions, these variables will be of importance for the
evaluation of our results. We classified the landcover into similar, but not identical, classes as

the GLASS-GLC for comparison (Table 1).

Furthermore, we evaluate the climate simulated by RCA-GUESS against ERA-Interim (Dee
et al., 2011) temperature, precipitation, and albedo to assess any biases that may arise from
the atmospheric sub-model. Biogeophysically important parameters such as albedo and latent
heat exchange were evaluated against the GlobAlbedo dataset by Muller et al. (2012) and
upscaled FLUXNET data (Jung et al., 2011), respectively. Gross primary production (GPP),



Table 1 Landcover classification comparison between RCA-GUESS (our study) and the GLASS-GLC landcover
product (Liu et al., 2020).

Landcover class RCA-GUESS GLASS-GLC
Coniferous forest Forest cover > 40% Tree cover > 10%

Coniferous trees > 66% Height >5 m
Deciduous forest Forest cover > 40 %

Deciduous trees > 66%

Grassland - Canopy cover > 20%

Shrubland Forest cover < 40% Canopy cover > 20%
shrub LAI > grass LAl Height < 5m

Tundra Forest cover < 40% -

shrub LAI < grass LAI

ecosystem respiration (Reco) and net ecosystem exchange (NEE) were evaluated by the

upscaled CO: flux dataset by Virkkala et al. (2021). Finally, we perform a landcover based

evaluation of monthly climate, latent heat, albedo, LAI and CO> flux data. Four sites were
selected to be representative of a deciduous forest, coniferous forest, tundra, and shrubland.

All datasets were interpolated to the rotated grid used by RCA-GUESS prior to analysis.

3. Results

3.1 Effects of including shrubs

The inclusion of shrubs had a non-significant (t-test; p>0.05) effect on the annual domain-
averaged climate. The average annual temperature ‘Shrub’ was on average 0.10 + 0.19°C
colder than the ‘NoShrub’ run. Domain averaged seasonal averages were also small with
mean temperature differences spanning 0.15 + 0.63°C (DJF), 0.33 + 1.10°C (MAM), -0.02 +
0.37°C (JJA), 0.20 + 0.53°C (SON) for the respective seasons. There were however large
effects on warming over central Siberia and the Northern Canadian Archipelago during

spring (Fig 1). In a few grid cells the additional warming in the ‘Shrub’ run reached up to 8°C.



Warming of this magnitude was however associated with large albedo reductions due to
forest advance rather than increased LAl (Fig S2.1; Supplementary materials). Furthermore,
the model did not display any drastic differences between tundra in the ‘Shrub’ and
‘NoShrub’ runs, despite drastically different vegetation physiognomy. Summer temperatures
were characterized by slower warming over Northern Canada in the ‘Shrub’ run than in the
‘NoShrub’ run associated with a larger latent heat flux (Fig 1) and a smaller forest cover (Fig
2). The smaller forest extent over Northern Canada was a competitive effect of the inclusion
of shrubs. While surface temperature over the forests were generally well captured
compared to ERA-Interim, there was a severe cold-bias over the tundra during spring and
summer months (Fig 5 and Fig. S2.5). This cold bias was reinforced in our dynamic vegetation
simulations compared to the standalone RCA4 with prescribed vegetation, though the
standalone version RCA4 also simulated a strong cold bias over tundra regions (Berg et al.,

2013; Koenigk et al., 2015).

Precipitation showed no distinct patterns over land in any seasons. Annual sums of total
precipitation were also not significantly (t-test; p>0.05) different between the ‘Shrub’ and

the ‘NoShrub’ runs for the simulation domain.

3.2 Vegetation distribution

The model generally captured the forest extent over Northern Europe and Siberia well
compared to the GLASS-GLC landcover product (Fig. 2) while the forest extent was
underestimated in Eastern Canada. The spatial extent of the forest cover was slightly larger
in the ‘NoShrub’ run compared to the ‘Shrub’ run. The main difference between the runs
was in the Larix forests in mid-Siberia. The smaller forest extent was due to a competitive
effect between shrubs and trees in the ‘Shrub’ run which both limited the forest extent and
slowed down forest advance (Fig. 2). Similarly, there was a development of shrublands over
Northern Canada in the ‘Shrub’ run, which was replaced with a forest advance in the
‘NoShrub’ simulation. Forests over Northern Europe were mainly comprised of needle-
leaved evergreen trees while forests of Northern Canada were comprised of deciduous

forest.



As expected, the two simulations had drastically different physiognomy index over the
tundra (Fig 3), where the ‘Shrub’ simulation displayed higher values indicating more woody
vegetation. Furthermore, the phenology index indicates that tundra in the ‘Shrub’ run had a
larger dominance of evergreen vegetation compared to the ‘NoShrub’ run at the start of the
simulation. The change in the two indexes over the simulation period indicates that there is
a trend towards more woody and deciduous vegetation. This trend was robust between the
two runs. While the increase in the normalized physiognomy index is correlated with forest
advance in the ‘NoShrub’ run, there are additional tundra increases in the ‘Shrub’ run

associated with increasing shrub cover.

The LAl climatology over the forests was well captured (Fig. 4) in comparison with the
GIMMS-LAI3g. However, tundra LAl was largely underestimated, which was spatially linked
to the cold bias over these regions (Fig S2.5; Supplementary materials). Subsequently, the
shrub cover was underestimated compared to the GLASS-GLC product. Tundra shrub cover
was dominated by deciduous prostrate shrubs while the shrub cover closer to the forests

mainly comprised taller, deciduous shrubs.

3.3 Landcover-based evaluation

Simulated temperatures largely matched the seasonal dynamics of ERA-Interim for all
landcover classes except the tundra class where spring temperatures were approximately
8°C too cold (Fig 5). The timing of the cold temperature bias matched an over-estimation of
albedo in winter and spring compared to the GlobAlbedo product. ERA-Interim albedo
showed less annual variability than both the GlobAlbedo product and the simulated data,
although the three products agreed on summertime (JJA) albedo. Precipitation amounts
were underestimated compared to ERA-Interim, although the seasonal dynamics were

realistically captured.

Seasonal carbon fluxes generally indicated a lower amplitude of both GPP and Reco When
shrubs were included. Trends in NEE were in general stable while both GPP and Reco
increased slightly over the simulation period (Fig 5). Magnitudes of both GPP, Reco and NEE

were within the range of the upscaled carbon flux estimates, except for tundra where the



magnitudes were lower. As the tundra constituted a large part of the study domain, the
domain averaged GPP and Reco Were slightly underestimated, although NEE was in good
agreement with the upscaled flux data (Fig S2.6, supplementary materials). The Arctic region
was estimated to have a net uptake of 13.7 + 1.3 gC m2 yr! by Virkkala et al. (2021), while
corresponding simulated values were 12.4 +11.2 gCm2 yr! and 32.5 + 8.8 gC m2 yr for the

‘Shrub’ and ‘NoShrub’ run, respectively.

4, Discussion

We compared a simulation including PFTs commonly represented in GCMs with a simulation
including six additional Arctic shrub PFTs. Both simulations were realistic in comparison to a
broad set of independent data products. The model captures general trends in temperature,
and precipitation and carbon exchange. Furthermore, seasonal dynamics of climate, LAI,

fluxes of CO; and energy, as well as forest distributions were realistically simulated.

We found that the temperature increases due to inclusion of shrub PFTs were strongest
during spring when regional warming occurred over parts of Siberia and Northern Canada.
On the other hand, summer warming was only local and stronger in areas of advance or
densification of the forest cover. Seasonal climatologies did not differ greatly between the
two runs for any of the landcover classes. This was expected for forest cover, since it did not
differ in extent or physiognomy between the two runs. However, the tundra displayed large
differences in simulated vegetation physiognomy between the two runs, and therefore the
minor difference in seasonal climatologies is unexpected. Tundra vegetation in the ‘Shrub’
run was mostly comprised of low shrubs, and eddy covariance flux measurements have
found little effect of low shrub (<80cm) cover on energy fluxes (Lafleur and Humphreys,
2018). In addition, showed a 20% simulated increase in low shrub cover over the high
latitudes a temperature increase of +0.66°C, whereas a similar increase in tall shrubs (> 2m)
induced an annual regional change of +1.84°C (Bonfils et al. (2012). Thus, our dynamic
simulations of shrub cover did not simulate regional warming or shrub increases on that
scale, and our model suggests that an increased abundance of shrubs on the tundra will play

a secondary role in forest advance for regional warming.



Forest extent largely matched the GLASS-GLC extent. The main differences were in the Larix
forest of Siberia. The smaller extent of the Siberian Larix forest was due to competitive
interactions with shrubs which limited the extent of the forest. However, future range shifts
of Larix spp. are very likely (Mamet et al., 2019), but may be limited by seed dispersal (Rees
et al., 2020; Brown et al., 2018), nutrients (Gustafson et al., 2021) or competitive effects
(Pearson et al., 2013).

The stronger temperature increases occurring over the Siberian tundra in our model, suggest
that the soil carbon in these carbon-rich soils could be mobilised by soil warming and
permafrost thaw with subsequent feedbacks to the global carbon cycle (Hugelius et al.,
2014; Schuur et al., 2015). However, the strong temperature bias restricted our analysis of
this feedback. Future studies could be extended to further include estimates of carbon loss
from these areas if the strong climate biases are overcome. Nevertheless, the carbon fluxes
simulated by the model were compared with the dataset by Virkkala et al. (2021) for forests
and shrublands. For the tundra, the net exchange of carbon and the Pan-Arctic fluxes was
also captured, even though the GPP and Reco Were underestimated due to the cold bias. The
simulated data had both a stronger trend and larger variability than the measured data
(Virkkala et al., 2021). This may be attributed to the values reported, which are medians of
five common methods to upscale fluxes (Virkkala et al., 2021). The aggregated trends from

the median values may have lower variability than each individual method of upscaling.

Furthermore, we found that an overestimation of albedo was associated with the cold bias
in the simulations over the tundra domain, especially in spring. RCA4 has previously been
found to simulate a pressure gradient over the Arctic ocean, resulting in anomalously strong
cold winds over the Siberian tundra (Koenigk et al., 2015). This cold bias was amplified in our
simulations with dynamically changing vegetation compared to the standalone RCA4 with
static vegetation. The cold bias was so strong that the simulated vegetation did not fully
establish. What factor that drove the overestimation of albedo in our simulations was
however somewhat unclear. Correlations between LAl and temperature were weak and

could thus not drive large-scale reductions of albedo in the model. Therefore, it is not likely
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that a larger LAl would have fully corrected the albedo bias, had the vegetation been more

productive.

In LPJ-GUESS, lower temperatures generally lead to lower productivity as the temperature
response of the assimilation would lead to reduced photosynthetic capacity. Our newly
implemented features likely have further compounded the low productivity bias over tundra
as the lower temperatures lead to lower soil nitrogen mineralisation and a shallower
permafrost active layer. While increased realism in all models is a key research goal, it is
important to be aware of similar patterns that may arise. The biases are furthermore difficult
to overcome by model calibration, especially if simulated future projections are attempted.
If model parameters (e.g. relating to vegetation) are tuned to compensate for biases in the

atmospheric model, vegetation responses might be too strong in future scenarios.

Our study with dynamically changing vegetation and feedbacks is nonetheless a step forward
from previous studies with prescribed shrub cover (Bonfils et al., 2012), purely local studies
of albedo change (e.g., Te Beest et al., 2016), statistical relationships between vegetation
and abiotic drivers (Pearson et al., 2013) or absence of important processes such as nitrogen
cycling (Zhang et al., 2020; Zhang et al., 2014; Zhang et al., 2018). Furthermore, this study
identifies potential areas for model improvements. The land surface scheme of RCA4
implicitly assumes vegetation above 2m belongs to the forest fraction. We thus counted the
tall shrubs towards the forest tile rather than the tundra tile. However, this transition is
likely more gradual than what is represented in the model. Model improvements should
focus on a more detailed representation of shrub height and physiognomy. Such
improvements could also consider snow dynamics to represent albedo change more

accurately from protruding shrubs in winter and spring.

5. Summary

A new version of a regional ESM (RCA-GUESS) was developed and evaluated to determine
the effect of including shrubs in simulations of Arctic climate. The shrub and no-shrub
simulations were surprisingly similar, and the inclusion of shrubs was not found to

significantly affect regional climate. The highest degrees of warming stemmed from the
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advance and densification of forests, although these effects were only local. Shrub advance
slightly warmed the climate and had significant effects on spring. Competitive effects held

back forest advance in our ‘Shrub’ simulations, which slightly reduced warming.

The evaluation of the vegetation-climate coupling revealed a bias over large parts of the
tundra domain, driven by albedo. This highlights the importance of evaluating the coupling
between the sub-models, but also room for model improvement. The open-land tile in the
LSS of RCA may need to be separated into more sub-classes, like bare ground, grassland and
shrubland. Albedo calculations on the open land tile could include parameters than LAl for
its albedo calculations. Such parameters would yield a more dynamic transition between
open-land and forests, which could result in more realistic and robust projections of future

impacts of shrubification on local and regional high latitude warming.
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Figure 1 Difference in seasonal 2m air temperature (top row), latent heat flux (middle row) and albedo

(lower row) change from inclusion of shrubs in the simulations. Values are the difference in each variable

between the end (2008-2013) and start (1980-1985) and between simulations (Shrub — NoShrub).
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Fig. 2 Land cover classes and change between the beginning (1982-1987) and end (2008-2013) of the

simulation period for the ‘NoShrub’ run (left column), the ‘Shrub’ run (middle column) and GLASS-GLC

landcover product (Right column).
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index [(LAlwoody-LAlherb) / (LAlwoody + LAlrers)] for the two simulations. The two indices indicate the relative

abundance of evergreen vs. deciduous vegetation and woody vs. herbaceous vegetation, respectively. The

normalised phenology index ranges between -1 (fully deciduous ecosystems) and +1 (fully evergreen
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Fig. 4 Satellite inferred (top row) and RCA-GUESS simulated total summer LAl for the years 1980-2013.

Middle row shows the RCA-GUESS simulation with dynamic vegetation but without shrubs.

shows corresponding simulation but with shrubs included.
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Supplementary material S1 — Model description

Ecosystem model - LPJ-GUESS

LPJ-GUESS (Smith et al., 2001; Smith et al., 2014) is a dynamic vegetation model optimised
for regional and global applications. It explicitly simulates primary production, growth, and
competition between individuals belonging to a defined set of plant functional types (PFT).
The simulated vegetation is the emergent outcome of the competition for light, water and
nutrients between each PFT.

Vegetation dynamics, disturbance and landscape heterogeneity are represented by simulating
dynamical processes co-occurring on a number of replicate patches. The likelihood of fire
events is based on the amount of litter and soil water. In addition, patch destroying events
occur within each patch with a 1 per 300-year likelihood.

Here we use an updated version of LPJ-GUESS with recently implemented features for high
latitude applications, including soil freezing and updated soil thermal calculations. The new
scheme applies 15 soil layers and up to 5 snow layers with dynamic thicknesses. Previous
versions of the model used two soil layers and one snow layer. The soil thermal diffusion is
solved using a Crank-Nicholson scheme, which greatly improves soil temperature calculations
and enables simulations of permafrost. Furthermore, the model has been updated to include
the full nitrogen cycle. The nitrogen cycle has previously been implemented and tested in
LPJ-GUESS (Smith et al., 2014; Warlind et al., 2014) but has not been applied in combination
with RCA4 for the Arctic domain up until this point. Modelled processes include nitrogen
limitations on primary productivity. Furthermore, turnover and dynamics of soil organic
matter (SOM) is represented by a CENTURY -based soil model with 11 pools.

We extend the set of modelled PFTs in RCA-GUESS to include six shrub PFTs in our study
(Gustafson et al., 2021). One evergreen and one deciduous shrub PFT is incorporated in each
of the height classes tall (up to 2m), low (up to 0.5m) and prostrate dwarf (up to 0.2m) shrubs.
For a full list of PFTs included in this study, see Table S.1 below.

Regional atmospheric model - RCA4

The Rossby Center Regional Atmospheric Model (Samuelsson et al., 2015), RCA4, is a
generally applicable RCM capable of simulating atmospheric processes and land processes. It
has been extensively used for regional climate downscaling over both the Arctic, Europe, and
Tropical domains. RCA includes a tiled land surface scheme including one forest tile, one
open-land tile and a snow-covered tile. The snow-covered tile is dynamically changing
depending on snow conditions. The open land tile represents low-stature vegetation such as
grasslands, pastures and tundra. The landcover is dynamically updated every simulation year
during the simulation. The open land tile may never be smaller than 10% of the grid cell. The
forested tile is further divided into broadleaved and needle-leaved fractions. LAI is used to
calculate surface resistances for evapotranspiration, interception and aerodynamic processes.
In its stand-alone version, RCA4 is supplied with these variables from ECOCLIMAP (Masson
et al., 2003) with a monthly seasonality, but do not develop over time in a standard RCA4
simulation (Samuelsson et al., 2015).



Spin-up procedure

RCA-GUESS was spun up in two stages. In the first stage, the two models were spun up
separately using their own forcing. LPJ-GUESS requires a longer spin-up than RCA and was
forced with CRU-NCEP (Viovy, 2018). We repeatedly use the first 30 years of data to spinup
the model for 500 years before the first common simulation year (1979). RCA was forced
with ERA-Interim at the boundaries. After the separate spin-up legs, the two models were run
together in the coupled mode for 30 years to be allowed to equilibrate. The climate output
from this period was first detrended and then saved.

In the second spin-up stage, the detrended RCA climate was used to spin up LPJ-GUESS
again, and the vegetation was then assumed to be in equilibrium with the RCA spin-up
climate. After the second spin-up stage, RCA-GUESS was run in coupled mode with a
transient climate from 1979-2013.

Table S.1 Plant functional types (PFTs) included in the study and their respective model species

PFT Typical species

BNE Picea abies

Boreal needle-leaved evergreen tree

BINE Pinus sylvestris

Boreal needle-leaved shade-intolerant evergreen tree

IBS

Betula pubescens ssp. czerepanovii,

Boreal shade-intolerant broad-leaved summergreen tree Alnus glutinosa, Sorbus aucuparia, Populus tremula

HSS Salix spp.

Tall summergreen shrub

HSE Juniperus communis

Tall evergreen shrub

LSS Vaccinium myrtillus, Salix hastata

Low summergreen shrub

LSE Empetrum nigrum, Cassiope

Low evergreen shrub retragona

SPDS Salix Polaris

Prostrate summergreen dwarf shrub

EPDS Arctostaphylos uva-ursi

Prostrate evergreen dwarf shrub

GRS Gramineae

Boreal C3 graminoids

CLM Cushion-forming Caryopyhyllaceae

K K and Saxifragacea, lichens, mosses
Cushion-forb-lichen-moss-tunda
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Fig $2.1. Change in albedo and annual 2m air temperature correlations with change in LAl and
forest fraction. Distributions on the bottom and right side of each scatterplot are kernel density
estimates of the data.
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Fig $2.2. Temporal development of 2m air temperature as simulated by RCA-GUESS with and
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Fig. $2.3. Leaf area index (LAI) development for each landcover class. Full PFT names and
model species can be found in Table S1.1 Values are averages of grid cells representative for
each landcover class presented in Fig S2.4.

Fig S2.4. Areas representative of the presented landcover classes. Red color represent
coniferous forest, green color Larix forest, blue color shrubland and purple color tundra.
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Abstract. The high latitudes are experiencing rapid climate warming with consequences for biogeochemical
cycling and the greenhouse gas budget. We used the dynamic vegetation model LPJ-GUESS under a range of
climate change scenarios and Genereal Circulation Models (GCMs) with different climate sensitivities to explore
the impacts climate warming and the robustness of this signal. The model simulated fluxes of CO2, CH4 and N.O
as well as vegetation dynamics under these scenarios and we subsequently calculated the global warming
potential over a 100-year window (GWP100). Simulated fluxes were robust under future environmental change
and more dependent on scenarios than in previous studies, where the choice of GCM has played a larger role.
The region was consistently a sink of CO2, which was also the strongest contributor to the GWPi00. Both the
coldest and the warmest scenarios had the highest — but still negative — GWPio0 at the end of the century
compared to the more intermediately warmed scenarios. For the cold scenarios, this was driven by a weaker sink
strength, while for the warmest scenarios the ecosystem respiration and non-CO> greenhouse gases became more
important. Vegetation dynamics played a crucial role in the greenhouse gas fluxes with the boreal forests as
drivers for both future carbon sequestration and N2O emissions. Tundra productivity was underestimated and so
its potential climate sink may also have been underestimated. Substantial uncertainties remain regarding losses
of COz to the atmosphere and the degree of permafrost carbon N2O emissions. With better data and empirical
knowledge regarding the environmental controls on these processes, model estimates of the contribution of high

latitude ecosystems to global warming will be more reliable.

1 Introduction

Temperatures in the high latitudes are rising twice, or even three times, as fast as the global average (AMAP,
2021; IPCC, 2014), a phenomenon termed Arctic amplification. Warming will affect ecosystems and the
physical environment in which plants and other living organisms grow. During recent decades satellites have
recorded increases in vegetation greenness (Bhatt et al., 2017; Bhatt et al., 2010; Epstein et al., 2012; Forbes et
al., 2010) which has been related to increasing temperatures, longer growing seasons, and decreasing sea ice
cover. The greening has also been linked to an increasing abundance and stature of Arctic vegetation (Bjorkman
et al., 2018), most notably among shrubs (Elmendorf et al., 2012; Myers-Smith et al., 2015). Furthermore,

latitudinal treelines are expected to shift northwards. Studies of latitudinal treelines have shown advancing



behaviour in approximately half of the observations (Rees et al., 2020), which is similar to findings from studies
of global altitudinal treelines (Harsch et al., 2009). Large-scale treeline advances have also been documented
using satellite observations (Berner & Goetz, 2022; Rees et al., 2020) and are expected in the future (Mamet et

al., 2019; Rees et al., 2020).

Vegetation shifts will impact ecosystem functioning with implications for biogeochemical cycling. Warmer
temperatures, longer growing seasons, and increased atmospheric CO. are all expected to increase
photosynthetic carbon assimilation by plants (Dusenge et al., 2019; Fernandez-Martinez et al., 2018). Warming
may also induce higher rates of nutrient cycling, which is of importance as Arctic woody vegetation is often
nitrogen-limited (Gustafson et al., 2021; Martin et al., 2022; Mekonnen et al., 2021; Mekonnen et al., 2018). On
the other hand, warming-induced mineralisation of soil organic matter will increase carbon losses from soils
(Crowther et al., 2016). Permafrost soils are of particular importance as they contain vast amounts of carbon
(Hugelius et al., 2014) and are likely to degrade and mobilise otherwise frozen carbon (Schuur et al., 2015) if
warming continues. Furthermore, carbon may be released from the region’s terrestrial ecosystems by increasing
wildfire frequency and intensity (Bruhwiler et al., 2021) in response to warming. Loss of carbon has also been
observed as tundra is converted to forest ecosystems (Hartley et al., 2012), although the magnitude and spatial
extent of this loss are highly uncertain. Concerns that the Arctic will turn from a sink to a source of carbon have
been raised and have sometimes been observed (Belshe et al., 2013). Current estimates of the Arctic CO2
exchange indicate that the region is close to equilibrium, but there remains disagreement between process

models, inversion models, and upscaling datasets (Bruhwiler et al., 2021; McGuire et al., 2012).

The region’s soils may also become an important source of the potent greenhouse gas nitrous oxide, N2O, as
temperatures warm (Voigt et al., 2020). N2O is formed through different microbial pathways in both upland and
wetland soils (Pilegaard, 2013; Voigt et al., 2020). Warmer temperatures may induce higher rates of nitrogen
mineralisation (Nadelhoffer et al., 1991), which is the primary source for denitrification and N2O-forming

microbial processes.

Approximately 8.6% of the terrestrial area north of 60°N is comprised of peatlands (Xu et al., 2018), which is a
disproportionally large area compared to the globe as a whole. This also makes the high latitudes an important
region for natural methane emissions (Saunois et al., 2020; Stavert et al., 2022). Northern high latitude peatlands
are currently estimated to release 9 [2-18] TgCH4 yr! and 13 [7-16] TgCH4 yr! by process models and
inversion models, respectively (Saunois et al., 2020). Methane is formed in anoxic environments, which arise in
water-logged soils (Bridgham et al., 2013). The water-logged conditions furthermore prevent the decomposition
of organic material, making it a carbon store. Future dry-up and increased temperature may however mobilise
the stored carbon, although other estimates show an increased carbon accumulation. Simulations using process-
based models have indicated that peatlands may remain a sink of CO: in a strong climate mitigation scenario

while turning to a source in scenarios with high rates of greenhouse gas emissions (Qiu et al., 2022).

Future temperature trends are uncertain in the high latitudes, with multi-model estimates from the sixth phase of

the Coupled Model Intercomparison Project, CMIP6 (Eyring et al., 2016), ranging from 0.34°C decade™ to



0.99°C decade™ for SSP1-2.6 and SSP5-8.5 respectively during the 21° century (Cai et al., 2021). Different
trajectories of climate adaptation and mitigation efforts may also play a role in both emission trends of CO2
(Meinshausen et al., 2020) and nitrogen deposition, which further enhances the uncertainty of ecosystem

responses in the northern high latitudes to these perturbations.

Global temperature change is proportional to the cumulative emissions of COz in the atmosphere (IPCC, 2021;
Matthews et al., 2009). Large effluxes of greenhouse gases from the Arctic may consequently have implications
for the global carbon budget and climate change. Whether the Arctic is a sink or a source of greenhouse gases in
the future is thus of vital importance for mitigation and adaptation efforts as the response of the region’s natural
ecosystems may either expand or shrink the budget space for reaching global climate goals such as the Paris

agreement.

Dynamic vegetation models (DVMs) are designed to simulate ecosystem processes and estimate changes in
biogeochemical cycling. They are thus excellent — and the only — tools for investigating the complex and

interacting factors controlling greenhouse gas emissions in the changing Arctic.

In this study, we use a contemporary DVM with newly implemented Arctic features and drive it with a set of
CMIP6 scenarios in order to determine the trajectories of ecosystem response in the region in the 21% century

generally, and specifically to answer the following research questions:

i Will the Arctic be a sink or a source of greenhouse gases in the future?
ii. Under what scenarios or conditions might the Arctic turn from a sink to a source of GHGs?
iii. How robust are these patterns between different scenarios of environmental change?
iv. How do vegetation dynamics and treeline migration influence these changes?
2 Methods

2.1 LPJ-GUESS

The Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS) is a contemporary dynamic vegetation
model (Smith et al., 2001; Smith et al., 2014) capable of simulating global and regional vegetation and
biogeochemical dynamics (See Supplementary material S1 for a thorough description). The model simulates
fluxes of carbon, nitrogen and water in response to a dynamic set of climatic and environmental conditions.
Vegetation structure is the emergent outcome of the environmental drivers and competition among a set of plant

functional types (PFTs) for light, water and nutrients.

In this study, we study the development of high-latitude vegetation and greenhouse gas fluxes over the 21%
century using LPJ-GUESS v4.1 with newly implemented Arctic features as well as an updated nitrogen scheme
and the SIMFIRE-BLAZE fire model (Knorr et al., 2014; Pellegrini et al., 2018; Rabin et al., 2017). The Arctic
updates include improved soil physics and a multi-layer snow scheme, enabling soil freezing and simulation of
permafrost. Moreover, for peatland fractions of each gridcell, wetland features adapted from Wania et al. (2009a)

and subsequent updates (Wania et al., 2009b, 2010) have been added, including wetland-specific moss and



graminoid PFTs, and climate-sensitive methane fluxes from diffusion, plant-mediated and ebullition pathways.
The PFT set used for upland (non-peatland) gridcell fractions include boreal tree PFTs and high-latitude tundra
PFTs following Wolf et al. (2007), and an updated set of shrub PFTs (Gustafson et al., 2021), which represents
tall, low and prostrate shrub physiognomies with either evergreen or deciduous phenology (Table S2.1;
Supplementary material). The updated nitrogen scheme is adapted from Xu and Prentice (2008) to simulate
transformations of different N species and their release into the atmosphere. The updated fire model is capable of
dynamically simulating fire probabilities from different weather conditions, and when a fire occurs, the biomass

and litter combustion, fire-line intensity and vegetation mortality caused by fire is simulated.

2.2 Model evaluation

We evaluate the model against several available datasets. Carbon fluxes are evaluated against statistical- and
machine-learning upscaled eddy covariance and flux data by Virkkala et al. (2021). This dataset contains annual
fluxes of gross primary productivity (GPP), ecosystem respiration (Reco), and net ecosystem exchange (NEE)
between the years 1990-2015. We also compare simulated GPP to the GOSIF product (Li & Xiao, 2019), which
provides global annual GPP values inferred from satellite-derived solar-induced chlorophyll fluorescence.
Aboveground biomass estimated from satellite observed vegetation optical depth (VOD) between the years
1982-2015 (Liu et al., 2015) was used to evaluate simulated vegetation biomass carbon for our domain. Fluxes
of CHs were evaluated against a monthly gridded data product based on upscaled eddy-covariance fluxes
between the years 2013 and 2014 and regionally estimated numbers from the global methane budget (Saunois et
al., 2020). The latter contains both estimates from process models and inversion models. Estimates of N.O
emissions from the high latitudes are currently lacking, however, we compare our regionally summed values to

the estimates provided by Voigt et al. (2020) who provide estimates for permafrost soils.

2.3 Simulation protocol

Three Global Climate Models (GCMs) from the Coupled Model Intercomparison Project phase 6 (CMIP6,
Eyring et al., 2016) were selected to provide forcing data for LPJ-GUESS. The GCMs were selected to represent
a large spread within the 1.5-4.5 K likely range of Equilibrium Climate Sensitivity (ECS) (Nijsse et al., 2020;
Tokarska et al., 2020). These include one high (EC-Earth3-Veg), one average (MRI-ESM2-0), and one low
(NorESM2-LM) sensitivity GCM. Furthermore, we selected model outputs from GCM simulations following
four Shared Socioeconomic Pathways (SSPs) from CMIP6 ScenarioMIP (O'Neill et al., 2016). These included
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5. For the historical period (1901-2015), we also forced the model
with CRU-NCEP (Viovy, 2018) for evaluation purposes

Daily GCM output was downloaded from the Earth System Grid Federation (ESGF) database and re-gridded to
the 0.5° spatial resolution standard for LPJ-GUESS using the Climate Data Operators tool (Schulzweida, 2021).
Variables downloaded for each GCM included minimum, mean and maximum surface air temperature, total
precipitation, net incoming shortwave radiation, surface wind speed, and relative humidity. In case relative
humidity was unavailable, specific humidity, surface pressure, and orography data were downloaded and used to
calculate relative humidity according to Monteith and Unsworth (2013). All climate variables were subsequently

bias-adjusted for the period 1901-2100 against the Watch Forcing Data applied to ERA-Interim (WFDEI,



Weedon et al., 2014) using the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) approach (Lange,
2019) and provided Python scripts (Lange, 2021). Additional input variables to LPJ-GUESS included soil
texture (Batjes, 2005), and annual [CO2], and monthly nitrogen deposition from the CMIP6 input4MIPs datasets
for each scenario. Lastly, the peatland fraction of each grid cell was extracted from the PEATMAP product (Xu
etal., 2018).

2.4 Global warming potential

To compare the climate effect of the total GHG emissions we calculated global warming potential over a 100-
year window (GWPi0). The yearly net emissions of CO2, CHs, and N2O were summed over a high-latitude
domain consisting of all land points north of 60N (see Fig 1). The climate effect of each gas was then converted
to CO2eq by multiplying CH4 by 27 and N>O by 273 following the updated values in the IPCC Sixth Assessment
Report (Forster et al., 2021). COz, by definition, has a multiplier of 1 for conversion to COz2eq. The GWP100
values are reported as Gt COzeq.

2.5 Vegetation indices and classification

We distinguish between tundra and forests in our analysis. Gridcells with a tree fractional projective cover (FPC)
of at least 30% were classified as forests. The FPC is based on LAI, and so gridcells with less than 30% Tree
FPC were considered to have either no trees or trees with stunted growth and vegetation more resembling tundra

vegetation.

To compare the vegetation structure between simulations spanning GCMs (i.e. ECS) and scenarios, we calculate
the relative abundance of evergreens vs. deciduous PFTs and woody vs. herbaceous PFTs using the Normalised
Phenology Index (NPI) and Normalised Physiognomy index. These indexes are calculated as:
upt = CMeg = CMagcia

CM,g + CMgecia
where CMeq and CMaecid is the summed biomass carbon of evergreen and deciduous PFTs, respectively. NPI
ranges between -1 (for fully deciduous ecosystems) and +1 (for fully evergreen ecosystems). Similarly, the
NPMI is calculated using the relative abundance of woody vegetation biomass carbon (CMuwoody) to herbaceous
(CMherb):
CMwooay = CMperp

NPM] = 2200 ___7°10
CMwoody + CMherb

NPMI ranges between -1 (for fully herbaceous ecosystems) and +1 (for fully woody ecosystems).

3. Results
3.1 Vegetation change

Our simulations reveal that climate change will result in substantial changes to vegetation distribution and

biomass, depending on the scenario and GCM.



Historical SSP1-2.6 S5P 2-4.5 SSP3-7.0 SSP 5-8.5
78 y ; y ¥

Vegetation Cmass (kg€ m~?)
Vegetation Cmass change (kgC m~2)

e - n oW o0& w

—— CRU-NCEP

—— EC-Earth3-Veg - historical
---- EC-Earth3-Veg - sspl126

- EC-Earth3-Veg - ssp245
—.— EC-Earth3-Veg - ssp370
—— EC-Earth3.Veg - ssp585
—— NorFSM2-1M - historical

60

w

- NorFSM2-1M - ssp?245
—— NorFSM2-1LM - ssp370
—— NorESM2-LM - ssp585
—— MRI-ESM2-0 - historical
---- MRI-ESM2-0 - s5p126

= MRI-ESM2-0 - 55p245
—= MRI-ESM2-0 - ssp370
—— MRI-ESM2-0 - ssp585
— Liuetal. (2015)

&

Vegetation Cmass (PgC)
M

1080 2000 2020 2040 2060 2080 2100
time

Fig 1 Simulated vegetation biomass carbon. The top row represents the spatial distribution of the multi-model averaged
biomass carbon density for the historical (2001-2010) period and the end of the century (2091-2100) for the respective
scenarios. The historical map displays absolute values of vegetation carbon density while the respective scenario displays the
change from this value. The bottom row displays the temporal evolution of total biomass carbon for the simulated domain for
each GCM and scenario as well as VOD-based aboveground biomass carbon estimates (Liu et al., 2015)

Vegetation biomass carbon was somewhat variable between GCMs with the highest amount of biomass carbon
in the GCM with the lowest climate sensitivity (NorESM2-LM; Fig 1). This GCM was well within the range of
remotely sensed vegetation optical depth (VOD) based biomass estimates. There was thus a low-bias of
simulated biomass in our results. Outputs from runs forced with the other two GCMs, as well as CRU-NCEP,
showed underestimations of biomass carbon for recent decades, with the GCM with the highest climate
sensitivity (EC-Earth3-Veg) showing the lowest amount of biomass carbon. During the projection period, the
biomass carbon developed towards being more robust between SSPs rather than GCMs. The biomass carbon
change was thus scenario dependent with SSP1-2.6 showing the lowest amount of biomass carbon increase and
SSP5-8.5 the highest. Biomass carbon increases were mainly driven by changes seen in the boreal forests, which

became denser rather than showing considerable treeline advance (Fig S2.1; Supplementary materials).

The three GCMs showed surprising similarities in vegetation structure and distribution, despite their differences
in climate sensitivities and the changes were largest between SSPs rather than GCMs at the end of the century
(Fig. S2.2; Supplementary materials). The model simulated tundra vegetation with a relative abundance of
herbaceous and deciduous vegetation over the tundra (Fig 2) during the historic period 2001-2010. The forests
over Scandinavia and western Russia as well as eastern Canada were comprised of evergreen forests. The
southern latitudes in Siberia showed a needleaved deciduous forest, mostly comprised of the PFT BNS,
representing Larix species. During the projection period, woody vegetation increased over most of the tundra
with the strongest changes over western Siberia and Canada. The strongest shifts from herbaceous to woody

vegetation were also
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Fig 2 Multi-model means for the normalised phenology index (NPI; top row) and the normalised physiognomy index (NPMI;
bottom row) for the historical period (2001-2010) and projected (2091-2100) for each scenario. Historical maps display
absolute values while scenario maps display the projected difference to this value for each respective scenario. The NPI
indicated the relative abundance of deciduous to evergreen vegetation. The index ranges from -1 for fully deciduous

ecosystems to +1 for fully evergreen systems. Similarly, the NPMI indicates the relative abundance of herbaceous to woody
vegetation with -1 indicating fully herbaceous vegetation and +1 indicating fully woody vegetation.
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spatially linked to a shift from deciduous to evergreen PFTs, mainly driven by an increased abundance of boreal
needleaved evergreen PFTs (BNE and BINE). The shift from evergreen to deciduous forests in the more
southern latitudes was mainly driven by an increased abundance of boreal broadleaved deciduous species such as

the IBS PFT, representing, e.g. Betula species, at the expense of boreal needleaved evergreen PFTs (Fig 2).

3.2 CO: fluxes

The simulations indicated that the tundra had a close to neutral carbon balance from 1850 to approximately 1980
when it turned into a sink of CO2 (Fig 3). The boreal forests on the other hand acted as a sink during the same
period, but like the tundra, became a stronger sink after 1980. During the projected period, the forests continued
to act as a sink of COz but stabilised towards the end of the century in all scenarios except for MRI-ESM2-0
under SSP5-8.5 and SSP3-7.0. Tundra on the other hand stabilised during the beginning of the century, and after
the mid-century, the trend turned towards neutral carbon balance, and without fully becoming a source of COz to
the atmosphere. This made the forest ecosystems drivers of the carbon sink during the projected period in all

scenarios.

Seasonal fluxes displayed a greater amplitude in the projection simulations compared to the historical
simulations. Despite warming, the carbon balance did not turn to net uptake earlier in spring, likely as a result of
limiting light. During autumn, the month when the ecosystems turned to a net release of carbon was on the other
hand highly variable between scenarios, with almost a month differing between the earliest and the latest
scenario on the tundra. The seasonal patterns are however surprisingly robust between GCMs and scenarios

except for MRI-ESM2-0 which dominates the seasonal uptake in all scenarios except SSP1-2.6.

The domain-averaged fluxes of gross primary productivity were underestimated compared to both upscaled

fluxes and satellite inferred productivity (Fig S2.3; Supplementary materials). Reco was similarly underestimated,
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Fig 3 Simulated annual (top row) and seasonal (bottom row) net ecosystem exchange (NEE) for the tundra (left column) and
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ecosystems. Bottom row displays the seasonal NEE for each simulated scenario at the end of the century (2091-2100). Note
the difference in scale in panels on the bottom row, displaying seasonal carbon fluxes of the forest and tundra.

resulting in a NEE that was well within the range of estimated values by Virkkala et al. (2021), both regarding
magnitude and variation. The fluxes were robust between GCMs. The spatial comparison however revealed a
low bias of GPP over the tundra, especially in the high-Arctic towards the Arctic Ocean, and a slight

overestimation of boreal forest GPP over Western Russia and Canada.

3.3 CH4 emissions

The model estimated present-day (2010-2014) CHa emissions of 11-14 Tg CH4 yr ' (Table 1), which is
comparable to other estimates by inversion models of 13 [7-16] TgCH4 yr! and process models of 9 [2-18]
TgCH4 yr-1 (Saunois et al., 2020). The model however simulated significantly lower annual CH4 emissions
compared to the upscaled estimates by Peltola et al. (2019). CH4 emissions peak during the summertime and the
lowest fluxes occured during the winter, although winter fluxes were much higher in the upscaled dataset
compared to the modelled fluxes (Table 1; Fig S2.4). Modelled wintertime fluxes were close to zero, whereas
Peltola et al. (2019) emissions are approximately 65% of the MAM emissions (4% in LPJ-GUESS). This
indicated that LPJ-GUESS — like several other process-based models - underestimated cold-season methane

fluxes.

As revealed by Fig. 4, the high ECS GCM (EC-Earth3-Veg) simulated the lowest historical but highest scenario
emissions of CHa. Under SSP1-2.6 and SSP2-4.5 there was a decrease in emissions from mid-century to 2100.
Although all scenarios display increased CHa4 emissions compared to the present-day fluxes, the magnitude of

the emissions were dependent on the SSP rather than GCM.
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Fig 4 Simulated emissions of CH4 from 1850-2100 for all GCMs and scenarios, including CRU-NCEP. Values are summed
up for all fluxes over our simulation domain.

3.3.1 Vegetation effects on CH4 fluxes

CHas fluxes were significantly affected not only by soil temperature but also by water table depth (WTD) and the
dominant vegetation type as well (Fig S2.5; Supplementary materials). Lower soil temperature and drier
conditions (WTD) yielded lower CH4 emissions, whereas higher soil temperature and soil water saturation result
in higher CHs emissions. Modelled CH4 fluxes were more sensitive to surface temperature changes when the
flood-tolerant graminoid PFT WetGRS were abundant. Graminoids were prevalent in areas with continuous or
seasonal saturation of the peatlands. Furthermore, the gramonoid peatland PFTs support plant mediated CH4
emissions through their aerenchyma, which together with the wetter and warmer conditions explained the

significantly higher CH4 emissions at sites with a large presence of graminoids.

Table 1. Model-data comparison of seasonal CH4 emissions. Seasonal and annual fluxes of LPJ-GUESS simulated CHs-
fluxes compared to eddy-covariance upscaling data (Peltola et al., 2019) and regional CH4 budget estimations from inversion
models (Saunois et al., 2020).

Historical CH4 emissions

Cumulative seasonal emissions Total
TgCHs season™ annual
emissions
Peltola et al., 2019
1.72 2.52  12.37 5.55 22.15
(mean 2013-2014)
Saunois et al., 2020
- - - - 9-13
Natural wetlands, 60°- 90°
EC-Earth3-Veg 0.04 098 7.78 2.88 11.68
LPJ-GUESS
with GCM MRI-ESM2-0 0.06 0.71 737 3.09 11.23
(mean 2010-2014)
NorESM2-LM 0.04 .12 945 2091 13.52
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Fig 5 Simulated annual fluxes of N>O by LPJ-GUESS. Top row displays the spatial extent of the simulations for the
historical (2001-2010) and end of the century (2091-2100) for each scenario. The map over historical emissions displays
absolute multi-model averages while scenario maps display the multi-model difference against the historical values. The
lower panel displays a time series over emissions for each GCM and scenario.

3.4 N2O emissions

The model simulated emissions of N2O emissions between the years 2001 and 2010 with a magnitude of 0.038 +
0.007, 0.029 + 0.003 and 0.028 + 0.005 Tg N2O-N yr'! for EC-Earth3-Veg, MRI-ESM2-0 and NorESM2-LM,
respectively. The multi-model average was 0.03 £ 0.003 Tg N2O-N yr''. N2O emissions were in general robust
between scenarios (Fig 5), however, the GCM MRI-ESM2-0 stood out with remarkably small changes in N2O
emissions in all projection scenarios. The lower latitude boreal forests and high latitude wetlands in our domain
contributed most to the N2O emissions during the recent decade (2001-2010) in the multi-model average.
Changes in N2O emissions were correlated with the degree of warming in the SSPs, except for MRI-ESM2-0.
The largest contributor to the N2O emissions increase were the boreal forests, both Larix forest and broadleaved
deciduous forests (Fig. 2 and Fig 4). The increased N2O emissions were driven by excess soil nitrogen as net
mineralisation of SOM increased relatively faster than plant uptake of nitrogen (Fig S2.7; Supplementary
material). Although a similar pattern of the nitrogen uptake to mineralisation ratio was observed at the tundra,
this did not yield any significant increases in N.O emissions as rates were still low. The high rates of
mineralisation in the boreal forests in concert with the yielded excess nitrogen subsequently resulted in gaseous

losses of soil N as N2O.
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Fig 6 Simulated GWP g between the years 1850-2100 for all GCMs and scenarios, including CRU-NCEP, summed over the
simulation domain. Lines are 5-year rolling averages of the annual time series.

3.5 Global warming potential

The simulated GWP100 summed over the domain was neutral during the period 1850-1980 with some years
having a net positive GWP100, while other years had a net negative GWP100 (Fig 6). From the 1980s and onward
the domain turned into a sink as temperatures showed stronger warming, this pattern was robust across all three
GCMs and CRU-NCEP. Between the years 2001-2010 the Arctic was a clear sink of -0.97 + 0.55, -0.99 £ 0.46,
and -1.00 £ 0.56 Gt COzeq for EC-Earth3-Veg, MRI-ESM2-0, and NorESM2-LM, respectively (Fig. 7).
Corresponding values for the CRU-NCEP forced run was -0.88 + 0.39 Gt COzeq. The sink continued throughout
the 21% century but stabilised by mid-century with the SSP1-2.6 scenarios breaking the trend and annual GWP100

increased, while not turning positive (Fig 6).

The largest contributors to the GWPioo trends in all scenarios were the COz fluxes (Fig 7). The strength of the
C02-CO2¢eq generally determined whether our domain had a positive or negative GWP100 and thus contributed to
global climate warming or not. The projected GWP100 were generally larger in the SSP1-2.6 scenarios than in the
stronger warming scenarios, although the GWPioo were also high in the two scenarios with the strongest
warming (EC-Earth3-Veg-SSP3-7.0 and EC-Earth3-Veg-SSP5-8.5). In particular, the intermediate sensitive
GCM MRI-ESM2-0 had the lowest GWPi00 values between GCMs in all scenarios. CHs emissions were the
second largest contributor to the net GWPi00. The CH4-CO2eq contribution was generally robust in magnitude
and variance between SSPs and showed a slightly positive correlation with climate sensitivity. Lastly, the N2O-
CO2eq varied most between GCMs with almost no contribution in MRI-ESM2-0, but a significant contribution
in SSP5-8.5 for NorESM2-LM and EC-Earth3-Veg.
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4. Discussion

We simulated fluxes of greenhouse gases over the terrestrial land 60°N under three GCMs selected to represent
one high, one middle and one low climate sensitivity GCM within the likely range of ECS under four SSPs. Our
results show a robust climate-positive effect, despite emissions of both CHs and N2O. The cooling effect of the
Arctic greenhouse gas balance is robust between both climate sensitivity (GCMs) and projected environmental
change (SSPs). The region will however be a source during some years, and with a higher frequency under either
the SSP1-2.6 scenarios or strongest climate warming (EC-Earth3-Veg SSP3-7.0 and SSP5-8.5). The
intermediately warmed scenarios yield the strongest cooling feedbacks to the global climate at the end of the
century. As COz is clearly the driver in our simulations, this is likely a result of a weaker uptake strength in the
colder scenarios and a larger release in the warmer scenarios. GWPioo in the warmer scenarios is furthermore
increased by the added non-CO: greenhouse gases, especially CHa. This may contrast with expectations of
Arctic ecosystems, and tundra becoming a source of carbon in the future (Belshe et al., 2013; Crowther et al.,
2016). Our simulations, however, indicate that this might not be the case as uptake could still outweigh the

release of greenhouse gases for the domain as a whole and under most years.

The vegetation stature did matter for the strength of the CO: sink, where the tundra and forest behaved
differently. While both forest and tundra acted as CO: sinks, the forest was by far the strongest driver in the
projected CO: sink. This sink also persisted longer in the projected estimates, where it stabilised only last half of
the 21% century. Tundra on the other hand stabilised already after the year 2000 and had a slightly positive trend
during the 21% century while remaining a net sink of COz at the end of the century. The forest sink was driven
both by treeline advancement, but a stronger sink was the densification of the forests below the treeline. This
may make the future carbon sink more dependent on anthropogenic activities such as forestry in the boreal
forests as these will likely become more important in the region when productivity increases. A full analysis of

potential impacts of anthropogenic activities is however outside the scope of this study.

The impact of non-CO: forcings on GWPig0 was also dependent on vegetation stature and composition. CHs4

fluxes were more temperature sensitive at sites with a higher abundance of flood-tolerant graminoids as these
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plants mediated the CH4 flux from deeper soil layers to the atmosphere. The emergence of the PFT representing
these plants (WetGRS) is furthermore dependent on the WTP, which in turn is dependent on the hydroclimate.
Although only briefly analysed in this study, the precipitation regime may be important for future CH4 emissions
as vegetation might shift from both temperature and precipitation change. The CH4 emissions were scenario-
dependent rather than dependent on the GCM. This is in line with results from a larger ensemble of process
models simulating CHs and CO2 emissions under one high and one low emission scenario (Qiu et al., 2022). Our
analysis further shows that this is robust when the model is forced by a range of GCMs under CMIP6 and not

just a range of scenarios.

Our N2O emissions did not contribute largely to the total warming potential (GWP100) from our region during the
historic period. The model simulated emissions of N2O emissions 0.03 £ 0.003 Tg N2O-N between the years
2001-2010. This was lower than the first-order estimate reported by Voigt et al. (2020) of 0.07-0.63 Tg N2O-N
from permafrost-affected soils. Our newly implemented nitrogen cycling scheme is an initial attempt at
modelling the transformation of nitrogen species globally and was not specifically designed for permafrost soils.
It may as such lack processes important in cold areas, such as freeze-thaw cycles and wintertime emissions
(Voigt et al., 2020). Furthermore, the partitioning between nitrogen species such as NO and N2O is unknown
(Pilegaard, 2013). High latitude regions are difficult to investigate due to the vast uninhabited areas and the long
winter season. Data from ecosystem flux measurements of greenhouse gases are thus poorly constrained due to
data scarcity. Our estimates however provide initial modelling estimates of emissions from high latitude soils

and are, us knowingly, the first study to quantify both historic and future emissions of N2O fluxes.

The N20 emissions were more than ten times higher under SSP5-8.5 for NorESM2-LM and EC-Earth3-Veg
compared to the historic emissions, pointing to the large potential for N2O fluxes to become even more important
in the future. This increase was dominated by additional release from the boreal forest soils. The large emissions
were a result of larger net nitrogen mineralisation than was taken up by the vegetation, which subsequently led to
substantial losses through N2O emissions. The large emissions were however not apparent in the intermediate
sensitivity GCM MRI-ESM2-0. Scenarios forced with this GCM also displayed the highest seasonal uptake of
COz, but only intermediate losses during autumn, which could indicate that the demand for nitrogen within the
model was higher. These results point to the importance of mobilised nitrogen for N2O emissions. That N2O
emissions are dependent on the available nitrogen pool is known (Pilegaard, 2013; Voigt et al., 2020), however,
that the excess nitrogen would occur in boreal forests — which traditionally are regarded as nitrogen limited — is
more uncertain. Emerging evidence does however point to a large potential for boreal forests to release N2O

(Burnett et al., 2022), something which may make our projections more plausible.

Despite the large differences between SSPs, our simulations are surprisingly robust within each SSP. Biomass
carbon density as well as CH4 and N20O emissions were more dependent on their SSP rather than the climate
sensitivity of the GCM. This contrasts from similar studies (e.g., Ahlstrom et al., 2012) in which the GCM
climate sensitivity was much larger. From Fig. 1 it is evident that the spread between GCMs was larger between
GCMs during the historic period but converged around a narrower SSP mean at the end of the century. This may

indicate that CMIP6 GCMs are more robust than previous iterations of the GCMs, or that other forcing, such as
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nitrogen deposition and CO2 concentration, becomes more important during the projection simulations. Lastly,
this study uses a more sophisticated bias-adjustment method (Lange, 2019), based on quantile mapping rather
than delta change which was used by Ahlstrom et al. (2012). This may have yielded more similar climate forcing

in our projections.

The simulated tundra region displayed a low bias in productivity which likely drove underestimations of the total
GPP for the domain. The sink potential of the projections may thus have been underestimated. That DVMs
underestimate productivity in high latitude ecosystems has been noted previously (Rogers et al., 2017), and
attributed to a lower activation energy of the photosynthetic temperature response and higher investment in
Rubisco in Arctic plants. Other causes may be the different microclimatic environment experienced by low-
statured vegetation compared to trees. The lower GPP may also have contributed to the lower biomass carbon
density than estimated by Liu et al. (2015), which in turn affects litter production and SOM build-up. Improving
the underestimation of tundra productivity will be vital to more reliable predictions of greenhouse gas

concentrations.

A recent improvement to the LPJ-GUESS snow-scheme highly improved winter soil temperatures, with
implications for the winter SOM mineralisation and tundra carbon stocks (Pongracz et al., 2021). Such
improvements could improve the robustness and reliability of carbon losses. Moreover, biotic interactions
between plants and soil microbiota with apparently large implications for carbon losses have more recently taken
place in the scientific discussion (Clemmensen et al., 2021; Keuper et al., 2020; Parker et al., 2018). Such
processes are still not sufficiently well understood to be implemented in large-scale models. As knowledge
matures, however, these processes will very likely be a part of projecting the effects of vegetation shifts on high
latitude carbon stocks. Models could further aid in providing estimates where measurements are scarce and

assessing the relevance of these and other processes for the global carbon cycle.
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Appendix A. High-latitude and peatland updates in
LPJ-GUESS version 4.1
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Appendix A

1. Updates to soil temperature and hydrology calculations

Introduction

Compared with the versions of the model (Smith et al. 2014) up to and including version 4,
versions 4.1 and above include updated and differentiated representations of processes
operating in upland (i.e. mineral soil) and peatland ecosystems of the tundra and taiga
biomes, as well as PFTs characteristic of these ecosystems, including evergreen and
deciduous shrubs, forbs, graminoids and bryophytes (Zhang et al., 2014; Tang et al. 2015).
The model now includes improved soil temperature calculations, a description of soil
freezing processes (affecting water available to plants), and, on the fraction of each gridcell
deemed to be a peatland, a peatland hydrology, peatland-specific PFTs, and CH4 emissions.
These developments and process descriptions were adopted from updates to the LPJ DGVM
made by Wania et al. (2009a, 2009b, 2010), and are described more briefly in McGuire et al.
(2012).

Soil layers and their thermal properties

Calculations of soil temperature in versions of the model before version 4.1 are inaccurate for
soils underlain by permafrost and in cold regions experiencing soil water phase change. Soil
temperatures are now calculated and updated daily for each of fifteen, 10 cm layers in the 1.5
m-deep active soil column (i.e. those layers of greatest importance for vegetation and
biological processes), overlain by up to 5 snow layers to a maximum depth corresponding to
10,000 mm water equivalent (see below), and underlain by 5 additional padding layers to a
depth of 48m. See Figure A.1 for an overview of the overall layer structure.
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Surface forcing, T,

Snow layers
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(max. 5 layers)
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Figure A.1. Soil layer structure in upland/mineral soils (not to scale). Up to 5 snow layers overlie 15 active soil layers,
underneath which 5 padding layers extend to a total depth of 49.5 m.

Each day, LPJ-GUESS numerically solves the heat diffusion equation

aT_ 6(D taT)
ot - ax\Pehg;

where T(z,) is the soil temperature at depth z (m) at time t, and D(z,2) (m? s!) is the thermal
diffusivity at depth z, defined as

_ K(z)

T C(zt)

D(z,t)

where K(z,2) is the thermal conductivity (W m™ K!), and C(z,2) (J m™ K!) is the heat capacity
of the soil layer, each at a depth z and time t.

Optionally, the model solves the more general equation:
Clzt ar 0 <K X 6T>
@05 = ax\K&D5;

which reduces to the equation above when C(z,?) is constant.
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Figure A.2. Composition and thermal properties of upland (a) and peatland (b) soil layers.

As shown in Figure A.2(a), the mineral soil layers comprise fixed (in time) volumetric
fractions of mineral (Fmin) and organic (Forg) content, as well as dynamic volumetric fractions
of water (Fwater), ice (Fice) and air (Fair). Both Fiin and Forg, as well as the porosity, por, are
calculated based on soil texture for each gridcell, specifying the percentage of sand, silt and
clay, and organic content, such that

Fpin + Forg + por =1

Both the soil heat capacity and the thermal conductivity are updated daily for each snow,
active soil and padding layer. For active soil layers in upland areas, C(z,¢) is calculated as the
weighted average of the heat capacities of the individual components of the soil layer (e.g.
Cuater, Cice €tc.), using the volumetric fractions as the weights:

Fmin- Cmin + Forg- Corg + Fwater- Cwater + Fice- Cice + Fair- Cair = C(Z: t)

where we have dropped the subscripts for Fwater, Fice, and Fair, each of which vary with depth
and time.

Table A.1 gives the heat capacities and thermal conductivities of the soil layer components.
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Table A.1. Heat capacities and thermal conductivities of the soil layer components. Values taken from Bonan (2002),
Wania et al. (2009a, 2009b), Granberg et al. (2008), and Chadburn et al. (2015).

Soil layer component Heat capacity Thermal conductivity (W m! K)
10°J m3 K
Mineral 2.38 2.0
Organic 2.5 0.25
Peat 0.58 0.06
Water 4.18 0.57
Ice 1.94 2.2
Air 0.0012 0.025
Bedrock 2.1 8.6

Calculation of K(z,2) follows Wania et al. (2012a) and Granberg et al. (2008), using geometric
means, as follows:

Defining Fiowr as
Fin + Forg + Fyater + Fice = Frotal

and

*

IK, = In (K.)

total

for each (*) component (mineral, organic, water and ice), we define K(z,¢) as:

K(Z, t) = Fair' Kair + (1 — Fair)' e(lKice+ Kwater+ Korg+ Kmin )

Soil column and temperature calculations

Besides the 15 active soil layers described above, the soil column is completed by overlying
snow layers and underlying padding layers (Figure A.1).

Snow

Snow layers insulate the underlying active soil layers, and store both water and nitrogen
(passively) for release each spring. LPJ-GUESS models the snow pack using up to 5
homogeneous layers of variable thickness. At the start of the period of snow accumulation,
one snow layer is used until the snow thickness reaches 100mm. Thereafter, new layers of
thickness S0mm are created each time the snow depth exceeds thresholds of 100mm, 150mm,
200mm and 250mm. The thinner 50mm layers are always placed at the top of the snow pack,
nearest the overlying air. Above a depth of 250mm, the thickness of the bottom snow layer in
contact with the uppermost active soil layer is allowed to grow.

The depth of the snow pack is determined by its density, ps.ow. There are options to use a
fixed density of 250 kg m™ as in Ekici et al. (2015) or, following Wania et al. (2009a), a
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variable density that remains at 275 kg m™ until the final period (25%) of the snow season,
during which the density increases linearly to a value more representative of older, more
compact SNOW: pPsnow compace = 500 kg m™.

The heat capacity, Csnow, and thermal conductivity, Ksow, of snow are defined as (Wania et
al., 2009a):

Csnow = 0.01. p;c. . (185 + 689.T)
where pice =917 kg m™, and Tk is the air temperature in Kelvin.
Defining psnow scated = psnow/ 1000, we define
Ksnow = 0.138 = 1.01 pnow_scatea + 3233 Pnow_scated

giving values that vary between 0.1 for fresh snow and 0.44 W m™ K! for older snow with a
higher density.

Snow melt (Syeir, mm day™) occurs when air temperature exceeds 0°C:
Smetr = (1.5 + 0.007.P).T,

Here, T¢ is the air temperature in degrees Celsius, and P is the daily precipitation (mm day™).
Snow melt enters the top of the soil in the hydrology scheme (see below).

Boundary conditions, padding layers & bedrock

Since LPJ-GUESS does not consider the full energy balance at the surface, the upper
boundary condition driving the temporal evolution in the snow, soil and padding layer
temperatures is the surface air temperature (Figure A.1). At the bottom of the soil column,
we assume a zero-gradient condition, namely

aT

P - 0asz— oo.
Since a depth of 1.5m is insufficient to achieve this condition (Lawrence & Slater, 2008), the
soil column has an additional 5 padding layers below the bottommost active soil layer with
thicknesses 0.3, 1.0, 3.2, 10.4 and 33.1m, to give a total padding layer depth of 48m (default
values). The padding layers are thermally active, but hydrologically inactive, i.e. there is no
water infiltration from the upper soil layers and the maximum rooting depth is 1.5 m. The
thermal properties of the three padding layers nearest the active soil layers are updated daily
and assumed to be equal to the bottommost active soil layer. The two deepest padding layers
have the thermal properties of bedrock (Table A.1, Chadburn et al. 2015).

The soil temperatures are calculated daily with a user-defined timestep (<1 day) using the
Crank-Nicolson finite difference scheme — see Wania et al. (2009a) for full details.
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Soil water freezing and thawing processes

Since soil temperature varies with time and depth, 7(z,¢), the fractional (volumetric) water
and ice contents, Fice and Fyaer, must also vary with the same spatial (10 cm) and temporal (1
day) resolution along the soil column. LPJ-GUESS adopts the simple approach to phase
change described in more detail by Wania et al. (2009a), based on the following assumptions:

e  Whenever water is freezing (ice is melting) in a layer, latent heat release
(consumption) keeps the temperature at a constant value of 0°C until the water is
completely frozen (the ice has completely melted).

e Rainfall or snow melt both update Fyaer (see below), but they do not introduce
additional heat from the atmosphere to the soil.

e Freezing is only permitted when temperature is falling. This is a numerical stability
condition.

e Thawing is only permitted when temperature is rising. This is a numerical stability
condition.

In contrast to Wania et al. (2009a, 2009b), LPJ-GUESS accounts for freezing and thawing of
water below the wilting point. When water in a layer is freezing, it is assumed that water
below the wilting point is frozen first and that liquid water above the wilting point can only
freeze once all the water below the wilting point has frozen. Only then does this result in a
potential reduction in plant water uptake. Similarly, water stored as ice above the wilting
point can only melt after all the ice below the wilting point has melted.

The model calculates the daily thaw depth as the depth (ziaw) of the first layer below the
surface where T(zimay) > 0°C.

Hydrology changes resulting from phase change

The introduction of phase change necessitated some minor adjustments to the standard
hydrology for upland soils introduced and described by Gerten et al. (2004).

In the Gerten et al. scheme, phase change was not considered, and there were two active soil
layers, consisting of a 0.5 m thick surface layer overlying a 1 m thick deep layer. However,
though the fractional (volumetric) water and ice contents, Fic. and Fiazer, respectively, can
now vary along the active soil column’s 15, 10 cm layers, we use the same basic algorithm,
updated to account for phase change, increased vertical resolution and water conservation.

We label the soil layers from 1 to 15 (Figure A.1), where layer 1 is the top soil layer in
contact with air or snow, and layer 15 the bottommost layer in contact with the padding
layers. In what follows, we refer to layers 1 to 5 (i.e. the top 50cm of soil) as the surface
layers, and layers 6 to 15 as the deep layers, in keeping with Gerten et al. (2004).
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The (volumetric) wilting point (wp;), the (volumetric) field capacity (fc;) and the (volumetric)
water holding capacity (whci = fci- wp;) have the same values for each soil layer, i (1 to 15),
determined by the soil texture. All layers have the same thickness, Dz; = Dz = 100mm.

We define the available water holding capacity for layer i (awc;) as
awc; = Dz; .wh;
which is the maximum amount of water (mm) layer i can hold (< 100mm).
We define the available (liquid) water in layer i (aw;) as
aw; = Dz; . (Fyateri — WPi)

which is the actual liquid water contained in layer i, such that aw; < awc;. Note that this
definition does not include ice in layer i, Fice,.

The dimensionless ratio of these quantities, wcont;:

aw;

wceont; =
awc;

is an indicator of the water available to plants in the layer, such that 0 < wcont; < 1. The
wecont ratio is used by Gerten et al. (2004), but for the (top 50 cm) surface and (bottom 100
cm) deep layers only.

We now define the potential for water uptake, pot;, for soil layer i as follows:
pot; = Dz;.(fc; = Fyateri = Fice)
which is the upper limit to additional water (mm) that a soil layer can hold.

We can recover the Gerten et al. weont definitions by first defining:

ZZ aw;

weonty p = ———
' >bawc;

and defining wconts.,r= wconti s , wecontaeep = weonts,1s and (for the evaporation layer);
wcontewap = weont 2. Similary, the potential for uptake in the surface (pots.r) and deep
(potaeep) layers is given by the sum of pot; over layers 1 to 5, and 6 to 15, respectively, and the
total available water the surface (awsuy) and deep (awaeep) layers is given by the sum of aw;
over layers 1 to 5, and 6 to 15, respectively.

Using the above definitions, we can now summarize the updates to the hydrology algorithm.
Evaporation

Evaporation (mm) occurs from the non-vegetated (i.e. 1-FPCiotal) fraction, fevap, of the
uppermost two 10 cm layers, i = 1, 2, following
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evap = fevap * EET  PT x WCONteyqp * WCONLeyap

where EET is the daily equilibrium evapotranspiration (mm), and P7 = 1.32 is the Priestley-
Taylor constant. Water conservation is achieved by demanding that evap <= (aw; + aw,).
Water evaporated is removed from layers 1 and 2 in proportion to their available water
content as a fraction of the total available water in the evaporation layers, i.e. aw/(aw; +
awz), which acts to equalize the available water in these layers.

Input from rainfall and snowmelt - initial infiltration

An initial infiltration of rainfall and snowmelt, rain_melt, into the five surface layers is
applied in the model’s initial infiltration() function. There are two conditions:

rain_melt <= potg,r: distribute rain_melt over layers 1 to 5 in proportion to pot;. This acts to
equalize the available water in these layers. In this case no additional water enters the soil in
the hydrology routine.

rain_melt > potg,r: distribute poty,r (mm) over layers 1 to 5 in proportion to pot;. This
equalizes the liquid water + ice fractions in these layers. The remaining water, rain_melt -
Ppotsuy , enters the soil in the hydrology routine.

Input from rainfall and snowmelt — hydrology routine

In the hydrology routine, water input from rainfall and snowmelt (rain_melt, mm) that has
not initially infiltrated now enters the five surface layers. There are two conditions:

rain_melt <= potq,y: distribute rain_melt over layers 1 to 5 in proportion to pot;. This acts to
equalize the available water in these layers.

rain_melt > potg,r: distribute pots,y (mm) over layers 1 to 5 in proportion to pot;. This
equalizes the liquid water + ice fractions in these layers. The remaining water, rain_melt -
DPotsuy , enters surface runoff, runoffsuy.

Percolation

Percolation from the surface layers to the deep layers, and from the deep layers to base flow,
is allowed each day if rain_melt > 0.1 mm.

Percolation of liquid water from the surface layers to the deep layers, P deep (mm) is
calculated as

Psurf_deep — min(aWsurf' K1 ” eKz* WCO‘ntsurf)

where K; and K are soil texture-dependent percolation coefficients (Eqn. 31, Haxeltine &
Prentice, 1996). Percolated water is removed from each of the five surface layers in
proportion to their available water content, aw/aws.r, and fills the deeper soil layers as
follows:
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Pourf deep <= potaeep : distribute over layers 6 to 15 in proportion to pot;. This acts to equalize
the available water in these layers.

Psurf deep > pOlaeep: distribute potseep (mm) over layers 6 to 15 in proportion to pot;. This
equalizes the liquid water + ice fractions in these layers. The remaining water, Pyuf deep —
POldeep , enters drainage runoff, runoffarain.

Finally, percolation of liquid water from the deep layers - Paeep surr (mm) - is lost to the soil

column as base flow runoff and calculated as follows
_ : Ky * weont,
Pdeep,base - mln(awdeep' 0.5 = Kl * en? deep)

Percolated water is removed from each of the ten deep layers in proportion to their available
water content, awi/aWdeep.

Total daily runoff (mm), runoffiow , is then calculated as

runofftotal = 7'uno}cfsurf + runoffdrain + Pdeep,base

Updates to SOM daily decay rates

As described in Smith et al. (2014), the daily decay rates for each pool (C fraction: C;, kgC
m~2) in the CENTURY-based SOM scheme depend on soil temperature and moisture:

dc
dt

L = —kj’maxf(Tsoil Y W)f(S): Cj

where f{Tsi) is a dimensionless scalar in the range 0-1 related to soil temperature (7soil, °C)
and f{W) is a dimensionless scalar in the range 0-1 related to soil moisture.

The updates to soil temperature and moisture described above influence daily decay rates
through f{Tsoit) and f{W). Tsoit is updated daily as the temperature calculated for the third 10
cm soil layer, i.e. at 25 cm depth — see Figure A.1 above. Similarly, A7) is determined by
the amount of unfrozen (available) soil water in the surface layers.

Observations suggest that daily decay rates below 0°C are small but non-negligible, and
decrease rapidly as the temperature decreases (Schaefer & Jafarov, 2006). f{ Tsoil) is now
adjusted to reflect this fact, such that:

F(T,,)=0.0326+0.00351- T2 —(T._, / 41.748)""°

for Tsii>= 0°C (i.e. unchanged), and

f(Tsoil) = 0.0326. QlOSubzeroTSD”/lo

10
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for Tsit <0°C, where Q10supzero = 200.5, a value calculated as the average of 164 and 237
based on incubation of frozen soil samples (Mikan et al., 2002). Figure A.3 shows the
resulting temperature profile.

Decay rate temperature modifier

—Modifier

PP T S T S I A R T T T
Temperature (deg C)

Figure A.3. Decay rate modifier based on temperature (°C), f{ Tsil), adjusted to account for decay below 0°C.

Updated root distributions
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Figure A.4. PFT-specific root fractions for each 10 cm soil layer, parameterized following Jackson et al. (1996).

The model gives the option to specify how root distributions for each PFT are calculated. The
root fractions in soil layer i, root;, (1 to 15) can either be fixed and specified in the PFT
descriptions as a one-dimensional array with 15 entries, or they can be calculated following

11
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the parameterization described by Jackson et al. (1996) in their review of global root
properties.

Jackson et al. (1996) parameterize the cumulative fraction Y (0-1) of roots to depth d (cm)
using a single biome-specific parameter, 3, as follows:

Y=1- p¢

Lower values of B result in a greater proportion of roots near the surface. Conversely, higher
values of B result in a greater proportion of roots at depth.

Table A.2 shows the values used for each PFT or PFT class, and Figure A.4 shows the
resulting exponential root decrease with depth.

PFT or PFT class B Fraction of roots in top 50cm
Trees (except Larch (BNS)) 0.9820 0.60
Larch (BNS) 0.9380 0.96
Grasses 0.9555 0.90
Low shrubs (< 50cm) 0.9380 0.96
Prostrate dwarf shrubs (< 20cm) 0.9140 0.99

Table A.2. Values of  used to parameterize the root fractions for each PFT or PFT class, and the resulting fractions in the
surface layers.

12
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2. High-latitude peatlands

Introduction

Here we describe the physical and biogeochemical process representations characterizing
peatland ecosystems of the tundra and taiga biomes, as well as the PFTs characteristic of
these ecosystems.

These developments and process descriptions were adopted from updates to the LPJ DGVM
made by Wania et al. (2009a, 2009b, 2010), and are described more briefly in McGuire et al.
(2012).

Peat stands and soil layers

A Stand object and associated Patch objects in the LPJ-GUESS C++ code represent the
ecosystems on the fraction of each gridcell deemed to be a peatland. Differences to
upland/mineral soils arise from the physical composition of the peat layers, from peatland-
specific hydrological processes, peatland-specific PFTs, SOM decomposition and CH4
emissions, described below.

Peatland soil temperature

For peatland patches we use the same process representations as described above to calculate
soil temperature in each soil layer, each day. Layers (100 mm thick by default) are composed
of fixed fractions of peat, and variable fractions of water, ice and air (Figure A.2(b)), with
thermal properties given in Table A.1.

The peat layer profile is shown in Figure A.5. The uppermost three layers comprise the
acrotelm, within which the water table can vary (see below), overlying 12 catotelm layers
that are assumed to be permanently saturated (Wania et al. 2009a, 2009b). The porosity of
acrotelm layers is 0.98 (por_acro), but the catotelm layers are assumed to be composed of
older, more compact peat, with an assumed porosity (por_caro) of 0.92.

13
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Surface forcing, T,
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Figure A.5. Soil layer structure in peatland soils (not to scale). Up to 5 snow layers overlie 15 active soil layers, underneath
which 5 padding layers extend to a total depth of 49.5 m. The uppermost three layers comprise the acrotelm, within which
the water table can vary, overlying 12 catotelm layers that are assumed to be permanently saturated.

Peat hydrology

The hydrology of the acrotelm layers (upper 300 mm) of peat patches follows the description
of Wania et al. (2019a, 2009b), first described in Granberg et al. (1999). The 12 catotelm
layers are assumed to be permanently saturated, with no inflow or outflow, and water is
added to these layers each day to enforce this if required, for example if water is taken up
from these layers by PFTs with root access to the catotelm (only shrubs in the current
configuration). Phase changes are described above, but are strongly influenced by the
porosity and SOM content of peat layers (Figure A.2 (b)), with the result that summer soil
temperatures are generally lower, and active layer depths shallower, in peat stands than they
are in stands with mineral soils in the same gridcell.

The peat hydrology routine updates soil water content in the three acrotelm layers, and
calculates the water table depth (wtd), where 0 <= wtd <= 300 mm, i.e. wtd is positive below
the surface, and no standing water is allowed.

The first step is to update the total volume of water () in the acrotelm each day, with the
daily change calculated as follows:

14
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AV = 1mungn opr + Tain_melt — evap — aetqero — TUNOS focro

where rain_melt is the daily input to the patch as rainfall and/or snowmelt (mm), evap is the
evaporation from the bare peat soil fraction, aetucro is the transpiration (mm) from the
acrotelm, calculated based on the peatland PFT root distributions in the acrotelm layers, and
runoffacro (mm) is the runoff from the acrotelm. An optional, additional site-specific runon/of
allows the user to add (runonof > 0 mm) or to remove (runonof < 0 mm) water from the
acrotelm to mimic local site conditions, but is zero by default for global or regional
applications.

In contrast to Wania et al., we do not combine transpiration and evaporation. Evaporation is
allowed if wtd <= 200 mm and if the snow depth < 10 mm. If these conditions are satisfied,
daily evaporation (mm) occurs from the non-vegetated (i.e. 1-FPCiowl) fraction, fevap, of the
acrotelm layers following:

0.99

(—wtd + 98.7)
776 )

evap = fevap * EET * PT *
1.02 + exp(—1 *

where EET is the daily equilibrium evapotranspiration (mm), and P7 = 1.32 is the Priestley-
Taylor constant. (Assuming fevap = 1, evap then ranges from 0.96 * EET * PT when wtd =0
mm (i.e. at the surface), to 0.011 * EET * PT when wtd falls to 200 mm.)

Daily runoff (mm) from the acrotelm follows Wania et al. (2009a, eqn.(24))
Tunof focro = exp(—0.01 * wtd)

but is limited to days when the uppermost acrotelm layer (top 10 cm of peat) has Fice < 0.7
(Granberg et al. 1999).

Updates to the water table depth (wtd)

The second step is to calculate the water table depth as a function of the total volume of water
(V) in the acrotelm, following Wania et al (2009a), with a full motivation given by Granberg
et al. (1999) who assume the soil water characteristics are linear in the top (“suction”)
interval 0-100 mm and constant below this depth to the lower limit of the acrotelm, i.e. 100-
300 mm. We do not allow standing water in this version of the model, so wtd is first
calculated as:

\/3(p0racro * 300 — V)
wtd =
2% az

which is used if for 100 >= wtd >= 0 (i.c. for a water table near the surface), but replaced by

wtd = 1.5 * (poracro * 300 — V) /(poracro — f_surfmin)

15
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if wtd > 100, where a_z = (pOracro - fsurfmin / 100 (is the gradient in the top, 100 mm suction
interval) and fsurfmin = 0.25 is the minimum fractional water content at the surface in
mm?/mm?°.

To calculate the actual fractional water content (Faer) in each 100 mm sublayer in the
acrotelm (needed for temperature calculations), wtd is first used to calculate the soil water
profile, 8(z), in each 10 mm layer from the peat surface to the water table depth following

the quadratic profile given by Granberg et al. (1999, eqn 1). First we define the surface water
content, By as follows,

Osurs = MaX (fsurfmin, POTacro — Wtd * a_z)
which ensures that 05, = fourfmin With equality if wtd >= 100 mm.

For z <= wtd we use

X Z
Q(Z) = min (poracro' esurf + (poracro - esurf) * ( )2 )
wtd

to calculate the the soil water profile, which results in a quadratic dependence from 8¢ at
the surface to poracr at wtd.

For 300 >=z > wtd 8(z) = por_acro, i.e. full saturation.

Once the soil water profile 6(z) in each 10 mm layer is known, Fyuzer in each of the three 100
mm acrotelm sublayers is calculated by taking the average of the ten 10 mm layers it
contains.
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Table A.3 lists the new properties of the PFTs that can exist on peatland stands. Peatland
PFTs inherit most properties from their parent groups, e.g. “grass” or “low shrub”. We mostly
follow the descriptions of Sphagnum mosses and C3 graminoids from Wania et al (2009b)
appropriate for regional and global applications, building on work for mosses by Yurova et
al. (2007). We also include low evergreen and deciduous shrubs (pLSE and pLSS,
respectively) and a generic herbaceous cushion lichen moss PFT (pCLM), both of which are
parameterized to prefer dry peatlands with low water table positions over an extended time
(see below).

PFT Maximu Inundation Has ] WTD WTD WTD
m WTD | duration aerenchyma? Upper Lower | photosynthesis
for (inund_days (WTDu, (WTDL | stress scalar at
inundatio | , days) mm) , mm) WTD Lower
n
(WTDinun,
mm)
pLSE, pLSS | 250 5 No 0.96 | N/A N/A N/A
Sphagnum 50 15 No 0 0 280 0.3
moss
C3 N/A N/A Yes 0.9 10 100 0.0
graminoids
pCLM 200 10 No 0.9 | N/A N/A N/A

Table A.3. Peatland PFTs and important parameter values used in their definition. Columns are described in the text.

Peatland PFTs

Moss photosynthesis and leaf respiration

Following Wania et al. (2009b), mosses are assumed to have access to dissolved CO; from
pore water in the acrotelm, so the CO:2 concentration used in the calculation of photosynthesis
is calculated as a weighted mean of the atmospheric CO> concentration (CO24;,,) and CO;z in
the dissolved pore water with the previous year’s average water table position (0 >= awtp >=
—-300) as the weighting factor. If the water table in a grid cell is high, mosses can access all of
the acrotelm CO», but as the water table drops the CO» concentrations available to mosses
decline to match the atmospheric CO> concentration when awtp = —-300 mm.

Smolders et al (2001) give an average CO> concentration of 70 sites as 934 mimol L™ so we

calculate the moss CO; availability as follows

) awtp
CO2imoss = min (934,934 + (934 — CO2qem) * —o -

Following Yurova et al. (2007), the scaling factor (BC) used to calculate the carboxylation
capacity of rubisco (Vmax) and the daily leaf respiration is set to BC = 0.03 for mosses, a value
that can be compared to the leaf respiration fraction of maximum rubisco for C; plants and C4
plants of BC = 0.015 and 0.02, respectively.

LAI limits
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When the water table is near the surface, peatland PFTs are not shaded by trees or shrubs and
are very productive as a result. An upper LAI limit of 2 m> m™ is imposed on moss and
graminoid PFTs by increasing shade mortality when the limit is exceeded. Their leaf and root
carbon are then reduced consistent with that individual’s allometric constraints and added to
litter pools.

Assimilation stress due to water table fluctuations

Each day, after wtd has been updated, gross daily photosynthesis (gC/m*/day) and leaf
respiration (gC/m?/day) are reduced in proportion to a stress factor [0, 1] if they become
desiccated as the water table falls (applies only to mosses and graminoids), or subjected to
inundation stress. Stress factors of 1 result in no stress, and values of 0 imply complete
cessation of photosynthetic activity on that day. See Wania et al. (2009b — sections 2.1 and
2.2) for further details and motivation, but note that in contrast to Wania et al we apply these
stresses daily.

Dessication stress

Though there is substantial specific variability, sphagnum moss productivity decreases when
its water content decreases. As in Wania et al., we use water table position as a surrogate for
moss water content. Similarly, graminoid productivity has been shown to drop when water
table position decreases. We parameterize the fall in daily productivity for wtd values
between the WTDu and WTDL limits set in Table A.3 using a simple linear relationship
between the dessication stress factor [0, 1] and wtd as follows:

Dessicationgess = 1 — (Wtd — WTDy) * (1 — stresSseqiar)/ (WTD, — WTDy)

where stressscaiar 1 the daily stress factor at wtd values below WTDt. Above WTDy,
Dessicationsiess = 1, 1.€. no stress factor is applied. Thus, mosses are never fully dessicated
since stressscalar= 0.3 but experience stress as soon as the water table falls below the peat
surface. In contrast, graminoid assimilation is fully restricted (stressscaiar= 0.0) when the
water table drops below WTD; = 100mm. We assume that Dessicationsyess = 1 for pLSE,
pLSS and pCLM.

Inundation stress

An inundation stress factor is applied to limit assimilation when there are anoxic conditions
in the rooting zone. Unless specially adapted to these conditions (as is the case for C3
graminoids with aerenchyma allowing them to transport oxygen to the rooting zone and
methane to the atmosphere — see below), plants can die in a matter of days (Wania et al. and
references therein). To each peatland PFT we assign (Table A.3) both a maximum wtd
threshold (WTDinun) and the number of days (inund_days) the PFT can tolerate inundated
conditions before assimilation is completely restricted.

Inundation stress is then calculated as follows:

. . inundcount
Inundationg,ess = 1 — min(1,

)

inund_days
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Where inundcoun: is the number of days for which wtd < WTDjy..1.e. when the water table is
nearer the peat surface than the level tolerated by the PFT in question., Note that we restrict
inundcoun to the range [0, inund days+3] to allow plants to recover and again begin to
assimilate carbon shortly after the water table drops below their WTD;uu, limit. As the values
in Table A.3 indicate, even short periods with wet conditions affect short shrubs and the
pCLM PFTs, which in practice restricts these PFTs to conditions typical of drier hummocks.
In contrast, C3 graminoids are completely unaffected by inundation, and thrive in wetter or
saturated conditions typical of peatland hollows. Mosses are an intermediate case, tolerating
all but the wettest conditions.

SOM decomposition in peatland stands

SOM decomposition is treated slightly differently in peatland soils. As for mineral soils, daily
decay rates for each CENTURY pool (C fraction: C;, kg C m2) are determined by a
prescribed maximum (base) decay rate (kjmar; Parton et al. 2010; their Table 1) and
dependencies on temperature, soil moisture and soil texture:

dc
dt

L=k T SO F(S)-C,

where f(Tsoi) is a dimensionless scalar in the range [0, 1] related to soil temperature (Zsoil,
°C), with the modifications for sub-zero temperatures described above.

In contrast to mineral soils, peat soils are assumed to have negligible soil fractional silt plus
clay content, (S), so f{.S) = 1 when S = 0, following Parton et al. (1993):

7(S)=1-0.75-S

The biggest departure from mineral soil SOM decomposition relates to A(W), the
dimensionless scalar in the range [0, 1] related to soil moisture. Decomposition rates are slow
in the wet and sometimes saturated conditions in the acrotelm, and especially so in the
permanently saturated, anaerobic conditions in the catotelm (Frolking et al. 2001, 2010).
Wania et al. (2009b) cite Segers (1998) to motivate f{) values in the range (0.37, 0.71),
which is especially relevant for acrotelm conditions. We use fi?) = Rumoist = 0.4 for carbon in
the acrotelm here — see below.

To account for the extremely slow decomposition in the catotelm, we adopt an approach
inspired by Wania et al. (2009b), who associated the intermediate carbon pool in LPJ-WHy
DGVM with the acrotelm, and the slow carbon pool with the catotelm, and transferred carbon
from the acrotelm to the catotelm once the soil carbon store had corresponded to that found in
a fully developed acrotelm, i.e. a 30 cm deep peat layer with a carbon density of 25 kg C m™.
This translates to a soil carbon amount across all pools of 7.5 kg C m™. However, we do not
transfer carbon between the CENTURY pools in LPJ-GUESS (avoiding difficulties with N
transfer). Instead we reduce f{#) from values typical of the acrotelm (W) = Rmoist = 0.4)
once the total soil carbon pool (s0ilC) exceeds the same 7.5 kg C m™ threshold, towards
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decomposition moisture scalars for anaerobic conditions f{#) = Rumoist_anaerobic = 0.025 given
by Frolking et al. (2001, 2010) and Ise et al. (2008), i.e. an order of magnitude smaller than
acrotelm values. Thus, we assume:

Rinoist ;50ilC < 7.5kgC m™2
f(W) = (7-5 * Rmoist + (SOilC - 7-5) * Rmoistanerobic)
soilC

;50ilC > 7.5 kgC m™2

A final assumption is that the passive SOM and slow SOM CENTURY pools (Smith et al.
2014) are always in the catotelm, and for those we always use f{/#) = Rumoist_anacrobic = 0.025.
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3. Methane dynamics

Introduction

Here we describe methane biogeochemistry, including production, oxidation, transport
pathways and fluxes. Developments and process descriptions for methane dynamics in high-
latitude peatland stands were adopted from LPJ-WHyMe (Wania et al. 2010), building on the
development of LPJ-WHy (Wania et al. 2009a, 2009b) described above.

Low-latitude peatland stands — hydrology, PFTs and methane fluxes

The LPJ-WHy(Me) parameterizations are only valid for the carbon-rich peatlands found at
high-latitudes. Peatland/wetland stands in gridcells with a latitude south of 40°N are treated
more simply, and though they are not relevant for this paper, we describe them here for
completeness.

Soil properties are assumed to be identical to the mineral soils in natural stands in the same
gridcell. However, we keep their soil water content at field capacity by adding water each day
as necessary, subtracting the input from runoff where possible. SOM decomposition is
affected by assuming that the water-filled pore space is 100% and setting 6 = Gnax in the
calculation of f(), the decomposition water scalar (0-1) (see above), where @1is the current
soil water content and Gnax is soil water saturation capacity as a proportion of soil column
depth. This gives f(W) = 0.36, approximately.

Only two PFTs are allowed to establish on peatland/wetland stands south of 40N, namely Cs
and C4 grasses, which are parameterized identically to the C; and C4 grass PFTs on natural
stands apart from set bioclimatic limits (mimimum temperature of the coldest month for
survival, tcmin_surv =5 °C) to ensure that they do not establish on high-latitude peatland
stands. Furthermore, since these PFTs are not shaded by trees they are very productive, so an
upper LAI limit of 4 m*> m™ is imposed by increasing shade mortality when the limit is
exceeded. Leaf and root carbon are reduced consistent with that individual’s allometric
constraints and added to litter pools.

Methane fluxes (Fcus, gCHs-C m™ day™!) are calculated using a simple parameterization
introduced by Spahni et al. (2011). In non-peatland stands, decomposition results in
heterotrophic respiration (Rp, release of COz) and transfer of C and N between pools,
satisfying mass balance. In low-latitude peatland stands we assume that a set fraction of the
carbon respired is instead released as carbon in methane, i.e.

Fena = Tcnatocozinuna * R

Where 7chatocozinuna = 0.027 is very close to the carbon conversion ratio value introduced
by Spahni et al. (2011) to account for (low-latitude wetland) processes not yet treated in the
model such as methane oxidation and transport. It can be used as a tuning parameter to match
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global wetland emissions (approx. 180 TgCHs year!), but values of 0.03 +/- 0.02 are
consistent with data from field studies compiled by Christensen et al. (1996). Once Fcrs has
been calculated, R, the release of CO», is reduced by 2.7% to conserve carbon.

Methane fluxes in high-latitude peatland stands

The LPJ-WHyMe process descriptions for methane production, oxidation and transport
described by Wania et al. (2010) are valid for the carbon-rich peatlands found at high-
latitudes and are followed closely here. We do not reproduce all equations used, but rather
refer to the equation numbers in Wania et al. (2010) where appropriate.

0, diffusion CH, diffusion Atmospheric boundary conditions:
& plant- & plant-mediated [CH,], [O,], Pressure
mediated transport Feualt) = CHA i + CHA,  + CHA
transport CH4dIffl cHa’plant
Nand A 4 PRy {a) N VX CH, ebullition

CH4,

7

CHA4[1], 02[1], T[1]
CHA4[2], 02[2], T[2]
CH4[3], 02[3], T[3]

Updatesto C
pool for
~ methanogens

CHA4[15], 02[15], T[15]

Figure A.6: Schematic representation of the methane model. The potential carbon pool for methanogens is allocated to each
layer in proportion to root density, producing methane in each layer. Both oxygen and methane are diffused between the
atmosphere and soil, with an additional transport pathway via aerenchyma when C3 graminoid PFTs are present. Methane in

each layer is oxidised in the presence of oxygen. Bubble formation (ebullition) occurs once gaseous methane exceeds
defined thresholds.

Methane production

In high-latitude peatland stands we assume that a set fraction of the carbon respired is made
available as a potential carbon pool for methanogens (Figure A.6), but we assume that this
pool is distributed vertically in the soil column in proportion to the degree of anoxia (/ —
Fuir(z)), and a vertical root distribution derived from fen and bog peat core data:

rootfrac (z) = Crpop * €@/ *root)
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Where Croot = 0.025 and Aot = 25.17 cm are normalization constants. This distribution
ensures that the majority of roots (60% approx.) are found in the acrotelm. The value of the
root fraction in the bottom soil layer is chosen such that the root distribution sums to 1 across
the 15 soil layers.

The daily production of methane in each layer is then given by

CH4prod = (1 - Fair(z)) * rootfrac (2) * TcHatocO2peat * Ry, (Eq. A3.1)

Where Tcpatocozpear = 0.085 is a tuning parameter for the methane to carbon dioxide

production ratio. Note that we set CH4poa = 0 when Fiaer < 0.1, ensuring that there is no
methane production in dry and/or frozen soils.

Gas diffusion

The diffusion of oxygen and methane between the soil and the atmosphere depends on the
atmospheric concentrations of these gases, the air pressure, and the concentration of oxygen
and methane in each layer. Numerical calculations of the diffusion process use the same
Crank-Nicholson routine used for soil temperature calculations and daily updates to the
molecular diffusivity of these gases (Dcry, Do2) in each layer. We follow Eqns. (8-12) to
calculate Dcys and Doz in Wania et al. (2010) exactly, assuming polynomial dependence on
layer temperature, 7(z), and strong dependence on both Fu;(z) and layer porosity.

The boundary conditions at interface between the top soil layer and the atmosphere are
determined using the gas flux, Jys, at the interface to update the concentration of dissolved
gas in the top soil layer. Following Wania et al. (2010), Eqn. (4):

]gas = —QPgas * (Csurf - Cequil) (Eqn. A3.2)

where Cyur is the concentration of the gas in the top soil layer, and Cequir is the concentration
of dissolved gas in equilibrium with the atmospheric concentration (partial pressure) of that
gas. The so-called piston velocity, @44, is updated daily for each gas (92, @cns) using the
polynomial dependence (of Schmidt numbers) on layer temperature, 7(z), following Wania et
al. (2010), Eqns. (5-7).

Cequit (mol L") is calculated using Henry’s Law

C - Ppartial
equil — KHinv

where Pparial is the partial pressure of the gas in question (e.g. 1.7 * 10 atm for methane,
0.209 atm for oxygen), and Kpin is the Henry coefficient for that gas, given by Wania et al.
Eqn. (8) and their Table 2.
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Each day, Jeus above is used to update the dissolved gas content in the top soil layer before
diffusion is calculated, resulting in fluxes of oxygen and methane into and out of the soil,
respectively, though it is possible for methane to diffuse into the soil in small amounts if the
concentrations at the surface are suitable (e.g. if the dissolved methane content in the top soil
layer is very low). The resulting, daily flux of methane from diffusion, CH44; (gCH4-C m™
day™), is one of three components of the total methane flux (Figure A.6).

Plant mediated gas transport

Both oxygen and methane can also be transported between the soil and the atmosphere
through vascular plants that have adapted to survive in inundated conditions by developing
aerenchyma, which are tissues that can transport oxygen to roots in anaerobic layers, but that
can also transport methane to the atmosphere, potentially bypassing aerobic conditions near
the soil-air interface. We assume that the flood-tolerant C; graminoid is the only PFT with
aerenchyma, so plant-mediated transport of oxygen and methane can only occur when Cs
graminoids occur in a patch.

The gas flux calculated through vascular plants is assumed to be proportional to the cross-
sectional area of tillers in each soil layer, where the term tiller refers to all the secondary
shoots produced by grasses (Poaceae or Gramineae). Each tiller stem is segmented with its
own two-part leaf. The total biomass of tillers, mier (kgC m™) in a patch is determined by the
carbon content of the flood-tolerant C3 graminoid leaves, taking into account phenological
state (phen, 0-1), i.e. muier = phen * Cieqr® " The density of tillers (#ier, tillers m?) is
then determined by dividing muine- by an observed average of tiller masses, 0.22 gCl/tiller.

The cross-sectional area of an individual tiller is given by T (ruuer )* , where e, = 2.9 mm is
an observed average of tiller radii. Finally, the tiller area in each soil layer at depth z is given
by

Atitier(2) = 0.5 * Nyyer * ToOtfrac (2) * T riye,
, where the factor of 0.5 is to account for the tiller porosity.

Plant-mediated transport from the atmosphere to each layer separately is calculated each day
for oxygen and methane following Eqn. (14.2) above, assuming a rescaling of the gas
diffusivity for that layer by Atiner(z).

The daily plant mediated flux of methane, CH4pian (gCH4-C m™? day™') (Figure A.6), is
calculated by summing the plant-mediated methane fluxes from each layer.
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Methane oxidation

A fraction, foxig, of the oxygen transported to a soil layer by diffusion or mediated by plants
(see above) is immediately used by roots themselves, or by other soil microorganisms. As in
Wania et al. (2010), we assume that foris = 0.5.

The remaining oxygen is used to oxidise available dissolved methane while maintaining
stoichiometric balance:

CH,+20, - CO, +2H,0

i.e. two moles of oxygen are needed to oxidise one mole of methane. The carbon in the
oxidised methane is added to a CO> store to ensure carbon balance.

Methane ebullition

Citing Yamamoto et al. (1976), Wania et al. (2010, Eqn. 15) give the maximum solubility of
methane at a given temperature (7(z)), Ss, as

Sg = 0.05708 — 0.001545 = T + 0.00002069 * T?

with units of ml CHs ml"! H,O. The maximum number of moles of methane that can be
dissolved (CH4diss max) 1s calculated for each soil layer using the layer temperature and the
total (atmospheric plus hydrostatic) pressure felt by gas in that layer in combination with the
ideal gas law (Wania et al. 2010, Eqn. 16). After conversion to a maximum allowable
dissolved mass of methane per layer, this limit is used to separate the methane in each layer
into its dissolved and gaseous components, CH4uiss and CH4g4s, respectively.

Ebullition, i.e. bubble formation, is assumed in a layer if volumetric gas content (CH4gas vgc,
m> m) exceeds 0.15 * bubble CH4_firac, where bubble CH4_firac = 0.57 is a typical
methane fraction of gas bubbles observed in the field. If bubble formation occurs, the total
methane in a layer is reduced to 0.145 * bubble CH4 frac, and the excess methane for that
layer is emitted immediately to the atmosphere. Note that we set CH4gus vge = 0 when Fiazer <
0.1 or T(z) < 0°C, ensuring that there is no methane ebullition in extremely cold and/or frozen
soils.

The daily ebullition flux of methane, CH4cpu (2CH4-C m? day™') (Figure A.6), is calculated
by summing the ebullition fluxes from each layer.
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Calculate total C in column

1. Update gas parameters and diffusivities

2. Methane production

Carbon conservation?

3. Oxygen diffusion

4. Plant mediated transfer of oxygen

Daily

5. Methane diffusion > CH4
Carbon conservation?

6. Methane oxidation

Carbon conservation?

7. Plant mediated transfer of methane | —> CH4,,_,

Carbon conservation?
8. Methane ebullition > CH4_,.,

Carbon conservation?

v

9. Calculate methane flux | ——> F¢y(t) = CHA: + CH4,,, . + CHA,,

Figure A.7. Methane dynamics algorithm in LPJ-GUESS, showing the process descriptions considered and their order.

Total methane flux

Figure A.7 above shows the steps used to calculate the daily flux of methane (Fcxs, gCH4-C
m day™') from high-latitude peatland patches:

Fepa = CH4gi55 + CH4p1ane + CH4opu

Checks for carbon conservation are applied after each step that can potentially influence
carbon content in soil layers in the form of carbon dioxide and methane. Since the daily
production of methane in each layer, CH4,r04, is determined by daily heterotrophic respiration
(Rn in Eqn. 14.1 above), we subtract Fcuy from R before saving the daily heterotrophic
respiration. We assume that all carbon dioxide produced, e.g. through heterotrophic
respiration or methane oxidation, is immediately released to the atmosphere.
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Supplementary materials S2

’High latitude terrestrial ecosystems’ contribution to global
warming — will the Arctic be a sink or source of greenhouse gases

in the 21st century?’

- Additional data, model evaluations and figures.

Table S2.1. Plant Functional Types (PFTs) simulated in the study.

PFT

Typical species

BNE

Boreal needle-leaved evergreen tree
BINE

Boreal needle-leaved shade-intolerant evergreen tree

IBS

Boreal shade-intolerant broad-leaved summergreen tree

HSS

Tall summergreen shrub

HSE

Tall evergreen shrub

LSS

Low summergreen shrub

LSE

Low evergreen shrub

SPDS

Prostrate summegreen dwarf shrub
EPDS

Prostrate evergreen dwarf shrub
GRS

Boreal C3 graminoids

CLM

Cushion-forb-lichen-moss-tunda

Picea abies

Pinus sylvestris

Betula pubescens ssp. czerepanovii,
Alnus glutinosa, Sorbus aucupatria,
Populus tremula

Salix spp.

Juniperus communis

Vaccinium myrtillus, Salix hastata

Empetrum nigrum, Cassiope

tetragona

Salix Polaris

Arctostaphylos uva-ursi

Gramineae

Cushion-forming Caryopyhyllaceae
and Saxifragacea, lichens, mosses




Vegetation change

We calculated the treeline perimeter based on Gustafson et al. (2021) with the following routine.
Any grid cell containing 30 % fractional projective cover or more of trees was classified as a
forest. This limit has been used by other studies in the area (e.g. Van Bogaert et al., 2011) to
determine the birch forest boundary. The treeline was then determined by first selecting grid cells
classified as forest. Any grid cell with four or more neighbours fulfilling the 30 % cover condition
criterion was classified as belonging to the forest. The perimeter of the forest was then
determined by sorting out grid cells with four or five neighbours classified as forest. Grid cells with
fewer or more neighbours were regarded as tundra or forest, respectively. Grid cells below the
treeline were classified as forest in the analysis, and grid cells above the treeline were classified as
tundra.
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Fig S2.1 Latitudinally averaged tree biomass C density simulated by LPJ-GUESS under
historical (2001-2010) and projected (2091-2100) time-slices for a) EC-Earth3-Veg, b) MRI-
ESM2-0 and c) NorESM2-LM. Dashed horizontal lines denote the average treeline latitude in
each simulation and the shaded area represents 1 standard deviation from the average.
Treelines were estimated using the routine from Gustafson et al. (2021).
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Fig $2.2 Difference in the normalised physiognomy index between models and scenarios. Top
row displays absolute values from the historic (2001-2010) simulation, while scenarios show the

difference to this value. The normalised physiognomy index denotes the relative abundance

between herbaceous and woody vegetation. The index ranges between -1 (for fully herbaceous
ecosystems ) and 1 (for fully woody ecosystems). An increase in the index signals a shift
towards a woodier — for instance increased abundance of shrubs — ecosystem.
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Fig S2.4. Seasonal time-series of LPJ-GUESS simulated CHs fluxes over the years 2013 and
2014 and upscaled eddy-covariance data from Peltola et al. (2019).

Fig S2.5 Relationship between water table depth (WTP), soil temperature at 25 cm depth (ST)
and methane emissions (CHg) at selected sites with low (a), average (b) and high (c) flood-
tolerant graminoid PFT (WetGRS) presence. Each scatterpoint represent a monthly CHa4 for one

gridcell.
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Fig S2.6 Spatial distribution of LPJ-GUESS simulated soil N2O emissions. Top row displays
absolute values from the historic (2001-2010) simulation, while scenarios show the difference to
this value at the years 2091-2100.
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Fig S2.7. Simulated nitrogen availability and plant uptake and their ratios and relation to N2O
emissions between the historical period and SSP5-8.5 for the three included GCMs.
Scatterpoints represent one gridcell in either the forest or on the tundra during the historical
period 2001-2010 or the projected period 2091-2100 under SSP5-8.5. The nitrogen uptake is
the total for the entire vegetation within the gridcell. The available nitrogen (navail) is the sum of
average annual nitrogen sources (e.g., net mineralisation, biological fixation and deposition) and
sinks (i.e., leaching).
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Abstract

Strong, ongoing high-latitude warming is causing changes to vegetation composition and plant productivity,
modifying plant emissions of biogenic volatile organic compounds (BVOCs). In the sparsely populated high
latitudes with clean background air, climate feedbacks resulting from BVOCs as precursors of atmospheric
aerosols could be more important than elsewhere on the globe. Here, we quantitatively assess changes in
vegetation composition, BVOC emissions, and secondary organic aerosol (SOA) formation under different
climate scenarios. We show that warming-induced vegetation changes largely determine the spatial patterns of
future BVOC impacts on SOA. The northward advances of boreal needle-leaved woody species result in
increased SOA optical depth by up to 45%, causing a cooling feedback. However, areas dominated by temperate
broad-leaved trees likely experience a large decline in monoterpene emissions and SOA formation, causing a
warming feedback. We highlight the necessity of considering vegetation shifts when assessing radiative
feedbacks on climate following the BVOC-SOA pathway.

Introduction

The northern high latitudes are experiencing stronger warming than the global average and this warming is
reflected in observed changes to vegetation composition, plant traits, and plant productivity'-2, which could
profoundly alter the magnitude and composition of plant-emitted biogenic volatile organic compounds
(BVOCs)®. Warming-induced permafrost thaw could release previously-locked nutrients, abating nutrient
limitations, and thereby supporting enhanced plant productivity and growth in this region*>. The predicted
increase in atmospheric CO2 concentrations might, however, inhibit BVOC production, so it remains unclear
how BVOC emissions might respond to the fast and combined environmental changes in the high latitudes.

Constitutive BVOC emissions from plants are dominated by terpenoids® and the production of both isoprene and
terpenes are expected to increase with temperature rise’. The production of terpenoids is coupled with plant
photosynthesis, so factors such as the availability of water, nutrients, light, and atmospheric CO2 concentrations
that influence plant photosynthetic rates, can indirectly impact BVOC production. Plants growing under elevated
CO: concentrations often show lower BVOC production (clear evidence for isoprene’?, but contrasting evidence
for monoterpenes’'"). However, short-term laboratory studies have shown that the CO inhibition of isoprene
production decreases at higher leaf temperatures '>!* and it is not well understood whether this pattern is
sustainable in the long term. At landscape scales, BVOC emissions vary strongly in space, depending on the
plant species composition as well as their emission profiles'. The projected increase in atmospheric COz
concentrations'®, together with rising temperatures, will likely stimulate plant productivity and thus, increase
BVOC-emitting leaf biomass, while simultaneously imposing varying degrees of inhibition on BVOC
production'® and altering spatial distributions of high-latitude vegetation.

Plant-emitted BVOCs participate in a series of chemical reactions in the atmosphere. The atmospheric lifetimes
of the dominant BVOCs range from minutes to hours'” and the reactivity varies even within the same chemical
group, depending on the structure of the molecule and the oxidant it reacts with. Once emitted to the air, these
BVOCs, typically with the unsaturated functional groups, are susceptible to oxidation by hydroxyl radical (OH),
ozone (Os) and nitrate radical (NOs) '8, The major oxidation pathway of isoprene is via OH since they have
similar diurnal variations. This pathway produces isoprene hydroxy peroxy radical (ISOPOO) which can either
be further oxidized to form semi and extremely low volatility organic compounds (SVOCs and ELVOCs) to
contribute to SOA formation ', or undergo H-shift isomerization to recycle OH. The oxidation of isoprene by O3
also produces SVOCs and ELVOCs, as well as other organic peroxy radicals and small molecules '$'°.
Similarly, the SOA precursors are also formed from the oxidation of monoterpenes by OH and O3 but with about
one order of magnitude larger yields than that of isoprene '°. As NOs is photolyzed rapidly, the reactions of
BVOCs with NOs mainly occur during nighttime, which produces organic nitrates, peroxy radicals and
subsequent oxidized compounds 2. When isoprene and monoterpenes coexist, isoprene can compete with
monoterpenes to consume OH and produce relatively more volatile products than oxidation from monoterpenes.
leading to suppressing SOA formation 2?2, This suppression effect could be important to understand synergistic
feedbacks of changing emissions of isoprene and monoterpenes in future high-latitude climate.

In the high-latitude atmosphere, anthropogenic sources of aerosols are generally lower than in more densely
inhabited regions?*** and the Arctic is known to have low ambient concentrations of CCN?*?4, Thus, the
warming-induced changes in BVOC emissions may provide stronger feedbacks to the high-latitude climate
system, through modulation of atmospheric SOA and CCN concentrations, than elsewhere on the globe.
Regional and site-specific studies have revealed that concentrations of biogenic aerosols show a clear increase
with temperature?>-?” and have further pointed to the significance of these biogenic aerosols for climate
feedbacks. Nevertheless, the biochemical and biophysical BVOC-mediated feedbacks on climate have been



under-assessed in the high latitudes?. Furthermore, previous estimates of high-latitude BVOC emissions are
highly uncertain®?®, due to the scarcity of observation-based emissions data and/or underrepresented plant
variations in large-scale modelling, particularly in the tundra biome®. Here, we quantitatively assess future
BVOC dynamics in the Arctic and boreal regions, elucidate key processes driving the trends in BVOC
emissions, and illustrate the contribution of BVOC emissions to our climate system through SOA-CCN-climate
feedbacks.

Results

Future changes in isoprene and monoterpene emissions

We explore both historical and future emissions of the dominant BVOC:s, isoprene and monoterpenes, using a
dynamic vegetation model, LPJ-GUESS®. The model, driven by climate data, simulates plant competition and
vegetation composition change, as well as plant and soil biochemical processes in response to changing
environmental conditions (see Methods). Observation-based BVOC emission rates and temperature response
curves, together with a detailed representation of tundra plant functional types (PFTs) in LPJ-GUESS have
allowed us to simulate BVOC emissions for the Arctic area (defined here as north of 60 °N)>3*. Details of model
evaluations over different historical periods can be found in the Supplementary Figs 1-3 and Supplementary
Table 1.

For the future period (2015-2100), we select climate scenarios from three General Circulation Models (GCMs),
following five different Shared Socioeconomic Pathways (SSPs) under the CMIP6 framework'?, and implement
bias-correction of these climate predictions for temperature, precipitation, and radiation before using them to
drive LPJ-GUESS (see Methods). Comparing with the emission scenarios of Representative Concentration
Pathways (RCPs) used in CMIP5, the SSPs in CMIP6 comprise five narratives to describe socioeconomic trends,
and both how and if climate change mitigation efforts can reach the radiative forcings in the RCPs. The resulting
scenario names are combination of the SSP narratives with the targeted RCP’s radiative forcing. The resulting 15
scenarios (see overview of the scenarios in the Supplementary Table 2 and future anomalies of temperature,
precipitation, and radiation in the Supplementary Fig. 4) represent five levels of varying greenhouse gas
projections and three GCMs with different climate sensitivities in the study region (tundra and boreal biomes
based on RESOLVE Ecoregions 20173"). We select these 3 GCMs from the full set of CMIP6 GCMs to briefly
represent high, median, and low projected temperature increases over the study region. The average temperature
increases by year 2100 range from 1 °C to 12 °C across these 15 scenarios and the warmer it gets, the stronger
the increase in annual precipitation, with a maximum projected increase of 50 % by the end of this century
(Supplementary Fig. 4). These 15 scenarios also show both increases and decreases of incoming shortwave
radiation. We use the LPJ-GUESS outputs driven by these 15 climate scenarios (hereafter “standard runs”) to
explore future BVOC emissions.

We simulate a clear increase in the annual, areal total emissions of isoprene (74-120% by the year 2100) and
monoterpenes (11-36% by the year 2100) for the runs driven by the CanESMS output (highest projected
temperature increases) under different SSPs (Fig. 1d, 1h). For the simulations driven by scenarios with a more
moderate temperature increase (such as MRI-ESM2 0 with an average temperature increase of 2.8 °C across 5
SSPs and GFDL-ESM4 with an average temperature increase of 2.4 °C across 5 SSPs, see temperature
anomalies in Supplementary Fig. 4a), total isoprene emissions show moderate increases (Fig. 1d) and averaged
total monoterpene emissions show clear decreases (see solid lines in Fig. 1h). We found that that spread in
modelled total isoprene emissions across the three chosen GCMs is greater than the spread seen across the 5
SSPs. For the monoterpenes, the spread across SSPs is more comparable to that across GCMs.

Spatially, isoprene emissions significantly increase in many regions, with the largest increasing trends simulated
in regions where the dominant PFTs shift strongly (Fig. 2). The projected shifts include the replacement of
boreal needle-leaved evergreen trees with broad-leaved deciduous trees (shift from PFT BNE to PFT IBS in Fig.
2) in northern Canada and western Russia, and a northward movement of boreal needle-leaved evergreen trees
replacing herbaceous vegetation and shrubs in eastern Russia, Alaska, and north-eastern Canada (see PFT BNE
in these regions in Fig. 2b-e). In the High Arctic, shrub abundance increases strongly, especially under
CanESMS5 SSP585 (see PFT HSS in Fig. 2 and latitudinal fractions of each PFT in Supplementary Fig. 7b).
These modelled PFT shifts are in agreement with predictions based on different approaches (such as the
machine-learning based ecological niche model?’, and analysis of long-term satellite and air photos®?) and
consistent with paleo-records of warm periods®.

Compared with the increasing trends seen under SSP119, the modelled isoprene emissions under SSP585 in
Scandinavia show decreasing trends (Fig. 1), which might be linked to the unchanged dominant PFTs, in
combination with strong CO; inhibition of isoprene production®, because the atmospheric CO2 concentrations
reach up to 1100 ppm by the end of the 21* century. For monoterpenes, the largest increasing trends occur in



northern Canada and Russia (mainly for SSP585), where boreal needle-leaved evergreen (in Canada) and needle-
leaved deciduous (in Russia) trees with relatively high emission capacities replace the isoprene-emitting grass
PFTs (GRT and C3Q) in the simulations. In the southernmost study regions, we observe a clear decrease in
monoterpene emissions, especially under SSP585 (Fig. 1f), as broad-leaved, isoprene-emitting, deciduous trees
replace monoterpene-emitting boreal needle-leaved trees. These unfavourable vegetation shifts for monoterpenes
accompany high atmospheric COz increases in this climate scenario. In general, the predicted changes in
isoprene and monoterpene emissions vary among climate scenarios (Fig. 1), in agreement with global studies’,
and show regionally varying responses linked to shifts in the dominant vegetation.

Key processes regulating future BVOC trends

Changing temperature and atmospheric CO2 concentrations can exert direct impacts on BVOC synthesis
addition, isoprene and monoterpene synthesis is linked to plant photosynthesis***%. Atmospheric COz
concentrations, soil nitrogen, water availability, and climate conditions not only alter photosynthetic rates, but
also vegetation dynamics (including plant growth and competition, migration, and mortality) indirectly
influencing BVOC emission magnitudes and composition. To disentangle the key drivers of BVOC emission
changes, we examine the individual effects of climate, vegetation changes, atmospheric CO2 concentrations, and
nitrogen (N) availability using a set of factorial simulations based on climate forcing data from CanESM5’s
outputs with the lowest and highest emission scenarios (i.e., SSP119 and SSP585, respectively). The modelled
temperature changes from these two scenarios (2.6 and 6.4 °C temperature increases averaged over 2015-2100,
respectively) are representative of the range of temperature changes across the 15 scenarios. We design four
factorial experiments, in each of which we change one process at a time: (1) Ecosystem dynamics unaffected by
COo, represented with a constant CO2 concentration (using the value for 2014) for the future period (hereafter,
termed “noCO2”); (2) BVOC dynamics unaffected by CO: inhibition, represented with constant CO> inhibition
impacts on BVOC production (using the inhibition level for 2014) for the future period (noCO2Inhibition); (3) A
removal of N limitation, achieved by adding 50 kg N/ha/yr to the annual nitrogen deposition input fields in the
future period (noNlim). This N addition corresponds to what has been implemented in forest N fertilization trials
in Davies-Barnard, et al. “°; and (4) Ecosystem dynamics unaffected by climate change, achieved by using the
monthly averages of climate drivers from the period 2005-2014 for driving ecosystem processes in the future
period (noVegDym). In this simulation, the predicted temperature changes still affect BVOC production, but we
remove future climate impacts on vegetation dynamics. Subsequently, we calculate the differences between the
standard and factorial simulations (See Table 1) to tease apart the relative importance of CO: fertilization, COz
inhibition on BVOC production, N limitation, and vegetation changes as determinants of spatial and temporal
patterns of future BVOC emissions (Fig. 3).

8,36,37 In

Under the low CO: emission scenario (CanESMS5 SSP119), the overall positive trend in isoprene emissions is
largely driven by vegetation changes (Fig. 3a, e). The small increasing emission trends by CO: inhibition in both
isoprene and monoterpene emissions are driven by decreasing atmospheric CO: concentrations towards the end
of the century in this scenario (see COz inhibition in Fig. 3¢, m). Overall, the impacts from CO: fertilization and
N limitation are limited for both isoprene and monoterpenes under CanESM5 SSP119 (Fig. 3b, d, 1, n).

Under the high CO> emission scenario (CanESM5 SSP585) with associated stronger warming and large
increases in N deposition, the positive trends in isoprene emissions are associated with CO: fertilization of
photosynthesis and vegetation changes, although high CO2 concentration simultaneously inhibits BVOC
production (Fig. 3g, h, j). Climate warming-induced vegetation changes promote the overall positive trend in
isoprene (Fig. 3j), but not in monoterpene emissions, as seen in the simulation of positive and negative impacts
under CanESMS5 SSP585 (Fig. 3t). The impacts from N limitation are again, very small, and likely linked to the
increased N deposition during this century in CanESM5 SSP585 and increased sources of mineral N from
warming soil.

We also conduct the same factorial experiments under climate scenarios of GFDL-ESM4 SSP119 and GFDL-
ESM4 SSP585, and we see similar patterns of important controlling processes (see Supplementary Figure 8) for
future isoprene and monoterpene emissions.

BVOC impacts on the regional atmosphere

The modelled high-latitude BVOC emissions, together with vegetation status (including leaf area index, LAI,
and vegetation cover fraction) from the years 2009 and 2100 from standard runs driven by CanESMS5 SSP119
and CanESMS5 SSP585 are fed into the global chemistry transport model, version 5 (TMS5, Bergman, et al. *!). To
provide all of the input data needed at a global scale and to ensure that the changes to the atmospheric chemistry
originate from high-latitude changes only, the emission data, LAI and vegetation cover south of the study
domain were all set to values from the same standard LPJ-GUESS global run from the year 2009. Furthermore,
for the year 2100, we use LPJ-GUESS outputs from standard runs of CanESMS SSP585 and CanESM5 SSP119,



as well as the outputs from different factorial experiments as inputs to TMS. In the result below, we present the
TMS5 outputs from two of the factorial experiments: i.e., noVegDym and noCO2Inhibition, where their
associated processes contribute most to the simulated BVOC trends based on the averaged values and numbers
of grid cells with significant trends (see the 3™ and 5" columns in Fig. 3, i.e., the trends from the processes of
COz inhibition and Vegetation changes) driven by CanESM5 SSP585 and CanESMS SSP119 (see Methods for
the detailed setup for TMS5). TMS5 is used to quantify the impacts of isoprene and monoterpene emissions on
surface SOA concentrations (SOAsurf), SOA optical depths at 550 nm (OD550s04), and aerosol optical depths at
550 nm (OD550aer). Aerosol optical depths describe how much the light penetration through the atmosphere is
prevented by aerosols. 550 nm is at or near the energy peak of the solar radiation spectrum, which makes it a
good representative of the incoming shortwave radiation spectrum, as applied in previous studies (e.g.,*>*).
OD550s0a4 is the optical depth considering only the SOA component, while OD550.er is the optical depth
considering all the aerosol components including SOA, sulfate, methane sulfonic acid, ammonium nitrate, black
carbon, primary organic aerosols, sea salt, and mineral dust.

Our results demonstrate the important role of climate change-driven vegetation changes in regulating the spatial
patterns of BVOC impacts on regional atmospheric aerosols. The increased BVOC emissions have largely
contributed to the increase in SOAsurr for a major part of the study region, with a smaller area of increase for
CanESMS5 SSP119 than for CanESMS SSP585 (Fig. 4g & Fig. 5g). Under both SSP scenarios, we see up to a
2.7-fold increase of SOAsurf in northern Canada and Russia in the standard run. The simulation without
vegetation responses to climate change (noVegDym) results in a considerably lower increase in SOAsut (Fig. 4h
and Fig. 5h). The standard runs with vegetation changes show stronger increases over a larger area in aerosol
optical depth (OD550s0a and OD5504er, 41% and 4.9% increase under CanESMS5 SSP119, Fig. 4 j & m, and

29 % and 4.1% increase under CanESMS SSP585, Fig. 5 j & m, respectively). Without vegetation changes
(noVegDym), only a limited increase of OD550s0a and OD550.er in a small region in the central and eastern
Canada is simulated. As the changes in OD550s0a and OD550ar affect the reflection and absorption of visible
light in the atmosphere, an increase in these values means that a reduced amount of radiation is received at the
surface.

The strong spatial linkages that we show for vegetation shifts, BVOC dynamics, and SOA/aerosol changes are
not captured when using static vegetation distributions for future conditions®. Under the warmest scenario (i.e.,
CanESMS5 SSP585), the widespread replacement of boreal needle-leaved trees with broad-leaved deciduous trees
(Fig. 2e) in Sweden and Finland clearly contributes to the local reductions of SOAswt and optical depths (Fig. 5
g, j, m). When future CO: inhibition of BVOC production is excluded, TMS5 estimates up to 10-fold increases in
SOAurf (mainly in the high latitudes), up to a 1.2-fold increase in OD550s04, and up to an 18% increase in
OD550ar in the year 2100, as compared to 2009, under CanESMS SSP585. Similar spatial patterns but with
slightly smaller magnitudes are observed when COz inhibition is excluded for monoterpenes (see Supplementary
Figure 11). Under SSP119, the effects of atmospheric CO2 on regional SOA and aerosols via BVOCs are
limited. Our results emphasize the importance of monoterpenes in influencing SOA and aerosol yields**, and
show that we need to understand whether CO: inhibition affects monoterpene production in high-latitude plants
similarly to those plants that were studied in the literature 364,

The simulated changes in BVOCs and SOA lead to increases in CCN concentrations at a supersaturation of

1.0 % near the surface, mainly for the Arctic region (See Fig. 4 p-r, Fig. 5 p-r), which indicates the potential for
enhanced formation of low-level clouds. CCN (1.0 %) represents the number concentration of particles larger
than 50 nm in diameter, so it is sensitive to new particle formation and growth, which are affected by the gas
precursors, ELVOCs (extreme low volatile organic compounds) and SVOCs (semi-volatile organic
compounds)'. There is a northward shift of increased CCN (1.0%), suggesting the potential for more clouds at
high latitudes and fewer at mid latitudes. Without CO: inhibition under CanESM5 SSP585, CCN over Greenland
and eastern Canada increased by 16 % (Fig. 5r), which highlights the strong expected impacts of CO2 inhibition
on BVOC emissions. Increased low-level cloud cover can have both warming (re-emitting received longwave
radiation from the ground) and cooling (scattering and reflecting shortwave radiation) feedbacks on the climate.

Based on the modelled changes in SOA and aerosol optical depth (AOD) between the years 2100 and 2009, we
further estimate the potential effects on aerosol radiative forcing among the standard, noVegDym, and
noCO2Inhibition runs (see Supplementary Table 3). Based on parameters from three different references
we find that the radiative forcing estimates vary greatly depending on the method used. Yli-Juuti, et al. % derived
the relationships between temperature, acrosol loading, and radiative forcing feedback based on summertime
(July-August) field measurements in a boreal ecosystem, and based on this study, the differences in the estimated
areal averaged radiative forcing between standard and noVegDym runs are smaller than the estimations from the
other two studies *3¢, with parameterizations derived from annual data at the global scale. The overall cooling
feedbacks are strongest for the noCO2Inhibition run following the CanESM5 SSP585 scenario. The strongest
increase and decrease in radiative forcing in the standard run are -2.09 and 0.79 W m, respectively, and these
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two values are much weaker in the noVegDym run (which are -1.52 and 0.54 W m, correspondingly),
highlighting the importance of warming-induced vegetation changes on regulating local climatic impacts. Under
CanESMS5 SSP119, the changes in areal averaged radiative forcing over July and August are -0.44, -0.34, and -
0.43 W m for standard, noVegDym, and noCO2Inhibition simulations, respectively. The strongest cooling
feedback can be seen with warming-induced vegetation changes included in the standard run under this climate
scenario.

Discussion

Our results illustrate that vegetation changes in a warmer climate play a crucial role in shaping future BVOC
feedbacks to atmospheric chemistry and climate. Most previous assessments of feedbacks between the land
surface and atmosphere in the high latitudes, that involve vegetation changes, have focused on changes in
surface albedo?’*7 and increases in atmospheric water vapour*, but our study clearly demonstrates the strong
and regionally diverse feedbacks of vegetation changes on our climate through the BVOC-SOA pathway.

The warming-induced widespread increase of broadleaved deciduous trees at the expense of boreal evergreen
needle-leaved trees in the boreal region suppressed the emissions of monoterpenes and thereby, SOA formation,
causing a regional warming feedback (up to 0.79 W m™ for summer months driven by CanESM5 SSP585
standard run). In the High Arctic, the increased abundance of shrubs and the northward advance of boreal
needle-leaved trees in northern Canada and Siberia contributed to an increase of surface SOA, resulting in an
increase of up to 45% in SOA optical depth and likely leading to a cooling feedback (with the strongest cooling
of -2.25 and -2.09 W m for standard runs driven by CanESM5 SSP119 and SSP585, respectively). Currently,
the Arctic features a lack of aerosol particles for cloud formation?* and the northward shifts of vegetation bring
in a new, important aerosol source: plant-emitted BVOCs. This ‘new’ source of aerosols might enhance cloud
formation in this region, as we can see an overall increase of CCN under different runs, and can particularly
increase the low-level cloud formation in the Arctic?’. During the growing season, the enhanced cloud cover lead
to cooling feedbacks through scattering shortwave radiation that counteract warming feedbacks associated with
re-emission of longwave radiation received from the land surface?>?*. Our estimations showed the overall
cooling feedback from warming-induced changes in BVOC and SOA (negative aerosol radiative forcing, -0.44
and -0.45 W m for CanESM5 SSP119 and CanESMS5 SSP585, respectively, when comparing the year 2100 and
the year 2009) during summer months, and these values are comparable to the effective radiative forcing (ERF)
caused by aerosol-radiation interactions over the industrial era globally (-0.3 W m™ for 1750-2014)%. At an
annual scale, the estimated aerosol radiative forcing (-0.04 and -0.05 W m™ for CanESM5 SSP585 and
CanESMS5 SSP119, respectively) are of a similar magnitude to the impacts from the stratospheric water vapour
(0.05+0.05 W m, ). We note that our simplistic methods of estimating aerosol impacts on radiative forcing are
strongly linked to the assumptions originated from the references used?®#*6, The overall net feedbacks from the
vegetation-BVOC-SOA pathway thus need to be comprehensively evaluated using a more comprehensive Earth
System Model to fully consider the negative feedbacks from scattering and cloud formation from SOA, and also
the positive feedbacks from increased longwave radiation emitted from low-level clouds?°.

Under high CO; emission scenarios, the climate warming-induced increase of natural aerosols from plant BVOC
emissions is largely constrained by COz inhibition of BVOC (mainly monoterpene) production, which means
that future anthropogenic COz increase might provide an indirect positive feedback to the climate through this
inhibition. In an example of an indirectly negative climate feedback, Young et al. 3! showed that the inhibition of
isoprene production by future COz increases can, via atmospheric oxidation, increase hydroxyl radical (OH)
concentrations, which can then decrease the lifetime of methane by 7 months. The potential for strong
atmospheric feedbacks associated with plant BVOC responses to the increasing atmospheric COz concentrations
makes urgent the need for more leaf- and ecosystem-level observations to unveil the mechanisms for the
decoupling between photosynthesis and BVOC production under elevated CO». This is especially relevant in the
context of climate change as the COz inhibition of isoprene emission may be suppressed at higher
temperature'>'3, adding uncertainty to the long-term impacts of rising CO2 concentrations on isoprene emissions.
Furthermore, it is still unclear whether elevated CO> inhibits monoterpene production to the same degree as
isoprene production. The empirical function used in LPJ-GUESS to assess the CO2 impact on terpenoid
production®* was derived from a limited number of observational studies on trees. Whether the BVOC emissions
of low-statured Arctic plants respond similarly to COz is unknown. We currently have no published data that
enable a quantification of the low-statured plants’ BVOC responses to the surrounding COz.

Because the current TM5 simulation settings neither consider the impacts from future changes in meteorology,
nor other surface emissions except isoprene and monoterpenes, the current TMS setup allows us to single out the
‘isolated’ impacts from plant-emitted isoprene and monoterpenes alone, regardless of interactions with future
changes in other factors (see “Model uncertainties” in the Supplementary). Laboratory experiments have shown
that higher temperatures can decrease SOA yield*>*, as under warmer conditions, BVOC reaction products



remain volatile for a longer time. This process is not yet included in the large-scale model TMS, so we can only
speculate that the scenarios with largest predicted temperature increases may overestimate the SOA yield.
Globally, we expect reduction in anthropogenic emission, such as such as SOz and NOx as presented in the (See
IPCC Technical Summary report, Figure TS.4 in 3*) under different SSPs. These changes mainly occur south of
the study domain and can influence aerosol seeds and chemistry in the Arctic. It might be the case that the
decrease of SO2 dampens aerosol formation as well as potential cooling impacts in the high latitude regions, but
we are not sure about the magnitude yet, as this is influenced by the background concentration (clean
environment) in the high latitude regions as well as depending on the reduced amount of the transported SOx.
Climate warming will also likely change the baseline emissions from open oceans, and potentially increase
marine biogenic trace gas, such as dimethyl sulfide (DMS), emissions, which can contribute to new particle
formation®®. With the predicted further reduction of the sea-ice extent, there will likely be more shipping and gas
extraction in the Arctic, which could bring in new emissions of SO2, NOx and black carbon etc, which might
counteract the emission reductions of these compounds further south>. Future studies should focus on
quantification of the synergistic effects of future plant emissions from high latitudes with other anthropogenic
and primary aerosol sources under dynamic changing climate conditions in a coupled Earth System Model (such
as %),

In summary, our results show a potentially significant feedback mechanism linking climate change-induced
vegetation changes, BVOC dynamics and aerosols in the high latitudes. The negative feedback mechanism
between the biosphere, aerosols, and climate concluded from observational data’’ cannot be extrapolated into the
future without considering climate change-induced vegetation changes and their impacts on emitted compounds.
Our study confirms the importance of BVOCs for future atmospheric SOA concentration, optical depths and
associated radiative forcing - in the high latitudes. Furthermore, the study also reveals that the overall impacts
largely depend on how atmospheric CO:2 concentration influences monoterpene production. The net radiative
feedbacks from BVOCs need a comprehensive evaluation in order to assess (1) vegetation change-induced shifts
in emission profiles and (2) the balance between aerosol shortwave cooling and aerosol longwave warming
feedbacks in the high latitude environment.

Methods

Dynamic vegetation model, LPJ-GUESS

We used the latest version of LPJ-GUESS v4.1 with the relevant developments of wetland biogeochemistry and
soil physics following®*°. LPJ-GUESS is a dynamic ecosystem model, which simulates vegetation growth,
mortality, and competition, as well as soil biogeochemistry?. The model has been widely used to assess water,
nitrogen and carbon fluxes, as well as vegetation dynamics at regional and global scales. Plants are represented
as plant functional types (PFTs) with a set of predefined bioclimatic, physiological, life history and phenological
parameters that characterize specific plant growing requirements, structure and spatial distribution. For
simulations in high latitudes, different levels of shrubs (high, low and prostrate), lichen, moss and wetland PFTs
are specified®’. Compared with the version of LPJ-GUESS described in Smith et al.,?’, the model version used
here includes improved soil temperature calculations, allowing a better representation of soil thawing and
freezing processes and influencing water availability to plants. The model also includes wetland biogeochemistry
and wetland hydrology .

Daily leaf-level photosynthesis is based on the simplified version of the Farquhar biochemical model®*2, which
simulates a gradual transition between an electron-transport-limited and a rubisco-limited carbon assimilation. In
the model, a fraction of the photosynthetic electron flux is used to produce isoprene* and monoterpenes’, and
the production rates of isoprene and monoterpenes are also influenced by PFT-specific emission factors, leaf
temperature, seasonality and atmospheric COz concentration. The PFT-specific emission factors (standardized
emission rates at photosynthetically active radiation levels of 1000 pmol/m?/s and at a reference temperature of
20 °C for Arctic PFTs) in the tundra region are based on branch- or leaf-level measurement data (see details
in®3?), and a stronger temperature sensitivity derived in Tang, et al. ** has been applied for Arctic PFTs. For
boreal and temperate PFTs, the global temperature response curve has been used and the emission factors are
based on the reference temperature of 30 °C. The model dynamically compares plant water demand with liquid
water supply from the model’s 15, 10-cm thick soil layers to determine transpiration rate. If the water supply
cannot meet the demand, plant photosynthetic rates are downregulated”, which impacts the electron-flux used
for isoprene and monoterpene production. In this way, the model considers substrate availability for BVOC
production under drought and in the presence of frozen soil layers, but the model does not yet consider any
potential effects of drought stress otherwise.

Standard runs
For simulation of the historical period in this study, we used temperature, precipitation and shortwave radiation
fields from the monthly CRU-NCEP climate dataset® at 0.5° by 0.5° resolution as input to the model for the



period of 1901-2014. Detrended CRU-NCEP fields from the 1901-1930 period were repeated and looped
through as input to the model for the period 1850-1900. For the future period (i.e., 2015-2100), we selected the
climate outputs from three general circulation models (GCMs), each following five different Shared
Socioeconomic Pathways (SSPs) from the latest CMIP6 project!® to represent a range of predicted future
climates (See LPJ-GUESS Standard runs in Figure 6). The three GCMs were selected based on our analysis of
temperature changes in the high latitudes, and also on the completeness of the published outputs from these five
SSPs (as of September 2020) to represent a wide range of future climate changes in the study region. The
monthly climate data from each GCM and SSP for the future period were bias corrected. The biases were
calculated as the difference between the monthly climate data (using delta change methods for temperature, and
relative anomalies for precipitation and radiation) of the period 1985-2014 from CRU-NCEP and climate outputs
from each GCM in the same period, and these biases were then only implemented to the future climate simulated
by the GCM. A detailed description of the bias-correction approach can be found in Ahlstrém, et al. . The
predicted anomalies in future temperature, precipitation, and radiation for the 15 scenarios (3 GCMs x 5 SSPs)
are presented in Supplementary Fig. 4. All 15 standard runs share a common climate development during the
historical period and start to diverge from 2015 onwards following the different future scenarios.

Factorial simulations in LPJ-GUESS

Four factorial experiments were designed to separate the impacts on BVOC dynamics from all relevant
processes in the model (see Figure 6). We have described how each factorial experiment were implemented in
the main text (Section: Key processes regulating future BVOC trends). Briefly, we changed one process at a time
and compared the differences between the standard and factorial simulations over the period 2015-2100. The
factorial simulations were conducted under the climate scenarios of CanESM5 SSP119 & SSP585 (see the
results in Figure 3), as well as GFDL-ESM4 SSP119&SSP585 (See the results in Supplementary Figure 8). We
also conducted one additional factorial experiment where only monoterpene emissions are unaffected by CO2
inhibition (namely noMT CO2Inhibition) under CanESM5 SSP119 and SSP585 (See Supplementary Figures

10, 11).

Global chemistry transport model, TM5

To further assess the impacts of plant-emitted BVOCs on atmospheric aerosols and cloud condensation nuclei
(CCN), the modelled leaf area index and vegetation coverage, together with isoprene and monoterpene emissions
were fed into a global chemistry transport model, TM5-MP%. TM5-MP is a branch of TM5 with a massively
parallel functionality and is now maintained by KNMI (Royal Netherlands Meteorological Institute). For
simplicity, we refer to the model as TM5 throughout the text. The meteorological and surface fields driving the
model were derived from ERA-Interim reanalysis datasets provided by ECMWF (European Centre for Medium-
range Weather Forecasts)®, which are the default forcing datasets for TM5. The chemistry scheme used in this
study is a modified version of CB05 (carbon bond mechanism; Yarwood, et al. ¢7) with more details described in
Williams, et al. %. Aerosol processes are calculated with the modal two-moment model M7, It includes seven
log-normally distributed modes comprising four water-soluble modes (nucleation, Aitken, accumulation and
coarse) and three insoluble modes (Aitken, accumulation and coarse). The dry diameter range of each mode is <
10 nm for nucleation mode, 10 nm to 100 nm for Aitken mode, 100 nm to 1000 nm for accumulation mode,

and > 1000 nm for coarse mode.

Originally in TMS5, inputs of monthly mean natural emissions of isoprene and monoterpenes are derived from
MEGANV2.1%%8, Then a diurnal cycle is applied to the monthly mean values. However, in this study, we
substituted these monthly mean emission data by the monthly emission outputs from individual LPJ-GUESS
simulation runs. The emissions of isoprene and monoterpenes from biomass burning were applied from the
default inventory provided by van Marle, et al. ® without diurnal variations. Furthermore, the oceanic
dimethylsulfide (DMS) emissions, the mineral dust emissions and the sea salt emissions are calculated within
TMS57. The other natural emissions such as CO, non-methane VOCs, NOx (NO+NOz), NH3 and SO> were
prescribed as in van Noije, et al. 7'. The anthropogenic and biomass burning emissions of gases and particles
were derived for present-day conditions from the CMIP6 input4MIPs inventory®’2.

Once emitted, isoprene and monoterpenes can react with hydroxyl radical (OH) and ozone (Os) to produce
ELVOCs (extreme low volatile organic compounds) and SVOCs (semi-volatile organic compounds), which can
condense on particles to increase SOA mass. In addition, ELVOCs can participate in new particle formation
together with sulfuric acid. These processes were recently implemented in TMS, which led to improvements in
comparisons with observed aerosol concentration and satellite estimates of AOD (see Bergman, et al. *' for more
details).

In this study, a horizontal resolution of 3 degrees in longitude and 2 degrees in latitude was applied in TMS5. In
the vertical direction, 34 hybrid-sigma levels were used. The time step was one hour. All the simulations were
run for the year 2009 with a spin-up period of one year. The meteorological and surface fields in 2009 were



applied for all the simulation cases, which omitted the meteorological impacts in future scenarios when
compared to the present case (see TMS5 in Figure 6). Similarly, the non-BVOC emission datasets applied in all
simulations were from the year 2009 except those derived from LPJ-GUESS output as mentioned above. TM5
was installed and configured in CSC (Finnish IT Center for Science) Puhti.

Estimation of radiative forcings caused by SOA changes

The radiative forcings due to SOA changes in six simulation cases (including standard, noVegDym, and
noCO2Inhibition under two climate scenarios CanESM5 SSP585 and SSP119) were calculated according to the
methods and results described in Zhu, et al. *, Yli-Juuti, et al. 2® and Bellouin, et al. **, respectively (Table 1).
The model results in Zhu, et al. % showed that SOA burden can increase by 6.8 % in 2100 compared to 2000
under RCP8.5 scenario considering the combined effects of the future changes. From their results we can derive
that the changing rate of radiative forcing due to SOA burden change is -0.441 W m? mg! m? The radiative
forcing estimated from our simulation cases was then calculated by multiplying this value by the burden change
north of 45 N. Yli-Juuti, et al. ?® analyzed multiple datasets at a boreal measurement station Hyytiéld in Finland.
Using a multivariate mixed-effect model, they found that in July and August the organic aerosol (OA) mass
loading changed with temperature at a rate of 0.24 (ranging from 0.22 to 0.25) ug m™ K'! while the all-sky total
radiative forcing feedback based on sun photometer observations is -0.47 W m K-\. We derived the radiative
forcing due to SOA surface concentration change by dividing the radiative forcing feedback by OA mass loading
change, which is equal to -1.96 W m™ pg™! m®. Based on this, we estimated the radiative forcing feedback for our
simulation cases using the SOA surface concentration in July and August north of 45 N. Bellouin, et al. +*
calculated the present-day effective radiative forcing compared to pre-industrial with a theoretical formula which
is a function of aerosol optical depth change. This formula with the suggested parameters was applied to
calculate the radiative forcing of our simulation cases both at the global scale and for the region north of 45 N.
All the parameters in Bellouin, et al. ** were estimated with a confidence interval, and we only used their median
values to show an estimation of radiative forcing due to SOA change.

Data availability

The modelling datasets used in the current study are available in the Dryad Digital repository.

Code availability

LPJ-GUESS is tested, refined, and developed by a global research community, but the model code is managed
and maintained by the Department of Physical Geography and Ecosystem Science, Lund University, Sweden.
The source code can be made available under a collaboration agreement upon the acceptance of certain
conditions. Additional details and code about factorial experiments can be obtained by contacting the
corresponding author.
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Figure 1. LPJ-GUESS modelled trends of isoprene and monoterpene emissions for the period of 2001-2100. (a-b): Modelled
isoprene (ISO) trends for SSP119 and SSP585, respectively. The trends are analysed based on the averaged emissions over 3
General Circulation Models (GCMSs) and only significant trends (Mann-Kendall trend test, p<0.05) are shown; (c)
Probability density of significant trends (shown in panels a and b) in isoprene emissions with kernel smoothing distribution
fit; (d) Time series of areal total (study region: tundra and boreal biomes) isoprene emissions for all standard runs driven by
3 GCMs following 5 SSPs; (e-f): Modelled monoterpene (MT) trends for SSP119 and SSP585, respectively. The trends are
analysed based on the averaged emissions over 3 GCMs and only significant trends (Mann-Kendall trend test, p<0.05) are
shown, (g) Probability density of significant trends (shown in panels e and f) in monoterpene emissions with kernel
smoothing distribution fit.; (h) Time series of areal total monoterpene emissions for all standard runs driven by 3 different
GCMs following 5 SSPs. SSP119: Shared Socioeconomic Pathway 1 reaching radiative forcing of 1.9 W/m? in 2100. SSP585:
Shared Socioeconomic Pathway 5 reaching radiative forcing of 8.5 W/m? in 2100; (d, h) For each GCM, the solid line
represents the average across 5 SSPs and the shaded area represents the predicted ranges from minimum to maximum. LPJ-
GUESS runs at 0.5° by 0.5 resolution.

10



1971-2000 2071-2100, GFDL-ESM4 SSP119 2071-2100, CanESM5 SSP119
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55 TeNE: Temperate needle-leaved evergreen
N TeBE: Temperate broad-leaved evergreen
N |BS: Shade-intolerant broad-leaved summergreen
N TeBS:Temperate broad-leaved summergreen
C3G: Cool grass
HSE: High shrub evergreen
HSS: High shrub summergreen
LSE: Low shrub evergreen
LSS: Low shrub summergreen
N GRT: Graminoid and forb tundra
W EPDS: Evergreen prostrate dwarf shrub
B SPDS; Summergreen prostrate dwarf shrub
N CLM; Cushion forb, lichen and moss
BN WetGRS: flood-tolerant grass
B pmoss: peatland moss
I NoVeg: No dominant vegetation
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Figure 2. Distribution of the dominant plant functional types (PFTs) over the period 1971-2000 (a) and 2071-2100 (b-e)
based on the modelled leaf area index. The outputs from the scenario SSP119 are shown in b, ¢, and the outputs from SSP585
are shown in d, e. The outputs from two GCMs are plotted separately: GFDL-ESM4 (b,d) and CanESM5 (c,e).
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Figure 3 Histograms of trends in the modelled isoprene (first row for CanESM5 SSP119 and second row for CanESMS5
SSP585) and monoterpene (third row for CanESMS5 SSP119 and fourth row for CanESM5 SSP585) emissions from standard
runs and from four investigated processes over the period 2015-2100. x-axis shows the number of gridcells and y-axis shows

the values of estimated trends. The values used in the trend analysis of these four investigated processes are based on the
differences of every two runs (see how the impacts from each process are extracted in Table 1). Trends are analysed using

Mann-Kendall test, and the trends for all grid cells are marked as grey, while both significant positive and significant
negative trends (p < 0.05) are indicated with red and blue bars, respectively. Sig.: Significant.
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Figure 4 The inputs to and outputs from TM5 using CanESMS5 SSP119. The first and second rows show LPJ-GUESS
simulated isoprene (ISO) and monoterpene (MT) emission changes between 2100 and 2009. The emissions from the year
2100 are driven by CanESM5 SSP119. The third to the sixth rows show the TM5 simulated ratio in changes to surface SOA
concentration (SOAguy), optical depth of SOA at 550 nm (OD550s04); optical depth of aerosol at 550 nm (OD5504.,) and
CCN concentrations at a supersaturation of 1.0 %. From lefi to right, we show the TMS5 results fed with BVOC inputs from
three LPJ-GUESS runs: the standard run (the I° column), the noVegDym run (the 2" column) and the noCO2Inhibition run
(the 3" column). The colour bars used for these three columns are kept the same for each corresponding output.
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simulated isoprene (ISO) and monoterpene (MT) emission changes between 2100 and 2009. The emissions from the year
2100 are driven by CanESM5 SSP585. The third to the sixth rows show the TMS5 simulated ratio in changes to surface SOA
concentration (SOAguy), optical depth of SOA at 550 nm (OD550s04); optical depth of aerosol at 550 nm (OD550q.,) and and
CCN concentrations at a supersaturation of 1.0 %. From lefi to right, we show the TMS5 results fed with BVOC inputs from
three LPJ-GUESS runs, which are standard run (the I°* column), noVegDym run (the 2" column) and noCO2Inhibition run
(the 3" column). The colour bars used for standard and noVegDym runs are kept the same for each corresponding output.
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Figure 6 Model setup. The modelled monthly isoprene (ISO) and monoterpene (MT) emissions, as well as vegetation status
(Veg) from LPJ-GUESS standard and factorial runs were used as inputs for TM5. The years 2009 and 2100 were selected to
represent historical and future periods in the global model TM5. ECMWF: European Centre for Medium-Range Weather

Forecasts. SSPs: Shared Socioeconomic Pathways (SSPs).

Table 1 Overview of factorial runs conducted with LPJ-GUESS following CanESMS5 and GFDL-ESM4 SSP119

Tables
and SSP585.
CO; CO, Climate
inhibition fertilization change-
of BYOC of induced
production = photosynthes = Vegetation
is Changes
Standard run | Yes Yes Yes
noCO;Inhibiti ~ No Yes Yes
on
noCO; No No Yes
noNlim Yes Yes Yes
noVegDym Yes Yes No

Nitrogen Climate

) change

limitation impacts on
BVOC
production

Yes Yes

Yes Yes

Yes Yes

No Yes

Yes Yes

Processes to analyse
for 2015-2100

Full Set

CO; inhibition =
Standard run -
noCO2Inhibition
CO; fertilization =
noCO;Inhibition —
nOCOz

N limitation = Standard
runs — noNlim
Vegetation changes =
Standard run -
noVegDym
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Model evaluation for different historical periods

For the historical period (1901-2014) using observation-based climate data as forcing, we evaluate the modelled
leaf area index (LAI), gross primary productivity (GPP) and aboveground carbon (ABC) against satellite-based
datasets (Supplementary Figs.1-3). The modelled ecosystem-level BVOC emissions are evaluated with

observations from the available literature (Supplementary Table 1).

The modelled gross primary productivity (GPP) is evaluated against the OCO-2-based SIF GPP product
(GOSIF)!, and the mapping of multiple-year averages shows general agreement in spatial patterns
(Supplementary Fig. 1a, b). The modelled GPP is higher than estimates based on GOSIF in the southern boreal
forest and also in terms of areal average. The modelled interannual variability of annual area-averaged GPP

correlates well with the observations based on GOSIF (Supplementary Fig. 1c).
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Supplementary Figure 1. Comparing the modelled annual gross primary productivity (GPP, kgC m~) with the GOSIF GPP
product. (a) Annual GOSIF-based GPP averaged over the period 2001-2014; (b) LPJ-GUESS modelled annual GPP
averaged over the period 2001-2014; (c) the timeseries of annual, area-averaged GPP over the study domain (including
tundra and boreal regions).

The modelled LAI averaged over June, July and August is compared with estimates from the GIMMS LAI3g?
product over the same period (Supplementary Fig. 2). We find that the modelled spatial patterns of LAI are
similar to GIMMS LAI3g though the absolute differences (Supplementary Fig. 2¢) show that the model tends to
overestimate LAI in some of tundra regions, such as in north America, Norway, northern parts of Finland and

small regions of Siberia. In contrast, slight underestimations are found in parts of the southern boreal region.
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Supplementary Figure 2. Comparing the modelled leaf area index (LAI) over the growing season (June, July and August,
JJA) with the GIMMS LAI3g product over the period 1982-2011. (a) GIMMS LAI3g-observed averaged LAI in JJA; (b) LPJ-
GUESS modelled LAI in JJA; (c) the difference in the modelled JJA LAI between the modelled and the GIMMS LAI3g
product.

The modelled aboveground carbon pool (i.e., leaf and stem carbon in vegetation) is compared with estimates
from a vegetation optical depth (VOD)-based product®. The overall spatial patterns are captured by the model
(Supplementary Fig. 3a, b), and though there is an overestimation of areal averages of aboveground carbon from

our model, the increasing trends are well represented (Supplementary Fig. 3c).
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Supplementary Figure 3. Comparing the modelled annual aboveground biomass carbon (ABC, KgC m~) with vegetation
optical depth (VOD)-based ABC product. (a) VOC-based ABC averaged over the period of 1993-2012; (b) LPJ-GUESS
modelled aboveground carbon (including biomass from leaf and stem) averaged over the period 1993-2012; (c) the
timeseries of areal averaged ABC over the study domain (including tundra and boreal regions).

The above comparison of modelled and regional estimates of GPP, LAI and ABC show that the model can
generally capture the spatial and temporal changes of these variables, but with some overestimation of GPP and

ABC for southern boreal regions and of LAI for the tundra region.

The modelled ecosystem-level isoprene and monoterpene fluxes are compared with published values from
different ecosystems (Supplementary Table 1), showing that the model produces fluxes of similar magnitudes to
the observed emissions. We note, however, that an exact comparison was not possible since the LPJ-GUESS

model runs at a spatial resolution of 0.5 degrees, and although we used the output from the nearest gridcells with



a similar dominant vegetation type as observed at the sites, there could still be differences in overall vegetation

composition and microclimatic conditions.

Supplementary Table 1 Ecosystem-level BVOC evaluation. The modelled values from the nearby gridcell were selected and
the modelled units were converted to match those in the literature. Note: only ecosystem-level observations were extracted
from the literature. Dom.: dominant; MT: monoterpenes; ISO: isoprene

Ecosystem  Location Dom. Species  Time period Compound Units Observed Modelled Refs
types S
Boreal Siberian Larix Jun, 2009 MT mgC/m?/d 3.342.9 2.0 4
forest larch tree cajanderi Jul, 2009 MT 2.4£1.6 24
Scots pine Pinus Mar, 2010-2013 MT mgC/m2/m 10.87 6.82 3
sylvestris Apr, 2010-2013 27.44 23.40
May, 2010-2013 85.08 54.99
Jun, 2010-2013 114.35 75.96
Jul, 2010-2013 163.07 111.15
Aug, 2010-2013 103.98 71.53
Sep, 2010-2013 57.18 42.97
Oct, 2010-2013 30.72 24.18
Nov, 2010-2013 6.63 15.73
Dec, 2010-2013 7.56 9.33
Tundra Greenland Cassiope Aug, 2009 ISO pngC/m2/h 1.38 0.014 ©
upland tundra tetragona MT 21.54 0.014
Alaska Salix pulchra ~ Jun-Jul ISO pngC/m2/h Upto 1200 = 63.2 7
tundra 2005,2010&2011
Alaska Tussock Summer, ISO ngC/m2/h 0.2-225 0.2-118.8 8
tundra tundra 2018&2019 MT <l 0.34-4.81
Boreal Dry Shrub and July, 2007 ISO pngC/m2/h 24.5 85 0
wetland hummocks = mosses
Boreal fen  Sphagnum July, 2007 1SO ngC/m?h 186-220 198 10
mosses and
sedges
SubArctic Graminoid 2006 ISO ugC/m?*h Upto 1385 439 1
fen
Tundra SubArctic Graminoid Jul, 2018 ISO ugC/m?*h 310 330 12
wetland fen Jul, 2018 MT 14 14

CMIP6 and predicted future climate change

We present details of the selected future emission scenarios and included general circulation models (GCM) in

Supplementary Table 2. The design and description of the CMIP6 experimental protocol can be found in Eyring,

1. 13

et al. ' and the outputs from these models necessary as input to LPJ-GUESS (variables temperature,

precipitation and shortwave radiation) were downloaded through ESGF (https://esgf-

node.lInl.gov/search/cmip6/) for the period 1901-2100 (Date of access: Sep-2020). The climatology of the CRU-
NCEP and CMIP6 datasets over the period 1985-2014 was calculated for each variable, and the monthly biases
between CRU-NCEP and each CMIP6 model data were then calculated. The biases were corrected in each
climate field for the whole future period (2015-2100). The bias-corrected temperature, precipitation and radiation
were then used to drive the LPJ-GUESS simulation over the future period. The anomalies (relative to period
1985-2014) shown in Supplementary Fig. 4 show that over the study region and relative to recent decades, the
predicted temperature increase can be up to 12 °C, the annual precipitation increase can be up to 250 mm yr!

and the annual radiation shows both increases and decreases. There is a general negative correlation between the



changes in temperature and annual radiation. All of these 15 scenarios show that this region is likely to become

warmer and wetter, with a large range of responses between different CO; emission scenarios.

Supplementary Table 2 Overview of the selected future emission scenarios from CMIP6 and the general circulation models
included in this study.

Scenario
names
SSP585

SSP370

SSP245

SSP126

SSP119

Anomalies of annual mean temperature (°C)

Anomalies of annual radiation (W m™2)
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FEE TN
o N &

Shared Socioeconomic
Pathways (SSPs)

SSP5

SSP3

SSP2

SSP1

SSP1

Climate forcing levels Included general circulation model (GCMs)
RCP8.5 CanESM5, MRI-ESM2-0, GFDL-ESM4
RCP7.0 CanESM5, MRI-ESM2-0, GFDL-ESM4
RCP4.5 CanESM5, MRI-ESM2-0, GFDL-ESM4
RCP2.6 CanESM5, MRI-ESM2-0, GFDL-ESM4
RCP1.9 CanESM5, MRI-ESM2-0, GFDL-ESM4
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Canksms (ssp370) MRI-ESM2_0 (ssp370) GFDL-ESM4 (ssp370)
CanESMS (ssp245) MRI-ESM2_0 (ssp245) ——— GFDL-ESM4 (ssp245)
CanESMS (ssp126) MRI-ESM2_0 (ssp126) ——— GFDL-ESM4 (ssp126)
CanESMS (ssp119) MRI-ESM2_0 (ssp119) ——— GFDL-ESM4 (ssp119)

Supplementary Figure 4 Anomalies of annual mean temperature (a), precipitation (b) and surface shortwave radiation (c)
over 1985-2100. The period 1985-2014 has been used as the base line to calculate anomalies.

Modelled isoprene and monoterpene emissions



ISO changes under SSP119 ISO changes under SSP585

Supplementary Figure 5 Changing ratios of the annual isoprene (ISO) and monoterpene (MT) emissions under SSP119 and
SSP585. The data were based on the averaged emissions across three GCMs. The ratios are calculated based on the average
annual emissions from the period 2096-2100 divided by the sum of emissions for the periods of 2010-2014 and 2096-2100.
The ratio values close to 0.5 represent no or small changes in emissions, the values close to 1 indicate large increase in
emissions and the values close to 0 indicate large decrease in emissions.

The distribution of significant trends in isoprene emissions reveals that a larger area displays a positive trend in
isoprene emission in predictions with greater levels of climate change, which is however not the same for
monoterpene emissions (Supplementary Fig. 6). For monoterpenes, the higher CO; emission scenarios (such as
SSP585) together with warmer climate conditions result in an increased area with significant negative trends,

and a decrease in area with positive trends.
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Supplementary Figure 6. Probability density of annual isoprene (left) and monoterpene (right) emission trends. The trends
were calculated based on the averaged emissions over 3 GCMs under each SSP, and only significant trends (Mann-Kendall
trend test, p<0.05) are shown and included in the plot.

The modelled latitudinal fractions of LAI, isoprene and monoterpene emissions for each PFT are shown in
Supplementary Fig. 7. During the historical period 1971-2000, there is no significant presence of temperate
evergreen species (represented by PFTs Temperate broad-leaved evergreen, TeBE, and Temperate needle-leaved
evergreen, TeNE, in this region), but these two PFTs start to appear in the future (2071-2100) period in the
CanESM5 SSP585 scenario. The modelled changes in LAI, annual isoprene and monoterpene emissions
(Supplementary Fig. 7 b, d, f) show that: (1) in the high Arctic (north of 70 °N), there are large increases in the
abundance of shrubs of different heights, cold grass (C3G) and boreal needle-leaved trees. Increases in the
emissions of isoprene are mainly contributed by the emissions from graminoids (GRT), prostrate shrubs (SPDS),
and different boreal tree PFTs. The increases of monoterpene emissions in this region result mainly from
emissions from boreal needle-leaved tree PFTs. (2) in the low Arctic and boreal region, there are widespread
increases of IBS and TeBS (mainly replacing BNE and BINE, see Supplementary Fig. 7b), which result in a
large increase of isoprene emissions from these two new, dominant PFTs. The increased presence of these two
PFTs also contributes to a slight increase of monoterpene emissions, but the PFTs they have replaced (i.e., BNE
and BINE) show large decreases, leading to a net decrease in monoterpene emission for these southern

latitudinal bands.
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Supplementary Figure 7. Latitudinal fractions of leaf area index (LAI), annual isoprene (ISO) and annual monoterpene (MT)
emissions for each modelled plant functions type (PFT, on the x-axis). The fractions of all PFTs within each latitudinal band
add up till 1. The lefi column shows the modelled LAI ISO and MT in latitudinal fractions for the period 1971-2000, and the
right column shows the corresponding changes between 2071-2100 and 1971-2000 following the CanESMS5 SSP585
scenario. BNE: Boreal needle-leaved evergreen; BINE: Boreal shade-intolerant needle-leaved evergreen; BNS: Boreal
needle-leaved summergreen; TeNE: Temperate needle-leaved evergreen; TeBE: Temperate broad-leaved evergreen; C3G:
Cool grass; HSE: High shrubs evergreen; HSS: High shrubs summergreen; LSE: Low shrub evergreen; LSS: Low shrub
summergreen; GRT: Graminoid and forb tundra; EPDS: Evergreen prostrate dwarf shrub; SPDS; Summergreen prostrate
dwarf shrub; CLM; Cushion forb, lichen and moss; WetGRS: flood-tolerant grass; pmoss: peatland moss.
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Results of factorial experiments from GFDL-ESM4

Supplementary Figure 8 shows the same analysis as Figure 3 in the main text, but the model runs are driven by
GFDL-ESM4 SSP119 and GFDL-ESM4 SSP585. We see similar patterns as to the ones shown in Figure 3 with
some deviations in terms of magnitudes. Under SSP119, we still see the distribution of increasing and decreasing

trends of standard runs is largely driven by vegetation changes (Supplementary Figure 8 e, 0) and the impacts

-0.4

0.2

from CO, fertilization and N limitation are relatively small. Under SSP585, we see both increasing and

decreasing trends in isoprene and monoterpene emissions. The positive trends are mainly associated with CO»

fertilization and vegetation changes, while the negative trends are mainly linked to strong CO, inhibition and

also vegetation changes.
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Supplementary Figure 8 Histograms of trends in the modelled isoprene (first row for GFDL-ESM4 SSP119 and second row
for GFDL-ESM4 SSP585) and monoterpene (third row for GFDL-ESM4 SSP119 and fourth row for GFDL-ESM4 SSP585)
emissions from standard runs and from four investigated processes over the period 2015-2100. x-axis shows the number of
gridcells and y-axis shows the values of estimated trends. The values used in the trend analysis of these four investigated
processes are based on the differences of every two runs (see how the impacts from each process are extracted in Table 1).
Trends are analysed using Mann-Kendall test, and the trends for all grid cells are marked as grey, while both significant
positive and significant negative trends (p < 0.05) are indicated with red and blue bars, respectively. Sig.: Significant.
Selected historical and future years for TMS inputs

To illustrate the potential impacts of historical and future BVOC on atmospheric chemistry, one historical year
and one future year were selected to drive TMS5 runs. We checked the monthly differences in modelled isoprene
and monoterpene emissions from the selected years of 2009 and 2100 in comparison with 10 years’ range and
found that the regional monthly emissions for these two selected years are representative of the values seen over

the decade (Supplementary Figure 9).
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Supplementary Figure 9. LPJ-GUESS modelled total isoprene and monoterpene emissions for each month in the selected
years 2009 and 2100 (solid lines) and the minimum and maximum values in their nearby period 2005-2014 and 2091-2100,
respectively.

BVOC impacts on regional atmosphere

Here we show the outputs from another two factorial experiments: noMT CO2Inhibition and noCO2 (see
Supplementary Figures 10 and 11). In the noMT CO2Inhibition run, future changes in CO> inhibition only
affect isoprene production for the period 2015-2100. In the noCO2 run, we keep the CO, concentration
constant at its year 2014 value (397.55 ppm) for the future period. The differences between the
noCO2Inhibition and noMT_CO2Inhibition are caused by the CO; inhibition effects on isoprene only, and
the differences between the noCO2Inhibition and noCO2 runs are caused by CO; fertilization effects on
BVOC emissions mediated by changes in productivity and vegetation dynamics. As we can see from the
first two columns in these two figures below, lifting CO; inhibition impacts on monoterpenes

(noMT_CO2Inhibition) can give similar patterns as the outputs from noCO2Inhibition, indicating the

importance of monoterpenes in forming SOA.
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Supplementary Figure 10. The inputs to and outputs from TM5 using CanESMS5 SSP119. The first and second rows show
LPJ-GUESS simulated isoprene (ISO) and monoterpene (MT) emission changes between 2100 and 2009. The emissions from
the year 2100 are driven by CanESMS5 SSP119. The third to the sixth rows show the TM5 simulated ratio in changes to
surface SOA concentration (SOAsury); optical depth of SOA at 550 nm (OD550s0a); optical depth of aerosol at 550 nm
(OD5504er) and CCN concentrations at a supersaturation of 1.0 %. From left to right, we show the TM5 results fed with
BVOC inputs from three LPJ-GUESS runs, which are noCO2Inhibition (the I*' column), noMT CO2Inhibition run (the 2"
column) and noCO2 runs (the 3" column).
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Supplementary Figure 11. The inputs to and outputs from TM5 using CanESM5 SSP585. The first and second rows show
LPJ-GUESS simulated isoprene (ISO) and monoterpene (MT) emission changes between 2100 and 2009. The emissions from
the year 2100 are driven by CanESM5 SSP585. The third to the sixth rows show the TM5 simulated ratio in changes to
surface SOA concentration (SOAsury); optical depth of SOA at 550 nm (OD550s0a); optical depth of aerosol at 550 nm
(OD5504er) and CCN concentrations at a supersaturation of 1.0 %. From left to right, we show the TM5 results fed with
BVOC inputs from three LPJ-GUESS runs, which are noCO2Inhibition (the 1*' column), noMT CO2Inhibition run (the 2"
column) and noCO?2 runs (the 3" column).



Estimated radiative forcing

We have used the parameters and equations from three different studies to estimate potential radiative forcing
impacts based on TM5 modelled changes in future SOA loading and concentration. As we can see from the

Supplementary Table 3, there are large differences in the magnitudes between Yli-Juuti, et al. '# and the other
two studies for north of 45N. Zhu, et al. ' and Bellouin, et al. '° derived parameters (such as ratio of radiative

1. ' is based on measurement

forcing changes to SOA burden) based on the global datasets, while Yli-Juuti, et a
data from one observation sites. Nevertheless, all three sets of estimations show that the warming-induced
changes in SOA cause an overall reduction of radiative forcing, leading to cooling feedback north of 45 N. The
cooling feedback from noVegDym run is weaker than the standard run and the relative differences between the
standard and noVegDym runs are larger for the two estimations based on global dataset '>!°. Under CanESMS5
SSP585, the CO; inhibition effects become dominant and without CO2 inhibition on BVOCs, we see strong

cooling feedback resulting from increased BVOC and SOA. Under CanESM5 SSP119, the strongest cooling

feedback is from the standard run, and the noVegDym run shows a reduced cooling feedback (by approx. 25%).

Supplementary Table 3 Estimated radiative forcing (W m?) in 2100 in comparison to the year 2009.

Scenarios Extents standard noVegDym noCO2Inhibition Used
References
CanESM5 SSP585 north of -0.224 -0.214 -1.746 (Yli-Juuti et
45N al., 2021)
north of -0.048 -0.037 -0.424 (Zhu et al.,
45N 2017)
north of -0.039 -0.028 -0.318 (Bellouin et
45N al., 2020)
CanESM5 SSP119 north of -0.223 -0.171 -0.216 (Yli-Juuti et
45N al., 2021)
north of -0.058 -0.044 -0.053 (Zhu et al.,
45N 2017)
north of -0.045 -0.033 -0.037 (Bellouin et
45N al., 2020)

Model uncertainties

Uncertainties in modelled vegetation changes

The northward shifts of woody plants as well as changes to PFT compositions simulated by LPJ-GUESS
consider PFT competition and PFT responses to changing climatic and environmental conditions, including soil
conditions and nutrient (nitrogen) availability. Migration and establishment rates may be overestimated as
constraints such as seed dispersal have not been accounted for in the model'’. However, tree demography and
competition rather than seed dispersal have been shown to be more important in limiting vegetation shifts in the

Alps'®. Gustafson, et al. '° found that nitrogen could restrict treeline migration in a subarctic environment. Our



modelled vegetation responses to climate (e.g., replacement of evergreen trees with deciduous trees,
shrubification and northward movements of evergreen trees) are consistent with experimental and paleo

20-22

evidence?*?2 and other modelling studies**.

Uncertainties in modelled aerosol changes

Uncertainties in the TM5 model itself also apply to this study. For example, the wet removal of aerosol particles
may be overestimated, which results in lower aerosol optical depth (AOD) values®***. However, the AOD
comparisons of two different runs with the absolute differences can help to offset the overestimation, and the
relative differences may be overestimated due to underestimated AOD values. The considered SOA formation
process can also contribute to the uncertainties, partly due to the complicated mechanism and partly due to the

relatively simplified implementation in the large-scale model, as in TM52.

References

1 Li, X. & Xiao, J. Mapping Photosynthesis Solely from Solar-Induced Chlorophyll Fluorescence: A Global,
Fine-Resolution Dataset of Gross Primary Production Derived from OCO-2. Remote Sensing 11, 2563
(2019).

2 Zhu, Z. et al. Global Data Sets of Vegetation Leaf Area Index (LAI)3g and Fraction of Photosynthetically

Active Radiation (FPAR)3g Derived from Global Inventory Modeling and Mapping Studies (GIMMS)
Normalized Difference Vegetation Index (NDVI3g) for the Period 1981 to 2011. Remote Sensing 5, 927-

948 (2013).

3 Liu, Y. Y. et al. Recent reversal in loss of global terrestrial biomass. Nature Climate Change 5, 470-474,
doi:10.1038/nclimate2581 (2015).

4 Arneth, A. et al. Future vegetation—climate interactions in Eastern Siberia: an assessment of the

competing effects of CO2 and secondary organic aerosols. Atmos. Chem. Phys. 16, 5243-5262,
doi:10.5194/acp-16-5243-2016 (2016).

5 Rantala, P., Aalto, J., Taipale, R., Ruuskanen, T. M. & Rinne, J. Annual cycle of volatile organic
compound exchange between a boreal pine forest and the atmosphere. Biogeosciences 12, 5753-
5770, doi:10.5194/bg-12-5753-2015 (2015).

6 Schollert, M., Burchard, S., Faubert, P., Michelsen, A. & Rinnan, R. Biogenic volatile organic compound
emissions in four vegetation types in high arctic Greenland. Polar Biology 37, 237-249,
doi:10.1007/s00300-013-1427-0 (2014).

7 Potosnak, M. J. et al. Isoprene emissions from a tundra ecosystem. Biogeosciences 10, 871-889,
doi:10.5194/bg-10-871-2013 (2013).

8 Angot, H. et al. Biogenic volatile organic compound ambient mixing ratios and emission rates in the
Alaskan Arctic tundra. Biogeosciences 17, 6219-6236, doi:10.5194/bg-17-6219-2020 (2020).

9 Tiiva, P. et al. Contribution of vegetation and water table on isoprene emission from boreal peatland

microcosms. Atmospheric Environment 43, 5469-5475,
doi:https://doi.org/10.1016/j.atmosenv.2009.07.026 (2009).

10 Haapanala, S. et al. Measurements of hydrocarbon emissions from a boreal fen using the REA
technique. Biogeosciences 3, 103-112, doi:10.5194/bg-3-103-2006 (2006).

11 Holst, T. et al. BVOC ecosystem flux measurements at a high latitude wetland site. Atmos. Chem. Phys.
10, 1617-1634, doi:10.5194/acp-10-1617-2010 (2010).

12 Seco, R. et al. Volatile organic compound fluxes in a subarctic peatland and lake. Atmos. Chem. Phys.
20, 13399-13416, doi:10.5194/acp-20-13399-2020 (2020).

13 Eyring, V. et al. Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6)

experimental design and organization. Geosci. Model Dev. 9, 1937-1958, doi:10.5194/gmd-9-1937-
2016 (2016).



14

15

16

17

18

19

20

21

22

23

24

25

26

Yli-Juuti, T. et al. Significance of the organic aerosol driven climate feedback in the boreal area. Nature
Communications 12, 5637, doi:10.1038/s41467-021-25850-7 (2021).

Zhu, J. et al. Mechanism of SOA formation determines magnitude of radiative effects. Proceedings of
the National Academy of Sciences 114, 12685-12690, doi:doi:10.1073/pnas.1712273114 (2017).
Bellouin, N. et al. Bounding Global Aerosol Radiative Forcing of Climate Change. Reviews of Geophysics
58, e2019RG000660, doi:https://doi.org/10.1029/2019RG000660 (2020).

Lehsten, V., Mischurow, M., Lindstrom, E., Lehsten, D. & Lischke, H. LPJ-GM 1.0: simulating migration
efficiently in a dynamic vegetation model. Geosci. Model Dev. 12, 893-908, doi:10.5194/gmd-12-893-
2019 (2019).

Scherrer, D., Vitasse, Y., Guisan, A., Wohlgemuth, T. & Lischke, H. Competition and demography rather
than dispersal limitation slow down upward shifts of trees’ upper elevation limits in the Alps. Journal
of Ecology 108, 2416-2430, doi:https://doi.org/10.1111/1365-2745.13451 (2020).

Gustafson, A., Miller, P. A., Bjork, R. G., Olin, S. & Smith, B. Nitrogen restricts future sub-arctic treeline
advance in an individual-based dynamic vegetation model. Biogeosciences 18, 6329-6347,
doi:10.5194/bg-18-6329-2021 (2021).

Soja, A. J. et al. Climate-induced boreal forest change: Predictions versus current observations. Global
and Planetary Change 56, 274-296, doi:https://doi.org/10.1016/j.gloplacha.2006.07.028 (2007).
Fraser, R. H., Lantz, T. C., Olthof, I., Kokelj, S. V. & Sims, R. A. Warming-Induced Shrub Expansion and
Lichen Decline in the Western Canadian Arctic. Ecosystems 17, 1151-1168, doi:10.1007/s10021-014-
9783-3 (2014).

Edwards, M. E., Brubaker, L. B., Lozhkin, A. V. & Anderson, P. M. Structurally novel biomes: a response
to past warming in Beringia. Ecology 86, 1696-1703, doi:https://doi.org/10.1890/03-0787 (2005).
Wolf, A., Callaghan, T. V. & Larson, K. Future changes in vegetation and ecosystem function of the
Barents Region. Climatic Change 87, 51-73, doi:10.1007/s10584-007-9342-4 (2008).

van Noije, T. P. C. et al. Simulation of tropospheric chemistry and aerosols with the climate model EC-
Earth. Geosci. Model Dev. 7, 2435-2475, doi:10.5194/gmd-7-2435-2014 (2014).

Aan de Brugh, J. M. J. et al. The European aerosol budget in 2006. Atmos. Chem. Phys. 11, 1117-1139,
doi:10.5194/acp-11-1117-2011 (2011).

Bergman, T. et al. Description and evaluation of a secondary organic aerosol and new particle
formation scheme within TM5-MP v1.2. Geosci. Model Dev. 15, 683-713, doi:10.5194/gmd-15-683-
2022 (2022).







DOCTORAL THESES PUBLISHED IN
ENVIRONMENTAL SCIENCE, LUND UNIVERSITY

1. Georg K.S. Andersson (2012) Effects of farming practice on pollination across
space and time. Department of Biology/Centre for environmental and climate
research

2. Anja M. Odman (2012) Disturbance regimes in dry sandy grasslands — past,
present and future. Department of Biology/ Centre for environmental and climate
research

3. Johan Genberg (2013) Source apportionment of carbonaceous aerosol.
Department of Physics/ Centre for environmental and climate research

4. Petra Bragée (2013) A palacolimnological study of the anthropogenic impact on
dissolved organic carbon in South Swedish lakes. Department of Geology/ Centre
for environmental and climate research

5. Estelle Larsson (2013) Sorption and transformation of anti-inflammatory drugs
during wastewater treatment. Department of Chemistry/ Centre for environmental
and climate research

6. Magnus Ellstrom (2014) Effects of nitrogen deposition on the growth,
metabolism and activity of ectomycorrhizal fungi. Department of Biology/ Centre
for environmental and climate research

7. Therese Irminger Street (2015) Small biotopes in agricultural landscapes:
importance for vascular plants and effects on management. Department of physical
geography and ecosystem science/ Department of Biology/ Centre for
environmental and climate research

8. Helena 1. Hanson (2015) Natural enemies: Functional aspects of local
management in agricultural landscapes. Department of Biology/ Centre for
environmental and climate research

9. Lina Nikoleris (2016) The estrogen receptor in fish and effects of estrogenic
substances in the environment: ecological and evolutionary perspectives and
societal awareness Department of Biology/ Centre for environmental and climate
research



10. Cecilia Hultin (2016) Estrogen receptor and multixenobiotic resistance genes in
freshwater fish and snails: identification and expression analysis after
pharmaceutical exposure. Centre for environmental and climate research

11. Annika M. E. S6derman (2016) Small biotopes: Landscape and management
effects on pollinators. Department of Biology/ Centre for environmental and climate
research

12. Wenxin Ning (2016) Tracking environmental changes of the Baltic Sea coastal
zone since the mid-Holocene. Department of Geology/ Centre for environmental
and climate research

13. Karin Mattsson (2016) Nanoparticles in the aquatic environment, Particle
characterization and effects on organisms. Department of Chemistry/ Centre for
environmental and climate research

14. Ola Svahn (2016) Tillampad miljoanalytisk kemi for monitorering och atgérder
av antibiotika- och ldkemedelsrester I Vattenriket. School of Education and
Environment, Kristianstad University/ Centre for environmental and climate
research

15. Pablo Urrutia Cordero (2016) Putting food web theory into action: Local
adaptation of freshwaters to global environmental change. Department of Biology/
Centre for environmental and climate research

16. Lin Yu (2016) Dynamic modelling of the forest ecosystem: Incorporation of the
phosphorous cycle. Centre for environmental and climate research

17. Behnaz Pirzamanbein (2016) Recontruction of past European land cover based
on fossil pollen data: Gaussian Markov random field models for compositional data.
Centre for Mathematical Sciences/ Centre for environmental and climate research

18. Arvid Bolin (2017) Ecological interactions in human modified landscapes —
Landscape dependent remedies for the maintenance of biodiversity and ecosystem
services. Department of Biology/ Centre for environmental and climate research

19. Johan Martinsson (2017) Development and Evaluation of Methods in Source
Apportionment of the Carbonaceous Aerosol. Department of Physics/ Centre for
environmental and climate research

20. Emilie Ostrém (2017) Modelling of new particle formation and growth in the
atmospheric boundary layer. Department of Physics/ Centre for environmental and
climate research

21. Lina Herbertsson (2017) Pollinators and Insect Pollination in Changing
Agricultural Landscapes. Centre for environmental and climate research



22. Sofia Hydbom (2017) Tillage practices and their impact on soil organic carbon
and the microbial community. Department of Biology/ Centre for environmental
and climate research

23. Erik Ahlberg (2017) Speeding up the Atmosphere: Experimental oxidation
studies of ambient and laboratory aerosols using a flow reactor. Department of
Physics/ Centre for environmental and climate research

24. Laurie M. Charrieau (2017) DISCO: Drivers and Impacts of Coastal Ocean
Acidification. Department of Geology/ Centre for environmental and climate
research

25. Kristin Rath (2018) Soil salinity as a driver of microbial community structure
and functioning. Department of Biology/ Centre for environmental and climate
research

26. Lelde Krumina (2018) Adsorption, desorption, and redox reactions at iron oxide
nanoparticle surfaces. Department of Biology/ Centre for environmental and climate
research

27. Ana Soares (2018) Riverine sources of bioreactive macroelements and their
impact on bacterioplankton metabolism in a recipient boreal estuary. Department of
physical geography and ecosystem science/ Centre for environmental and climate
research

28. Jasmine Livingston (2018) Climate Science for Policy? The knowledge politics
of the [PCC after Copenhagen. Centre for environmental and climate research

29. Simon David Herzog (2019) Fate of riverine iron over estuarine salinity
gradients. Department of Biology/ Centre for Environmental and Climate Research

30. Terese Thoni (2019) Making Blue Carbon: Coastal Ecosystems at the Science-
Policy Interface. Centre for Environmental and Climate Research

31. Lovisa Nilsson (2019) Exploring synergies — management of multifunctional
agricultural landscapes. Centre for Environmental and Climate Research

32. Zhaomo Tian (2019) Properties and fungal decomposition of iron oxide-
associated organic matter. Centre for Environmental and Climate Research

33. Sha Ni (2020) Tracing marine hypoxic conditions during warm periods using a
microanalytical approach. Department of Geology/Centre for Environmental and
Climate Research

34, Julia Kelly (2021) Carbon exchange in boreal ecosystems: upscaling and the
impacts of natural disturbances. Centre for Environmental and Climate Science



35. William Sidemo Holm (2021) Effective conservation of biodiversity and
ecosystem services in agricultural landscapes. Centre for Environmental and
Climate Science

36. John Falk (2021) Ice out of Fire: Ice and cloud condensation nucleation of
aerosol particles emitted from controlled soot generation and combustion of
renewable fuels. Department of Physics / Centre for Environmental and Climate
Science

37. Maria Blasi i Romero (2021) Wild bees in agricultural landscapes: Modelling
land use and climate effects across space and time. Centre for Environmental and
Climate Science

38. Ivette Raices Cruz (2021) Robust analysis of uncertainty in scientific
assessments. Department of Biology/ Centre for Environmental and Climate
Science

39. Adrian Gustafson (2022) On the role of terrestrial ecosystems in a changing
Arctic. Department of Physical Geography and Ecosystem Science/Centre for
Environmental and Climate Science









	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	On the role of terrestrial ecosystems in a changing Arctic_v1 (1).pdf
	List of papers
	Author contributions
	Populärvetenskaplig sammanfattning
	Popular summary
	List of abbreviations
	Introduction
	Arctic environmental change
	Shrub cover
	Forest and Treeline advance

	Feedbacks from ecosystem change
	Investigating Arctic environmental change
	Kinds of models
	CMIP programmes
	CORDEX

	Scenarios


	Aims and objectives
	Paper I
	Paper II
	Paper III
	Paper IV

	Methods
	Model description
	LPJ-GUESS
	Vegetation and Plant functional types
	Carbon and nitrogen cycling
	Spinup and initialisation
	Methane module
	BVOC module

	RCA-GUESS
	RCA4 – a regional atmospheric model
	Model coupling

	Paper I
	Paper II
	Paper III
	Paper IV


	Results and discussion
	Vegetation change and its drivers (Paper I, III and IV)
	Climate feedbacks (Paper II and IV)
	Feedbacks on biogeochemical cycling (Paper III)

	Key findings
	Outlook and environmental science perspective
	Models for policy

	References
	Acknowledgements
	Blank Page

	Blank Page



