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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.

18



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

19



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),

24



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-
gro