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Abstract

The need to understand and predict Arctic en-
vironmental change has increased the demand 
to acquire comprehensive information for lo-
cal communities, scientists, and policymakers. 
Broad reviews that summarize observations 
are an important tool to produce this pervasive 
knowledge on ecosystem properties and pro-
cesses. However, our understanding about Arc-
tic ecosystems is limited by a relatively sparse 
network of observations and research gaps that 
have	not	been	fully	identified.	For	example,	the	
key	drivers	of	fine-scale	variability	in	the	carbon	
cycle, which is an important ecosystem function 
in the Arctic, have not yet been synthesized. An 
improved understanding of the current knowl-
edge in Arctic ecosystems is required to predict 
how Arctic ecosystems function in current and 
future conditions. 

In this thesis, I study the representativeness 
of	field	sampling	locations,	and	knowledge	gaps	
as	well	as	drivers	of	fine-scale	carbon	cycling	
across	the	terrestrial	Arctic.	The	first	paper	fo-
cuses	on	how	field	sampling	locations	are	distrib-
uted across Arctic topographical, soil, and vege-
tation gradients within broad environmental sci-
ence disciplines. In the second paper, I review the 
current state of knowledge in Arctic carbon diox-
ide (CO2)	flux	chamber	studies	which	are	used	
to	measure	fine-scale	variability	in	gas	exchange	
between the biosphere and the atmosphere. And 
in	the	third	paper,	I	examine	the	drivers	of	fine-
scale spatial variability in Arctic carbon cycling 
as a whole by studying both CO2	fluxes	and	car-
bon stocks, with a study design that includes in-

situ climatic, soil, and plant community func-
tional composition measurements from 80–220 
plots across a tundra landscape. This thesis ap-
plies machine learning and Bayesian methods to 
understand	the	coverage	of	field	sampling	loca-
tions and drivers of carbon cycling, respectively. 
The underlying idea in this thesis is to examine 
research gaps across Arctic environmental gradi-
ents and chamber literature, explore the drivers of 
carbon cycling at a local scale, as well as to devel-
op theoretical and methodological frameworks 
to provide a more comprehensive understand-
ing of Arctic ecosystems in a changing climate.

The	results	from	the	first	two	papers	show	
that there are vast areas in the Arctic that are 
lacking sampling locations, particularly in the 
northernmost Arctic regions. The environmen-
tal	coverage	of	field	sampling	locations	varies	
across environmental science disciplines, but 
in general, more research is needed in extreme 
climatic, productivity, and soil organic carbon 
stock conditions which are found in the Cana-
dian Arctic Archipelago, northern Greenland, 
central and eastern Siberia, and northern Tai-
myr region. The results from the second study 
demonstrate that the Arctic CO2	flux	chamber	
literature is rather comprehensive with 93 stud-
ies published over 2000–2016. However, I dis-
covered that knowledge gaps in Arctic CO2	flux	
chamber studies exist in 1) continuous and year-
round	measurements,	2)	 the	quantification	of	
other	greenhouse	gas	fluxes	together	with	CO2 
fluxes	to	estimate	the	full	greenhouse	gas	bal-
ance, 3) understanding the role of soil respira-
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tion, and 4) experiments that would include a 
broad range of global change drivers related to 
not only warming, but also snow conditions, 
soil moisture, and nutrients, for example. The 
drivers	of	fluxes	have	been	 identified	 in	Arc-
tic CO2	flux	chamber	studies,	but	vegetation,	
which	 is	a	key	driver	of	fluxes,	has	not	been	
described in a uniform way, nor are the distur-
bance	effects	on	fluxes	understood.	The	results	
from	the	third	study	suggest	that	the	fine-scale	
variability of tundra carbon cycling was driven 
by the plant community functional composition 
which was characterized with globally compa-
rable plant functional traits describing plant size 
and resource-use strategies. Plant size, in par-
ticular, had a strong and positive relationship 
with all CO2	fluxes	and	carbon	stocks	except	
soil organic carbon stocks. Moreover, the results 
demonstrate that tundra ecosystems form a hi-
erarchical system where plant functional traits 
mediate	the	effects	of	average	abiotic	conditions	

on carbon cycling across the landscape. This has 
important implications for how we interpret and 
model the primary drivers of Arctic CO2	fluxes.

This thesis suggests that generalizations 
about Arctic ecosystems that are derived from the 
current Arctic literature are based on a restricted 
sample of the actual spectrum of the Arctic ter-
restrial gradients. It highlights the importance of 
recognizing how well the Arctic environments 
are	sampled	as	well	as	how	fine-scale	variabil-
ity in carbon cycling has been studied, and how 
research	gaps	should	be	filled.	Thus,	the	results	
help	to	prioritize	future	research	efforts.	More-
over, it provides a hierarchical and trait-based 
framework	 to	explore	fine-scale	variability	 in	
Arctic carbon cycling in a way that can tease 
apart	the	drivers	and	investigate	the	effect	of	veg-
etation using globally applicable plant functional 
traits.	These	findings	build	towards	an	improved	
understanding of the overall view of Arctic eco-
systems and their carbon cycling.
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Abstract in Finnish

Kokonaisvaltainen käsitys arktisen ympäristön 
muutoksista on tärkeää tieteen ja yhteiskunnan 
toimijoiden kannalta. Laajat kirjallisuuskatsauk-
set, jotka kokoavat yksittäisten tutkimusten ha-
vaintoja yhteen, ovat keskeinen työkalu tämän 
kattavan ymmärryksen saavuttamiseksi. Koko-
naisvaltaista ymmärrystämme rajoittaa kuiten-
kin arktisten alueiden harva mittausverkosto ja 
tutkimusten teoreettisen viitekehyksen puutteet, 
joita ei ole vielä täysin kuvattu. Esimerkiksi pai-
kallisen hiilen kierron ja sitä säätelevien tekijöi-
den tutkimusten tilaa ei ole vielä käsitelty kirjal-
lisuuskatsauksen avulla. Tiedeyhteisö ja päätök-
sentekijät tarvitsevat tätä yhteenvetävää ja laa-
ja-alaista tietoa arktisten ekosysteemien tilasta, 
jotta osaamme varautua arktisten ekosysteemien 
muutoksiin tulevaisuudessa.

Tutkin tässä väitöskirjatyössä ympäristömit-
tausten edustavuutta ja hiilen kiertoa arktisilla 
alueilla. Ensimmäisessä artikkelissani tutkin, 
kuinka hyvin ympäristömittaukset kattavat ark-
tisia ympäristögradientteja laajasti eri ympäris-
tötieteenalojen tutkimuksissa. Toisessa artikke-
lissani tarkastelen kirjallisuuskatsauksen avulla 
sitä, kuinka hyvin arktisten alueiden kammioilla 
mitatut hiilidioksidivuot ja niitä säätelevät tekijät 
tunnetaan paikallisella mittakaavalla. Viimeisenä 
tutkin, kuinka pienilmasto, maaperän resurssit 
ja kasviyhteisöjen maanpäälliset ominaisuudet, 
jotka liittyvät yhteisöjen kokoon ja resurssien 
käyttöstrategioihin, vaikuttavat hiilidioksidivoi-
hin sekä hiilivarastoihin. Viimeinen tutkimus pe-
rustuu monipuolisiin kenttämittauksiin 80–220 
tutkimuspisteeltä tundraympäristössä. Hyödyn-

nän väitöskirjassani useita tilastollisia menetel-
miä, kuten koneoppimismenetelmiä sekä Baye-
silaisia malleja ymmärtääkseni ympäristömitta-
usten kattavuutta sekä hiilen kiertoa sääteleviä 
tekijöitä. Väitöskirjani päätavoitteena on tunnis-
taa tutkimusten sijaintiin ja tietotasoon liittyviä 
puutteita arktisilla alueilla ja tarkastella hiilen 
kiertoa sääteleviä tekijöitä paikallisella tasolla. 
Lisäksi kehitän niin teoreettista kuin menetelmäl-
listä viitekehystä, jotta arktisten ekosysteemien 
toiminta voidaan ymmärtää jatkossa paremmin.

Ensimmäisen ja toisen artikkelin tutkimustu-
lokset osoittavat, että arktisilla alueilla on laajoja 
huonosti tutkittuja ympäristöjä, jotka sijaitsevat 
erityisesti arktisten alueiden pohjoisissa osissa. 
Havaintojen jakauma eri ympäristögradienteilla 
vaihtelee eri tieteenalojen välillä, mutta kaikil-
la aloilla lisätutkimusta tarvitaan erityisesti kyl-
millä ja karuilla alueilla Kanadan pohjoisosien 
saaristossa, Pohjois-Grönlannissa, Keski- ja Itä-
Siperiassa sekä Taimyrin pohjoisosissa. Toisen 
artikkelin tutkimustulosten mukaan paikallisen 
tason vaihtelua kammioiden avulla tarkastelevia 
hiilidioksidivuotutkimuksia on tehty jo melko 
paljon (93 tutkimusta 2000-luvulla), ja ne kat-
tavat useita eri aihepiirejä. Tarkempaa tietoa tar-
vitaan kuitenkin: 1) voiden jatkuvista ja koko 
vuoden kattavista mittauksista, 2) muiden kas-
vihuonekaasujen toiminnasta, jotta voidaan las-
kea koko kasvihuonekaasubudjetti, 3) maaperän 
hengityksestä ja sen suhteista muihin hiilidioksi-
divoihin ja 4) kokeellisista tutkimuksista, jotka 
sisältävät useita globaalimuutosmuuttujia, kuten 
maaperän kosteuden tai ravinteisuuden muok-
kaamista. Lisäksi kirjallisuuskatsauksessa ha-
vaittiin, että hiilen kiertoa säätelevät tekijät on 
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tunnistettu, mutta niiden vaikutus erilaisissa ym-
päristöissä, etenkin häiriöiden osalta, tunnetaan 
vielä heikosti. Katsaus myös osoitti, että hiilen 
kierron vaihtelua kuvataan harvoin yhtenäisil-
lä kasvillisuusmuuttujilla, mikä tekee havainto-
jen vertailusta haastavaa. Tämä löydös motivoi 
kolmatta tutkimusta, jossa hyödynnettiin laajasti 
käytettyjä ja globaalisti vertailtavissa olevia kas-
vien toiminnallisia ominaisuuksia kuvaamaan 
kasvillisuutta ja sen vaikutusta hiilen kiertoon. 
Tulosten mukaan hiilen kierron pienipiirteistä 
vaihtelua kontrolloi kasviyhteisöjen toiminnalli-
set ominaisuudet, jotka säätelivät keskiarvoisten 
ilmasto- ja maaperämuuttujien vaikutusta hiilen 
kiertoon. Erityisesti yhteistöillä, jotka koostui-
vat korkeista lajeista, oli vahva ja positiivinen 
suhde kaikkien hiilidioksidivoiden ja hiilivaras-
tojen kanssa maaperän hiilivarastoja lukuun ot-
tamatta. 

Tämä väitöskirja osoittaa, että niin alueellis-
ten kuin mekanististen tutkimuspuutteiden takia 
arktisia ekosysteemejä ja sen hiilen kiertoa ei vie-
lä ymmärretä kokonaisvaltaisesti. Tutkimus pai-
nottaa ympäristömittausten kattavuuden ja sen 
kuvaamisen tärkeyttä sekä tuo esiin koeasetel-
mallisia puutteita hiilen kierron tutkimuksissa ja 
ehdottaa tapoja puutteiden parantamiseen. Tut-
kimustulokset auttavat siis priorisoimaan tule-
via tutkimuksia. Lisäksi tutkimuksessa käytetty 
hierarkkinen ja kasvien toiminnallisiin ominai-
suuksiin perustuva viitekehys lisää ymmärrys-
tämme hiilen kiertoa säätelevistä tekijöistä ja 
niiden suhteista sekä mahdollistaa kasvillisuu-
den vaikutusten ymmärtämisen globaalisti ver-
tailtavissa olevilla kasvillisuusmuuttujilla. Nämä 
tulokset auttavat hahmottamaan arktisten aluei-
den ekosysteemien muutosten ja hiilen kierron 
kokonaiskuvaa.
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1 Introduction

The need to understand and predict as well as 
to adapt to and mitigate global environmental 
change has increased the demand to acquire 
comprehensive environmental knowledge for 
local communities, scientists, and policymak-
ers (Magliocca et al., 2014). Broad reviews that 
summarize observations are an important tool to 
produce pervasive understanding about ecosys-
tem properties and processes for decision mak-
ing (Abbott et al., 2016; Schuur et al., 2015). 
However, generalizing knowledge remains one 
of the fundamental challenges in environmental 
science, as observations are rarely representative 
of the entire area of interest, and the quantity and 
quality	of	data	in	different	disciplines	is	variable	
(Hoffman	et	al.,	2013;	Martin	et	al.,	2012).	

Arctic regions are among the least sampled 
areas across the terrestrial globe (Baldocchi et al., 
2001; Song et al., 2019). This area is one of the 
most	challenging	regions	for	environmental	field	
research as resources, accessibility, and long and 
cold	winters	strongly	constrain	Arctic	field	work	
(Kittler et al., 2017; Martin et al., 2017; Post et 
al., 2009; Webb et al., 2016). Consequently, there 
are still major gaps in understanding Arctic eco-
systems, i.e. the interacting systems comprising 
organisms and the abiotic environment (Chapin 
III	et	al.,	2011),	but	these	gaps,	and	their	signifi-
cance, have not yet been thoroughly described. In 
particular,	the	representativeness	of	Arctic	field	
measurements has received relatively little atten-
tion until recently (Martin et al., 2017; Metcalfe 
et al., 2018; Pallandt et al., 2019; Sporbert et al., 
2019). Arctic regions are characterized by large 
environmental variability in climatic, topograph-
ic, soil, and vegetation conditions (Liston and 
Hiemstra, 2011; Olefeldt et al., 2016; Walker et 
al., 2005). To understand ecosystem properties 
and functioning across the Arctic as a whole, 

observations from across all environmental gra-
dients are required. However, it remains unclear 
how well the observations cover the main envi-
ronmental gradients, and thus, how well we un-
derstand the big picture of Arctic ecosystems.

Arctic	 areas	 can	 be	 classified	 in	multiple	
ways: based on the distribution of the northern 
tundra biome within the globe (Olson et al., 2001) 
or within the cold Arctic climate (Walker et al., 
2005), or based on the northern permafrost re-
gion (Aalto et al., 2018; Brown et al., 2002) or 
latitude	(north	from	66.3˚	latitudes),	all	of	which	
partly overlap with each other, and cover rough-
ly 5–15 % of the global surface area. These re-
gions experience a two-to-four times faster cli-
mate change than the global average (Laidre et 
al., 2019), as the temperatures have increased 
2–3°C since the late 19th century, and tempera-
tures are predicted to rise even more rapidly in 
the future (Overland et al., 2013). Consequent-
ly, snow melts earlier in the spring and growing 
seasons are getting longer (Niittynen and Luo-
to, 2018; Park et al., 2016; Piao et al., 2007). 
This warming is a result of not only increases 
in atmospheric carbon dioxide (CO2) concentra-
tions and other greenhouse gases (IPCC, 2013) 
but also a phenomenon called “Arctic ampli-
fication”	which	describes	feedbacks	associated	
with decreased sea ice extent and surface albedo 
(Serreze and Barry, 2011). Ecosystems respond 
to these climatic changes in several ways. For 
example, increases in shrub cover and distribu-
tion	 (i.e.	“shrubification”;	Myers-Smith	et	al.,	
2011), plant growth (Myers-Smith, Elmendorf, 
et al., 2015) and height (Bjorkman et al., 2018a), 
as well as species shifts towards mountain tops 
(Steinbauer et al., 2018) have been observed. 
Moreover, the global permafrost temperatures 
have increased by 0.29 ± 0.12 °C between 2007 

https://www.zotero.org/google-docs/?7iqLPg
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and 2016 (Biskaborn et al., 2019), posing a threat 
to Arctic ecosystem services and infrastructure 
(Hjort et al., 2018; Schuur and Mack, 2018).

These changes in Arctic climate, vegetation, 
and	permafrost	conditions	have	cascading	effects	
on ecosystem functioning such as carbon cy-
cling	 (Lafleur	and	Humphreys,	2008;	Mauritz	
et al., 2017; Voigt et al., 2017). Terrestrial car-
bon cycling responds rapidly to changing envi-
ronmental conditions and is thus spatially and 
temporally very variable (Emmerton et al., 2016; 
López-Blanco et al., 2017; Nobrega and Grogan, 
2008). The dynamics of carbon dioxide (CO2) 
fluxes	has	been	a	major	focus	of	research	during	
the past decades (Baldocchi et al., 2018; Belshe 
et al., 2013; Parmentier et al., 2011), and the 
spatial variability in carbon cycling has received 
less	attention,	likely	because	field	studies	cover-
ing environmental gradients are often costly and 
laborious. Spatial variability of carbon cycling 
can	be	studied	at	different	 spatial	 scales	 (Fig.	
1).	At	fine	(or	local)	scales,	carbon	cycling	var-
ies from a few meters to hundreds of meters as 

a	 result	of	differences	 in,	 for	example,	 the	 lo-
cal climate and plant communities (Cahoon et 
al., 2012; Eckhardt et al., 2019; Sørensen et al., 
2017). At landscape scales spreading from hun-
dreds of meters to kilometers, larger environ-
mental gradients, such as elevation or a broader 
range of vegetation types, control the variability 
in carbon cycling (Treat et al., 2018). At region-
al scales (> several kilometers), climate governs 
carbon cycling (Camps-Valls et al., 2015; War-
ner	et	al.,	2019).	Studies	conducted	at	the	fine	
scale can capture the mechanisms and processes 
at the same scale where climate change-induced 
vegetation shifts and permafrost thaw are also 
happening. Moreover, recent studies suggest that 
fine-scale	spatial	variability	can	be	even	larger	
than temporal variability in the tundra (Treat et 
al., 2018), providing a clear mandate on more de-
tailed spatial analysis of carbon cycling. Thus, an 
improved	understanding	of	the	fine-scale	spatial	
patterns and drivers is required as the relation-
ship of carbon and environmental drivers even-
tually	determines	whether	the	different	terrestrial	

Figure 1. Methods and scales to study CO2 fluxes. At the fine scale, leaf cuvette measurements are conducted to 
understand leaf physiology, gas diffusion methods are used to measure soil emissions, or diffusion of gases through 
the snow pack, and chambers can be used to measure biosphere-atmosphere CO2 exchange at the surface. 
Eddy covariance integrates fluxes over the landscape (100–1000 m) and is a tool to measure particularly temporal 
patterns in fluxes. However, with the footprint method (Kljun et al., 2015), information about the local variability 
can also be derived. Several measurements across the environmental gradients are needed to understand the 
landscape- or regional-scale variability in fluxes. The map with chamber and eddy covariance sites can be found 
here: https://cosima.nceas.ucsb.edu/carbon-flux-sites/.
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ecosystems serve as a net source or sink of CO2 
to the atmosphere.  

This thesis investigates 1) the distribution of 
field	sampling	locations	across	Arctic	environ-
mental gradients within broad environmental sci-
ence disciplines, 2) the current state of knowl-
edge in Arctic CO2	flux	chamber	studies,	which	
are	used	to	study	the	fine-scale	variability	of	flux-
es	(Fig.	1),	and	3)	the	fine-scale	drivers	of	tundra	
carbon cycling. It approaches the representative-
ness	of	field	sampling	locations	and	carbon	cy-
cling in a broad and holistic geographical con-
text and covers topics related to global change 
and earth system science disciplines. At the lo-
cal scale, the thesis uses theories and methods 
from ecosystem, community and functional ecol-
ogy, physics, and biogeochemistry to explore the 
mechanisms controlling carbon cycling. 

1.1 The current state of 
environmental knowledge 
in the Arctic

Science	aims	to	build	knowledge	about	different	
phenomena. Observations form the basis for Arc-
tic environmental science, with the quality and 
quantity of them, as well as researchers’ ability 
to	produce	knowledge	on	phenomena,	reflecting	
the	scientific	knowledge	 level.	Data	about	 the	
Arctic ecosystems can be collected in multiple 
ways:	for	example	with	quantitative	field	or	re-
mote sensing techniques or qualitative knowl-
edge derived from, for example, interviews. Field 
data often provide direct measurements on the 
trends and mechanisms driving Arctic ecosys-
tems (Happonen et al., 2019; Hultman et al., 
2015; López-Blanco et al., 2017). This knowl-
edge can be summarized in reviews, which of-
fer a quantitative and/or qualitative way to build 
upon individual observations and studies to un-
derstand the regional and global patterns in a 
broader context (Fig. 2). Additionally, they often 
highlight research gaps that help prioritize future 

research or provide guidelines for future observa-
tions.	There	are	different	types	of	reviews:	they	
can rely on the authors’ or community’s expert 
knowledge (Abbott et al., 2016; Loranty et al., 
2018), be based on a certain set of articles in a 
more systematic review (Amendola et al., 2018), 
use the outcomes of separate studies in a meta-
analysis (Song et al., 2019), or gather existing 
measurements in a synthesis (Belshe et al., 2013). 
These reviews can focus either on one discipline, 
a few disciplines, or be completely multidisci-
plinary, depending on the goals of the review 
study. Finally, policy reports provide the largest, 
and most comprehensive amount of knowledge 
for the society in its entirety (IPCC, 2018, 2019), 
which are, however often rather generalized giv-
ing smaller details less attention.

Arctic ecosystem knowledge has taken big 
steps forward with the pervasive understanding 
in	many	scientific	disciplines.	For	example,	mi-
crobes are understood even better as the measure-
ment methods and biogeographical patterns have 
recently been reviewed by Mackelprang et al., 
(2016) and Malard and Pearce (2018). Moreover, 
the Arctic vegetation change has been synthe-
sized in several studies (Bjorkman et al., 2018a; 
Elmendorf et al., 2012; Myers-Smith et al., 2011, 
2015). The Arctic has also been thoroughly rep-
resented in the recent Intergovernmental Panel on 
Climate Change (IPCC) Special Reports focus-
ing on the Cryosphere (IPCC, 2019) and Global 
Warming of 1.5°C (IPCC, 2018).

Terrestrial Arctic carbon cycling is one of the 
research topics that has been summarized with 
extensive	 reviews	from	different	perspectives.	
These include, for example, a review on per-
mafrost carbon feedback (Schuur et al., 2015), 
the	effects	of	freeze-thaw	cycles	on	carbon	and	
nitrogen cycling (Gao et al., 2018), soil organ-
ic carbon hotpots (Strauss et al., 2017) or ever-
green	shrub	effects	on	carbon	cycling	(Vowles	
and	Björk,	2019).	However,	although	fine-scale	
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measurements (see Fig. 1) have been synthesized 
in	recent	reviews,	research	gaps	concerning	fine-
scale carbon cycling have not yet been described 
in a systematic manner (Supplementary Table 
1). Moreover, although several reviews empha-
size the need for new measurements, only a few 
studies specify where new measurements should 
be conducted (Supplementary Table 1; Loisel et 
al., 2017; Patton et al., 2019). Thus, reviews that 
deal	with	fine-scale	variability	in	carbon	cycling	
as	well	as	representativeness	of	field	sampling	
locations in general are urgently needed.

1.2 Carbon cycling and its drivers
Research on carbon cycling is of global im-
portance because of its direct link with climate 
warming. Long-term records of atmospheric CO2 
concentrations have captured the increasing trend 
in anthropogenic CO2 emissions over the past 70 
years (Keeling et al., 1976; Keeling, 1960) which 
is the most important reason for the current glob-

al warming (Arrhenius, 1896; Callendar, 1938). 
Yet,	the	scientific	community	still	struggles	in	es-
timating	the	magnitudes	and	drivers	of	different	
ecosystem carbon sources and sinks (Friedling-
stein et al., 2019; McGuire et al., 2012). The ter-
restrial ecosystem CO2 budget, which estimates 
the balance between the CO2 inputs and outputs 
within the ecosystem across the year(s), remains 
one of the largest uncertainties in the global car-
bon budget (Friedlingstein et al., 2019).

The global CO2	budgets	are	quantified	with	
fluxes.	An	ecosystem	CO2	flux	 represents	 the	
amount of CO2 exchanged between the carbon 
stocks in the atmosphere, vegetation and soils 
(Keenan and Williams, 2018; Fig. 3). It de-
scribes the amount of CO2 transferred in a giv-
en time period and area. The largest, and likely 
the most studied global terrestrial ecosystem CO2 
flux	 is	gross	primary	productivity	 (GPP;	Beer	
et al., 2010; Ryu et al., 2019) which describes 
the process by which plants build carbohydrates 

Figure 2. The hierarchy and main aims of different publication types in Arctic environmental research with 
example publications within a few environmental science disciplines. The references used in the figure are: 
Abbott et al., (2016); AMAP, (2017); Bjorkman et al., (2018a); Happonen et al., (2019); Hjort et al., (2018); Hugelius 
et al., (2014); Hultman et al., (2015); IPCC, (2013, 2018, 2019); Karami et al., (2018); Mackelprang et al., (2016); 
Metcalfe et al., (2018); Myers-Smith et al., (2011, 2020); Repo et al., (2009).
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from light and CO2 in photosynthesis. The sec-
ond	largest	global	flux	is	ecosystem	respiration	
(ER), which represents the CO2 emissions from 
plants and heterotrophic organisms decomposing 
the soil, released in cellular respiration as a result 
of maintenance or growth respiration (Ai et al., 
2018; Barba et al., 2017). In this thesis, I partition 
ER to soil respiration (SR) which characterizes 
the CO2 released from soil heterotrophic organ-
isms and root respiration (Bond-Lamberty and 
Thomson, 2010; Kuzyakov, 2005) and plays an 
important role in the Arctic permafrost-climate 
feedback (Schuur et al., 2015). The balance of 
GPP and ER is called the net ecosystem exchange 
(NEE),	which	defines	the	net	amount	of	CO2 that 
is taken up by the ecosystem. NEE is often the 
main	variable	of	interest	as	it	quantifies	whether	
the ecosystems are net sinks or sources of CO2 
to the atmosphere. Moreover, it also describes 
whether the carbon stocks in plants or soils are 
increasing or decreasing. 

Ecosystem functioning, such as carbon cy-
cling, is controlled by multiple environmental 
variables (Chapin III et al., 2011). These vari-
ables are often characterized by how dynamic 
they are (e.g. state variables and dynamic pro-
cesses as presented by Jenny, 1941) or how con-
nected they are to each other (e.g. direct and in-
direct variables, Grace et al., 2010). Jenny (1941) 
describes that climate, parent material and soils, 
topography,	potential	biota,	and	time	define	the	
main characteristics of an ecosystem (i.e. what 
the	magnitude	and	rate	of	fluxes	and	stocks	can	
be).	The	effect	of	those	state	variables	on	carbon	
cycling are further shaped by more dynamic vari-
ables describing the local climate, disturbance 
and resource regimes, and plant and microbial 
functioning (Chapin III et al., 2011). Thus, the 
relationship between the environment and car-
bon cycling is hierarchical (Fig. 3), comprising 
complex networks of interacting environmental 
variables. This hierarchical framework has then 

been further developed in, for example, function-
al	ecology	to	partition	the	effects	of	direct	plant	
functional	trait	and	indirect	abiotic	factor	effects	
on carbon cycling (Díaz et al., 2007). Although 
the basis for this hierarchical framework has ex-
isted for a long time, such an approach has not 
been considered much in studies thus far. More 
studies with the hierarchical framework are re-
quired because it allows the factors controlling 
vegetation and carbon cycling to be teased apart 
(Díaz et al., 2007), resulting in an improved un-
derstanding of the feedbacks in carbon cycling. 

1.3 Carbon cycling in the Arctic
The Arctic CO2 budget is among the least con-
strained terrestrial CO2 budgets (McGuire et al., 
2012;	Schuur	et	al.,	2015;	Zscheischler	et	al.,	
2017). The latest IPCC Special Report summa-
rizes that the changing climate in the modern 
period has shifted northern ecosystems from net 
sinks into net CO2 sources (IPCC, 2019), but 
describes	 this	with	 low	confidence	as	 the	CO2 
budget estimates vary from strong or moderate 
sinks	(McGuire	et	al.,	2009,	2012;	Schaphoff	et	
al., 2013; Wania et al., 2009) to large sources 
(Belshe et al., 2013). This report is supported 
by the most recent permafrost region synthesis 
by Natali et al., (2019) which demonstrates that 
winter emissions might exceed growing season 
net CO2 uptake across the northern permafrost re-
gion, making these regions large annual net CO2 
sources (+630 Tg C yr–1) and thus exacerbating 
the global rise of atmospheric CO2.

Changes in Arctic carbon cycling are of glob-
al importance due to the region’s large soil or-
ganic carbon (SOC) stocks (Fig. 5c). The north-
ern permafrost region soils store around 40% of 
global SOC stocks (Hugelius et al., 2014; Schuur 
et al., 2015, 2018), which are two times larger 
than the global atmospheric CO2 concentrations. 
These carbon stocks have accumulated into the 
northern soils as a result of the slow decomposi-
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tion of organic matter in cold and wet soils (Da-
vidson et al., 2006; Ping et al., 2015). Currently, 
the largest SOC pools are located in deep perma-
frost soils, northern peatlands, and Pleistocene 
ice- and carbon-rich permafrost, called yedoma 
deposits, which are found in northern Alaska as 
well as western and eastern Siberia (Hugelius et 
al., 2014; Strauss et al., 2017). A synthesis by 
Schuur et al., (2015) suggests that ~5–15% of 
the terrestrial permafrost carbon pool is vulner-
able and will potentially be lost as greenhouse 
gases, mainly as CO2, to the atmosphere during 
this century under the current warming scenario. 
Although plant biomass usually represents only a 
small part of the total carbon pool in high-latitude 
ecosystems, some of the SOC losses might be 
balanced by increased carbon uptake by plants 
as a result of longer and warmer growing sea-

sons or the expansion of larger photosynthesiz-
ing plants in the tundra (Aurela et al., 2004; Laf-
leur and Humphreys, 2008). Thus, Arctic carbon 
cycling can generate both positive and negative 
feedbacks to the global climate change by in-
creasing or decreasing atmospheric CO2 levels 
(McGuire et al., 2012, 2016, 2018). 

Whether the Arctic ecosystems are sinks or 
sources is strongly dependent on the microcli-
mate, resource regime, disturbance regime, and 
plant and microbial communities (Karelin et al., 
2013; Lund et al., 2017; Warren and Taranto, 
2011). Air temperatures and growing season 
length are important drivers for GPP and ER 
which increase with warmer temperatures (Lund 
et	al.,	2010;	McGuire	et	al.,	2012;	Zhang	et	al.,	
2017).	However,	whether	either	one	of	these	flux-
es is more sensitive to warmer temperatures than 

Figure 3. The hierarchical drivers of carbon cycling. Black arrows represent the linkages between the environmental 
variables, and grey arrows represent the processes that release or take up CO2. The components written in grey 
were not independently included in this thesis, although NPP is part of NEE and autotrophic and heterotrophic 
respiration form ER. Yet, they are important parts of the carbon cycle.
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the other, is not fully understood (Oberbauer et 
al., 2007). In general, wet areas are often stron-
ger sinks than dry areas (McGuire et al., 2012) 
and store larger SOC stocks (Hugelius et al., 
2014), because high soil moisture content de-
creases SR but allows GPP to be high, as long 
as soils are not fully saturated by water, whereas 
soil drying has been shown to accelerate SR sig-
nificantly	(Natali	et	al.,	2014).	In	the	Arctic,	GPP	
is often limited by soil nutrients (Weintraub and 
Schimel, 2005). Moreover, GPP often decreas-
es as a result of disturbances, which are a key 
property	in	Arctic	ecosystems	with	fires	(Mack	
et al., 2011; Rocha and Shaver, 2011), insect or 
disease outbreaks (Lund et al., 2017; Olofsson 
et al., 2011), and permafrost thaw (Celis et al., 
2017; Vogel et al., 2009) generally decreasing 
the net carbon sink strength. All these above de-
scribed relationships between the environmen-
tal	and	carbon	variables	are	affected	by	the	spa-
tial and temporal scale. For example, GPP was 
regulated by photosynthetically active radiation 
and air temperature, and ER by air temperature 
at hourly time scales in Kobbefjord, Greenland 
(López-Blanco et al., 2017). Other climatic vari-
ables, such as precipitation and vapour pressure 
deficit,	gained	in	importance	when	the	variables	
were aggregated to monthly time scales (López-
Blanco et al., 2017). 

1.4 The importance of vegetation 
in carbon cycle studies

Much of the variability in carbon cycling, par-
ticularly across the landscape, can be linked to 
the vegetation as its functioning directly regu-
lates carbon cycling. Moreover, vegetation re-
flects	 the	environmental	conditions	of	 the	site	
(Mod	et	al.,	2016)	and	also	modifies	 it	by	 in-
fluencing,	for	example,	soil	moisture	and	tem-
perature (Kemppinen et al., 2019). The spatial 
variation in carbon cycling is often characterized 
using plant functional groups or other vegetation 

classifications	(Dorrepaal,	2007).	Making	infer-
ences	by	comparing	fluxes	across	distinct	groups	
is rather intuitive, but comparisons across studies 
are	difficult	when	the	classification	systems	dif-
fer from each other. Moreover, recent research 
has shown that these approaches might neglect 
variation in vegetation properties that are im-
portant for ecosystem functioning (Cadotte et 
al., 2011; Thomas et al., 2019). For example, 
vegetation	classifications	 rarely	consider	 tran-
sition zones between the vegetation categories 
which might cover large areas in the landscape 
and have been found to have a lower productiv-
ity than the main vegetation categories (Fletcher 
et al., 2012). These problems can be solved by 
using measurements of globally applicable plant 
functional traits (Díaz et al., 2016; Street et al., 
2007) to understand carbon cycling in a more 
comparable way.  

In recent years, an increasing number of 
studies has started to use functional traits to 
characterize plant individuals and the commu-
nities they form both in the tundra (Bjorkman 
et al., 2018a; Bjorkman et al., 2018b; Happonen 
et al., 2019) and across the globe (Kattge et al., 
2019; Reichstein et al., 2014). Plant functional 
traits can be determined in several ways, one of 
which distinguishes the response traits that regu-
late the growth, reproduction and survival of in-
dividuals,	and	effect	traits	that	influence	ecosys-
tem functions, with varying degrees of overlap 
between these two groups of traits (Lavorel and 
Garnier, 2002). Above-ground plant function-
al traits have been described to vary primarily 
along two axes: the leaf economics and plant size 
spectrum (Bruelheide et al., 2018; Díaz et al., 
2016).	The	first	axis	characterizes	the	trade-offs	
between resource acquisitive and conservative 
strategies, i.e. species or communities that are 
fast or slow at acquiring carbon, nutrients or wa-
ter, and thus grow rapidly or slowly (Westoby et 
al., 2004). Examples of resource acquisitive spe-
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cies in the tundra are, for example, Viola biflora 
and Trollius europaeus, and resource conserva-
tive Empetrum nigrum and Phyllodoce caerulea 
(Happonen et al., 2019; see Fig. 5). The second 
axis related to plant size is important because 
taller	plants	have	 several	benefits	over	 lower	
plants, such as their ability to get more sunlight. 
However, taller plants have higher construction 
and maintenance costs. A large tundra plant is, 
for example, Betula nana which can grow over 
40 centimeters tall and a small one Kalmia de-
cumbens which has a height of around 5 centi-
meters. As plant functional traits are known to be 
controlled by the environment (Bjorkman et al., 
2018a; Happonen et al., 2019; Lavorel and Gar-
nier, 2002) and also regulate ecosystem func-
tioning (Lavorel and Garnier, 2002; Michaletz 
et al., 2014; Sørensen et al., 2019), functional 
traits can be considered as a link between the 
environment and carbon cycling. Yet, there are 
not many studies focusing on trait-carbon link-
ages in the tundra (Segal and Sullivan, 2014; 
Shaver et al., 2013; Sørensen et al., 2019) nor 

are	the	global	trait	effects	on	the	main	carbon	
fluxes	and	stocks	comprehensively	understood	
(De Deyn et al., 2008).

1.5 Objectives of the thesis
This thesis investigates 1) the distribution and 
representativeness	of	Arctic	field	sampling	lo-
cations within broad environmental science dis-
ciplines (Papers I and II), 2) the current state of 
knowledge	related	to	flux	magnitudes	and	study	
designs in Arctic CO2	flux	chamber	studies	(Pa-
per	II),	and	3)	the	fine-scale	drivers	of	carbon	
cycling (Papers II and III; Fig. 4). The papers 
in this thesis represent several publication types 
from	two	different	types	of	multidisciplinary	and	
discipline-specific	systematic	reviews	(Papers	I	
and	II)	and	one	field	study	(Paper	 III),	which	
examine Arctic ecosystems at both broad and 
fine-scale	mechanistic	level.	I	use	remote	sens-
ing and other spatial data products to charac-
terize how sampling locations are distributed 
across Arctic terrestrial topographic, soil, and 
vegetation	gradients	(Papers	I	and	II),	and	fine-

Figure 4. The theoretical framework of the thesis. The bolded words inside the circle depict the study types and 
papers in this study, and the questions outside the circles are the questions of this thesis. The words between 
the circles in Italic describe the overlaps across the different studies. The disciplines written in grey are the 
main science disciplines that this work is related to. However, in addition to those disciplines, Paper I focuses 
on nine additional broad environmental science disciplines (see section 2.2. Materials).
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scale CO2	fluxes	and	carbon	stocks	are	explained	
with abiotic and biotic in-situ measurements in 
a hierarchical framework (Paper III). The cur-
rent state of knowledge in chamber studies is 
explored with descriptive graphs (Paper II) but 
the	distribution	of	field	sampling	locations	and	
fine-scale	drivers	of	carbon	cycling	are	studied	
with multivariate statistical modeling (Papers 
I and III). My aim is to identify research gaps 
across Arctic environmental science disciplines 
and carbon cycle studies, and provide theoreti-

cal as well as methodological suggestions for 
future studies. 

More	specifically,	this	thesis	seeks	answers	
to these three research questions:
1. How well are the Arctic terrestrial gradients 

sampled within environmental science dis-
ciplines? Papers I and II

2. What is the current state of CO2	flux	cham-
ber studies in the Arctic? Paper II

3.	 What	drives	Arctic	carbon	cycling	at	the	fine	
scale? Papers II and III
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2 Materials and methods

2.1 Study areas
This	thesis	used	three	different	study	areas	out	of	
which two encompass the broad terrestrial Arctic 
region (Papers I and II, Fig. 5a) and one a local 
study design in northern Finnish tundra (Paper 
III, Fig. 5b and d). In the two broader studies, the 
Arctic	was	defined	in	different	ways.	In	Paper	I,	
the Arctic was the terrestrial region north of the 
Arctic Circle (66.3 latitude) characterized by high 
amounts of solar radiation during the summer and 
low amount of solar radiation during the winter 

(Metcalfe et al., 2018). In Paper II, the Arctic 
was	defined	by	the	distribution	of	the	tundra	bi-
ome which encircles the north pole and extends 
south to the boreal forest (Olson et al., 2001). 
The broad Arctic study domain encompasses a 
large range of climatic conditions as a result of 
different	latitudinal,	elevational,	and	continental	
gradients from 0°C in the southern parts of the 
study area to -20°C in northern tundra regions, 
measured with annual mean temperatures over 
1970–2000 (Fick and Hijmans, 2017). It contains 

Figure 5. Monthly growing-season CO2 budgets in the northern biomes (a) and in the local-scale study design 
in northern Finland (b) as well as SOC stocks in the upper 1 meter in the northern permafrost region (Hugelius 
et al., 2014, (c)) and in the local study design (d). The biome-wide CO2 budgets were extracted from chamber 
and eddy covariance literature by Virkkala et al., (2019). The budgets were estimated for variable periods, but for 
this figure they were divided by the measurement length and multiplied by 30 to get a monthly growing season 
budget. In the local-scale study design, the budget was predicted for the 30-day period between the 8th July to 
7th of August, 2017 with the light-response and temperature sensitivity model (see section 2.3.). Pan-Arctic and 
local values in the legend represent the minimum and maximum values of CO2 budgets and SOC stocks in the 
pan-Arctic region (a, c) and local scale study design (b, d). Negative numbers for the budget indicate net CO2 
loss to the atmosphere (i.e. CO2 source) and positive numbers indicate net CO2 gain (i.e. CO2 sink). The large 
negative fluxes in subfigure b are located in areas with a relatively low vegetation cover.
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hot spots of global change with Alaska, some 
parts of Canada and Greenland, and Siberia ex-
periencing the most rapid Arctic climate warm-
ing so far (IPCC, 2013; Lenssen et al., 2019).

The vegetation in the local study design (Pa-
per III) is a mosaic of shrubs, meadows, and 
barren patches with dwarf-shrub heaths being 
the most dominant vegetation type (le Roux and 
Luoto, 2014). According to a bioclimatic classi-
fication	of	the	Arctic	tundra	vegetation	(the	Cir-
cumpolar Arctic Vegetation Map by Walker et 
al., 2005), northern Finland does not belong to 
the Arctic region. This is because the tundra veg-
etation occupies the region not only because of 
the cold Arctic climate, but also due to cold al-
pine climate. However, since the vegetation in 
these Fennoscandian Arctic-alpine regions has 
multiple Arctic properties it has been suggested 
it	be	called	“oro-Arctic”	(Virtanen	et	al.,	2016).	
Therefore, it is also considered to be Arctic in 
this thesis. Although the study design is only 
~3 x 1.5 km, it has large variability in local cli-
mate conditions with average surface air tem-
peratures ranging from 0 °C to 3 °C (Happonen 
et al., 2020). Moreover, it has warmed around 2 
°C since 1980 (Finnish Meteorological Institute, 
2019) but is not experiencing permafrost thaw 
that would alter the ecosystems as it exists only 
in the bedrock (King and Seppälä, 1987). How-
ever, biotic disturbances as a result of the rein-
deer grazing are frequent (Ylänne et al., 2015). 

2.2 Materials
This thesis used systematic literature reviews and 
field	measurements	to	answer	the	research	ques-
tions. In Papers I and II, the data was acquired 
with a literature search in ISI Web of Science 
(WoS). In Paper I, the database of Arctic stud-
ies collected by Metcalfe et al., (2018) consist-
ed	of	all	primary	field	studies	in	the	terrestrial	
Arctic published within the period of 1951–2015 
with a minimum of one citation generated from 

keyword	searches	for	“arctic”,	“subarctic”	and	
“sub-arctic”.	The	 total	number	of	 studies	and	
field	sampling	locations	extracted	were	1817	and	
6237, respectively. 

In Paper II, the search was carried out us-
ing a query that accounted for the region, scale, 
flux	terminology,	and	different	vegetation	types:	
(“tundra”	or	“arctic”)	and	ecosystem	and	(“CO2	
flux”	or	“carbon	dioxide	emissions”	or	“green-
house	gas	exchange”	or	“CO2	exchange”	or	“car-
bon	exchange”	or	“carbon	flux”)	and	(“mead-
ow”	 or	 “sedge”	 or	 “tussock”	 or	 “hummock”	
or	“heath”	or	“herb”	or	“grass”	or	“grassland”	
or	“graminoid”	or	“forb”	or	“moss”	or	“bryo-
phyte”	or	“lichen”	or	"cushion	plant"	or	“shrub”	
or	“tree”)	for	the	years	2000–2016.	The	query	re-
sulted in 242 articles out of which I included ap-
proximately 20% of the studies. First, I wanted to 
focus on chamber measurements and, therefore, 
excluded studies with eddy covariance or leaf cu-
vette measurements alone (see Fig. 1). Second, 
only studies that included growing season mea-
surements were taken into account. Third, stud-
ies with GPP, ER, and/or NEE measurements 
were included. And fourth, boreal regions were 
excluded from the review as I wanted to focus 
on tundra patterns and processes only. Additional 
articles were derived from the references of the 
selected publications. The total number of stud-
ies in the database was 93.

In Paper III, I used a local-scale study de-
sign in the tundra with 80–220 sampling loca-
tions distributed in a grid system where locations 
were roughly 20–150 meters from each other 
(Fig. 5b, d). The number of sampling locations 
varied depending on the variable due to practi-
cal reasons. I did not want to limit the analyses 
to the smallest available data set (n = 80) and 
used the entire data to provide as much infor-
mation as possible for each variable. The study 
design was not built based on the dominant veg-
etation groups (as e.g. in Nobrega and Grogan, 
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2008; Sørensen et al., 2019), rather it contained 
a range of communities, their transition zones, 
and also plots with a relatively low vegetation 
cover. It aimed to cover several environmental 
gradients representing soil moisture, radiation, 
and productivity conditions in a topographically 
heterogeneous terrain. 

The main variables of interest in this the-
sis	had	different	properties.	In	Papers	I	and	II,	I	
explored the metadata of the studies instead of 
exact measurement values. The database in Pa-
per	I	encompassed	the	field	sampling	locations	
and their citations, which are a proxy for the 
degree	of	 influence	that	scientific	studies	have	
(Metcalfe et al., 2018). The studies were also 
classified	to	one	or	more	of	the	following	dis-
ciplines:	Botany,	Zoology,	Microbiology,	Soil	
Science, Biogeochemistry, Meteorology, Geo-
sciences, Paleosciences, and Geographic Infor-
mation Systems / Remote Sensing / Modeling. 
In Paper II, the database contained the chamber 
measurement	locations,	and	different	categorical	
(e.g. manual vs. automated chamber, air tem-
peratures measured or not) and text data (e.g. 
species). The key variables in Paper III were 
the	fluxes	of	GPP,	ER,	SR,	NEE,	and	the	stocks	
of SOC and above-ground carbon. Throughout 
the text, negative numbers for NEE indicate net 
CO2 loss to the atmosphere (i.e. CO2 source) and 
positive numbers indicate net CO2 gain (i.e. CO2 

sink). GPP and ER are always given in positive 
numbers. All papers focused on the spatial dis-
tribution of the data.

Chambers were the main measurement meth-
od and were used to derive CO2	fluxes	in	Papers	
II and III. Chambers have been and will continue 
to	be	a	central	and	cost-efficient	method	to	study	
the underlying processes in gas exchange, be-
cause	they	are	able	to	account	for	the	fine-scale	
spatial variability of both soil and vegetation pro-
cesses (Healy et al., 1996). Moreover, they are 
the only method that can directly measure ER 

in the tundra. In Paper III, CO2 exchange was 
measured using a static, non-steady state non-
flow-through	system	(Livingston	&	Hutchinson,	
1995) composed of a manual transparent acrylic 
chamber (Fig. 6). Several chamber measurement 
designs exist, but in all techniques the main prin-
ciple is to record CO2 concentrations for a certain 
period	of	time,	and	then	calculate	a	flux	based	
on the change in CO2 concentrations. The ma-
jor limitation of the method is that the measure-
ments are not conducted in fully natural condi-
tions, because 1) the chamber or collar disturbs 
the soil and might break down some roots, and 
2) the chambers modify the air, wind, and pres-
sure conditions inside the chamber (Davidson 
et al., 2002). 

In Paper III, measurements conducted in light 
conditions represent NEE as both GPP and ER 
processes are occurring. NEE was measured in 
different	light	intensities	to	take	into	account	the	
light dependence of GPP (n = 7–10). ER and 
SR were measured with a dark chamber which 
inhibited GPP (both n = 3). To measure SR, 
all above-ground vascular plant biomass was 
clipped	≥24	hours	before	the	SR	measurements	
to avoid disturbance. The soil CO2 emissions 
consist partially of moss and lichen respiration, 
as I was not able to remove all miniature cryp-
togams on the soil due to their tight integration 
with the soil surface. NEE and ER measurements 
in each plot were conducted within one day dur-
ing the peak growing season 2017, and SR mea-
surements 1.5–5 weeks after the NEE and ER 
measurements. 

Paper III also included SOC and above-
ground vascular plant carbon stock estimates at 
each plot to study carbon cycling as compre-
hensively as possible. I collected volumetric soil 
samples from organic and mineral layers which 
were	used	to	estimate	the	layer-specific	bulk	den-
sity and carbon content in the laboratory. Then, 
bulk density and carbon content were multiplied 
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by the depth of the layer to estimate the organic 
carbon stocks for both organic and mineral lay-
ers. Finally, organic and mineral layer carbon 
stocks were summed to derive the SOC stock 
across the entire horizon (Parker et al., 2015). 
Above-ground plant biomass was collected late 
growing season from the collars. It was oven 
dried and the carbon stocks were estimated by 
multiplying the dry biomass by 0.475 (Schlesing-
er, 1991).

The response variables investigated in this 
thesis were linked to environmental variables 
that were extracted from gridded climate, re-
mote sensing, topographical, and soil data (Pa-
pers I and II, Supplementary Table 2) or de-

rived	 from	 fine-scale	 field	measurements	 of	
soil and surface temperatures, photosyntheti-
cally active radiation, soil moisture, soil pH, 
and above-ground plant functional traits (Pa-
per III, Supplementary Table 3). Paper III in-
cluded plant functional trait data for each spe-
cies at the plot level describing the two trait 
axes (Fig. 5): plant height, representing the 
plant size spectrum, and leaf dry matter con-
tent (LDMC), representing the leaf economics 
spectrum (Díaz et al., 2016). Low LDMC val-
ues represent fast species and high values slow 
species. Trait measurements were aggregated to 
community-weighted mean trait values for each 
plot (Happonen et al., 2019). Paper III also in-

Figure 6. Plant functional traits and chamber measurements. Examples of the measurement plots within the collars 
(20 cm diameter) across the two main trait axes (a), measurement chamber (b), the variability of community-
weighted plant height across the study design (c), and measurement chamber that is shaded with mosquito 
nets to measure how fluxes respond to changes in light levels. The dominant species in the plots in subfigure a 
are (from top left to bottom right): Cassiope tetragona, Betula nana-Empetrum nigrum, Betula nana, Empetrum 
nigrum, Vaccinium myrtillus, and Trollius europaeus-Bistorta vivipara. 
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cluded functional diversity measures but they 
are not discussed in this synopsis.

The data sets used or produced in the papers 
have been made openly available via these links: 
https://figshare.com/s/cee6070c4598c4d8570 
(Paper I), https://doi.org/ 10.25412/iop.9162191 
(Paper I), doi.org/10.18739/A28C6Q (Paper II), 
and http://doi.org/10.5281/zenodo.3708054 (Pa-
per III). Moreover, the Arctic chamber metadata 
was updated and published together with Arc-
tic eddy covariance and tall tower site metadata 
in an online mapping tool (https://cosima.nceas.
ucsb.edu/carbon-flux-sites/).	This	tool	offers	an	
easy	overview	on	existing	carbon	flux	observa-
tional infrastructure in the high-latitude region.

2.3 Methods
This thesis used frequentist and Bayesian statis-
tical modeling frameworks to explore the dis-
tribution of sampling locations and drivers of 
carbon cycling. I used both data-driven (Paper 
I, and most of the models in Paper III) as well 
as mechanistic (Paper III) models. The latter 
one was a theory-based model describing the 
flux	response	to	light	by	Michaelis	and	Menten,	
(1913) and to temperatures (see e.g. Davidson et 
al., 2006). The data-driven correlative modeling 
frameworks that I used in Papers I and III de-
tect statistical relationships between a response 
and a predictor variable, but they treat uncertain-
ty	in	different	ways	(Gelman	et	al.,	2013).	The	
frequentist approach returns only one solution 
for the model parameters which is referred to as 
a point estimate whereas the Bayesian method 
produces probability distributions out of which 
samples that characterize the certainty of the pa-
rameter can be drawn (Gelman et al., 2013). In 
this thesis, the frequentist method was used for 
predictive purposes whereas the Bayesian meth-
od mainly for exploratory analysis. 

Papers I and II explored the distribution of 
sampling locations across environmental gradi-

ents.	There	are	different	ways	to	explore	the	spa-
tial representativeness of measurement networks. 
The simplest way is to show the distribution of 
observations as points (Martin et al., 2017) or 
aggregated into certain areas on a map, for ex-
ample countries (Malard and Pearce, 2018) or 
in ecoregions (Kattge et al., 2019). Often, more 
information on the continuous environmental 
gradients are needed. Some studies have used 
the way Whittaker  (1970) originally presented 
biomes across the temperature – precipitation 
realm to describe how observations are distrib-
uted across the environmental space (Pastorello 
et al., 2017). Other studies have applied cluster-
ing analysis of sampling locations alone (Martin 
et al., 2017; Metcalfe et al., 2018) or together 
with Euclidean distances to describe representa-
tiveness either with a more analytical ecoregion- 
or	point-based	approach	(Hoffman	et	al.,	2013).	
Most of these methods rely heavily on available 
gridded products which can be used to character-
ize the entire environmental space. The availabil-
ity and resolution of spatial products describing 
climate (Fick and Hijmans, 2017), topography 
(Yamazaki et al., 2017), soils (Hengl et al., 2017), 
or vegetation (ESA, 2017) has greatly improved 
recently, making broad-scale representativeness 
analysis feasible. 

Papers I and II used the classical Whittak-
er (1970) plots to describe the environmental 
coverage	of	flux	sites	 (fig.	2	 in	Paper	 II),	but	
Paper I additionally used a machine learning 
method called generalized boosted regression 
model. Generalized boosted regression models 
are part of the boosted regression tree family, 
where modeling is based on building decision 
trees (Elith et al., 2008). Generally speaking, ma-
chine	learning	methods	can	handle	different	data	
distributions and nonlinear relationships better 
than traditional regression models (Elith et al., 
2008). Moreover, they are often less sensitive to 
extreme values and multicollinearity. The gen-
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eralized boosted regression model was used to 
predict whether an area has environmental con-
ditions that are represented by the current sam-
pling network in Paper I. I used the ‘Bernoulli’ 
error distribution of the response variable as I 
was working with a binomial presence-absence 
data (1 = sampling location exists, 0 = sampling 
location is missing), and soil, vegetation, and to-
pography variables as predictors (Supplementa-
ry Table 2). I used the probability for the pres-
ence	of	a	sampling	location	to	reflect	the	rep-
resentativeness of sampling locations for each 
raster	pixel	across	the	whole	Arctic.	In	the	final	
map, high probabilities indicate a good cover-
age of current sampling locations in similar con-
ditions, and low probabilities suggest lack of 
sampling locations. To evaluate model predic-
tive performance, I used cross-validation with 

99 permutations and calculated the area under 
the curve test statistic.

Paper III used Bayesian models where con-
clusions about the parameter are made with prob-
ability statements (Gelman et al., 2013). Bayes’ 
theorem is a tool to represent aleatory uncertainty 
(i.e. resulting from the randomness of a process) 
and epistemic uncertainty (i.e. resulting from the 
lack of knowledge) (Gelman et al., 2013). The 
theorem aims to solve the posterior probability 
distribution of the parameter of interest by taking 
into account the prior information on the event, 
which	is	affected	by	the	user’s	knowledge,	and	
the likelihood of an event given the observed 
data	(Fig.	7).	The	final	posterior	probability	dis-
tribution of the parameter is usually estimated 
by	drawing	a	finite	sample	using	Markov	Chain	
Monte Carlo methods. From this sample, the pa-

Figure 7. Bayes’ theorem from graphs to functions and visualizations. Directed acylic graph representing the 
modeled net ecosystem exchange (NEE) with the light-response and temperature sensitivity parameters (circles) 
and predictor data (rectangles) (a), the general Bayes’ theorem (b), and examples of the prior and posterior 
probability distributions for the maximum photosynthetic rate parameter in Paper III (c). Maximum photosynthetic 
rate can only get positive values in theory, and in the model the likelihood dominates over prior distribution 
leading to strictly positive values.
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rameter and its uncertainty can be summarized 
by calculating for example the posterior mean 
and credible interval. A posterior probability dis-
tribution of the parameter that is very wide can 
be considered highly uncertain.

I used two types of Bayesian models in Paper 
III. These were a multilevel non-linear model to 
estimate the light-response and temperature sen-
sitivity of NEE with a group-level (random) ef-
fect at the plot level (Fig. 7), and a linear model to 
explain trait and carbon cycle variables (Bürkner, 
2018).	In	the	first	model,	I	set	priors	on	the	plot-
specific	intercept	terms	based	on	visual	inspec-
tion	of	the	scale	of	variation	in	my	fluxes	and	
typical parameter values reported in Williams 
et al., (2006). The model was used to 1) predict 
NEE at a standardized light intensity and tem-
perature, and ER at a standardized temperature, 
out of which GPP was derived by subtracting ER 

from NEE and 2) predict CO2 budgets over a one-
month period in peak growing season in 2017. 
The point estimates of the temperature sensitiv-
ity were also used to predict budgets in warmer 
conditions, which was not considered in this syn-
opsis. The second model, which was used to ex-
plore the relationships between the variables, was 
a	collection	of	five	submodels.	The	submodels	
of this hierarchical model included 1) environ-
mental	effects	on	trait	composition	and	diversity,	
2)	trait	effects	on	CO2	fluxes	(GPP,	ER,	SR),	3)	
trait	effects	on	above-ground	carbon	stocks,	4)	
trait	effects	on	soil	organic	carbon	stocks,	and	
5) the sensitivity of peak-season CO2 budget to 
GPP and ER. Across all the models, the conver-
gence was evaluated based on visual inspection 
of	the	chains	(Gabry	et	al.,	2019)	and	model	fit	
with a Bayesian R2. This thesis summarizes the 
results from submodels 1-4.
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3 Results

3.1 Research gaps across the Arctic
Both	field	studies	across	all	environmental	sci-
ence disciplines (Paper I) and chamber stud-
ies (Paper II) were shown to have large gaps 
across the Arctic topographical, soil, and veg-
etation gradients. The sampling locations cov-
ered the Arctic gradients to some extent, but re-
search gaps occurred in extreme conditions of 
mean annual ground temperatures, soil organ-
ic carbon stocks, and productivity, for example 
(Papers I and II). In Paper I, the clustering of 
locations, and particularly citations, to a narrow 
environmental space was high. This space was 
characterized by relatively moderate productiv-
ity, soil pH, and mean annual ground tempera-
tures. Continuous permafrost landscapes, and 
the northernmost Arctic bioclimatic zones were 
studied and cited the least in relation to their ex-
tent in many disciplines (Paper I). Sampling lo-
cations in the discipline of Botany and Biogeo-
chemistry covered the environmental gradients 
the best, and Microbiology, Meteorology, Geo-
sciences and Geographic Information Systems 
/ Remote Sensing / Modeling had the poorest 
coverage (Paper I).

Many highly cited CO2	flux	chamber	sites	in	
Paper II were located in the vicinity of Toolik 
Lake in Alaska and Abisko in Sweden (see Met-
calfe et al., 2018), but the highly cited chamber 
studies had measurements also from other parts 
of Sweden, Russia, and Greenland (Boelman et 
al., 2003; Christensen et al., 2000; Johansson et 
al., 2006; Oberbauer et al., 2007; Shaver et al., 
2007; Street et al., 2007; Welker et al., 2000). CO2 
flux	chamber	locations	covered	the	main	Arctic	
vegetation types rather well and were proportion-
al to the area they cover in the Arctic (Walker 
et al., 2005), although barren vegetation type or 
some	more	specific	shrub	communities	 (Juni-

perus communis or Alnus sp.) remained under-
sampled (Paper II). 

The generalized boosted regression model 
had a rather good predictive performance and 
was proven potential for representativeness map-
ping	(Paper	I).	The	final	maps	showed	that	across	
all disciplines, more research is needed particu-
larly in the Canadian Arctic Archipelago, north-
ern Greenland, central and eastern Siberia, and 
in some disciplines in the Canadian mainland, 
central Alaska, western Siberia and northern Tai-
myr region (Paper I).

3.2 Under-studied topics in Arctic 
CO2 flux chamber studies

Paper II demonstrated that the magnitudes and 
processes	related	to	the	fine-scale	CO2 exchange 
have been studied rather comprehensively al-
though research gaps across Arctic terrestrial 
gradients exist. During the 21st century, most 
of	 the	 studies	have	 focused	on	 the	effects	of	
climate warming and related feedbacks on CO2 
fluxes	(Biasi	et	al.,	2008;	Welker	et	al.,	2004),	
differences	between	vegetation	 types	 (Shaver	
et	al.,	2007),	hydrological	effects	(Nobrega	and	
Grogan, 2008), and growing season dynamics 
(Bäckstrand et al., 2008). The most cited ar-
ticles (>100 citations) within the literature re-
viewed	focused	on	the	effects	of	experimental	
warming on CO2	fluxes	(Oberbauer	et	al.,	2007;	
Welker et al., 2004; Welker et al., 2000) or on 
the	 spatial	variation	of	fluxes	 (Christensen	et	
al.,	 2000).	The	 effect	of	permafrost	 thaw	on	
CO2	 fluxes	 started	 to	 receive	more	 attention	
around 10 years ago (Natali et al., 2011; Vo-
gel et al., 2009). 

I	identified	two	under-studied	topics	in	the	
Arctic	chamber	studies	 related	 to	flux	magni-
tudes:	continuous	flux	measurements	with	auto-
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mated chambers are still rather rare in the Arc-
tic (included in 11 studies); CH4 and N2O	flux-
es should be measured together with CO2	flux-
es to calculate a full greenhouse gas budget as 
they were included in only 24 and 3 CO2	flux	
chamber studies, respectively. I recognized two 
under-studied topics related to CO2	fluxes	in	a	
changing climate: SR measurements were con-
ducted only in 15 studies, thus more measure-
ments are required to understand its magnitude 
compared to other CO2	fluxes;	we	need	a	larger	
range of experiments covering the entire global 
change spectrum (e.g. changes in snow cover, 
soil moisture, soil nutrients, or herbivory) in the 
Arctic as the majority of experimental studies 
focused	on	warming	effects	on	CO2	fluxes	(21	
out of 39 studies, Supplementary material 4 in 
Paper	II).	Thus,	Paper	II	identified	knowledge	
gaps	that	should	be	filled	to	measure	CO2	fluxes	
more accurately and understand climate-change 
induced feedbacks even better.

3.3 Fine-scale drivers of 
Arctic carbon cycling

Arctic CO2	fluxes	and	carbon	stocks	are	regulated	
by a diverse set of abiotic and biotic variables. 
According to the literature review (Paper II), CO2 
fluxes	were	most	often	explained	by	surface	air	
temperatures, radiation, and variables describ-
ing soil microclimate (soil temperature, active 
layer depth, soil moisture, or water table height) 
and vegetation biomass and cover. Plant func-
tional traits, soil nutrients and other soil condi-
tions, microbes, and disturbances (geomorphol-
ogy, herbivory, and diseases) were included in 
the chamber studies more seldomly (Paper II). 
Moreover, I discovered that the chamber stud-
ies have not used a uniform way to characterize 
vegetation, making it hard to compare chamber 
measurements	across	different	studies	(Paper	II).	

In	Paper	 III,	 I	filled	some	of	 the	 research	
gaps	identified	in	Paper	II	by	creating	models	

that 1) included SR as a response variable, in 
addition to NEE, GPP, and ER, 2) used a wide 
range of predictors including soil pH, and 3) 
characterized the vegetation with plant function-
al traits describing plant size and leaf economics 
spectrum in a globally comparable way. First, I 
tested whether carbon cycling can be explained 
in a hierarchical setting where longer-term av-
erage environmental variables control carbon 
cycling via traits. Models with only trait-relat-
ed variables predicted carbon cycling as accu-
rately as – or even more accurately than – mod-
els with both environmental and trait variables. 
The study used the simpler models, based on 
the principle of parsimony, but included the ef-
fects of environmental variables on traits. The 
explanatory power (Bayesian R²) of the mod-
els	explaining	traits,	fluxes,	and	stocks	ranged	
between 0.07–0.43, and the models revealed a 
range of responses between the variables. Plant 
size responded positively to both summer and 
winter temperatures. There was less certainty 
about	 the	 effect	 of	 soil	 resources	 (a	 variable	
representing soil moisture and pH, see Supple-
mentary Table 3) on plant size, but the link was 
negative with a posterior probability of 96% in 
that landscape. Communities that used resourc-
es faster (low LDMC) were positively associat-
ed with soil resources and winter temperatures. 
GPP, ER, and SR had similar relationships with 
plant community functional composition to each 
other.	All	fluxes	responded	positively	 to	plant	
size and faster communities, although the link 
between the leaf economics spectrum and ER 
was positive with only 83% probability. Above-
ground carbon stock was positively related to 
plant size and negatively to faster communi-
ties, and SOC had a positive link with faster 
communities. These results highlight that plant 
functional traits are an informative way to ex-
plain the majority of carbon cycling components 
in the tundra.
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4 Discussion

4.1 The consequences of 
research gaps across Arctic 
environmental gradients

The reviews in this thesis show that the extreme 
cold and low productive conditions are under-
sampled across the Arctic (Papers I and II) – a 
result that has been described in some other disci-
pline-specific	reviews	(Malard	and	Pearce,	2018;	
Martin et al., 2017) but is shown with detailed 
discipline-specific	maps	 in	Paper	 I.	 Inferences	
about Arctic ecosystems that are based on the 
current body of Arctic literature are, thus, based 
on a small sample of the actual spectrum of the 
Arctic terrestrial gradients. There are several con-
clusions that can be made based on this result.

The results of Papers I and II indicate that 
there might still be some ecosystems that have 
not been studied at all, at least according to lit-
erature published in English. Thus, potential for 
new research discoveries in these under-sampled 
cold and relatively barren regions remains high 
(Schuur and Mack, 2018). They also encompass 
environmental variability which is not yet under-
stood. For example, a recent study showed that 
the extreme cold high-Arctic regions can have 
considerable spatial variation in carbon cycling, 
as Emmerton et al., (2016) discovered that a po-
lar semidesert had a neutral growing-season CO2 
balance whereas a nearby meadow wetland was 
a 300 times stronger sink in the northern Cana-
dian Arctic. Capturing this variability is impor-
tant to better understand how Arctic ecosystems 
function.

Moreover, it is likely that some processes 
shaping the Arctic ecosystems are not fully un-
derstood.	For	example,	a	 recent	shrubification	
review discovered that the majority of shrubi-
fication	field	studies	were	 located	 in	 low-	and	
oro-Arctic environments (Martin et al., 2017). 

The	processes	driving	 shrubification	vary	be-
tween	warmer	shrub	tundra	(shrubification	via	
spatial	infilling)	and	colder	shrub	tundra	(shru-
bification	via	 increasing	height	and	northward	
expansion; Martin et al., 2017). The lack of stud-
ies from high-Arctic regions suggests that the 
mechanisms	driving	shrubification	in	these	cold	
conditions, and across the entire Arctic, are not 
fully understood. Other disciplines might experi-
ence similar gaps in process-level understanding. 
However, as Paper I focused on sampling loca-
tions only, it cannot reveal what processes remain 
poorly understood. Therefore, it would be crucial 
to synthesize the processes in detail in separate 
discipline-specific	reviews,	as	I	did	in	Paper	II.	
According to my knowledge, these reviews are 
particularly	missing	 in	Zoology,	Soil	Science,	
Meteorology, Paleosciences, Geosciences, and 
Geoinformatics / Remote Sensing / Modeling 
(but see Callaghan et al., 2011; Malhotra et al., 
2019; Myers-Smith et al., 2020).

It is also possible that our knowledge on some 
topics	might	be	 significantly	changed	as	new	
measurements from under-sampled regions are 
being conducted. This was demonstrated for ex-
ample by Huang et al., (2017) who discovered 
that the declining global warming trend over 
1998–2012 (IPCC, 2013) was a false interpre-
tation which resulted from missing meteorologi-
cal data from the Arctic marine environments. 
Or, a global meta-analysis discovered that soils 
that store large carbon stocks also lose more car-
bon under warming conditions (Crowther et al., 
2016), however, after including more data par-
ticularly from the Arctic, this relationship com-
pletely disappeared (van Gestel et al., 2018). In-
creasing and improving our knowledge is one of 
the main aims in science, but these two examples 
demonstrate that some Arctic research topics are 
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sensitive to even minor changes in the data dis-
tribution, highlighting the need for observations 
that cover the main environmental gradients. 

The research gaps also indicate that the broad 
range of current and future climate change ef-
fects on Arctic ecosystems remain unresolved. 
Paper I did not conduct analysis, but provided 
some	discussion,	on	how	the	field	sampling	lo-
cations are distributed in a changing environ-
mental variable space (e.g. current versus fu-
ture soil and vegetation conditions), suggesting 
that there are gaps, for example, in some regions 
in northern Canada and Siberia which are pre-
dicted to experience rapid vegetation changes 
(Pearson et al., 2013). Exploring the observa-
tions in this changing space more analytically 
could have been useful for identifying, for ex-
ample, whether regions with low, moderate, and 
high numbers of predicted future changes are 
currently being sampled. This was done, how-
ever, by Metcalfe et al., (2018) who showed that 
the	majority	of	field	sampling	locations	and	cita-
tions were found in average Arctic climatic con-
ditions which are warming at an average speed 
with extremely quickly warming areas (predict-
ed change in mean annual temperature during 
1970–2070 over 8 °C) being poorly sampled. 
Therefore, it would be crucial to collect new 
data from both extreme and extremely rapidly 
changing environments to understand the future 
of Arctic ecosystems.

4.2 The tools to tackle research gaps 
and sampling biases across 
Arctic environmental gradients

There are several ways researchers, funding 
agencies, and publishers can promote research 
in the under-studied areas (Martin et al., 2012). 
Researchers can improve the current situation 
by collecting new data or utilizing the existing 
one as well as possible. First, there is a need 
to collect new measurements which, based on 

the results in this thesis, should be conducted 
particularly in the Canadian Arctic Archipelago, 
northern Greenland, central and eastern Siberia, 
and northern Taimyr region. I emphasize that 
the measurement network does not need to be 
even or have as many observations from across 
all regions, yet it needs to cover the main envi-
ronmental gradients (Jung et al., 2019; Martin et 
al., 2012). Second, as the number of observations 
from these under-studied ecosystems increases, 
they should be compared with well-studied re-
gions to see how generalizable the information 
in the existing literature is, and how important 
further measurements in these under-sampled 
regions are. 

Researchers can also use the existing litera-
ture in a more comprehensive way or take into 
account the research gaps in data in their analy-
ses. Future studies can incorporate existing lit-
erature from the poorly cited areas, such as from 
Canada (Metcalfe et al., 2018). Moreover, re-
searchers can avoid biased results by using ad-
vanced statistical methods. For example, many 
Arctic reviews synthesize carbon measurements 
(Supplementary Table 1) to get one single carbon 
estimate for the entire region, and this has often 
been done in a rather simple way. Some carbon 
syntheses summarize the variable of interest by 
taking an average of the measurements, which 
can further be multiplied by the area of the study 
domain to get an estimate on the regional carbon 
value (Belshe et al., 2013; McGuire et al., 2012). 
With these calculations, not only the poor cov-
erage but also the spatial biases in the data dis-
tribution	can	play	an	important	role	in	the	final	
number as a larger number of observations from 
a certain region might end up dominating the en-
tire result. However, if the synthesized values are 
upscaled with statistical models such as machine 
learning, the bias in geographic representation 
is	not	as	critical	due	to	the	flexibility	of	models	
(Jung et al., 2019), and the method being able to 
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account for the environmental variability across 
space and time within the study domain (Warner 
et al., 2019). There are other methods that can 
be used together with statistical upscaling to take 
into account the biases, for example in a process 
called	“spatial	thinning”	which	aims	to	remove	
these biases (Aiello-Lammens et al., 2015) or by 
describing the uncertainty that results from mod-
el extrapolation (Jung et al., 2019). Nevertheless, 
researchers using data with gaps in the sampled 
environmental space should be particularly cau-
tious with broader generalizations. 

As	a	first	step,	I	recommend	researchers	con-
ducting a review or synthesis study to describe 
the environmental space that their measurements 
cover and the conditions that lack measurements. 
Moreover, it would be important to shed light 
on how gaps in the environmental coverage of 
the	data	can	 influence	 the	final	 results.	To	do	
this, maps can be informative, but for broader 
generalizations it is more important to character-
ize how well the environmental gradients, rather 
than geographic space, is sampled. To allow for 
a	“first	filter	estimate”	of	the	representativeness	
of observations, I developed an openly available 
script (https://github.com/annvirkk/explore_en-
vironmental_coverage) that downloads climate 
data (Fick and Hijmans, 2017) and uses a syn-
thesis database of winter CO2	flux	measurements	
from Natali et al., (2019) as an example to ex-
plore the environmental coverage of sampling 
locations. This will hopefully provide a straight-
forward example of how environmental cover-
age	can	be	explored	in	the	first	place.		

In addition to the tools individual research-
ers	 can	use	 to	fill	 in	or	describe	 the	 research	
gaps, funding agencies play an important role as 
they can provide support to long-term multidis-
ciplinary	field	studies	in	these	under-studied	en-
vironments. Most of the under-sampled regions 
in Canada and Greenland can be accessed from 
the existing International Network for Terrestrial 

Research and Monitoring in the Arctic (INTER-
ACT)	stations	that	offer	support	for	researchers	
(Callaghan et al., 2015), but the access to Russian 
field	stations	is	likely	more	difficult.	It	is	therefore	
important to support programs and networks to 
engage	Russian	scientists	and	to	enhance	field	
work in Russia (see e.g. Pan-Eurasian Experi-
ment in Lappalainen et al., 2018). It is important 
to	fill	the	gaps	in	the	Russian	Arctic,	because	it	
forms about 50% of the Arctic region, and is 
characterized by a unique continental climate and 
environmental history which cannot be captured 
with measurements in other Arctic environments 
(Fig. 8). Finally, researchers need more support 
to programs that aim to form pan-Arctic gener-
alizations from local observations, such as ob-
servational networks and multidisciplinary col-
laborations that would include scientists from 
across the entire Arctic region. Thus, there are 
several	tools	to	fill	these	research	gaps,	but	the	
researchers are rather dependent on the support 
provided by the funding agencies. 

Finally, these research gaps could be better 
incorporated	into	policy	reports.	As	field	sam-
pling	contributes	significantly	 to	 the	scientific	
knowledge, our results suggest that these re-
search	gaps	have	cascading	effects	to	pervasive	
reviews and policy reports. Although policy re-
ports use terminology to describe research gaps 
with, for example, evidence, agreement, and 
confidence	statements	(IPCC,	2019),	these	state-
ments	do	not	specifically	explain	where	the	pos-
sible uncertainties in the knowledge level come 
from. Therefore, to form an even more compre-
hensive picture of not only current knowledge, 
but also research gaps, it might be worth con-
sidering additional descriptions, or even separate 
sections, about the quantity and quality of data or 
the	environmental	coverage	of	field	sampling	lo-
cations to policy reports. This information could 
be useful for researchers, funding agencies, and 
policy makers who can make sure that additional 
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resources and funding are directed to these re-
search gaps. Moreover, attention should be paid 
to	the	field	studies	and	their	sampling	locations	

Figure 8. A map of Arctic regions where environmental conditions remain poorly sampled (violet highlighted 
areas), including the main characteristics of six key Arctic regions: 1) Alaska, 2) northern Canadian Archipelago 
and northern Greenland, 3) Canadian mainland, 4) northern Fennoscandia, Svalbard, and southern Greenland, 
5) western Russia, and 6) Siberia. For key references, see Hengl et al., (2017;) Raynolds and Walker, (2009); 
Strauss et al., (2017); Walker et al., (2005); IPCC, (2013); AMAP (2017). The Arctic was defined as all land north 
of the Arctic Circle in this figure. 

which are referenced in the policy reports. For 
example, if a summary in a policy report focuses 
on the outcomes of highly cited articles, perva-
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sive conclusions on Arctic ecosystems will be 
based on data from a very narrow environmen-
tal space, as demonstrated in Paper I. It is there-
fore important to incorporate a broad spectrum of 
references into the future reports. With the help 
of literature searches and reference list checks 
it could be guaranteed that the future policy re-
ports are based on a representative set of articles 
from across the Arctic.

4.3 Towards improved estimates of 
Arctic biogeochemical fluxes

Arctic CO2	flux	chamber	literature	is	rather	com-
prehensive and consists of a range of study de-
signs and research questions. Yet, knowledge 
gaps exist in the temporal representativeness of 
measurements	and	the	quantification	of	the	entire	
greenhouse gas budget (this section) as well as 
in understanding the role of soil respiration and 
global	change	effects	on	fluxes	(section	4.4.).	

An improved understanding of year-round 
fluxes	is	required	to	understand	whether	Arctic	
ecosystems are CO2 sinks or sources on an an-
nual basis. Continuous measurements from the 
growing	season	are	important	because	the	flux-
es often experience rapid temporal changes and 
pulse events in the Arctic which sporadic manu-
al chamber measurements cannot capture (Mas-
tepanov et al., 2008). Moreover, measurements 
from the winter period, and particularly from the 
shoulder seasons between winter and summer, 
are	crucial	as	the	fluxes	within	these	periods	have	
been shown to be particularly large (Commane et 
al., 2017; Larsen et al., 2007; Natali et al., 2019). 
However,	quantifying	fluxes	over	the	entire	year	
cannot be done accurately with chambers alone. 
For example, chamber measurements, conducted 
both on top of the snow or within a snow pit, 
might	overestimate	winter	fluxes	compared	to	the	
widely-used eddy covariance technique (Webb et 
al., 2016). Therefore, including other techniques, 
such as eddy covariance measurements are re-

quired	for	a	better	quantification	of	winter,	and	
thus	year-round	fluxes	(Webb	et	al.,	2016).

CO2	fluxes	are	only	part	of	 the	Arctic	car-
bon budget, which also includes substantial CH4 
emissions particularly in wetlands that comprise 
roughly 17% of the total carbon budget (Mc-
Guire et al., 2012; Peltola et al., 2019). More-
over, emerging evidence suggests that CH4 can 
play an important role in dry uplands where mi-
crobes can consume and take up CH4 from the 
atmosphere (Juncher Jørgensen et al., 2015). In 
addition to CO2 and CH4	fluxes,	permafrost	soils	
rich in organic matter have been discovered to 
release large amounts of N2O in the Arctic ei-
ther in bare soil surfaces (Repo et al., 2009) or 
wetlands (Elberling et al., 2010). Despite these 
findings,	the	Arctic	lacks	a	N2O budget because 
the total emissions have been thought to be neg-
ligible	in	the	big	picture,	but	a	new	effort	aims	
to	fill	this	gap	(Biasi	et	al.,	2019).	CH4 and N2O 
are 28 and 265 times stronger greenhouse gases, 
respectively, than carbon dioxide on a 100-year 
time horizon, based on the global warming po-
tential approach (IPCC, 2013), thus they can be 
highly important for the atmospheric greenhouse 
gas	effect.	Yet,	it	is	likely	that	some	local	condi-
tions and regions supporting high N2O emissions 
or CH4	fluxes	have	not	yet	been	discovered,	and	
our understanding on the relative roles of the 
three main greenhouse gases across the Arctic 
landscapes needs to be improved. 

4.4 Understanding complex climate 
change effects on CO2 fluxes

Although improvements in understanding SR 
or its heterotrophic component have recent-
ly been made globally (Bond-Lamberty et al., 
2018; Warner et al., 2019) or across the pan-
Arctic region (Natali et al., 2019), its role in the 
changing Arctic still remains unresolved. As the 
permafrost thaws, the magnitude of SR and its 
importance for the Arctic CO2 balance likely in-
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creases (Schuur et al., 2009, 2015), but at the 
same time, increases in the abundance of larger 
plants	can	strengthen	the	net	sink	(Lafleur	and	
Humphreys,	2018;	Leffler	et	al.,	2016)	or	create	
feedbacks that increase SR even further (Parker 
et al., 2015; Vowles and Björk, 2019). While 
a large amount of papers has been published 
about the permafrost-carbon feedback (Natali 
et al., 2019; Schuur et al., 2008, 2015; Treat et 
al.,	2015),	there	are	not	many	field	studies	that	
would consider how both changes in the vege-
tation	and	permafrost	influence	carbon	cycling	
(but see e.g. Mauritz et al., 2017), and whether 
these two can counterbalance the net changes in 
carbon balance (but see a simulation study by 
McGuire et al., 2018). Thus, there is a need to 
1) monitor biogeochemical cycles at sites that 
experience both permafrost thaw and vegetation 
shifts,	with	ecosystem-	and	soil-level	flux	mea-
surements and 2) synthesize the feedbacks asso-
ciated with changes in permafrost and vegetation 
conditions to identify how sensitive carbon is to 
these changes. This will help to form a compre-
hensive picture on how SR, together with other 
fluxes,	respond	to	climate	warming	and	its	as-
sociated changes (Fig. 9).

The results from Paper II demonstrate the 
need for experiments considering other global 
change drivers than warming, such as precipita-
tion (Knapp et al., 2017; Lupascu et al., 2014), 
snow (Mauritz et al., 2017) or soil nutrient status 
(Christiansen et al., 2012) changes. This same 
research gap was pointed out in a recent global 
meta-analysis	on	global	change	effects	on	car-
bon cycling which showed, additionally, that the 
Arctic biome had a low number of experiments 
compared to other biomes (Song et al., 2019). 
By including additional data to the chamber da-
tabase collected in Paper II, I could have con-
ducted	a	meta-analysis	 to	 study	 the	effects	of	
experimental warming or other manipulations 
on CO2	fluxes.	This	would	have	provided	more	

mechanistic information about carbon responses 
to global change. Fortunately, this information 
was partly summarized by Song et al., (2019) 
who demonstrated that CO2	fluxes	respond	rath-
er linearly and positively to warming, increased 
precipitation, and nitrogen enrichment across the 
globe, yet an improved knowledge on processes 
specific	to	Arctic	regions	is	still	required.	

4.5 Hierarchical and functional 
drivers of Arctic carbon cycling

The results in Paper III showed that the main 
effects	of	average	surface	temperatures	and	soil	
resource availability on carbon cycling are me-
diated	through	their	effects	on	plant	community	
functional composition. Yet, this result does not 
suggest that instantaneous environmental vari-
ables would not explain carbon cycling – they 
are highly important particularly when the tem-
poral variability in carbon cycling is considered 
(Celis et al., 2017; López-Blanco et al., 2017; 
Parmentier et al., 2011). But this result suggests 
that across spatial gradients, two plant traits de-
scribing the size and resource-use strategies alone 
were able to explain variability in carbon cycling 
rather well. It is possible that the explanatory 
power of the CO2	flux	models	could	have	been	
even higher, and the uncertainties in CO2	flux	
measurements reduced, if measurements could 
have been conducted at each plot several times 
during the growing season, or even during the 
year. Despite the lack of CO2	flux	measurements	
over a longer time period, this hierarchical frame-
work as well as the functional trait-based ap-
proach helped me to understand the pathways 
driving	fine-scale	variability	in	carbon	cycling.	

This variability in measured CO2	fluxes	and	
stocks in Paper III was high, and of similar 
magnitude as has been reported in other stud-
ies covering a range of environments across the 
entire Arctic during the growing season. GPP, 
which was standardized at an irradiance of 600 
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(photosynthetic	photon	flux	density,	µmol	m-2 
s-1)	ranged	between	0.3	and	13	µmol	CO2 m-2 
s-1 in Paper III whereas those reported in Ca-
hoon et al., (2012) in Greenland, Alaska, and 
Sweden varied from 1.5 to 10.2. Other stud-
ies rarely standardize ER and SR to a certain 
temperature, so I compared the raw measure-
ments with other studies. In Paper III, ER and 
SR ranged between 0.06 and 9 and 0.6 and 9 
µmol	m-2 s-1, respectively, whereas ER mea-
sured by Cahoon et al., (2012) varied from 0.4 
and 9.4, and SR measured by Nobrega and Gro-
gan, (2008) was between 0.5 and 2.5 in Canada, 
or by Arens et al., (2008) between 0.5 and 2 in 
Greenland. Above-ground plant carbon stocks 
were similar to other biomass estimates from 
this region (Riihimäki et al., 2017). Observed 
soil organic carbon stocks (mostly 1–10 kg m-2) 
were lower than those estimated for the upper 
1 meter of the soil in this region by Hugelius 
et al., 2014 (5–15 kg m-2) but of similar mag-
nitude as those reported for other Scandinavian 
mountain regions (Sørensen et al., 2019; Ylänne 
et	al.,	2017).	Similar	to	other	field	studies,	wet-
land and graminoid-dominated meadow sites 
had	the	largest	SOC	stocks	and	highest	fluxes	
(Bradley-Cook and Virginia, 2018; Sørensen 
et al., 2019).

Earlier studies in the tundra have often char-
acterized	the	functional	effects	of	vegetation	on	
carbon cycle with leaf area index measurements 
(Dagg	 and	Lafleur,	 2011;	Marushchak	 et	 al.,	
2013; Shaver et al., 2007; Street et al., 2007). 
While leaf area index is a useful variable when 
fluxes	are	predicted	across	space	and	time	(Ca-
hoon et al., 2016), it is a biomass proxy that 
cannot separate plant functional traits across the 
resource-use and plant size axes. Plant function-
al traits that were used in Paper III are direct-
ly linked to the concept of the global spectrum 
of plant form and function (Díaz et al., 2016) 
and are informative as they can be partitioned, 

at least in our sampling framework, to describe 
both the community-weighted mean traits and 
their diversity. Thus, the plant functional traits 
proved to be a useful tool to understand ecosys-
tem functioning in the Arctic, where diverse and 
complex changes in plant functional traits have 
been observed (Bjorkman et al., 2019, 2018a).

A synthesis of tundra trait measurements 
showed that plant size is increasing around the 
Arctic in response to climate change (Bjorkman 
et al., 2018a). In Paper III, plant size had a strong 
and	positive	relationship	with	all	fluxes	and	pools	
except for SOC stocks. The response of GPP to 
increasing plant size was even sharper than that 
of ER, suggesting that GPP might increase more 
rapidly during the growing season if plant size 
continues to increase. This result is therefore sim-
ilar to a landscape-scale study in Canada which 
discovered that taller shrub communities had a 
larger growing season net CO2 uptake than low-
er dwarf shrubs and mixed tundra due to colder 
soils limiting heterotrophic respiration and taller 
plants having a larger leaf area to capture sun-
light	(Lafleur	and	Humphreys,	2018).	The	result	
from Paper III suggests that increases in tundra 
plant size might have altered the carbon cycling 
in	the	Arctic,	but	its	effect	on	the	total	ecosystem	
carbon storage remains unclear. 

While plant size is increasing across the Arc-
tic, the leaf economics spectrum has not been ob-
served to change in a uniform way (Bjorkman et 
al., 2018a). For example, experimental warming 
in the Canadian high Arctic resulted in lower spe-
cific	leaf	area,	but	did	not	affect	other	traits	de-
scribing the leaf economics spectrum (Hudson et 
al., 2011). Or, Natali et al., (2012) observed an in-
creased leaf nitrogen mass in response to winter, 
but not to summer warming in Alaska. Although I 
discovered rather clear relationships between the 
majority of environmental variables and leaf eco-
nomic traits in our observational study, the leaf 
economics spectrum had less certain relation-
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ships with carbon cycling. Paper III supports the 
well-established strong positive relationship be-
tween faster economic traits and GPP, which has 
earlier been described with leaf nitrogen (Shaver 
et	al.,	2013)	or	specific	leaf	area	(Sørensen	et	al.,	
2019), but suggests that the connection to ER is 
weaker. The relationship between the leaf eco-
nomic traits and ER is more complicated than 
the rather direct relationship between leaf eco-
nomic traits and GPP due to the various sources 
of ER (above-ground plant tissues, roots, sym-
bionts	and	heterotrophs)	which	all	have	differ-
ent drivers (Barba et al., 2017; Segal and Sul-
livan,	2014).	Surprisingly,	the	positive	effect	of	
faster economic traits on SR was stronger and 
more certain than on ER, although I expected it 
to be more correlated with ER as a large part of 
ER originates from autotrophic respiration from 
the plants. I speculate that the higher correlation 
between the faster communities and SR is due 
to SR originating mainly from the topsoil and 
therefore being tightly linked to the aboveground 
plants (Segal and Sullivan, 2014; Sørensen et 
al., 2019), and SR being composed of a smaller 
number of processes than ER. Consequently, SR 
can more directly be linked to, and increase as a 
result of, the high quality of litter, high amount 
of root exudates and high nutrient concentra-
tions in the roots associated with communities 
that use resources faster (Cornwell et al., 2008; 
Freschet et al., 2010, 2012; Illeris et al., 2003). 

Although plant functional traits were linked 
to SR, their relationship with SOC stocks was 
less certain and a large part of variation in SOC 
stocks remained unexplained. I speculate that 
this is because stocks are formed by inputs from 
above- and below-ground plant tissues, outputs 
from ER and SR, and lateral transport, which 
all	 respond	differently	 to	 trait	variation.	Thus,	
SOC stocks are, at least in this landscape, likely 
correlated with a broader range of environmen-
tal variables describing for example soil con-

ditions, topography, or land cover (Hugelius et 
al., 2011), the legacy of vegetation that no lon-
ger	reflects	the	modern	vegetation	(Pries	et	al.,	
2012), or below-ground root traits (Iversen et 
al., 2015; Ma et al., 2018). It is also possible 
that	 the	poor	fit	of	SOC	models	can	be	partly	
explained by the uncertain SOC stock estimates. 
Although soil samples were collected from the 
vicinity of plant functional trait measurements, 
the soil depths were estimated a few meters away. 
Therefore, estimated SOC stocks might correlate 
more weakly with plant functional traits than 
for example above-ground carbon stocks that 
were sampled from the exact same location as 
the trait measurements. Moreover, I was not able 
to sample the carbon content of mineral soils in 
all plots, and consequently I used one single av-
erage carbon content value for the mineral soil 
across all plots (see Paper III for more details). 
Nevertheless, the result demonstrating that traits 
were	linked	to	fluxes	but	not	to	SOC	stocks	re-
flects	the	fact	that	measurements	of	both	fluxes	
and carbon stocks are needed to understand eco-
system functioning as realistically as possible in 
the tundra environments.  

While the hierarchical and trait-based frame-
work proved potential for future studies explor-
ing Arctic ecosystem functioning, the study de-
sign in Paper III did not consider disturbances – 
a key driver addressed in Paper II, which might 
complicate the framework required to tease apart 
the drivers of carbon cycling (but see McIntyre 
et al., 1999). The Arctic is predicted to experi-
ence an increasing amount of disturbances result-
ing	from	wildfires,	insect	outbreaks,	and	perma-
frost	thaw	(Cunliffe	et	al.,	2019;	Olefeldt	et	al.,	
2016).	How	these	disturbances	affect	the	mag-
nitude of CO2	fluxes	and	how	long	it	takes	for	
the ecosystems to recover or reach a new state 
varies depending on the environmental condi-
tions. For example, a larval outbreak in Green-
land decreased the carbon sink in Salix glau-
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ca, Betula nana and Empetrum nigrum heaths 
for one year but was counteracted the following 
years by increased primary production (Lund et 
al., 2017), but carbon uptake by the Empetrum 
nigrum heath did not recover from a parasitic 
fungus outbreak for the next year in northern 
Sweden (Olofsson et al., 2011). Recent studies 
published after the chamber review (Paper II) 
have already taken big steps towards a better un-
derstanding of disturbances with more detailed 
studies on herbivory (Lara et al., 2017; Ylänne 
and	Stark,	2019)	and	thermokarst	and	fire	effects	
on	fluxes	(Estop-Aragonés	et	al.,	2018).	Yet,	the	
current evidence is still sparse and scattered and 
the full range of changes that disturbances can 
cause on CO2	fluxes,	remains	likely	unresolved.

4.6 Methodological uncertainties
In Papers I and III, I used correlative models 
where the relationships detected by models are 
based on correlations between the response and 
predictor variables. However, correlations do not 
imply causation in the same way experimental 

studies would show, and the outcomes thus need 
to be interpreted cautiously. To overcome this 
issue, the study selected variables with known 
causal	effects	on	plant	functional	traits	(Bjork-
man et al., 2018a) and carbon cycling (Virkkala 
et al., 2018) in Paper III. However, in Paper I, I 
used predictors describing terrestrial topograph-
ic, soil, and vegetation gradients across the Arctic 
in general. Thus, I did not aim to capture the main 
variables explaining the key topics covered in dif-
ferent disciplines or the main reasons explaining 
the distribution of sampling locations. However, 
it could be argued that these variables should 
have been chosen 1) separately for each disci-
pline	to	reflect	their	main	regulators	(e.g.	climatic	
variables for meteorology and soil variables for 
soil	science)	and	2)	to	reflect	the	practical	rea-
sons for sampling locations (e.g. the vicinity of 
universities,	field	stations,	roads,	or	airports,	or	
the growing season length). This could have ex-
plained the actual reasons for research gaps even 
better, and also provided more practical insights 
into how representativeness could be improved.
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5 Future perspectives

The previous sections of this thesis consider sev-
eral research gaps in Arctic environmental sci-
ence disciplines and carbon cycle research as 
that was one of the aims in this thesis. This sec-
tion	builds	upon	the	research	gaps	identified	in	
the previous sections and highlights future re-
search topics in an even broader context asso-
ciated with carbon cycling, particularly. Within 
this broader context, the next step is to address 
what the carbon balance for the Arctic is, and 
how vulnerable Arctic carbon cycling is to cli-
mate change. To accomplish this, studies con-
ducted across several regions, at a broad range 
of spatial and temporal scales, and with a variety 
of methods are necessary. 

Accurate measurements of current carbon 
fluxes	are	required	to	detect	future	changes	in	
the carbon balance. Moreover, these measure-
ments must properly address the major sourc-
es of variability in carbon cycling: inter- and 
intra-annual variability as well as spatial het-
erogeneity (Treat et al., 2018). To achieve this, 
study designs that incorporate long time series 
(Baldocchi et al., 2018) and/or explore spatial 
variability	at	fine,	landscape,	as	well	as	region-
al scales are necessary (Dinsmore et al., 2017; 
Peltola et al., 2019; Ueyama et al., 2013). While 
chambers	are	a	useful	method	to	explore	fine-
scale variability in carbon cycling, spatiotempo-
ral heterogeneity at landscape or regional scales 
needs to be resolved by integrating them with 
other	flux	measurement	equipment,	such	as	eddy	
covariance (Fig. 1). However, even by combin-
ing these main data sources, the existing mea-
surement network is rather sparse (Pallandt et 
al., 2019; Virkkala et al., 2018), making it hard 
to estimate Arctic carbon budgets. Therefore, 
to minimize uncertainties in Arctic carbon bud-
gets, a number of issues, addressed in this the-

sis too, including spatial heterogeneity of car-
bon	cycling,	 fragmented	flux	 time	series,	and	
the	representativeness	of	the	field	measurements	
need	 to	be	addressed	first	 (Fig.	9).	Then,	 this	
data can be used in further analyses by feeding 
it into, for example, models. Statistical upscal-
ing is a useful tool that can bridge the gap be-
tween local, landscape, and regional scales, and 
provide knowledge on the spatiotemporal vari-
ability of carbon cycling and its budgets (Jung 
et al., 2019; Tramontana et al., 2016). It has not 
been used much in Arctic carbon cycle studies 
thus far (but see Natali et al., 2019; Ueyama et 
al., 2013; Virkkala et al., 2019), but it will likely 
be an important method to estimate the Arctic 
carbon budgets in future studies. 

While estimating current Arctic carbon 
budgets remains a challenge, predicting fu-
ture climate change-induced feedbacks and 
the	carbon	balance	is	even	more	difficult.	Pro-
cess models, which are used to predict struc-
tural, compositional and functional properties 
of ecosystems across the globe, indicate that 
the Arctic is currently a carbon sink due to en-
hanced plant productivity at higher tempera-
tures (McGuire et al., 2016). This carbon sink 
is	projected	to	level	off	due	to	permafrost	thaw,	
turning these systems into net carbon sources 
to the atmosphere after 2100 (McGuire et al., 
2018). Yet, these projections operate at coarse 
spatial	resolutions	(~100	km)	that	are	different	
from the local scale where complex changes 
are occurring (Mauritz et al., 2017; Ravn et al., 
2020). This results in severe spatial and tem-
poral	scale	mismatches	between	flux	observa-
tions and estimates from process models, limit-
ing our understanding about the role of Arctic 
regions in a changing climate. Consequently, 
studies that compare future feedbacks across a 
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range	of	field	measurements	and	models	(see	
e.g.	Schädel	et	al.,	2018)	and	from	fine	to	coarse	
scales are necessary. An improved knowledge 
on feedbacks and more accurate estimates of 
the current and future carbon balance are re-

quired because some Arctic ecosystems are al-
ready on the verge to turn from CO2 sinks to 
sources (Celis et al., 2017; Euskirchen et al., 
2012; Lundin et al., 2016), and decision makers 
need to know how to mitigate these changes. 

Figure 9. Key questions in Arctic carbon cycle studies. The current understanding decreases towards the peak 
of the triangle. Future perspectives are related to all parts of the triangle, but this section of the thesis focuses 
on the upper parts of the triangle. Modified from Malhotra et al., (2019).
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6 Conclusions

This thesis highlights the importance of recogniz-
ing how well the Arctic environments are sam-
pled,	and	how	research	gaps	should	be	filled.	It	
also highlights the topics not fully covered in 
fine-scale	CO2	flux	chamber	studies.	Thus,	the	
results	help	to	prioritize	future	research	efforts.	
Moreover, it provides a hierarchical and trait-
based	framework	to	explore	fine-scale	variability	
in Arctic carbon cycling in a way that can tease 
apart	the	drivers	and	investigate	the	effect	of	veg-
etation using globally applicable plant functional 
traits.	These	findings	build	towards	an	improved	
understanding of the overall view of Arctic envi-
ronmental change and carbon cycling. The main 
conclusions are the following: 

1.  There are vast areas in the Arctic that lack 
field sampling locations. These are located 
in extreme climatic, productivity, and soil or-
ganic carbon stock conditions in the Canadi-
an Arctic Archipelago, northern Greenland, 
central and eastern Siberia, and northern Tai-
myr region. Inferences about Arctic ecosys-
tems that are based on the current body of 
Arctic literature are, thus, based on a small 
sample of the actual spectrum of the Arctic 
terrestrial gradients. 

2.  More studies exploring the roles of soil 
respiration, methane, and nitrous ox-
ide fluxes together with continuous CO2 
flux measurements are required. More-
over, the results from the chamber review 
demonstrate the need for new experi-
ments considering other global change 
driver	effects	on	CO2 fluxes	than	warm-
ing (e.g. snow cover and depth, soil mois-
ture and nutrients, or herbivory). Other-
wise, Arctic CO2	flux	chamber	literature	
is rather comprehensive and consists of a 
large range of study designs and research 
questions.

3.  Plant community functional composi-
tion explains fine-scale variability in car-
bon cycling in the tundra. Plant functional 
traits	 also	mediate	 the	effects	of	average	
abiotic conditions on carbon cycling. Plant 
size was the strongest predictor for most 
carbon cycling variables and it increased 
photosynthesis, respiration, and above-
ground	carbon	 stocks.	The	effect	of	dis-
turbances on carbon cycling remains poorly 
understood.
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Supplementary Materials
Supplementary Table 1. Reviews on Arctic carbon published over 2015–2020. To demonstrate the importance of 
reviews in Arctic carbon cycle research, I conducted a search in Web of Science on the 22nd of January, 2020 with 
the search words ("arctic" or "permafrost" or "tundra") and ("synthesis" or "synopsis" or "review" or "meta-analysis") 
and ("carbon") for the period 2015–2020. I removed the studies that were based on a single field study, single region, 
or marine environments, or were published in conference proceedings.

Review 
study Title

Review type and 
topic Key result

Representative-
ness issues 
described

Main research gaps 
identified

Carbon fluxes
Natali et al., 
(2019)

Large loss of 
CO2 in winter 
observed 
across the 
northern 
permafrost 
region

A synthesis on the 
drivers of winter 
fluxes, and upscal-
ing of fluxes in 
current and future 
conditions with sta-
tistical modeling.

Winter CO2 emissions 
larger than previously 
thought. 

- Winter methane 
budget, increased 
spatial and temporal 
coverage of observa-
tions, coordination 
and standardiza-
tion of in situ winter 
measurements, im-
provements to snow 
and active sensor 
products.

Tharam-
mal et al., 
(2019)

A review of 
the major 
drivers of the 
terrestrial car-
bon uptake: 
model-based 
assessments, 
consensus, 
and uncertain-
ties

A systematic re-
view focusing on 
the major drivers 
of changes in the 
land carbon uptake 
during the historical 
and future sce-
narios.

Large uncertainties 
and disagreements 
among the modeling 
studies regarding the 
relative contributions 
of the drivers, and 
even in the sign of 
changes in land car-
bon uptake.

- The models need a 
better representation 
of processes such as 
LULCC, fires, nutri-
ent limitation and 
permafrost thawing.

Baldoc-
chi et al., 
(2018)

Inter-annual 
variability of 
net and gross 
ecosystem 
carbon fluxes: 
A review

Synthesis on the 
magnitude and 
long-term trends of 
CO2 fluxes in the 
global FLUXNET 
database.

The interannual vari-
ability in net ecosys-
tem carbon exchange 
is large and was asso-
ciated most important-
ly with the variability in 
photosynthesis.

- Long-term measure-
ments needed to 
distinguish trends 
from random noise.

Treat et al., 
(2015)

A pan-Arctic 
synthesis of 
CH4 and CO2 
production 
from anoxic 
soil incuba-
tions

A synthesis on 
methane and 
carbon dioxide 
production from the 
laboratory measure-
ments to study the 
controls of carbon 
production.

The biome, landscape 
position, and vegeta-
tion types key drivers 
of production.

- Longer incubations, 
a wider variety of 
sites, additional mea-
surement param-
eters, and methane 
oxidation.

Ma et al., 
(2019)

Dissolved or-
ganic carbon 
in permafrost 
regions: A 
review

A review on the 
magnitudes, path-
ways, drivers, and 
models of lateral 
transport of dis-
solved organic 
carbon (DOC).

Surface organic layer, 
permafrost soils, and 
vegetation leachates 
are the main DOC 
sources.
Stream DOC concen-
trations vary spatially 
and temporally to a 
relatively small extent.
The biodegradability of 
DOC from the thawing 
permafrost can be high.

- Standardized sam-
pling, preservation, 
and analysis meth-
ods, analyses at mo-
lecular scales, mod-
eling thermokarst 
effects on DOC.

Carbon stocks
Amen-
dola et al., 
(2018)

Soil hydro-
morphy and 
soil carbon: 
A global data 
analysis

A systematic re-
view on wetland 
soil organic carbon 
content and its local 
drivers.

Carbon content cor-
related with soil hydro-
mophy and geochem-
istry, and also mean 
annual precipitation 
and clay content.

- More studies on 
hydromorphy and 
carbon, inclusion 
of other important 
factors such as land 
use, bedrock and 
topographic condi-
tions.
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Review 
study Title

Review type and 
topic Key result

Representative-
ness issues 
described

Main research gaps 
identified

Gao et al., 
(2018)

Responses 
of terrestrial 
nitrogen pools 
and dynamics 
to different 
patterns of 
freeze-thaw 
cycle: A meta-
analysis

A meta-analysis on 
freeze-thaw effects 
on nitrogen pools 
and fluxes across 
the globe.

Altered freeze-thaw 
patterns can enhance 
the release of inor-
ganic N and the losses 
of N via leaching and 
N2O emissions.

- More realistic experi-
ments, proper sam-
ple collection time in 
laboratory studies.

Strauss et 
al., (2017)

Deep Yedoma 
permafrost: A 
synthesis of 
depositional 
characteristics 
and carbon 
vulnerability

A synthesis on 
yedoma carbon 
stocks and lability of 
organic matter.

Yedomas have up to 
130 gigatons organic 
carbon, and up to 10% 
of it is considered es-
pecially decomposable 
and may be released 
upon thaw. Yedomas 
have a large amount 
of ground ice and are 
vulnerable to distur-
bances. 

- Further quantitative 
estimates of the po-
tential contribution of 
Yedoma domain car-
bon to atmospheric 
greenhouse gases 
with climate warm-
ing, inclusion of deep 
permafrost degrada-
tion processes.

Lecher, 
(2017)

Groundwater 
Discharge 
in the Arctic: 
A Review of 
Studies and 
Implications 
for Biogeo-
chemistry

A systematic review 
on groundwater 
discharge in ter-
restrial and aquatic 
environments (but 
no literature search 
describred).

Carbon and nitrogen 
are the most frequently 
studied solutes with 
respect to groundwa-
ter discharge in the 
Arctic.

New studies in 
areas outside 
North America 
required.

Evaluating the im-
pact of groundwater 
discharge to Arctic 
biogeochemistry, a 
larger range of other 
biologically important 
solutes including 
phosphorous, silica, 
major ions, and 
metals.

Ping et al., 
(2015)

Permafrost 
soils and car-
bon cycling

A review on perma-
frost soil properties, 
quantity and vulner-
ability of permafrost 
carbon.

The review gives a 
detailed description 
about permafrost soil 
processes, permafrost 
soil types, and the 
vulnerability of the 
SOM pool. 

- Biogeochemical indi-
cator development, 
drivers of SOM.

Köchy et 
al., (2015)

Global dis-
tribution of 
soil organic 
carbon - Part 
1: Masses 
and frequency 
distributions 
of SOC stocks 
for the tropics, 
permafrost 
regions, wet-
lands, and the 
world

A synthesis on 
global SOC quanti-
ties and uncertain-
ties.

Global soils contain 
1325 Pg SOC in the 
upper 1 m. Variability 
in estimates is due to 
variation in definitions 
of soil units, differ-
ences in soil property 
databases, scarcity 
of information about 
soil carbon at depths 
>1m in peatlands, and 
variation in peatland 
definitions.

- Harmonizing sam-
pling, SOC calcula-
tion and scaling 
methods, compre-
hensive soil charac-
teristic data.

Song et al., 
(2017)

Altered soil 
carbon and ni-
trogen cycles 
due to the 
freeze-thaw 
effect: A meta-
analysis

A meta-analysis of 
freeze-thaw effects 
on nitrogen and 
carbon pools and 
fluxes across the 
globe.

Freeze-thaw process 
can
increase the concen-
trations of DOC, DON 
and DIN in soils as 
well as the emissions 
of N2O.

- -

Hugelius et 
al., (2016)

Ideas and 
perspectives: 
Holocene 
thermokarst 
sediments of 
the Yedoma 
permafrost 
region do not 
increase the 
northern peat-
land carbon 
pool

A review/
commentary on Ye-
doma soil carbon.

The Holocene thermo-
karst sediment stocks 
are not organic, thus 
cannot be considered 
as a peatland carbon 
pool.

- Multidisciplinary re-
view of terminologies 
would help future 
studies to harmonize 
definitions between 
different fields.
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Review 
study Title

Review type and 
topic Key result

Representative-
ness issues 
described

Main research gaps 
identified

Entire carbon cycle
Camp-
bell and 
Laudon, 
(2019)

Carbon re-
sponse to 
changing win-
ter conditions 
in northern re-
gions: current 
understanding 
and emerg-
ing research 
needs

A systematic review 
on the methods 
used to understand 
winter climate 
change effects on 
carbon cycling in 
Arctic, Boreal, and 
Temperate biomes.

Changing winter 
effects on carbon 
cycling were evalu-
ated by summarizing 
laboratory incuba-
tions, experiments, 
and observations. 
The review provides a 
detailed description on 
how chancing winter 
conditions alter carbon 
stocks and fluxes. 

- Carry-over effects 
from one season to 
another, ecosystem 
processes in the 
shoulder seasons, 
extreme events, 
experimental ap-
proaches, and 
improvements to 
models to include 
ecological effects of 
winter climate. Also a 
need for an interna-
tional winter climate 
change research net-
work addressed.

Song et al., 
(2019)

A meta-anal-
ysis of 1119 
manipulative 
experiments 
on terrestrial 
carbon-cycling 
responses to 
global change

A meta-analysis of 
experimental global 
change effects 
on carbon cycling 
across the globe.

Most experiments 
manipulated a single 
global change driver 
in temperature eco-
systems. Increases in 
global change drivers 
accelerated carbon 
cycle processes. Re-
lationships were often 
linear.

Semi-arid re-
gions, forest 
ecosystems in 
the subtropics 
and tropics, and 
Arctic tundra 
are under-
represented in 
experiments.

Interactions among 
multiple global 
change drivers in 
under-represented 
regions. 

Schuur 
and Mack, 
(2018)

Ecological 
Response to 
Permafrost 
Thaw and 
Consequenc-
es for Local 
and Global 
Ecosystem 
Services

A review on the 
structural and func-
tional properties of 
permafrost, and its 
impact on ecosys-
tem processes.

The review describes 
the temperature, ice, 
and nutrient content 
of permafrost, how 
sensitive the perma-
frost is to warming 
and disturbances, and 
how landscapes and 
ecosystems evolve 
after permafrost thaw. 
Finally, it addresses 
how the global climate 
and communities are 
influenced by perma-
frost thaw.

- Ground ice distribu-
tion at the circumpo-
lar scale, the incor-
poration of abrupt 
thaw distribution and 
mechanisms into 
models, expanded 
carbon cycle obser-
vations.

Parmen-
tier et al., 
(2017)

A synthesis 
of the arctic 
terrestrial and 
marine carbon 
cycles under 
pressure from 
a dwindling 
cryosphere

A review on Arctic 
carbon stocks and 
fluxes in current and 
future conditions

The review deals 
with the current state 
of knowledge of 
the Arctic terrestrial 
and marine carbon 
cycle, connections 
in between, and how 
the carbon cycle is 
affected by climate 
change and a chang-
ing cryosphere.

- Low knowledge level 
particularly in ocean 
CO2 and CH4 flux, 
lateral carbon flows 
and ice sheet and 
glacier fluxes.

Loisel et 
al., (2017)

Insights and 
issues with 
estimating 
northern peat-
land carbon 
stocks and 
fluxes since 
the Last Gla-
cial Maximum

A review on Holo-
cene carbon stocks 
and fluxes.

The review provides 
estimates of the cur-
rent northern peatland 
area and proposes 
a new approach to 
reconstruct changes 
in the northern peat-
land area over time. It 
also reviews the key 
methods and models 
that have been used to 
quantify carbon stocks 
and methane emis-
sions over time.

Research gaps 
in the three 
largest peat-
rich regions of 
the world: the 
Western Sibe-
rian Lowlands 
of Russia, the 
Hudson Bay 
Lowlands in 
north-central 
Canada, and 
the Mackenzie 
River Basin in 
north- western 
Canada.

Several knowledge 
gaps given, e.g. 
a uniform peat-
land classification 
system, extensive 
high-resolution map-
ping of peatlands, 
regional stock com-
pilations, flux models 
that would consider 
disturbances. The 
spatial coverage of 
peatland data sets 
limited. 
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Review 
study Title

Review type and 
topic Key result

Representative-
ness issues 
described

Main research gaps 
identified

Zhi et al., 
(2015)

A bibliometric 
review on 
carbon cycling 
research 
during 1993–
2013

A systematic re-
view on publication 
years, publication 
performance, lin-
guistic diversity, 
publication type, 
and keywords.

The review showed 
that USA was the 
leading country in 
carbon research. 
Several topics, such 
as climate change, soil 
respiration, and Arctic, 
increased in popular-
ity during the past 20 
years. Techniques 
such as radiocarbon, 
eddy covariance, and 
remote sensing are 
increasingly used.

- -

Biota and carbon cycle
Vowles 
and Björk, 
(2019)

Implications 
of evergreen 
shrub expan-
sion in the 
Arctic

A systematic review 
on the relationships 
between evergreen 
shrubs, ericoid 
mycorrhiza, and 
herbivory, and the 
impacts of these 
relationships on 
carbon cycling.

Evergreen dwarf shrub 
expansion has differ-
ent effects on ecosys-
tems than deciduous 
shrubs. Evergreen 
shrubs are hypoth-
esized to increase 
soil carbon stocks, 
but deciduous shrubs 
decrease the stocks.

- The role of mycor-
rhizal fungi, fine 
roots, and herbivory 
on carbon fluxes and 
stocks.

Treat et al., 
(2016)

Effects of 
permafrost 
aggradation 
on peat prop-
erties as de-
termined from 
a pan-Arctic 
synthesis of 
plant macro-
fossils

A synthesis on 
peatland plant 
macrofossils, and 
their relations to 
vegetation type and 
soil conditions.

The macrofossil record 
demonstrated transi-
tions from fens to bogs 
to permafrost peat-
lands, bogs to fens, 
permafrost aggrada-
tion within fens, and 
permafrost thaw and 
reaggradation. 

- More studies on the 
interactions between 
permafrost aggra-
dation, productiv-
ity, decomposition, 
disturbance, and 
nitrogen needed.

Mackel-
prang et al., 
(2016)

Permafrost 
Meta-Omics 
and Climate 
Change

A review on multi-
omics methods and 
their linkages with 
greenhouse gas 
fluxes in permafrost 
environments.

The review sum-
marizes methods to 
estimate the microbial 
community composi-
tion, total community 
metabolic potential, 
and total community 
activity, and their rela-
tionship with biogeo-
chemical cycles.

- The physiology of 
microbes in different 
permafrost soils and
 the microbial 
mechanisms control-
ling greenhouse gas 
emissions. 

Myers-
Smith, 
Hallinger, et 
al., (2015)

Methods for 
measuring 
arctic and 
alpine shrub 
growth: A 
review

A systematic review 
on dendrochrono-
logical methods 
to estimate shrub 
growth and mor-
phology.

The review addresses 
studies that have dealt 
with shrub growth and 
gives advice on how 
to measure and model 
the growth of shrubs.

- Clonal growth and 
patch dynamics, 
variation in growth 
among parts of the 
plant and among 
individuals, and the 
scaling of individual-
based sampling to 
understand changes 
at broader scales 
required.

Geomorphology and carbon cycle
Patton et 
al., (2019)

Landslide re-
sponse to cli-
mate change 
in permafrost 
regions

A review on perma-
frost thaw effects on 
landslide frequency 
and magnitude, and 
landslide effects on 
ecosystem develop-
ment and carbon 
cycling.

The review shows 
that landslides are 
sensitive to permafrost 
thaw, soil moisture 
and freeze-thaw 
processes. Landslide 
frequency will likely 
increase and mobilize 
carbon.

Large regions of 
Russia, north-
ern Europe, 
Greenland, 
South America, 
and Antarctica 
are not well-
represented in 
the English-lan-
guage literature 
on landslides.

New studies should 
expand the geo-
graphic extent of 
English-language 
research on land-
slides in permafrost, 
maintain or initiate 
long-term monitoring 
projects and aerial 
data collection, and 
quantify the net ef-
fect on the terrestrial 
carbon budget.
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Review 
study Title

Review type and 
topic Key result

Representative-
ness issues 
described

Main research gaps 
identified

Seifollahi-
Aghmiuni et 
al., (2019)

Change 
Drivers and 
Impacts in 
Arctic Wetland 
Landscapes 
Literature Re-
view and Gap 
Analysis

A systematic review 
on drivers and 
research gaps of 
Arctic wetlands.

The study reviewed a 
total of 2232 studies of 
various aspects of Arc-
tic wetland landscapes 
found in the literature. 
The majority of stud-
ies focused on natural 
drivers and climate 
change, particularly 
regarding their impacts 
on carbon cycling, 
plant communities and 
biodiversity.

- Management plans, 
land use changes, 
and nutrient-pollutant 
loading, have not 
been investigated 
much.

Moomaw et 
al., (2018)

Wetlands in 
a Changing 
Climate: Sci-
ence, Policy 
and Manage-
ment

A review on cli-
mate vulnerability 
of wetlands, and 
strategies and poli-
cies to a pervasive 
understanding of 
wetlands.

The review summariz-
es the greenhouse gas 
balance and ecology 
of wetlands in current 
and future conditions, 
and describes policies 
related to wetlands.

- Better communica-
tion between sci-
entists and policy 
makers.

Loranty et 
al., (2018)

Reviews and 
syntheses: 
Changing 
ecosystem 
influences on 
soil thermal 
regimes in 
northern 
high-latitude 
permafrost 
regions

A review on soil 
thermal balance 
and its drivers and 
potential feedbacks 
with climate warm-
ing.

The study reviews 
vegetation, soil, and 
disturbance effects on 
net radiation absorbed 
by a vegetation-, 
snow-, and ice-free 
land surface, and en-
ergy loss via turbulent 
sensible, latent, and 
ground heat fluxes. 

- Interactive effects of, 
for example, plant 
water use – soil 
moisture or vegeta-
tion- snow relation-
ships on soil thermal 
regime. Also, year-
round data collection 
needed.

Bring et al., 
(2016)

Arctic ter-
restrial 
hydrology: A 
synthesis of 
processes, re-
gional effects, 
and research 
challenges

A review on hydro-
logical processes 
and regions and 
projected changes 
and the linkages 
with hydrology and 
other environmental 
disciplines.

The review summa-
rizes changes in snow 
cover, evapotranspira-
tion, streamflow, and 
discusses how perma-
frost might affect water 
cycle.

- Underground and 
surface water inter-
action, the mecha-
nisms of infiltration 
and flow formation, 
evaporation process-
es, atmosphere-land 
surface-subsurface 
energy interaction, 
and the patterns of 
precipitation distribu-
tion at catchment 
scales, hydrological 
understanding and 
modeling across 
scales. 
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Supplementary Table 2. Glossary of the environmental variables derived from remote sensing or other spatial 
products used in this thesis. 

Variable Variable description Paper(s)
Mean annual 
temperatures

Mean annual temperatures over 1970-2000 (Fick and Hijmans, 2017). II

Mean annual 
precipitation

Mean annual precipitation over 1970-2000 (Fick and Hijmans, 2017). II

Normalized 
difference index 
(NDVI)

Growing season vegetation greenness, calculated based on near infrared and 
red channels, in July 2015 or averaged over June-August period over 2000-2014 
(Didan, 2015).

I, II

Circumpolar Arctic 
Vegetation Map 
(CAVM)

Bioclimatic zones classify the Arctic to five zones based on a combination of 
summer temperature and vegetation and physiognomic units map five main 
Arctic vegetation types and 15 subunits (Walker et al., 2005). Physiognomic 
units for each chamber location were defined based on species or vegetation 
descriptions provided by the studies in Paper I.

I, II 

Ecoregions 31 classes of ecologically and geographically defined areas in the Arctic (The 
Nature Conservancy 2009; Olson et al., 2001).

I

Mean annual ground 
temperatures

Mean annual ground temperatures over 2000-2014 (Aalto et al., 2018). I

Digital elevation 
model (DEM)

Digital elevation model either based on GTOPO (U.S. Geological Survey, 2004) 
or GMTED2010 (Danielson and Gesch, 2011) datasets.

I, II

Topographic wetness 
index (TWI)

TWI quantifies the influence of topography on hydrological processes. It is 
calculated from DEM (Conrad et al., 2015).

I

Soil organic carbon 
stocks (SOC)

Soil organic carbon stocks in the upper 2 meters (Hengl et al., 2014) or 3 
meters (Hugelius et al., 2014).

I, II

Soil pH Topsoil pH at 0 cm depth (Hengl et al., 2014). It is a proxy for the nutrient 
content in the soils (Gough et al., 2000).

I, II
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Supplementary Table 3. Glossary of the environmental variables measured in-situ in Paper III. All of these variables 
were also briefly discussed in Paper II. 

Variable Description Methods
Abiotic variables Abiotic variables control carbon cycling both instantaneously and over longer time scales. 

An example of an instantaneous mechanism is the temperature dependence of enzymatic 
processes that drive respiration. Over longer time scales, abiotic variables control the 
distribution of microbes and plants, which then explain the differences in carbon cycling 
across the landscape. 

Summer 
temperature

Temperatures that the biota experiences 
during the peak growing season.

Miniature temperature loggers were installed in 
2016 to monitor temperatures 10 cm aboveg-
round, at 2–4 h intervals. These single time-point 
measurements were aggregated to monthly av-
erages, out of which July average temperatures 
over 2016–2018 were used in the analysis.

Winter temperature Winter temperatures represent the tem-
peratures that the plants and microbes 
which are active even in cold conditions 
(Natali et al., 2019), experience during 
the winter. Winter temperatures corre-
lated positively with snow depth. 

See above. February average temperatures 
over 2016–2018 were used in the analysis.

Soil resources Soil resources represent substances that 
plants and microbes need to grow and 
reproduce, such as soil moisture and 
nutrients. Soil pH and moisture correlated 
strongly together as pH is high in moist 
soils that are dominated by nutrient-rich 
meadows in this landscape.

Soil moisture was measured during the growing 
seasons of 2016–2018 3–6 times per growing 
season with a handheld time-domain reflectom-
etry sensor. Soil samples were collected from 
the organic layer, out of which the pH in water 
solution was analyzed. Due to the high correla-
tion between these variables, they were grouped 
together with a Principal Component Analysis 
and the first axis was used in the analysis.

Plant functional traits Plant functional traits represent properties that affect the growth, survival, and reproduc-
tion of a plant individual or effects of plant individuals on ecosystem functions (Lavorel 
and Garnier, 2002). Trait measurements can be conducted at the organ, individual, spe-
cies, or community level. Trait measurements can be done directly in the field (e.g. plant 
height), but with most trait measurements, samples need to be taken and further analyzed 
in the laboratory.
Paper III measured plot-specific plant functional traits for all vascular plant species. Trait 
measurements were done separately for all locations, and always on plant individuals 
within the chamber collars. Traits were aggregated to the community level with commu-
nity-weighted mean traits (CWM; Garnier et al., 2004), as suggested by the dominance 
hypothesis (i.e. the mass ratio hypothesis, (Grime, 1998)), which states that ecosystem 
processes are determined by the traits of dominant species in the community.
To calculate CWM traits, Paper III quantified vascular plant community species composi-
tion in the plots. A circular frame (20 cm diameter) with 20 pinholes was placed over the 
collar after chamber measurements. The total number of times each species touched pins 
lowered into the vegetation through the frame was counted and used as a measurement 
of species abundance. 
I chose two traits for Paper III, height and LDMC, because they are good indicators of the 
two axes of functional differentiation of plant communities: size and the leaf economics 
spectrum (Bruelheide et al., 2018).

Plant height Plant vegetative height describes the 
size of plants. Size is linked to the abil-
ity of a plant community to capture light 
resources. However, taller and larger 
communities have also high maintenance 
costs. Other traits describing plant size 
are for example diaspore mass and stem 
specific density (Díaz et al., 2016).

For each species that touched a pin, Paper III 
measured the height of the highest leaf on two 
randomly selected individuals. Then, the spe-
cies-specific height measurements were aver-
aged for each species within a plot and CWM 
of plant height was calculated using vascular 
plant species point-intercept counts. 

LDMC LDMC describes differences between 
resource-acquisitive (fast) and resource-con-
servative (slow) plant communities. LDMC 
often correlates positively with the density of 
leaf tissues. A low density of leaf tissues and 
low LDMC values indicate fast communities 
that can rapidly assimilate resources and 
grow, but they have also high maintenance 
costs. Other traits describing the leaf eco-
nomics spectrum are, for example, specific 
leaf area (SLA) and leaf nitrogen concentra-
tions (Thomas et al., 2019). Based on previ-
ous studies in the study area, LDMC and 
SLA are highly correlated with each other 
(Happonen et al., 2019).

Two leaf samples per species, from different 
individuals where possible, were taken at each 
plot. LDMC was measured by the oven-dry 
mass of a leaf divided by its water-saturated 
fresh mass. Then, the species-specific LDMC 
measurements were averaged for each spe-
cies within a plot and CWM of LDMC was 
calculated using vascular plant species point-
intercept counts.
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