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Abstract

Large herbivores are increasingly recognised as key regulators of terrestrial carbon cycling,
yet empirical evidence on how lottgrm cessation of grazing alters carbon dynararcs
storageremains limited. Ta aim of thisPhD researcls to investigate how mukdecadal
cessationof grazing influences carbon fluxes and storage inaubc grassland and
heathland ecosystems. The study uses a network of grazer exclosures estabBSheeh?8

ago across 34 sites in Iceland, with paired continuously dtarel Growings e ason CO
exchange was quantified througktensivechambeibased flux measurements and NDVI

data, and carbon storaged pathway the plant soil system wreassessed using 201 soll
profiles to 60 cm depthThe study results show thatrasssites, longterm cessation of
grazing was associated with a 37% lowgrowings eason net coO upt ak
vegetation greenness relative to graaedl In topsoil (0 10 cm), soil organic carbon stocks

were 8% lower in exclosures, accompanied by 2a@¥er fine-root biomass, while root
functional traits remained largely unchanged. Grazed grassland retained both the highest net
coO upt ake and .lCassaliesofgraziSgOdauseshttransitiostoward
heathlandat several grasslangites associaté with lower productivity and carbon
sequestratiomwhile it had more limited effectis long-establishedheathlands. Collectively

the findings demonstrate that sustained extensive grazing maintains higher carbon turnover,
enhances belowground carbon inputs, and supports kiagn SOC storage in starctic
grassland. This dissertation provides comprehensive empirical evidenaggahialg can
function as a naturbased solution for preserving carbon sinks inatgdbic ecosystems.



PDtdr §ttur

Ahrif langtima beitarfridunar & kolefnisbiskap graslendis og mélendis i islenskum
laglendisuthaga.

Rannsoknir og ahugi & ahrifum og mikilveegi storra grasbita i kolefnishringras vistkerfa hefur
aukist verulega a undanféornum arum, pé beirmamsoéknir a ahrifum langtimabeitar hafi
skort, einkum & nordlaegum slédum. A islandi hefur Uthagabeit lengi verikild og
ahersla 16go a ad frica land, pratt fyrir ad rannsoknir a ahrifum beitarfriounar hafi
verid takmarkadar. Markmid pessarar rannsoknar var ad skoda ahrif langtima beitarfriounar
a kolefnisbuskap islensks laglendisuthaga. Kolefnishringras lanpgitaafridunar (2683

ar) var rannsbkud og borin saman vid kolefnishringrds samliggjandi beitarsveeda & 34
voldum sveedum vids vegar um landid. Gerdar voru meira en 2400 meelingaifléeGitvg
bladgraenu (NDVI). Kolefnisferli i jardveginum var rannsakad ut frA magni jardvegskolefnis
(SOC), kofnunarefni, rétarmagni og rotareiginleikum i 201 jardvegssni®O (@m).
Nidurstodurnar syna ad beitarfrioun leiddi til minni37%) kolefnisupptku yfir
vaxtartimann og var munurinn meiri i graslendi en mélendi. Magdvegskolefnis var
einnig minna {8%) auk pess sem magn finna réta, sem meelikvardi & uppsofnun
jarovegskolefnis, var 21% minna & medan rotabygging hélst svipud i beittum og fridudum
svaedum. Beitarfrioun haféi almennt meiri &hrif i graslendi en mélendérsgaklega par

sem langtima beitarfridun leiddi til grodurbreytinga, fra graslendi til mélendegar a
heildina er litid syna pessar nidurstodur ad beit Orvar kolefnisupptoku og eykur
kolefnisbindingu i jardvegi graslendis og mdlendis i islenskum ldgétihaga.
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This dissertation builds on the conceptual foundation of the research gEoj€ctzé led

by Anna Gudran Porhallsdéttir. The ExGraze project originally developed the
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1 Chaptetntroduction

1.1 Cli mate Change and the Terrest
Cycl e

Recent at mos pher iareapfraaching3®ppra @éua to huemanidisrupsons

of the carbon cyclean increase by more than 50% compared to théndrestrial level (~

280 ppm), and far higher than throughout the evolutionary history of hyinaiezki 2010,

Rae et al. 2021, Steinthorsdottiet al. 2021) Thi s rapi d rise in CO
greenhouse effe@nd increases heat retention within the Earth sy¢ie@C 2021) The

resulting energy imbalance is driving major climate changes, including widespread
warming, altered precipitation patterns, substdgtr@ducedsnow and iceover, and more

frequent extreme events such as droughts, floods, and s(t*@€ 2023) This novel

climate jeopardisest h e 6saf e operating spaced for h
(Rockstromet al. 2021, 2024)Urgent action is therefore required to both reduce emissions
and remove CO f(IP@C2028, Ismitlebat. 2025 p her e

Naturebased solutions are increasingly emphasized for their potential to lower atmospheric
co , particularly through restoring or enh
terrestrial ecosysten{§&riscomet al. 2017, Bossicet al. 2020, Lalet al. 2021, Buckleyet

al. 2024) The terrestrial C cycle is driven primarily by the circulation of C between the
atmosphere, vegetah and soil. The main fluxes are the absorption of atmospheridZO
plants through photosynthesis (~142 Pg C Ygand the emission of G@ the atmosphere
through plant autotrophic and soil heterotrophic respiration (~136.7 Pg C; y#€C

2021) Animals havdargely been ignored in terrestrial C cycle models due to their minor
direct contributiongSchmitzet al. 2014) However,growing evidence shows that animals
exert important indirect effects on major C pools and fluaed,animal impactsadve been
increasingly emphasised as potential nahased solution for climate change mitigation
(Schmitzet al. 2018, 2023, Kristensest al.2022, Borer and Risch 2024)

1.2 Her bi vor es Te mr & tegBair dloQy c | e

Prior to human colonisation, most terrestrial ecosystems were shaped by a diverse guilt of
megaherbivores, present on every continent except Anta(8acadomet al. 2014, Fricke

et al. 2022) According to the megaherbivore hypothgglsvenSmith 1987, Vera 2000,
Hyvarinenet al.2021) the activities of the animals created and maintained some of the most

C rich ecosystems on Earth, such as the mammoth steppe in Eurasia, the great plains of North
America or the savannas of southern Africa and IfMieNaudhton 1985, Frankt al.1998,
Blinnikov et al.2011, Zimovet al.2012, Koltzet al.2022, Hyvarineret al. 2023, Geremia

et al. 2025) Recent theoretical modelling shows that large herbivores directly affect
vegetation and soil through defoliation, trampling and defecation which in turn indirectly
alters the C cycle between the atmosphere and the-gpdngystem and can promote



sequestration of C in sdiRizzutoet al.2024) These new perspectives stimulated efforts to
better understantlow grazing animalsnfluenceC cycling andthe mechanismghrough
which they could strengthen C sequestrat{mistensenet al. 2022, Malhiet al. 2022,
Schmitzet al.2023)
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Figure 1-1. Theoretical framework of my research project. Proposed associa
between herbivores, vegetation and soil (blue arrows) are outlined with further effe
the soil carbon pool and CQluxes (black arrows).

Herbivores can modify C cycling through the plantl system primarily through the
combined activities of grazing, trampling and defecatigigyre 1-1). Herbivores impact
vegetation through shifts from closed to open canopy vegetation in temperate and warm
climates(Bond 2019and from moss, lichen or shradominated to graminoid vegetation in

cold climates through selection for graztugerant vegetatior{fVan der Wal 2006, Da
Silveira Pontest al.2015) Grasses are particularly adapted to grazing with basal meristems,
located below typical grazing height which allow rapid recovery and compensatory regrowth
following defoliation eventgBriske 1991, Blai et al. 2014) Palaeoecological research
suggests that the mutualistic-egolution with herbivores facilitated the global spread of
grasses and grasslan®4cNaughton 1979, Frandt al. 1998, Strémberg 2011AIso, many
shadeintolerant forbs benefit from competition exclusion and canopy opening due to
grazing(Brathenet al. 2021, Sgndergaamt al. 2025) Shrubs and woody speciage,on

the other sidemore vulnerable to grazing, with typically reduced sapling recruitgsamit

et al.2015, Salisburgt al. 2023) Many of these species hasteveloped strategies to escape
grazing pressure either through chemical or physical defence strategies or growth height
(Bond 2019) In colder climates, slowgrowing mosses and lichersensible to the trampling



and defoliation of herbivoreare replaced by graminoids with increasing grazing intensity
(Van der Wal 2006)Herbivores also prevent litter accumulation on the surface and moss
layer depth, which enhances light availability on the surface and topsoil temperatures, both
benefitting grass growtfivan der Wal and Brooker 2004, Boretr al. 2014, Jesseat al.

2023)

Grasses and forbs, the major growth forms that prosper under grazing, allocate the majority
of photosynthetic assimilated C into fast growing fibrous roots with short life cybpsé

1-1; Ottavianiet al. 2020) Thus, they quickly release C and nutrients from plant biomass
into the soil food web, rather than storing it in biom@&ss Silveira Pontest al.2015, Linder

et al. 2018) Consequently, 90 % of organic C in grassland is found bglownd, mostly

as soil organic carb@nSOC(Qi et al.2019, Zhotet al.2025) In the presence of herbivores,
plants constantly must respond and adjust to grazing events. Typically, root growth is
inhibited immediately after defoliation events, as plants reallocate resount@s i
compensatory growth of new photosynthetic tisgugng 2015) To supply new growing
tissue with water and nutrients, fine roots regrow rapi@grciaPausa®t al.2011, Xiang

et al. 2025) Hence, roots are frequently discarded, replaced and renewed and both living
and decaying roots are an important C source for the soil foodBeetigettet al. 2014,
Malhotraet al.2025) Besides C, herbivores supply the soil also with other key nutrients via
dung and urinéVan der Walet al. 2004, Doughtyet al. 2016, Barthelemyet al. 2018)
Through defoliation, digestion and defecation, herbivores transform relatively slowly
decomposing plant material into labile, rapidly decomposing organic matter that is much
faster available for the soil food web compared to afgyeend plant litter, particularly in

cold climateqSitterset al.2017, 2020He et al. 2020) Thus, herbivores can stimulate soil
activity by both increased supply of organic C and nutridfitgife1-1). Both are essential

for the formation of stable soil organic matter associated with mineral surfaces and improve
soil fertility with positive feedback for plant growtfsokol, et al. 201%, Cotrufo and
Lavallee 2022)

Model studies have shown, that through increased circulation of C from the atmosphere
through the plansoil system and back to the atmosphere (C turnover of photosynthesis and
respiration), more C can accumulate in the @l et al.2018, Ferrare@t al.2022, Rizzuto

et al. 2024) Photosynthetically assimilated C is transferred into the soil through roots and
mycorrhizal fungi(Jacksoret al. 2017, Hawkinset al. 2023, Bunnet al. 2024) Through

root exudation and decay of roots and fungal mycelialeldbicompounds leach from the
vegetation into the soil food wdsokol, et al. 20223). More C inputs can sustain a larger

soil microbial community that processes the organic C while reproducing and decaying in
fast cycles(Angst et al. 2021) The dead microbial matter (i.e. necromass) of soail
microorganisms (bacteria and fungi) is now thought to be the main resource of soil organic
matter formationLiang et al. 2019, Buckeridgest al. 2022, Cotrufo and Lavallee 2022,
Sokol, et al. 20223). Microbial necromas is bound to mineral surfaces of charged clay
particles or incorporated into mineral soil aggregates as miassatiated organic matter
(MAOM) and protected from further decomposition over time periods relevant for climate
change mitigatior(Lavalleeet al. 2020, Angstet al. 2021) This oO0soil mi cr
p u m¢hidng and Zhu 2021¢ffectively transfers photosynthetically assimilated C into the
soil and creates SOC reservoirs from microbial necromass oveRigueg1-1). However,

the accumulation and stability of the SOC depends on a sufficient supply of new
photosynthetically assimilated C into the sdile to the constant breakdown of organic
matter by soil organisms. When supply is halted, microorganisms may decompose



previously accumul at ed (Lig XCet al.kkd20)wim gragexl &6 pr i m

ecosystems, grazing of large herbivores has been proposed to accelerate C transfer below
ground, thereby sustaining the microbial C pump and SOC form@itchie et al. 1998,
Bardgett and Wardle 2010)

1.3 Europe@nass!| andHeand | and

1.3.1 Replacement of Wild with Domestic Herbivores

In Europe, most wild large herbivores went extinct with the colonisation of humans and the
ranges of the remaining species were greatly red(f®eehning.et al. 2024). Following

these dramatic changes in herbivore distributions, human pastoralists partly replaced the
ecological function of the vanished wild herbivo(B®cherens 2018)or millennia, most
grasslands in Europe have been maintained by traditional livestock grazing and hay making
(Partelet al. 2005, Hejcmaret al.2 0 1 3,  Rrtaah202hoTheefore, these grasslands

are commonly referred to as senatural grassland®engleret al. 2014) Seminatural
grasslands are valued for their high biodiversity, heterogeneity and SOC (8eakgsson

etal2 019, Ptan2028,dinddorget al.2023, Lockwoockt al.2026, Widmetet al.

2026) On more acidic or less productive soils, particularly in coastal and northern
ecosystems in Europe, heathlands, dominated by plants frdamiteaefamily, developed

under natural and livestock grazidigturbancéBeieret al.2009, Newtoret al.2009, Rosa
Garciaet al. 2013, Rupprechét al.2016)

Like grassland, heathland is vulnerable to overgrowth of cafapying taller species
without disturbances such addfire or grazing(Wardet al.2007, Rosa Garciet al.2013,
Lovschal and Damgaard 2022, Rétlal. 2025) Research on the key hedtrming plant,
Calluna vulgaris has shown that heath responds with strong rejuvenating regrowth to such
disturbanceg¢Schellenberg and Bergmeier 202Pherefore, traditional use of heathlands as
grazing lands contributed largely to the maintenance of tr@aable semnatural habitats
(Newtonet al.2009, Rosa Garckt al.2013) Long-established heathlands often accumulate

a thick organic topsoil layer, derived from fragmented slowly decomposing shoot and root
litter (Quin et al. 2015, Duddigaret al. 2024) Thus, SOC accumulates predominantly in
particulate organic matter (POM), which is typically less persistent than micossiakd
MAOM and more vulnerable to loss through land use change or microbial mineralisation
(Wardet al.2007, Friggengt al.2020, Angset al. 2021, Houseget al.2025)

1.3.2 Abandonment of Livestock Grazing

With technological innovation and soea@onomic changes over the last century, traditional
livestock grazing practices have been abandoned in large parts of [ERliepengeret al.

2016, Schilset al. 2022) Agricultural intensification on suitable land and abandonment of
less accessible land that had been maintained by grazing for centuries, $éarp @ecline

of seminatural grassland and heathland, often with negative consequences for biodiversity
and provision of ecosystem functioning, includistgrage of SOGCousinset al. 2015,
Bengtssonet al. 2019, Herzonet al. 2021, Fagundez and Ponteve@ambal 2022,



Duddiganet al. 2024, Maleket al. 2024) In northern Europe, a mosaic of semaitural
grassland and heathland, reflecting past land use patterns, was preserved for longer time due
to climatic limitation of crop cultivatio(Normandet al. 2017, Maliniemiet al. 2018,
Dengleret al.2020) However, also in northern Europe, livestock grazing abandonment has
accelerated over the last decades, mirroring patterns from other parts of the continent
(Cousinset al. 2015, Auneet al. 2018, Stoesseét al. 2022) Cansequences of this
abandonment are colonisation of shrubs, heath and trees, such as birch, in these traditional
open landscapg®/owles and Bjork 2019, Mekonnest al. 2021, Parkeet al. 2021)and
afforestation of abandoned grazing land as alternative lan(Fuggenset al. 2020, Tau
Strandet al.2021, Aslaksemt al.2025)

As natural grazing on uncultivated land has been emphasised as potential contribution to
landbased SOC sequestration, a better understanding of the consequences of ceased
traditional livestock grazing for C dynamics is nee@@edngalet al. 2020, Bardgetet al.

2021, Borer and Risch 2024, Pillar and Winck 20BR&sponses of C dynamics to cessation

of grazing in comparison to continued grazing have been classically studied with fenced
exclosures, restricting the access of herbivores to an experimeritalithim grazed land
(Starket al. 2015, Franlket al. 2018, Forbeet al. 2019) Metaanalyses and syntheses that
analysed studies on grazed and ungrazed land globally showed often inconsistent results with
both positive, negative and neutral effects of grazing for C uptake and SOC storage
(McSherry and Ritchie 2013, Abdakd al. 2018, Forbegt al. 2019, Quet al. 2024, Niuet

al. 2025) One repeatedly drawn conclusion stresses that-gfontvs. longterm grazer
exclusion may have different effects Gruptakg(Stanleyet al.2024, Jieet al.2026) Often,
experimental grazer exclusion initially increases C uptake. However, most of such exclusion
treatments are applied on a short time scale (< 10 years) in grassland or heathland that co
developed with herbivores for centuries to millen(iaice et al. 2022) A long grazing

history leaves a legacy in the ecosyst@iichunas and Lauenroth 1993or example,
nutrient availability and vegetation composition are typically modified towards more
productive pants and soilgValls Foxet al. 2015, Ferraret al. 2024) In the shorterm, a
productive plant community can response with enhanced C uptake to the release from
grazing. Such effects are relatively well documented and suchtshworttreatments can
improve recovery of grasslands that have been overused aadeddHu et al. 2016,
Bardgettet al.2021)

14 Lon-g er mer specti ve

With increasing time since grazing ceased, different outcomes may evolve, although
empirical evidence of lonterm effects is much weaker due to a low number of available
studies(Saccone and Virtanen 2016, Standgyal. 2024, Niuet al.2025) In the longterm,

such as after multiple decades, nutrient availability may fade without additional inputs from
animal faeces and urirfBardgett and Wardle 2003, Van der Véahl.2004, Barthelemt

al. 2018) Plant litter accumulation, expanding moss cover @yrasation of tall shrubs and
trees can modify light availability, soil temperatures, soil moisture and soil microbial activity
with cascading effects for gross primary production and ecosystem respixioder Wal

and Brooker 2004, Van der Wal 2006, Chrigtial. 2015, Te Beestt al.2016, Jiangget al.

2024) For example, several lortgrm studies have found negative responses of plant and
soil biodiversity that did not unfold in the shaeerm(Porenskyet al.2020, Priceet al.2022,
Schramaet al 2023, Shiet al.2024) Some studies that applied a malécadal to centennial



perspective of grazing impact showed that areas with more intensive traditional use have a
higher productivity than the surrounding, less intensively used, landscape as a historical land
use legacyFosteret al.2003) Such 0i s | EHndgten andfValdne 2014avei t y 6
been identified in such contrasting ecosystems as abandoned reindeer herding pens in arctic
ScandinavigFreschett al. 2014, Egelkrautet al. 2018, Starket al. 2019, Castafiet al.

2023) or preferred resting places of nonmagiastoralists in Mediterranean grasslands
(Vidaller et al. 2022)and African savann@Marshallet al. 2018) Similar to the results of
Egelkrautet al. (2018a) introduction of reindeerRangifer taranduson the previously
herbivorefree subarctic Aleutian islands caused a shift in dominance from shrubs to
graminoids at preferred foraging spots, thereby improving foraging resources of the
established reindeer populatiRiccaet al. 2016) Few other studies have studied either
SOC dynamics or C&fluxesin grazer exclosures that have been maintained for multiple
decades. These lofigrm perspectives indicated that the siiern benefits for C uptake
associated with cessation of grazing are only temporal and C uptake in thterlonig

fading relative & continued grazed land, including arctic tunflraraet al. 2017) alpine
grasslandWelkeret al. 2004) steppe grasslan&rzic et al. 2014, Huet al.2016, Borket

al. 2023) Calluna heathland (Liet al. 2023; cut not grazed), boreal forest understory
(Kantola et al. 2024) or subarctic grasslandThorhallsdottir and Gudmundsson 2023)
Despite an increasing number of studies, more data beyond single sites are needed to
understand the consequences for C cycling associated with the ongoing livestock grazing
abandonment and extirpation of wild herbivores in natural and-isatural grassind and
heathland(Atwood et al. 2020, Pillar and Winck 2026)The FAO declared 2026 to the

Ol nternational Year of Rangel anddtodeitdr Past or
understand the ecological implications of these sys{Bmiske et al.2026)

1.5 1 cel and M@asledy st em

In a pilot study, Thorhallsdottir & Gudmundsson (2023) outlined unique conditions in
Iceland to comprehensively study leteym effects of grazing and cessation of grazing for

C cycling. Iceland is one of the last remaining regions in Europe with extesssnr@atural
grassland and heathland that have been maintained by traditional livestock grazing in the
lowlands (below 200 m a.s.l.) for a millenniufigure 1-2; Helgadottiret al. 2014 Rosset

al. 2016;Dengleret al.2020). Approximately 35% of the Icelandic lowlands are natural and
semtnatural grassland and heathland which are, to a large degree, still used for livestock
grazing Table 1-1; Ottosonet al. 2016). Due to climatic limitations, most land has never
been cultivated or otherwise altered by human activities, except for the introduction of
livestock grazing approximately 1100 years dBosset al. 2016) Most grassland and
heathland are grazed by fremaming sheepQvis arie$ during the summer morghCloser

to farms, also fenced pastures exist where sheep, h&gesy ferus caballjsand cattle

(Bos tauru¥ graze for shorter periods between spring and au{D®iourneauset al.2024)
Commonly horses are kept outside all year round and graze on fenced pastures during
winter. Although, livestock grazing in Iceland is still more common than in other parts of
Europe, animal numbers have declined over the last decades, resulting in expanding areas
where grazing is abandoned. For example, relative to 1980, sheep nambaciive sheep
farmshave declined by more than 50%ith area used for grazing continuously declining
(Johannesson 2025; Statlce 20R4dble1-2).
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As part of the Palaearctic biogeographic redDengleret al. 2014) plants that have
colonised Iceland after the last glacial maximum share a long grazing history with herbivores
from EuropgWillerslevet al.2014, Alsost al.2021, Thorhallsdbttir 2021) Prior to human
colonisation, Icelandic ecosystems developed without mammalian grazerse&altsgical
research indicates that the fully vegetated lowlands were likely a dynamic mosaic of open
birch woodlands, heathlands, grasslands and peatlandseritgguisturbed and re
configured by volcanic eruptior&eirsdéttiret al. 2020, Edward=t al. 2021) Although

the extent of presettlement ecosystems is still highly debaf€eirsdéttir et al. 2020,
Harninget al. 2025, Kjeeret al. 2025) grasslands likely expanded with the introduction of
livestock, analogue to graminoid proliferation in grazed tundra and with recent introduction
of reindeer to the sulrctic Aleutian island§van der Wal 2006, Riccet al.2016, Starlet

al. 2023)



Table1-1: Area distribution of Icelandic habitat classes across the lowlands below 200 m
a.s.l. (24.4% of total land areaDifferent grassland and heathland habitat types further
detailed (in italic). Habitat class names and data are based on the Icelandic habitat types
map, curated by the Natural Science Institute of Iceland (https://vistgerdakort.ni.is/
[accessed 22.02.2026]).

Area  Proportion of

Habitat class (km?) lowland (%)

<200 m a.s.l. 25,105.6 -

Iceland total 102,715.1 -

Northern boreal Festuca grasslands 84.0 0.3
Wavy hairgrass grasslands 123.7 0.5
Icelandic Festuca grasslands 366.2 15
Insular NardusGalium grasslands 96.9 0.4
Boreasubalpine Agrostis grasslands 863.3 3.4
Boreal tufted hairgrass meadows 380.1 15
Icelandic Carex bigelowii grasslands 481.7 1.9
Grasslands 2,395.8 9.54
North Atlantic boreealpine heaths 2,281.8 9.1
Icelandic lichen Racomitrium heaths 248.4 1.0
Icelandic Empetrum Thymus grasslands 545.8 2.2
Oroboreal mossiwarf willow snowbed communities 104.7 0.4
N. Atlantic VacciniunEmpetruraRacomitrium heaths 1,330.1 5.3
Icelandic Racomitrium grass heaths 525.8 2.1
Arctic Dryas heaths 1354 0.5
Icelandic Carex bigelowii heaths 386.7 1.5
Oroboreal willow scrub 551.2 2.2
Icelandic Salix lanata/S. phylicifolia scrub 144.9 0.6
Heathlands 6,254.7 24.91
Wetlands 3,464.3 13.80
River plains 2,074.4 8.26
Lavafields 1,721.7 6.86
Mosslands 1,511.3 6.02
Icelandic birch woods 1,204.6 4.80
Freshwater 1,173.2 4.67
Disturbed gravel and sand land 1,077.0 4.29
Coastlands 904.0 3.60
Artificial habitats 565.8 2.25
Scree slopes 501.7 2.00
Mixed forestry plantations 429.5 1.71
Regularly or recently cultivated agricultural 1,757.0 0.07
Icelandic exposed andic soils 5.6 0.02
Glaciers 61.4 0.00
Geothermal land 0.3 0.00




Currently, land use is reported as the most important contributor to greenhouse gas (GHG)
emissions in thiatestNational Inventory Report of Iceland, with grazed land as a significant
GHG sourcegKeller et al. 2026). In previous studies, fre@aming sheep grazing has been
consistently associated with largeale land degradation and C los@darteinsdottiret al.

2017, Barrioet al. 2018) However, dat@locumentinggrazing effects on the C storage of
grazed land arkighly limited, acknowledged as majancertainty by Kelleet al. (2026)

(p. 35#361) So far, it has not been addressed how cessation of grazing affects C storage in
Icelandic grassland and heathland that have been used for livestock grazing over long time,
despite their large spatial extent. Following emerging theory about herplastesoil
interactions, grazed grassland and heathland could be significant but overlooked C sinks,
accumulating SOC with tim@~igure 1-1; Kristensenet al. 2022; Norderhaugt al. 2023;
Thorhallsdottir and Gudmundsson 20Bardgett 202h

Previous surveys have found that mineral soils in the Icelandic lowlands store vast SOC
stocks even though they have been used for livestock grazing over ceftbskasssoret

al. 2004) The soils of Iceland are of volcanic origin, termed AndogAlmalds 2015)
Andosols are typically rich in SOC due to the high availability of stextiured mineral
surfaces that can bind organic C, especially with sufficient nitrogen s(dalys et al.

2014, Leblanst al. 2017) With frequent aeolian deposition ak$h, rapidlyweathering
parent material from volcanic eruptions, andosols are typically less likely to become
saturated with MAOC, and hence provide a strong opportunity to study grazing effects for
SOC sequestration, without constraining saturation esf{@ahlgrenet al. 2004, Decet al.

2012, Paradat al.2024)

Table 1-2: Livestock numbers for whole IcelanBata are showrfrom 1980 to 2020
(according to yearly autumn reports) and number of active sheep farms between 1990 and
2025 adoptedrrom Johannesso(025 and Statlce(2026)

Year Sheep Horse Cattle Sheep farmé

1980 827,927 52,346 59,933 -
1990 548,508 71,693 74,889 3192 (1993)
2000 465,777 73,995 72,135 -
2010 479,841 77,164 73,781 2785 (2008)
2020 401,022 58,466 80,643 ~1500 (2025)
AReference year in parentheses

Natural woodland cover in Iceland is low, approximatélyo of thelowland aregTable

1-1). Following incentives to promote tree cover, afforestation exclosures were erected
within grazed land on many farms all around Iceland during the last decades. Most of these
exclosures were never fully planted and provide nddtadal fence contrasts betwee
grazed and ungrazed grassland or heath(@imdrhallsdottir and Gudmundsson 2023)
Within the ExGraze project, sites with fenced exclosures adjacent to continuously grazed
land have been mapped all around Icel&watmy dissertationl used such longerm fence
contrasts as unintentional experimental sites to studytkenng changes in C uptake and C
storage associated with cessation of grazing. Thastilz climate and low woodland cover

limit tree colonisation of ungrazed land in Icelaart ungrazed exclosures remain often as
open grassland for decad@srigo et al. 2023, Behrendet al. 2025) Instead of tree
successionencroachment ofieathland (including ericaceous shrubs, mosses, lichen) and
deciduous shrubs (e Betula nanainto abandoned grandhas been reporteAlfredsson



2018, Garcia Criadet al. 2025, Rydeet al. 2025) Such state transitions have also been
documented from graminoid tundra shifting into shrub or moss and lichen tundra in the
absence of herbivorg¥an der Wal 2006, Te Beest al. 2016, Starket al. 2023) Such
vegetation changecould have further cascading effects plantsoil interactions andC
dynamicsover time, including shifting C allocation pattern, nutrient cycling, root dynamics
and mycorrhizal associatiofBeslippe and Simard 2011, Sgrens#ral. 2018, Mekonnen

et al. 2021, Parkeet al.2021, Castafiet al.2023) Thus, to reveal how C cycling through

the plantsoil system differs in grazed and ungrazed land,-teng perspectives are needed
(Saccone and Virtanen 2016)

16 Scope and Aims of this Disserta

With the dissertation thesis, | aim to gather empirical data from a broad rangeastsab
grassland and heathland sites to elucidate how the cessation of grazing affects C cycling in
these key sufarctic ecosystems in the lotgrm to expand evidence gathered from short
term treatments. | use both grassland and heathland as two contrasting vetypiasitiat

are both widespread and used as grazing land in Iceland and otkeculegions, thus
findings from this thesis can have implication beyond study regiorfMyers-Smithet al.

2011, Wang,et al. 2016, BoulangefLapointe et al. 2022, Defourneawet al. 2024)
Grassland and heathland carepost in similar abiotic conditions and one or the other might
dominate as a result of land use practices or ssgalk difference in soil properti¢se
Beestet al. 2016, Vowleset al. 201h, Egelkraut,et al. 201&). Following the proposed

aim, this thesis is guided by four major objectives that are addressed in separate chapters:

) | aim to understand how grazing vs. letegm cessation of grazing influences
growing season C&fluxes between the land and the atmosphere (GPP and ER)
in grassland and heathland as a measure for the C sink strength, measured as
the net ecosystem exchange obQEE) (Chapter IlI).

With this objective, | provide a quantitative assessment over a broad range of study sites in
grassland and heathland about the C sink strength in grazed and ungrazed land for these two
major subarctic plantcommunities Following findings of a global synthesis of grazing
effects on grassland greenhouse gas fl({Rasgalet al.2020)and a synthesis of arctic GO

flux studies(Seeet al.2024) | expect that Icelandic grassland and heathland are overall net
sinks for atmospheric GOIn grassland, speatfally, | expect reduced net GOptake (NEE)

and photosynthetic activity (GPP) due to s#lading of accumulating litter and reduced
tillering of photosynthetic active shoots in the absence of gréBiag et al.2014, Metcalfe

and Olofsson 2015, Malet al.2022) Contrary, in heathland, | expect taller growth of heath
and shrubs witlncreasedyreen biomass in the absence of grazing, resulting in higher net
CO» uptake compared to grazed heathlg§Bdrensenet al. 2018, Sundqvistet al. 2020,

Min etal. 2021)

(i) | aim to analyse to what extent direct measurement of fi@es can be
substituted by remotgensed NDVI as a cesind timeefficient means with the
potential to upscale point measurements from our study sites towards the wider
landscape (Chapter 1V).
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| expect that GPP and NEE can be estimated using gioasetd NDVI, measured on the
same scale as the direct £itixes(Streetet al.2007, Siewert and Olofsson 2028rther,

| expect that grounthased measurements of NDVI and lDxes can be calibrated with
satellitederived NDVI and upscaled to the regional scale for comparable land cover types
(Williams et al.2008, Nestolat al.2016, Juutineet al.2017, Bazzet al.2023)

(i) I aim to quantify the distribution of SOC in grassland and heathland soils and
thelong-termeffect cessation of grazing on the SOC stocks. Although, baseline
SOC dataprior to cessation of grazingre missing from the sites, | further aim
to determine how SOC sequestration differs between grazed and ungrazed land
(Chapter V).

Following the hypothesis of Kristensehal.(2022) that grazing can enhance the formation

of persistent SOC in grassland, | expect to find higher SOC stocks in grassland than in
heathland and in grazed land than in ungrazed land, driven by a higher transfer of
photosynthetically assimilated C belaround and higher soil microbial activity in grazed
grassland compared to other lgB@i and Cotrufo 2022, Franzluebbers 2022, Staeley.

2024) Further, | expect to find enhanced soil nitrogih availahlity in grazed relative to
ungrazed land from dung and urine which is an important driver of micrdéialed SOC
accumulation in mineradssociated organic matt@®ifieiroet al. 2010, Schrama, Veer{

al. 2013, Soussana and Lemaire 2014, Lavadted. 2020)

(iv) | aim to quantify how the root systems in grazed versus {t@rgn ungrazed
vegetatiortypesdiffer and how the density, distribution and morphology of roots
relate to SOC dynamics (Chapter VI).

As the major pathway of photosynthetically assimilated C into the soil is through roots rather
than from aboveround biomass, | expect that root traits can help to explain the distribution
of SOC in the study sitédacksoret al.2017) | expect that the vegetation allocates more C
aboveground in the absence of grazing to escape-séelfling and competition of
neighbouring plantegether with less root turnoyerhenN availability is limited without
inputs from grazing animalidicated bya lower fire root density and a more conservative
rooting strategyVan der Wakt al.2004, Gouglet al.2012, Oiatibiat al.2017, Eskelinen

et al.2022, Reret al.2024)
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2 Chapter 1 1: Study Site
Met hodol ogy

21 Study Sites

The study sites for this PhD project were spread across the Icelandic lowlands below 200 m
a.s.l. in grassland and heathland used for livestock grazing. The limit of 200 m a.s.l. was not
predetermined, but it is commonly considered as the limit of perrhaetiement and active

land use, thus lonterm exclosures within grazed land were typically distributed below this
elevation With the aim to study lonterm fence contrasts of grazed and ungrazed land,
digital surveying of historical and recent aerial photographs was used to map potential grazer
exclosuresMost potential sites were thereby identified as afforestation exclosures that were
only partly planted and included substantial open, treeless land within the exclosure, as
visible from aerial photographs. The used imdgmbases were publicly available through

the Natural Science Institute of Iceland (loftmyndasja.gisadt.is) and Loftmyndir ehf.
(map.is). A database of active sheep farms in Iceland was used-gel@ce continuous
grazed land adjacent to grazer exclosures (accessible through map.is). In addition to this,
land use information was gathered from locald@wners to locate suitable sites. Suitable
study sites were selected according to a set of criteria to ascertain that environmental
conditions were comparable between grazed and ungrazed land prior to the establishment of
the grazer exclosure$gble2-1). Due to this careful study site selection, | am confident that
differences in C dynamics between grazed and ungrazed land are primarily related to the
presence or absence of grazing and not to confoundingpstafic factors unrelated to
grazing.

Table2-1: Criteria for study site selectio@onditions thahad to be met4) and conditions
that could not be preseng () are outlined.

Criteria for study site selection

¢ > 20 years of grazer exclusion
¢ Grazed and ungrazed land directly adjacent to each other, just divided by a f

¢ Known and onsistent land use history prior and after cessation of grazing

S

Permanent exclusion of grazers since cessation of grazing

S

Equal abiotic conditions in grazed and ungrazed land (topography, aspect, hydr
Measurement plot in exclosure mpdéanted by trees

No other human alteration than grazing (ploughing, fertiliser, drainage)

No organic soils (peat)

Full vegetation cover in grazed and ungrazed land
Located in lowlands below 200 m a.s.l.

€ 6 O « K
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Figure 2-1: Study sites across Iceland in different dominaggetationtypes The sites
were clustered in the eastern, northern (arourdat), western (around Hvanneyri) an
southern part of Icelandbrokenline ellipses) Hélar and Hvanneyri are marked ¢
research stations from where the data collection at the sites was operated. The bl:
marks the 200 m a.s.l. contour line

Eventually, 34 sites across Iceland met the criteria and were used in thisRlgesisX-1).

All studied sites consist of lopgstablished (> 20 years) fence contrasts, with paired
continuously grazed land on one side and land where grazing ceased multiple decades ago
on the other side of the fence. The selection included relatively yourp(2€ars, n = 9),
mediumto-old (3150 years, n = 13) and old (8B years, n = 12) exclosuregaple 2-2).

They span an elevation gradient from 5 to 198 m a.s.l. The climate across the study sites is
subarctic, according to KoppeBeiger classification. At the closest meteorological station
(within 30 km from individual study sites), mean annual temperatures range from 2 to 4.5
°C with a mean 3.2 °C (summer: 7.41°€0.3 °C) and mean annual precipitatrange from

470 to 1234 mm with a mean of 733 mm (summer: 95in8W4 mm) for the time periods

196171 1990 or 1981 2000 {Table2-2). On the grazed land, animal densities and grazing
regimes will have varied between sites and over time, but all locations had been grazed
throughout time, confirmed by landowners (before and after grazer exclosures were erected).
Most of the sites werergzed by sheep or horses on the grazed land, but some sites were also
grazed by cattle or a combination of théfigre2-2, Table2-2). According to landowners,

both sides were managed identically prior to cessation of grazing, i.e. both sides were equally
grazed. Thus, the grazed land is treated throughout the whole thesis as reference control and
the longterm fenceebut land as grazeexclusion treatment.

14



Table2-2: Summary information of the selected study sites for the dissertatiemames
of the study sites refer to the farm associated with the site. Throughout the thesis, the site ID
is used for site identity instead of the study site name.

Region Study site ID Latitude Longitude
Gunnasstadir Gun 66.154 -15.431
Hjaltalundur Hja 65.517 -14.236

Holt Holt 66.152 -15.496
Leirhofn Lei 66.404 -16.491
Prestlolar Pho 66.260 -16.396
Presthvammur Phv 65.830 -17.311
Reykjahdll Reyk  65.892 -17.299
SkaBaborg Skb 65.966 -17.359
Viodastair Vid 65.560 -14.296
Alfgeirsvellir  Alf 65.493  -19.439
Bergsstadir Ber 65.446 -19.713
Geitaskad Gsk 65.604 -20.107
Larusatundur LL 65.411 -20.298
Miohép Mh 65.478 -20.466
Orlygssta&ir Orl 65.502  -19.289
Rodull Rod 65.632 -20.218
Skrida Skr 65.707 -18.387

Sydri-Baggisa SB 65.666 -18.398
Haukadalur Hau 63.975 -19.965

Hoélar1943 H43 63.986 -19.934
Hdélar1960 H60 63.988 -19.935
Hvammur Hva 64.048 -20.126
Skal6o Skl 64.019 -20.074

Skarfanes1940 Sk40 64.055 -19.992
Skarfanes1990 Sk90 64.055 -19.992

SSSSSSSSSVLVLVLVLVLVVWZZZZZZZZZMAMMMMMMMM

Gilsbakki Gil 64.724 -20.986
Hoall Holl 64.528 -21.345
Lundur Lun 64.555 -21.386
Melaleiti Mel 64.419 -22.017
Oddsstair Odd 64.539 -21.305
Steindirstadir Stein  64.655 -21.242
Stori-As SA 64.697 -21.033
Porgautsstéir ~ Thor 64.712 -21.304
Vatnsendi Vatn 64.544 -21.577

Region: E = East, N = North, S = South, W = West
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ID Days Elevation MAT MST (JJA) MAP MSP (JJA) Ref. period
m a.s.l. °C mm
Gun 2 5 3.1 8.7 561.5 133.9 19842004
Hja 1 6 2.3 8.8 516.9 127.6 19661998
Holt 2 52 3.1 8.7 561.5 133.9 19842004
Lei 2 20 2 7.4 732.4 145.0 19611990
Pho 2 25 2.7 8.3 563.8 174.7 19611990
Phv 2 45 2.1 9 629.5 134.0 19621991
Reyk 1 198 2.1 9 629.5 134.0 19621991
Skb 2 52 3.4 9.6 721.8 155.5 19611990
Vid 1 41 2.3 8.8 516.9 127.6 19661998
Alf 6 186 2.4 8.8 469.5 128.9 19611990
Ber 6 190 2.4 8.8 469.5 128.9 19611990
Gsk 6 67 3.1 9.1 476.5 123.3 19822001
LL 5 32 3.1 9.1 476.5 123.3 19822001
Mh 5 48 3.1 9.1 476.5 123.3 19822001
Orl 6 40 2.4 8.8 469.5 128.9 19611990
Rod 5 118 3.1 9.1 476.5 123.3 19822001
Skr 6 70 3.2 9.9 489.6 95.4 19611990
SB 5 174 3.2 9.9 489.6 95.4 19611990
Hau 3 102 45 10.3 1234.4 274.3 19611990
H43 2 110 4.5 10.3 1234.4 274.3 19611990
H60 2 95 45 10.3 1234.4 274.3 19611990
Hva 3 76 3.6 9.9 1105.8 274.2 19611990
Skl 3 144 3.6 9.9 1105.8 274.2 19611990
Sk40 2 165 4.5 10.3 1234.4 274.3 19611990
Sk90 2 165 45 10.3 1234.4 274.3 19611990
Gil 7 183 3.2 9.3 733.5 169.1 19571986
Holl 7 74 3.2 9.3 733.5 169.1 19571986
Lun 7 67 3.2 9.3 733.5 169.1 19571986
Mel 4 13 4.3 9.7 792 172.6 19651987
Odd 7 64 3.2 9.3 733.5 169.1 19571986
Stein 7 63 3.2 9.3 733.5 169.1 19571986
SA 7 98 3.2 9.3 733.5 169.1 19571986
Thor 7 59 3.2 9.3 733.5 169.1 19571986
Vatn 6 122 3.3 9.6 904.6 173.1 19631994

Days: Measurement days for efluxes

Climate: MAT = Mean annual temperature, MST = Mean summer temperature (JJA
JuneJuly, August), MAP = Mean annual precipitation, MSP = Mean summer
precipitation (June, July, August), Ref. period = time period for climate data from ne:
meteorological station with sufficient time series (< 30 km)

(continued)
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ID Dominant vegetation Vegetation Exclosure  Grazing animals
Grazed Exclosure type category age (years)

Gun Grassland Heathland Successior 34 Sheep/Horse

Hja Grassland Heathland Successior 80 Cattle

Holt Heathland Heathland Heathland 30 Sheep

Lei Heathland Heathland Heathland 72 Sheep

Pho Grassland Grassland Grassland 22 Horse

Phv Grassland Heathland Successior 42 Horse

Reyk  Heathland Heathland Heathland 42 Sheep

Skb Heathland Heathland Heathland 42 Sheep

Vid Heathland Heathland Heathland 22 Horse

Alf Grassland Grassland Grasslan_d 52 Sheep/Horse
Heathland Successior

Ber Grassland Grassland Grassland 42 Sheep/Horse

Gsk Grassland Grassland Grassland 22 Sheep/Horse

LL Grassland Grassland Grassland 52 Horse

Mh Grassland Grassland Grassland 27 Horse

Orl Grassland Grassland Grassland 52 Sheep

Rod Heathland Heathland Heathland 52 Horse

Skr Grassland Grassland Grasslan.d 66 Horse
Heathland Successior

SB Grassland Grassland Grassland 60 Sheep/cattle

Hau Grassland Grassland Grassland 33 Sheep

H43 Grassland Birch woodland Successior 80 Sheep

H60 Grassland Birch woodland Successior 63 Sheep

Hva Grassland Grassland Grassland 23 Horse

Skl Grassland Grassland Grassland 33 Sheep/horse/cattl

Sk40  Heathland Heathland Heathland 83 Sheep/Horse

Sk90  Heathland Heathland Heathland 33 Sheep/Horse

Gil Grassland Heathland Successior 33 Sheep

Holl Grassland Heathland Successior 45 Sheep/Horse

Lun Grassland Grassland Grassland 68 Sheep/Horse

Mel Grassland Grassland Grassland 28 Horse

Odd Grassland Grassland Grassland 43 Sheep

Stein Grassland Grassland Grassland 23 Horse

SA Grassland GJaSSIand Grasslan_d : 23 Sheep/Horse

eathland Successior
Thor Grassland Grassland Grassland 43 Sheep
Vatn Grassland Grassland Grassland 71 Sheep

Grazing animal = dominant herbivores during the measurement period

17
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Figure 2-2: Distribution of study site characteristics. The sites were evenly distrik
across the Icelandic lowlands (a) and most were in grassland (grazed and ungraze
fewer in heathland or succession from grassland (grazed) into heathland or
woodland (ungrazed) (b). Most sites were grazed during the measurement peri
sheep, horse or both; one sites was grazed exclusively by cattle (c). Exclosure ¢
evenly distributed over relatively young {20 years), mediufto-old (31-50 years) anc
old (51-83 years) exclosures (d).

The study sites were located both in grasslhedthlandand transitional vegetatiqiigure

2-2). The vegetatiotype was defined according to the dominant vegetatiothe grazed

part (control) as thigepresentshe vegetation before grazer exclosures were established.
Most sites were grassland (n = 26), dominated by graminoid and/or other herbaceous plants
(Figure 2-3a-d). The most common grassland species wagrostis capillaris,
Anthoxanthum odoratum, Avenella flexuosa, Bistorta vivipara, Careelobid, C.
vaginata, Deschampsia cespitosa, Equisetum arvense,
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Figure 2-3: Examples for study sites in different major vegetatypes In a-e the grazetr
exclosure is on the left side and the grazed land on the right side of the image. i
picture is taken from inside the grazer exclosure facing into the grazed land behi
fence. The vegetatiagpesrepresented in the photographs are Grassland in slope
and flat land (b), Succession from grazed grassland into heathland (c) and birch
(d), Heathland, dominated by deciduous shrubs (e) and Ericaceae (f). All photog
were taken by Christiaklopsch.

E. pratense, Festuca rubra, F. vivipara, Galium verum, Poa pratansiRanunculus acris.

Most grassland sites were dominated by grassland vegetation in both the grazed and
ungrazed side of the fence € 18;Figure 2-3a-b). Several grassland sites shifted from
grassland on the grazed part to either heathland (n = 6) or natural birch woodland (n = 2) on
the ungrazed part, either partly or completely, following cessation of grdzgy¢2-3c-
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d). These sites vwWweceessol brdt anvel-groupathend deidt h

grassland sites (Chapt8rand 4 or asan own vegetation category (Chapbeand §. At

three sites, the ungrazed plots did not shift consistently from grassland into heathland and
one (Gunnarssdir, Stori-As) or two (Skrda) subplots were defined as grassland, and the
other as heathland successiéw.one site Alfgeirsvellir), the landowner rstroduced

grazing in the ungrazed plot right before the stathefmeasurement period. Consequently,

the ungrazed plot for COlux measurements (Chapter 3 and 4) was moved to the next field
that was also not grazed for the same period and soil sampling (Chapter 5 and 6), not affected
by the recent réntroduction, was conducted on the original plot. However, the moved plot

for CO2 measurements was in a heathland succession (developed on grassland after grazing

ceased), thudl f gei rsvel lir is defined as O6Successi .

plot for soil sapling was in grassland andl f gei rsvel |l ir was def
Chapter 5 and ®Jost of the heathland sites were in the eastern part of Iceland and dominated
by heathland vegetation on both the grazed and the ungrazed side of the fence (n = 8).
Heathland sites were either dominated by deciduous shfighe€ 2-3e) or byEricaceae

(Figure 2-3f). The most common heathland species weetula nana, Calluna vulgaris,

Dryas octopetala, Empetrum nigrum, Salix herbacea, Saliargpv/accinium uliginosum

22 Study Design

At each site, one paired fence contrast was defined in an open and dry terrain pateh (> 50
50 m on mineral soil) in equal topography on both sides of the fence with a uniform
measurement schemiigure 2-4a-b). In the ungrazed exclosure plot, three-pldis were
randomly selected in-80 m distance from the fence and from the neighbouringpkib
mirrored in comparable terrain position (elevation, slope, aspect, distance) in the grazed plot.
Around each suplot, three permanent measurement points were defined in an equilateral
triangle with 1 m distance to the centre of the-pldt (Figure2-4c). For Chapter3 (CO;

flux measurements), 32 out of the 34 sites were used. The two sites, where grassland
transitioned into mature birch woodland (canopy height > 5 m) following cessation of
grazing were excluded because it was impossible to measwdl&&s of the whole
vegetation in the exclosures using the chanfilaesed approach. F@hapter4 (interaction

of NDVI and CQ flux), 17 out of the 34 sites were used. For this analysis, only grassland
sites with four or more sampling days were included. These sites were etdusteathe
western part (around Hvanneyri) and the northern part (arodtat)Hof Iceland Figure

2-1). ForChapter5 and6 (soil and root analysis), all 34 sites were included.

Data collection was conducted between Jsdptember over two years; in 2022 in northern
and eastern parts of Iceland and 2023 in western and southern parts of Icel@ihdter

3 and 41 performed all measurements during July and August, considered as peak growing
season (CeXlux, NDVI and complementary measurements). For logistical reasons, the data
collection was split into sites that were measured once ev2nywdeks and sites that were
measured less frequently. In all sites in the vicinity ofad (northern part) and Hvanneyri
(western part), from where the field campaigns were operated (n = 18, see encircled sites
around the two places Iigure 2-1), measurements were taken on four to seven days at
variable times between 8 AM and 7 PM, capturing a broad range of light and temperature
conditions to represent average conditions during the growing seAsmpendix 1:
Supplemental Figur8-2, Appendix 3 Supplemental Figur8-12 andSupplemental Figure
8-13). Depending on distance from the respective fieldwork base (rang8507km), the
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less frequently visited sites were measured once (eastern Icelar@bA R, n = 3), twice
(eastern and southern Iceland, B® km, n = 8) or three times (southern Iceland, 175 km,
n = 3) during the studyr@ble2-2). During each measurement day, | recorded vascular plant
species richness (presence/absence) in a 5 m radius around epbbt ®iilgrazed and
ungrazed pits at each site. The plant speciesflsteach sitas availablein Appendix &
Supplemental Tabl8-1 (nomenclature followingVN's o wi ¢ zAs & §eBeda) pattern,
mean, maximum and minimum species richness were larger in gremscc@mpared to
ungrazed plots, both in grassland, heathland and transitiegatationbetween grassland
and heathland/birch woodlan@gble 2-3). Across all sites, mean vascular plant species
richness was 37 in grazed plots (rangé@4pecies) and 29 in ungrazed plots (rangéd.1
species).

1 |

1 |

1 1 g

: ® n 1 n @ : Study site

1 I

| ) 1K ® |

1 : | | ;' i | ;' |

: 1l B : i ! ! Paired plots

1 @ : 1 Y 1 —alaa

1 | 1

: e O 2 0 e : D Subplot (soil samples,

! n : aboveground biomass)

: @ : 1 @ 1

1 | |

X ¥ i Measurement point

! : : : ‘ (CO: flux, NDVI, PAR,

: @ s ® . Teot, Msat, sward height)
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| e O 3 O e :

1 I
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| Exclosure | - : : = i Grazed : I

. (L [ AR D 1

Figure 2-4: Uniform sampling design at each study site. Each study site was divide
a paired grazed and exclosure plot by a fence, erected more than 20 years ago |
same sampling design was applied within threeobs in 520 m distance between ea
other and the fence in the grazed and exclosure plot (b). Permanent measuremer
for repeated C@flux measurements were installed in 1 m distance around thplsuin
an equilateral triangle (c). All photographs were taken by Christian Klopsch.

After the completion of C®flux measurements,o samples forChapter5 and 6were

collected from soil profiles from late August to late Septemb20a2 and 2028 collective
field campaigns, organised by the ExGraze project.
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Table 2-3: Vascular plant species richness across the study sites. For all sites combined,
and each of the regions and vegetatigmesmean, maximum and minimum species richness

are shown (n indicated number of sites per category).

Species richness of vascular plants

Region  Vegetationtype Plot Mean Max Min
ALL ALL Grazed 34 37 59 14
ALL ALL Exclosure 34 29 49 11
ALL Grassland Grazed 16 34 53 14
ALL Grassland Exclosure 16 26 42 11
ALL Heathland Grazed 8 41 57 32
ALL Heathland Exclosure 8 32 41 23
ALL Succession Grazed 8 45 59 35
ALL Succession Exclosure 8 37 49 26
E Grassland Grazed 1 37 37 37
E Grassland Exclosure 1 28 28 28
E Heathland Grazed 5 41 49 32
E Heathland Exclosure 5 34 41 29
E Succession Grazed 3 46 55 37
E Succession Exclosure 3 39 49 29
N Grassland Grazed 6 45 53 40
N Grassland Exclosure 6 35 42 24
N Heathland Grazed 1 57 57 57
N Heathland Exclosure 1 40 40 40
N Succession Grazed 2 36 37 35
N Succession Exclosure 2 31 36 26
S Succession Birch Grazed 2 23 24 21
S Succession Birch Exclosure 2 17 21 13
S Grassland Grazed 3 16 19 14
S Grassland Exclosure 3 16 21 11
S Heathland Grazed 2 32 32 32
S Heathland Exclosure 2 25 26 23
w Grassland Grazed 6 31 45 19
w Grassland Exclosure 6 22 34 13
w Succession Grazed 3 50 59 43
w Succession Exclosure 3 39 44 32
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23 Met hodol ogi cal Approaches to
Ecosystem Carbon Dynamics

2.3.1 CO3 Flux Measurements

To effectively apply the concept of natdvased solutions for climate change mitigation, it

Is critical to quantify C sink and source dynamics of ecosystems and associated land uses
(Borer and Risch 2024Dne approach to evaluate C sinks is to measupdi@@s between
terrestrial C pools and the atmosphere, whereby a net flux from the atmosphere into the
plantsoil-system corresponds to C sink and vice v€&hmanovet al.2007, Pumpaneet

al. 2010) On the other hand, changes of terrestrial C psalsh as vegetation or soil, can

be measured directly, whereby net increases over time correspond to C sinks and vice versa
(Kutschet al.2009, Lal 2018)In this thesis, both approaches are combined to determine the
current seasonal net C flux and the resultant cumulative C pool of the past decades in relation
to cessation of grazing.

CO; flux chambers are the major method to determine the nete®hange between the
atmosphere and the plasnil system in low vegetation when a large sample size and specific
land uses and vegetation communities are targ@éiliams et al. 2006, Virkkalaet al.

2018, Virkkalaget al.202%). The CQ flux is measured from changes in gg0ncentration

over time in the air over a small patch of land that is enclosed by the chamber, typically
using an infrared gas analys¢Pumpaneret al. 2004) Comparedo other methods, CO

flux chambers are cheap, mobile, flexible in size and allow for replicated measurements.
These features make them particularly useful in heterogeneous natural communities and
smallscale experimental treatments such as the fence contrasts between ghzed a
ungrazed land in this thesis. Traots of chambetbased flux measurements include a low
temporal and spatial resolution, high labour and time costs and potential erroneous
measurement in high wind or precipitation.

| used a closed dynamic chamber system to measueefl@@s for this dissertation,
composed of a custehuilt acrylic chamber (35 x 35 x 25 cmujth a sharpened aluminium
frame at the open end to efficiently seal the chamber with the soil s&ppendix 1:
Supplemental Figurg-1a,b) The chamber was connected to an infrared gas analyser which
measured C@concentration at one second intervals and calculated fld&es directly
based on C&concentration change over time within the volume of the chamber (EGM 5,
PP systems, Amesbury, USRumpanert al.2010. Each CQflux measurement consisted

of two paired CQ flux measurement series, performed on the same measurement point
(Figure 2-4) with an acclimation period in between to normalise; €@ncentration in the
chamber; one in ambient light (transparent chamber), to calculate net ecosystem exchange
(NEE) and one with all incoming radiation excluded (chamber covered with an opaque
hood), to calculate ecosysteespiration (ER; vegetation + soil respiration). Simultaneously
with each NEE measurement series, incoming photosynthetically active radiation (PAR;
umol m? 1), volumetric soil moisture (Mi; O - 100 % saturation) and soil temperature
(Tsoi; € C) i n -8ch)evere reqordeal,iusing & AR probe and a soil sensor attached
to the EGM5 (TRR3, PRsystems, Amesbury, USA; Hydra Probe I, Stevens Water
Monitoring Systems, Portland, USA). Additionally, sward height was measured at nine
rancdbm vegedition patches around each sulbt on each sampling day, using a A4 writing
blotter (160 g) placed on top of the sward and a folding (@swartet al. 2002) In total,
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2442 measurements of ER and NEE, together with environmental measurements were
performed during the measurement period.

2.3.2 NDVI Measurements

A complementary approach to estimate the net C exchange of an ecosystem is to use remote
sensingBeamishet al.2020) Remote sensing products are constantly improving in spatial
and temporal resolution with large publicly available datab&Seselick et al. 2017,
Andreattaet al. 2022) Using biophysical responses of vegetation to different spectral
wavelengths, various vegetation indices have been developed to analyse land cover and land
condition timeefficiently on large spatial and temporal scgBannariet al. 1995, Yanet

al. 2025) As the most widely used vegetation index the Normalised Difference Vegetation
Index (NDVI) provides information about the greenness (i.e. chlorophyll content) of
vegetation(Pettorelli 2013, Huangt al. 2021) It is based on the ratio between incoming

and reflected red and neiafrared light and returns a value betwe#&rand 1. Unvegetated

land has principally a value < 0 and increasingly dense and green vegetation has increasing
values towards 1. The biopsigal bas of the index is that green, chlorophsitth plant

tissue reflects less of the red light while it reflects more of the-nefildight compared to
nonphotosynthetic vegetation or unvegetated gro(Rdttorelli 2013) NDVI can be
assessed on a wide spectrum of pixel sizemnging from cry, using haneheld spectral
instruments over Ay using drones to kfn using satellite sensofSiewert and Olofsson

2020)

A major tradeoff associated with larger spatial resolution are a lower temporal resolution.
For assessing the net C balance, previous research showed that NDVI can be a proxy for
GPP, and partly for NEE and ER in grassland and heathland when measursitndara
scale and calibrated with direct measurements of @@xes such as chambbased
measurement@Nestolaet al. 2016, Argentiet al. 2022, Guomundssoet al. 2026) With

NDVI as indirect proxy for net C exchange, spatial and temporal limitatiookashber
based methods can be resolved and fi@es upscaled to a larger area, such as similar
vegetationtypes(Streetet al. 2007, Gudmundssoet al. 2026) However, with increasing
pixel size precision of upscaled €@uxes decreases due to land cover heterogeneity
(Assmannet al. 2020, Siewert and Olofsson 202)hus, the applicability of NDVI is
limited for the magnitude of COfluxes, but it can be a powerful indicator to define
thresholds for C sinks and sources in different vegetatjmesandland uses.

Before each C&flux measurement, | measured NDVI from 1.5 m above each measurement
point, covering the same vegetation patch as the subsequefiuC@easurement with a
ground area of 0.35 I A handheld pole and two channel sensors connected to a
SpectroSence 2+ data logger (SKR1849D/SS2, SKR1840ND/SS2, SKL906, Skye
Instruments, Llandrindod Wells, UK) were used to measure incoming and reflected red
(RED; 650 nm) and neanfrared (NIR; 800nm radiation. NDVI was calculated
automatically within the datagger as NDVI = (NIR RED) / (NIR + RED). In total, 2536
groundbased NDVI measurements were performed during the measurement period.
Additionally, satellitederived NDVI data (NDVdentine2) With a 10 m resolution were
derived for the same period and area as the grbasdd measurements (J@ugust 2022

and 2023) and for all of Iceland for JiAyugust 2023 from band 4 (RED, 665 nm) and band

8 (NIR, 842 nm) of the Sentin@l satellite imagdibrary, using Google Earth Engine
(Gorelicket al.2017) NDVlsentinelz Was calibrated with the grousithsed NDVI, using the
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NDVl sentineiz Value of the GPS locations of each measurement point. pRM2 and the
calibration with grounébased NDVI were further used to estimate average summer NDVI
and net C balance of the Icelandic lowland grasslands.

2.3.3 SOC Measurements

Both direct measurements of €fluxes and NDVI reveal only the instantaneous exchange

of CO» between the plargoil system and the atmosphere during the measurement; they
cannot determine whether C is ultimately stored or lost in the ecosystem over time. Through
other pathways, C may enter or leave the system, for example as lateral leaclsisgleédi
organicC in the soil solution or by bioturbation by soil organis(@s®ussanat al. 201Q

Kindler et al. 2011; Howisonret al. 2017; Nakhavaliet al. 2021, Don et al. 2024). Also,
interannual variability limits extrapolation of measurements from one year to the other
(Baldocchiet al.2018) Therefore, assessing actual C accumulation or loss over time is more
reliable by quantifying ecosystem C sto¢R®deghiereet al.2010, Poeplaet al.2011)

As noted above, in grassland and heathland ecosystems most C is storegrbetavas

SOC, rather than as plant biom&3dsbbagy and Jackson 2000, Scharlemetral. 2014)

Typically, SOC accumulation is slow, compared to C accumulation in biomass and detecting
reliable changes in SOC stocks requires {@rgh comparisons of contrasting treatments
(Stockmanret al. 2013, Rumpeet al. 2020, Stanlewt al. 2023) For example, to evaluate

net SOC sequestration, baseline SOC values prior to thetdamgtratment are needed

(Don et al. 2024) However, such reference values a
comparative studiéstypically the treatments were not originally established with SOC
accounting in mind. This limitation applies also for the sites selected in this thesis.
Consequentlya spacdor-time substitution approach was applied for the land use contrasts,
assuming equal conditions and equal SOC prior to the cessation of grazingpproach

widely used to infer longerm ecosystem development, such as in studies of primary
succeasion(Walker and del Moral 2003, Walket al. 2010) Differences in SOC stocks
between paired grazed and ungrazed land can, therefore, be interpreted as SOC change
associated with cessation of grazing either by SOC loss or sequestFatioaluebbers

2021, Silveiraet al.2024)

To quantify C stocks in vegetation and soil and for root analysis, ajrowed biomass and

soil samples were taken from each-gldit in all study sites following a standard protocol
(Appendix 1 Supplemental Figur&-1c): First, a soil profile was excavated on each-giah

to a soil depth of 60 cm, except for three profiles with shallower soils until bedrock started
(n = 201, Sk40 and Sk90 shared that same grazed plot with three soil profiles, but separate
exclosure plts & three soil profiles with different exclosure age) . Then, the boundary of the
soil profile was defined as the upper limit consisting of mineral material, following WRB
guidelineqIUSS Working Group WRB 20227\bove the soil profile boundary, total@ale-

ground biomass was sampled using a 16<d&t cm metal frame, driven into the vegetation,

cut off at the soil surface and stored in paper bags, in total 200 samples (one sample missing).
Above-ground biomass samples included live green biomass, dead standing biomass, woody
biomass (if present) andietached plant litter on the soil surface and werel@ad after
sampling. Subsequently, soil profiles were described for the percentage amount of coarse
fraction (parent material > 20 mm) and visual chargties, including colour, texture,
tephra layers (ash deposits of volcanic eruptions) and iron oxidation zones (indicating
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groundwater influence) in each soil horizon. Then, soil samples for bulk density, C and N
analysis and root analysigere collecteqAppendix I Supplemental Figurg-1c).

Three or more bulk density samples were collected from each soil profile with at least one
sample from @10 cm, 1630 cm and 3@0 cm. If variation in the profile was larger, the
number of samples was adjusted accordingly. Samples were collected ustatycyhneler

with sharp edges of 5 cm diameter and 5 cm depth pressed horizontally into the soil layer
and cut off from above. When the soil was too coarsely textured or too loosely packed to use
the soil cylinder, a soil block of predetermined volume watswith a knife. At least four
samples for C and N analysis were collected from #6@ @m soil profile, according to
previously defined soil horizon depth as complete blocks of % &htmx sample depth.
Sample depth ranged between 4 and 30 cm, but for most samples either 10 or 20 cm. All soil
samples were afilried after sampling and in total 710 bulk density samples and 893 samples
for C and N analysis were collected from 201 soil profiles.

Root samples were collected from every soil profile in four predetermined depth intervals:

0-10 cm, 1620 cm, 2640 cm and 4460 cm, in total 802 samples from 201 soil profiles.

Every root sample was taken as complete block with a defined soil volunmarot % cm
xsample depth. After sampling, root sampl es
samples were washed off from bulk soil (no later than 14 days after sampling and typically
within 7 days). Cleaned root samples were scanned using a flatbed scamixaiho
communitylevel root morphological traits, using digital image analysis of the root scans
(Freschetet al.2021b, Seethepallet al. 2021) After scanning, fresh and dry root biomass

was determined.

2.3.4 Application of the collected Data inthis  Dissertation

The data, generated through the field sampling campaigns, were used as the basis for the
four following chapters in this thesis and further sample and data processing, specific for
each chapter, are outlined in each chapter. Theflofodata were processed in Chapder

to establish whether grazed and ungrazed plots of the study sites were C sinks or sources
during the measurement period. NDVI data together withflli® data of the grassland sites
measured in greater detail (n = 17) were processed in €Hdapexamine the predictability

of CO, fluxes from NDVI. Soil C and N data were processed in Chd&ptequantify SOC

stocks in grazed and ungrazed plots of the study sites. Root biomass and root trait data were
processed in Chaptérto assess the density, distribution and morphology of community
level root systems at our sites. These data form a basis to study heterongessation of
grazing influences C cycling through the planil system compared to continuous grazed

land andprovide useful basime measurements for future studies at these sites concerning
further questions of C cycling or other ecological responses totéyng cessation of
grazing. To facilitate future research, all data and data analysis scripts are stored and publicly
availabe in Klopschet al. (2026).

26



3 Chapter I litieresgati on
Grazi Rgduc NetCar boUpt ake
| smubarctdrassl and and
Heat hl and

Abstract: In northern grassland and heathland, livestock grazing has historically been the
main land use. Today, traditional grazing is diminishing and ceased in many places with so
far unknown longterm effects for ecosystem carbon cycling due to the scardiypgterm
studies. We compared G@uxes in exclosures where grazing was ceased multiple decades
ago (2083 years) with adjacent grazed land across a broad range efatmal grassland

and heathland in Iceland. All 32 study sites, both grahstd and the exclosures, were net
carbon sinks during the growing season. However,-teng grazing cessation led to
considerable changes in ecosystem; @lOxes, with overall 37% less n&€O, uptake
(NEEsopg i n the exclosures (6Exclosure effect
sink and had a stronger OExclosure effect
Use Efficiency and Biomass Use Efficiency were 22% and 66% lower, respgdtivihe
exclosures compared to grazed pldtsseveral grassland sites, grazing cessation led to a
shift in vegetation to heathland. At these sites, d&Eas 72% lower in the exclosures. The
greatest reductions in NEdo occurred in the first 230 years following grazing cessation,

and further reductions with advancing age of the exclosures (> 50 years) were found when
grassland shifted into heathland. Our results showed thatéomggrazing cessation results

in a redeed carbon sink strength, highlighting the key role of grazing animalsdetaten
dynamics and carbon cycling in grassland and heathland.

31 Il ntroducti on

Grassy ecosystems, including grassland and heathland, cover about 40% of the Earth’s
surface and are vital for biodiversity, climate regulation and global biogeochemical cycles
(Bengtssoret al.2019, Stevenst al.2022) Due to extensive degradation, driven by kand

use change, overgrazing, abandonment of traditional pastoral practices, and declining wild
herbivore populations, these ecosystems are threatened gl@Baillygettet al. 2021,
Buissonet al.2022) In a global synthesi®angalet al.(2020)showed that grassland, when
grazed extensively, is typically a net carbf@) sink and soils of grazed grassland store
substantial organi€ despite regular biomass remoyRloy and Bagchi 2022)herefore,

soil organic carbon (SOC}$equestration through improved grazing management and
herbivoreplantsoil interactions have been proposed as promising but neglected- nature
based solutions for climate change mitiga{iGonantet al.2017, Schmitzt al.2018, Borer

and Risch 2024, Stanleat al. 2024) Howeve, mostC cycling models ignore the role of

L A version of this chapter jsublished

Klopsch, C., Thorhallsdottir, A.G., van der Wal, R., Bardgett, R.D., Thorsteinsson, B., Geirsdottir, A., 2026.
Long-term cessation of grazing reduces net carbon uptake in northern grassland and heathland. Agriculture,
Ecosystems & Environment 407, 11044ftps://doi.org/10.1016/j.agee.2026.110441
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grazing animals, limiting predictions @fcycling andC sequestratiom grazed ecosystems
(Viglizzo et al.2019, Roeet al. 2021, Rizzutcet al.2024)

In general, mammalian herbivores influence@l0xes between vegetation, soil and the
atmosphere indirectly abovand belowground through grazing activitigRizzutoet al.

2024, Trepelet al. 2024) Aboveground, grazing promotes herbaceous vegetation over
mosses, lichen and woody vegetation, thereby maintaining open ecosf¢tander Wal

2006, Olofsson and Post 2018elowground, grazing modifies soil microclimate and
nutrient cycling(Van der Wakt al.2004, Doughtyet al.2016, Liet al.2024) These effects

are particularly relevant in northern ecosystems, where cold climate and short growing
seasons limit nutrient availability and turnover rgestit Bonet al.2020) Together, these
grazing effects influence photosynthetic activity and respiration and control net ecosystem
exchange (NEE), i.e. the n@tsink or source strength of the ecosys{@®angalet al.2020,

Malhi et al.2022)

Particularly in northern Europe, traditional grazing created mosaics of -(seonal)
grassland and heathland, with grassland typically dominating where grazing activities are
relatively high and heathland, often dominateddajluna vulgaris developing under less
fertile conditions(Rosa Garciaet al. 2013, Rosset al. 2016, Vowles,et al. 201,
Norderhauget al. 2023, Rittlet al. 2025) Long-established grassland and heathland have
been shown to be importa@tsinks thattanaccumulatdarge amountsfdcSOC(Quinet al.

2015, Sgrenseret al. 201&, Duddiganet al. 2024, Lockwoodet al. 2026) However,
without disturbance, such as grazing, productivity is often diminishing in both grassland and
heathlandLi et al. 2023, Norderhaugt al.2023) Linked to grazing cessation and climate
warming, shrub expansion is a widely described phenomenon across northern ecosystems
(MyersSmithet al.2011, Mekonnet al.2021) with erect deciduous shrubs suctBadix

sp., or stresgolerant evergreen shrubs suaEapetrum nigrunexpanding into abandoned
grassland and heathlafdowles, et al.2017a, Maliniemiet al.2018) Productive deciduous
shrubs can modify microclimate and enhance both uptake and emission wh&low-
productive evergreen shrubs may reduce ©@jcling (Sgrensergt al.201&, Vowles and

Bjork 2019, Parkeet al. 2021, Myrskyet al. 2024) In grassland on the other side, self
shading and reduced tillering from basal meristems through litter accumulation may reduce
productivity when lef ungrazed over extended perid@®oreret al. 2014, Eskelineret al.

2022, Thorhallsdottir and Gudmundsson 2023)

Long-term effects of grazing cessation for @€, flux balance of northern ecosystems
remain poorly understood because most studies maintained grazing cessation for < 10 years
(Forbeset al. 2019, Niuet al. 2025) Such shorterm interventions often reflect legacy
effects of previous grazing, such as altered nutrient availability, vegetation composition and
structure which can promote reétuptake in the shoiterm (Egelkraut,et al. 2018, Wu et

al. 2025) Our study addresses this gap by comparingfi@es in exclosures where grazing

was ceased multiple decades ago with adjacent grazed land across a broad range of semi
natural grassland and heathland in Iceland. In the-temg, CQ fluxes may respond
fundamentally different to grazing cessation due to different growth strategies in grassland
and heathland and soil processes unfolding on different temporal scales relative to above
ground processedVard et al. 2014, Wang, Jet al. 2024) Iceland still retains extensive
seminatural grassland and heathtl in contrast to other parts of Northern Europe
(Helgadottiret al. 2014, Cousingt al. 2015, Auneet al. 2018) historically maintained by
freeroaming sheep without further cultivatiqRosset al. 2016) In Iceland, land use
changes are now also leading to accelerated grazing cessation, abandoned grassland and
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shrub expansion. The swaloctic climate and low woodland cover facilitates ldagn
comparisons of COfluxes between grazed and ungrazed grassland and heathland, as
succession into closexhnopy woodland is limited in Icelan@Behrendet al. 2025)
Specifically, we addressed the following research questions:

(1) How does longerm cessation ofjrazing affect C@fluxes and the net carbon
balance (NEE) during the growing season?

(i) How does time sinceessation ofrazing influence Cé&fluxes in grassland and
heathland, respectively?

(i)  How are vegetation structure and soil microclimate, factors that could influence
CO» fluxes, modified by the lontermcessation ofrazing?

3.2 Met hods

3.2.1 Study Design

In the Icelandic lowlands (< 200 m a.s.l.), approximately 35 % of land is-rezomal

grassland or heathland and used for livestock grazing, eitheroie®ng or in fenced

pastures closer to the farms during the growing sedbtarteinsdéttir et al. 2017,
Defourneauxet al. 2024) During the last century, livestock exclosures (hereafter
6excl osuresdo) were fenced off at many farn
promote afforestatiorhorhallsdottir and Gudmundsson 2028)any of these excloses

were never fully planted and provide leteym fence contrasts in grassland and heathland,
without the confounding effects of forest successgidrorhallsdottiret al.2013)

Local knowledge of land use from landowners and digital surveying of historical and recent
aerial photographs were used to map sites with exclosures, adjacent to continuous grazed
land. All sites were senmatural, unfertilised grassland and heathlandve&l60 m a.s.l.

Sites were selected according to the following criteria: known time of grazing cessation and
reliable land use information with confirmed historical grazing for the last centuries; similar
abiotic conditions on the grazed and ungrazed sediahe fence; complete vegetation
cover; and no known human alteration of the land except for the introduction of livestock.
While originally aiming for 40 sites, 32 sites across Iceland eventually met the criteria
(Figure3-1). The selection included young €30 years, n = 9), mediwuto-old (31-50 years,

n = 12) and old (5B3 years, n = 11) exclosureAppendix 2 Supplemental Tabl8-2).

Animal densities and grazing regimes will have varied, but all locations had been grazed
throughout timeThus, we used grazed land as control and-teng fenceebut exclosures

as grazing cessatidgreatment.

At each site, a grazed and ungrazed patch were matched and defined as paired plots (n = 2 x
32). Three suplots were randomly positioned in each ungrazed plot and duplicated in
similar elevation, topography and distance to the fence in each associatigcd (n = 2

x 32 x 3 = 192Figure 3-1). Around each sublot, three permanent measurement points
were marked out at 1 m distance to the-plah centre, in the shape of an equilateral triangle

(n =3 x 192 = 576). At these measurement points, flt&, abiotic parameters, NDVI and

sward height were assessed on each measurement day.
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Figure 3-1: Overview map of the 32 sites used in this stlithe sites werlcated in the
northern, eastern, western and southern part of Iceland below < 200 m a.s.l. Tl
symbols refer to the dominant vegetation. The general study design was composec
subplots surrounded by three permanent measurement points aeedyand ungraze
plot in each site (see box in the lower right).

The 32 sites were classified into two groups based on dominant vegetation in the grazed land
(Figure3-1) : 6grassl andbad, domi nat e degdtafionNg* 2¢mi noi d
and O6heathlando, dominated byvegbtatonndclBBpus or
Within the &6grass| angddo ugr oduspu,c caers sd bcidt iwarsa lc
shift from grasslandlominatedvegetationin the grazed plot to heathlawgidminated

vegetationin the exclosure occurred (n = 8). The most common grassland species were
Agrostis capillaris, Anthoxanthum odoratum, Avenella flexuosa, Bistorta vivipara, Carex
bigelowii, C. vaginata, Deschampsia cespitosa, Equisetum arvengzaténse, Festuca

rubra, F. vivipara, Galium verum, Poa pratensisd Ranunculus acrisThe most common

heathland species wdBetula nana, Calluna vulgaris, Dryas octopetala, Empetrum nigrum,

Salix herbaceandVaccinium uliginosum

3.2.2 Data Collection

CO:> flux measurements

A closed dynamic chamber system was used to measw#u@€s, composed of a custem
built acrylic chamber (35 x 35 x 25 cm) with a fan for continuous air mixing. The chamber
was connected to an infrared gas analyser which measurecb@¢ntration at one second
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intervals for 120 seconds (EGM 5, PP systems, Amesbury, B&Apanert al.2010. At

the end of the 120 seconds measurement series, thBu@Was automatically calculated

over the 120 individual measurements and used further asfi@Omeasurement. Two
paired CQ flux measurement series were performed at the same point with an acclimation
period in between to normalise @C@oncentration in the chamber; one in ambient light
(transparent chamber), measuring net ecosystem exchange (NEE) and onengibimatig
radiation excluded (chamber covered with an opaque hood), measuring ecosystem
respiration (ER; plant and soil respiration). Simultaneously with each NEE measurement
series, incoming photosynthetically active radiation (PAR; pmdlst), volumetric soil
moisture (Moi; 0-100 % saturation) and soil temperaturesi(T°C) in the topsoil (68 cm)

were recorded, using a PAR probe and a soil sensor attached to thé& EGRAR3, PR
systems, Amesbury, USA; Hydra Probe Il, Stevens Water Monitoring rBysteortland,
USA).

Measurements were performed during July and August. For logistical reasons, we worked
in 2022 in the northern and eastern parts of Iceland and in 2023 in the western and southern
parts. At all sites in the vicinity of diar (northern part) and Hvanneyri (western part), from
where the field campaigns were operated (n = 18, see encircled sites around the two places
in Figure3-1), measurements were taken on four to seven days at variable times &tween
AM and 7 PM, in variable light conditions to capture a wide range of environmental
conditions. Depending on distance from their respective fieldwork base4(bB&m),

distant sites in eastern and southern Iceland were measured once (n = 3), twice (n = 8) or
threetimes (n = 3) during the studpppendix 2 Supplemental Tablg-2).

NDVI and Sward Height Measurements

Before the CQflux measurements, NDVI, as a proxy for photosynthetically active biomass,
was measured from 1.5 m above each measurement point, covering a ground area of 0.35
m?. A handheld pole and two channel sensors connected to a SpectroSence 2+ data logger
(SKR1849D/SS2, SKR1840ND/SS2, SKL906, Skye Instruments, Llandrindod Wells, UK)
were used to measure incident and reflected red (RED; 650 nm) anthfrexad (NIR;

800nn) radiation. NDVI was calculated automatically within the data logger fron3-#q.

NDVI= ( NIR7 RED | ( NIR+ RED, Eq.3-1

returning values betweed to +1. Values below 0 generally indicate unvegetated ground
and values between 0 and 1 represent successively greener (i.e. chleniopés)l
vegetationPettorelli 2013) Additionally, height of the sward was measured at nine random
vegetation patches around each-pidi on each sampling day, using a A4 writing blotter
(160 g) placed on top of the sward and measured with a folding 8itavartet al. 2002)

3.2.3 Data Processing

All CO: flux values were converted into umol%s! and reported from an atmospheric
perspective, i.e. negative values correspond to absorption from the atmosphere and positive
values correspond to emissions into the atmosphere. Environmental variables {ffARJ T

Msoi) were averaged across each 120 seconds NEE measurement series. In 2023, PAR and
Tsoil Were higher § < 0.05) than in 2022 but without systematic bias between the grazing
contrast xodgriazi.n g yeas da tAppenid62: Supptemestal gable f | ¢ a n
8-3).
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Gross Primary Production (GPP)

Gross primary production (GPP) was calculated as GPP = INER. Actual GPP is
primarily driven by incoming PARRuimy et al. 1995) which varied between 51 and 1789
umol nmi? s, with a mean of 695 pmah? s*. To improve comparisons under variable light
conditions among sites and days, GPP was standardised to a common irradiance of 600 pumol
m? st using a light response curve (LRC) modelling appra&itaveret al. 2007) Four
seasonal community LRCs were modelled: two for grassland (maximum GPP >thum
2 51, maximum GPP < 20 umol #s!) and two for heathland (maximum GPP > 10 pumol
m? s!, maximum GPP < 10 umol s, Appendix 2 Supplemental Figures-3,
Supplemental Tabl8-2). The LRCs were calculated according to B4, adapted from
Strimbeck et al. (2019), using a sstarting nodinear leastsquares regression that fitted
model parameters with the lowest residual sum of squares as

GPRuw=( GPRaxx PAR | ( k+ PAR, Eq. 32

where GPRw = NEET ER, GPRax = rate of light saturated photosynthesis, and k = half
saturated constant of photosynthesis. With the model parameters, a seasonal community GPP
at PAR = 600 pmol mMs* and at each measurement PAR was calculated. The ratio between
both was then used as a correction factor in Egjt@estimate GP4do (Strimbecket al.

2019) as

GPRoo= GPRuw* (( GPRhaxx 600) / ( k+ 600)) / Eq. 33
(( GPRaxx PAR I ( k+ PAR)).

Ecosystem Respiration (ER)

Ecosystem respiration (ER) is commonly directly influenced by soil temperatsyie (T
Tjoelker et al. 2001) During the measurement periodseifanged between 8.4 and 31.7
“C, with a mean of 15.8C, and was positivelg or r e | at exas=@0.A40 h<0.BOR ( }
Appendix 2 Supplemental FigureB-4). Hence, to improve comparisons, ER was
standardised to a commogeifof 15 C using Eq. 34, following the temperature dependent
Qo appoach of Tjoelkeret al. (2001) that describes the increase in respiration pe10
increase in soil temperature as

ERi5= ERx Q015 Ts0il)10) Eq.34

where ERs = standardised ER tosdi = 15 C and Qo = 3.22- 0.046 * Tsoi (Tjoelkeret al.

2001).A standardised NE&owas then recalculated as the difference between @b&hd

ERus for each measurement, representing net ecosystem exchange at an average PAR of 600
umol m2 st and T of 15 °C.

Carbon uptake efficiency

To analyse th€ uptake efficiency of vegetation, the ecological light use efficiency (LUE)
was calculated (Eq-8), reflecting the capability of the vegetation to use incoming radiation
to absorlC (Gilmanovet al.2007), as

LUE= GPRaw! PAR. Eq.35
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To reflect the capability of the vegetation to use the standing biomass to abspbioG@ss
use efficiency (BUE) was calculated (Eg6)3as

BUE= GPPRool Sward height Eq.36

where sward height was used as proxy for alpreeind biomass and GRPwas used as
average C®@absorption, unconfounded by differences in PAR. Botlptake efficiencies
are reported from the plantés perspective,

3.2.4 Statistical Analysis

The effect of grazing c es@oaRisiNBEw NDVI,seard 6 E x c |
height, Toi, Msoi, PAR, LUE and BUE was tested, using linear mixed effects models (LMM)
to account for the structure -pfothensswueyg id

and Omeasur ement dayd nested in O6éyeard we
6gazing cessationd, 6domi nant vegetationé
interaction between both were specified. The effectasizdevel of significance of predictor

variables were retrieved from leagjuarespogt o ¢ t est s. T hgeoupobthec c e s s i
6grasslandd sites (n = 8), where grassl and

grazing, was specifically addressed in a separate LMM, using the same model structure and
response variables as aboweffeeend &édgrazing ce

Spearmandéds rank correlation was used to an.
parameters and CGQluxes in grassland and heathland. Further, linear regression was used

with a mixed effect model structure with the same random effects as described above, to
analyse how sward height was associated with ecosystem respiration. Sward height was used

as a poxy for grazing intensity in the grazed part or for biomass accumulation in the
ungrazed Appendix 2 Supplemental Figurg-5).

To explore the trend of CQluxes over the measurement season, the dataset was subsampled

to all sites with at least 5 measurement days (n = 17). Flux values were summarised into five
weekly intervals during the measurement period. Mean fluxes with their 95 % confidence
intervals were plotted along the timeline of the measurement period. Differences between
aggregated fluxes from grazed and ungrazed plots for each weekly interval were tested using
ANOVA with 6grazing cessatioant vewgekdati o
independent factors, followed by a leaguares means pedsbc test to determine the

A

significance of the O6Exclosure effectod.

From the contrast values, retrieved frompgosic t est s, an O6Excl osur e
as the percent change from Grazed (G) to Exclosure (E) either per plant community or across
all data using the Eq-3

Exclosure effect (%)= (GZ E)! Gx 100, Eq.37

where negative percentages indicate a lower value, and positive percentages indicate a higher
value associated with ungrazed relative to grazed land.

The effect of increasing time since grazing cessation relative to the grazed reference on CO
fluxes was analysed using LMM. For this analysis, all measurements were pooled and
reclassified to four categories of Oyears
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measur ement s

Oyear s o,
same random effect model structure as described above. Significant diffebetwesn

Oyear sbo V e g e t asguaresrmeans palwqtesta.e r e

for

6domi

each

fro®&0gyeaabeodoypeéaB $383, ayde@alr 6s55L

nant vegetationo

and

their

The

n i

teste

All data processing and statistical analyses were performed using R statistical software,

version 4.2.1R Core Team 2024yith the additional packages r{Baty et al.2015) Ime4
(Bates et al. 2015) ImerTest(Kuznetsovaet al. 2017) emmeans(Lenth 2023)and

multicomp(Hothornet al.2008)

Table3-1: Model diagnostics for effects of cessation of grazingtdtistics from ANOVA of

fixed effects from linear mixed effects models (LMM) across all sites for responses of CO
fluxes, Light and Biomass Use Efficiency (LUE,BUE) and environmental parameters with
vegetati on
between both as fixed effects (Significance indicated with bold numbers andkagter

6Gr azi

Random

ng

effects

cessationd

and o6Dominant

i np |leoatcoh

t he

Ssame

Oyear 6. fgroup oftsites thas shifted from grassland into heathland following
grazing cessation (O6successionod)
vegetati on 0 som=sSoilftampeeatlure,di ¥ Soitmoisturd
Grazing Domingnt G xV
Dataset Response cessation (G) vegetation (V)
F F F
All Sites  NEEsoo 63.0 *** 75 * 9.0 **
(N=32)  GPRy 79.9 ** 11.0 » 15.4 *
ERis 2.5 6.4 * 6.6 *
LUE 55.3 *** 12.6 ** 55 *
BUE 839.3 *** 13.1 *** 78.4 ***
NDVI 83.0 *** 1.3 176.6 ***
Sward height 1293.1 *** 1.1 72.2 ***
Tsoil 68.3 *** 0.7 8.6 **
M soil 206.9 *** 13.0 ** 7.4 **
Successior NEEgoo 313.9 *** - -
Sites GPRwo 551.5 *** - -
(n=8)
ERis 194.2 *x* - -
LUE 436.9 *** - -
BUE 1138.0 *** - -
NDVI 752.9 *** - -
Sward height  674.7 *** - -
Tsoil 131.5 *** - -
M soil 105.5 *** - -

Significance levels; ** < 0.001; ** < 0.01; * < 0.05
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33 Resul t s

3.3.1 The Effectof Grazing Cessationon Ecosystem CO 2 Fluxes
in Grassland and Heathland

There was a c¢clear and significant O6Excl osu
explaining most variation in the models for @D, uptake (NEkog) and gross primary

production (GPky; Table3-1). Across all sites, NEfgowas 37% lower in the exclosurgs (

< 0.001), with 20 % lower gross GQptake (GPRg p <0.001) but no differences in GO

emission from ecosystem respiration (ER = 0.119) relative to grazed plofEable3-2).

a) Grassland (n = 24) b) Succession (n = 8) c) Heathland (n = 8)

15

15

15

CO, fluxes (umol m=2 s™)

-20 . =20 —204

=25 =25 —25]

GPPgo0 ER15  NEEgQQ GPPgo0 ER15  NEEgQQ GPPgoo  ER15 NEEg00

. Grazed . Exclosure

Figure 3-2: Standardised C&fluxes in grazed and ungrazed laiMdean GPRoo, ERs,
and NEEgo are shown for (a) grassland sites (n = 24), (b) succession sites that <
from grassland into heathland without grazing (sarbup of grassland sites, n = 8) ar
(c) heathland sites (n = 8), derived from linear mixed effects models. Error bars nep
95 % confidence intervals. Different letters represent significant differences be
grazed and exclosure plots in each category following pairwise comparisorbqac
tests. Grey dots represent individual measurements.

Al COfl uxes responded significantly to o6dom
0grazi ngxd&domian a mtn dabked B.tindepandemt 6f grazed or not, post

hoc tests showed that Gdgand NEEoo (t = 2.7,p = 0.010) were more negative (t = 35,

= 0.001) and ER was more positive (t = 2.¢4 = 0.013) at grassland sites compared to
heathland sites, indicating higher productivity @durnover in grassland compared to
heathland (Figure 2). Overall, grazed and ungrazed grasslandodNEE.97 and-2.99
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umol m?2 s, respectively) and heathland site®.79 and-1.90 pmol n? s, respectively)
were netC sinks during the growing season.

Table3-2: CO: fluxes and exclosure effemtross sites andominantvegetatiortypes Mean

values N standard error (SE) and change fron
+ SE) with pvalues retrieved from pairwise comparisons gost test for GPRo, Rus,
NEBsoo (all fluxes in pmol ¥ s1), Light Use Efficiency (LUE in umol mmi] and Biomass
Use Efficiency (BUE in umol pmbknt?) from separate linear mixed models (LMMs) for
all sites together, grassland and heathland sites, and succession sjteSignificant effects
of grazing cessation are highlighted in bold.
Dom'”?“‘ Response Grazed (G) Exclosure(E) Exclosure effect
vegetation
Mean + SE  Mean = SE % + SE t p
All sites GPRo -8.41+047 -6.75+0.42 -19.9+1.5 -8.7 <0.001
(n=32) ERus 477+0.25 4.60+0.25 -3.7+23 -1.6 0.119
NEEsoo -3.88+0.35 -245+0.35 -37.1+x46 -7.9 <0.001
LUE 0.016 £ 0.001 0.012£0.001 -21.6+1.7 -12.9 <0.001
BUE 0.109 £ 0.008 0.037+0.003 -66.2+4.6 -14.1 <0.001
Grassland GPRoo -10.30+£0.48 -7.69+0.42 -25.3+1.5 -16.6 <0.001
(n=24) ERus 551+0.25 5.02+024 -88x14 -57 <0.001
NEEsoo -497£0.31 -2.99+0.31 -39.9+2.6 -15.3 <0.001
LUE 0.017 £0.001 0.013£0.001 -225+2.1 -11.5 <0.001
BUE 0.125 +£ 0.008 0.040+ 0.003 -68.3+4.7 -14.6 <0.001
Heathland GPRoo -6.71+0.72 -5.86+0.67 -12.7+4.8 -2.7 0.011
(n=8) ERus 4.09+0.39 4.20+040 +25+47 05  0.601
NEEsoo -2.79+£0.59 -1.90+0.59 -32.0+12.2 -2.6 0.011
LUE 0.010 £ 0.001 0.009+0.001 -16.7+5.9 -2.8 0.007
BUE 0.060 £ 0.007 0.033£0.004 -45.8+6.9 -6.6 <0.001
Successioh® GPRyo -10.58+0.56 -5.31+0.40 -49.7%x2.6 -19.2 <0.001
(n=8) ERus 5.86+0.44 4.12+0.37 -299+24 -12.2 <0.001
NEEsoo -485+0.38 -1.37+0.38 -71.8+4.1 -17.7 <0.001
LUE 0.016 £ 0.002 0.008+ 0.001 -48.8+3.5 -7.9 <0.001
BUE 0.140 £ 0.018 0.033£ 0.004 -76.5+10.3 -7.6 <0.001
’Exclosure effect was calculated as percent change from G to E to the basis of G
with t-ratio andp-valuesderived from leassquares mean peblbc tests
A&uccession is a swdroup of Grassland
Across all grassland sites, GI3® ERis and NEEgo were 25%, 9%, and 40% lower in
ungrazed relative to grazed plots, respectivply 0.001;Figure 3-2a, Table 3-2). At the
heat hland sites, the O6Excl|l osur €igue8Icelnt 6 was
ungrazed plots, GRR (- 13%,p < 0.05) and NEEyo (-32%,p < 0.05) were lower compared
to grazed plots (Table 2). ForER no O Excl osur e e pf®601).6 was f o

In the subgroup of succession sites, with a vegetation shift from grassland in the grazed
plots to heathland in the ungrazed pl ot s, w
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grazing cessation, n€0O, uptake (NEkog was 72% lower with 50% lower GBgand 30%
lower ERs compared to the reference grazed plpts 0.001;Figure3-2b). Overall, CQ
flux rates in grazed plots were comparable te @dxes in all other grazed grassland and
the ungrazed plots had comparable flux magnitudes to other heathlan@aies{(2).

a) b)

0.0 6 a b a b a b 0.5 a b a b a b

0.4

0.0 4

0.3

use ¢GnioilciGmody

Bi omass use @mbi 2imkanmnty

Gassl and SuccessionHeathl and Gassl and SuccessionHeathl and
n=24 n==8 n=28 n=24 n=28 n=28

-Glaed -Exclosure

Figure 3-3: Light Use Efficiency (LUE, a) and Biomass Use Efficiency in grazed
ungrazed land (BUE, b). LUE represents C uptake efficiency per incoming radiatic
BUE represents the C uptake efficiency per vegetation height at grassland, suc
from grasshnd to heathland (subroup of grassland) and heathland sites, derived fi
linear mixed effects models. Error bars represent 95 % confidence intervals. Dit
letters represent significant differences between grazed and exclosure plots il
categoryfollowing pairwise comparisons pekbc tests. Grey dots represent input d
points.

3.3.2 Impactsof Grazing Cessationon Lightand Biomass Use
Efficiency

Across all sites, Light Use Efficiency (LUE) was 22% lower and Biomass Use Efficiency

(BUE) was 66% lower in the ungrazed relative to the grazed jplet®(001;Table3-2). In

bot h responses, 6grazing cessationd, 6dom
significant effectsTable3-1). In generalC uptake efficiency (both LUE and BUE) and the
OExcl osure effectdé were hi ghFguredi3)nAsgwass s | an
forCOf l uxes, the O6Exclosure ef f-graup(BUEW®SE | ar g e
BUE -77%, p < 0.001) with typical grassland LUE and BUE values in grazed plots and

typical heathland values in ungrazed pléiggre 3-3).
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3.3.3 Growing Season CO : Flux Balance

At each weekly interval, NEgo was negative (i.e. n&€O, uptake) over the whole season
(Figure3-4a-c). At the grassland sites, NEdgand GPBoowere constantly more negative in
grazed compared to ungrazed plqis< (0.05), without a trend of reduc€duptake towards

the end of the measurement seasogure3-4a,d. Values of ERswere consistently around

5 umol m? st in grazed and ungrazed plots over the measurement period without notable
trends.

I n t he 0 s ugooopeNER, GRR&and ERBwere far lower in ungrazed plots in
each weekly interval over the measurement penmd (.05) compared to grazed plots
(Figure 3-4b,6). Notably, net CQ uptake (NEkog increased over the course of the
measurement season, particularly ungrazed plots, with fully photosynthetic active vegetation
still in late August (week 35).

Gmassland Succession Heathl and
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Week of emhe vy

* Gmed ®* Excl osure

Figure 3-4: Weekly CQ fluxes over th growing season in grazed and exclosure pl
Standardised C&fluxes + 95 % confidence intervals are presented for grassland (
succession from grassland to heathland {gutup of grassland; b, e), and heathland
f). Only sites with O 5 measurement d
over the measurement period. Asterisks represent significant differences (p <
between grazed and exclosure plots per week interval, derived from Tuké&yppossts
following ANOVA.
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For heathland, Cofluxes did not differ between grazed and ungrazed plots during most of
the season, had large confidence intervals due to a small sample size and were generally of
a similar magnitude as ungrazed plots at succession Biges&3-4c,f).

3.3.4 The Relationof ER 15 with Sward Height

Mean sward height was 112 %, 55 % and 75 % higher in ungrazed plots (rar246108
mm) of grassland, heathland and succession sites, respectively, than in grazed plots (range
20-163 mm Table3-3, Appendix 2 Supplemental Figuré-5).

1% ER lgrazZed®00d Sward helidgiht

ER,[ungralze0d 05 Sward heldibgrht

ER, (Omo | 2 &)

50 100 150 200 250 30¢C
Sward he(mmht

= Gaed=™ Exclosure

Figure 3-5: Linear regression between standardised ecosystem respiration) (&Rl
sward height Values wereveraged over the season for each-pldi (n = 192). The
interaction between O0grazing cessat.i
slope and intercept differed between grazed and exclosure plots.

Sward height (E 16s= 51.8,p < 0.001) affected ER differently in grazed and ungrazed
plots (interaxbigonazosyaine=soHmt @.0hFRgure3m).

In general, ER increased linearly with increasing sward height (i.e. decreasing grazing
intensity at grazed or increasing biomass accumulation at ungrazed Appendix 2
Supplemental Figur8-5). In the exclosures, ERincreased more than twice as much with
increasing sward heighERis = 0.005 xSward height+ 0.67) relative to the grazed land
(ERis = 0.002 xSward height+ 1.41).
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Table 3-3: Environmental factors in response to cessation of grazing. Mean values *
standard error (SE) and change from grazed t
p-values retrieved from leastjuares means post hoc tests for vegetation and soil
parameers in grassland, heathland and succession-(galoip of grassland). The number

of sites in the respective category is given by n. Significant effects of grazing cessation are
highlighted in bold. Joi = Soil temperature, M = Soil moisture.

Dominant

: Response Grazed (G) Exclosure(E) Exclosure effecf A
vegetation
Mean £+ SE Mean = SE % = SE t p

Grassland NDVI 0.75 + 0.01 0.66+0.02  -10.7+04 -305 <0.001
(n=24) ﬁg;ﬁ (mm) 85.3 + 4.7 180.5+6.8 +1118+29 361 <0.001

Tsoil (°C) 15.7 + 0.6 145+ 0.6 74+06 -13.4 <0.001

Msoil (%) 40.4+ 1.4 331+14  -179+07 -239  <0.001
Heathland NDV! 0.72 + 0.02 0.73 £ 0.02 +22+10 23 0031
(n=18) ﬁgg;g (mm)  1119%96  1736+119 455142 129  <0.001

Teoil (°C) 16.2+ 1.0 156+ 1.0 37+12 28  0.007

Msoil (%) 303+ 2.4 253+24  -163+26 -62 <0.001
Successigh NPV! 0.77 + 0.02 0.64+0.02  -17.7+00 -27.4  <0.001
(n=8) ﬁ;’f‘;{]‘f (mm)  928%134  1619%134 4746229 261  <0.001

Tsoil (°C) 15.7+ 0.5 14.4+ 05 81+08 -108 <0.001

Msoil (%) 431+1.9 375+19  -129+13 -103 <0.001

f‘SucceSSion is a stgroup of Grassland
AfExclosure effect was calculated as percent change from G to E to the basis of G
with t-ratio andp-values derived from leastjuares mean pebbc tests

3.3.5 CO2 Flux Responseto Yearssince Grazing Cessation

We found a significant effect ,tukes,dyEeaadr s si nc
BUE with distinctive trends at grassland, succession and heathland sites, respectively
(significant interaction 6domi nafdble3¥deget ati o
The largest changes in all @fluxes occurred during the first ZD years since the cessation

of grazing with a halving of NEdgo in ungrazed relative to grazed land across vegetation
types(Figure 36a-c). At the succession sites, N&&(p > 0.05) and GPddo (p < 0.05)

declined further with longer time since the cessation of grazing for up to 80 years. After 50

years since grazing cessation, both grassland and heathland had a substantialy lower

uptake efficiency (both LUE and BUB, < 0.05), withcontinued decline in the oldest

exclosures in grassland (particularly at the succession sites) but not in heafidame (

3-6d,6).
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Table 3-4: Diagnosticsfor Exclosure age modelB-statistics and degrees of freedom (df)
from ANOVAare showrfort he fi xed effects O6dyears since

(

30 yeabodbyeaB86yeabs o), 6domi nant vegetati
Osuccessiond) and their interaction from |
modelwer e-pdoul® nested in O0sited, and o6day of
Years since grazing Dominant vegetation Y x
cessation (Y) (V)
Response df F df F df F
NEEsoo 3,2723  79.8 *** 2,348 8.8 *** 6,2822 9.5 ***
GPRoo 3,2994 126.3 *** 2,279 155 *** 6, 2974 25.1 ***
ERis 3,2936  21.1 *** 2,285 8.1 *** 6,2917 13.5 ***
LUE 3,3000 98.4 *** 2,296 17.3 *** 6, 2979 20.7 ***
BUE 3,2974 689.8 *** 2,284 9.8 *** 6, 2956 44.2 ***
NDVI 3,3146 183.5 *** 2,221 9.8 *** 6, 3119 58.9 ***

Significance levels; *** < 0.001; ** < 0.01; * < 0.05

3.3.6 Impacts of Grazing Cessation on NDVI and Soil
Microclimate

Both, NDVI, soil temperature and soil moisture were different in grazed vs. ungrazed plots
(p< 0.001) with a significant i nteraction
v e g et ddabled1h h ungrazed plots, NDVI (i.e. vegetation greenness) was 11 % and

18 % lower at grassland and succession sites and 2 % higher at heathland sites, respectively,
relative to grazed plotsp(< 0.05; Table 3-3). With extended grazing cessation, NDVI
responded differently in the three vegetation groupgufe 3-6f). In grassland, NDVI
showed a sharp decline within the first 20 years since grazing cessation with continued
decline in progressively older exclosures at succession pite$.05), but without further
changes in other grassland. In heathland, NDVI increased in the exclosures for the first 20
30 years since grazing cessation after which no difference was found between grazed land
and > 30 years old exclosures.

Soil temperatures were on average 7 %, 4 % and 8 % lower in ungrazed plots at grassland,
heathland and succession sites, respectively, relative to grazed plots. Soil moisture was 18
%, 17 % and 9 % lower in ungrazed plots at grassland, heathland andsgucses,
respectively, relative to grazed plots and generally higher in grassland (35.6 %) compared to
heathland (26.5 %; t = 3.8,< 0.001).
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Figure 3-6: Effects of Exclosure age on g@uxes. Changes in NEéo (a), GPRoo(b),
ERss (c), LUE (d), BUE (e) and NDVI (f) from grazed (n = 32) to three levels of y
since grazing cessation: 28D years (n = 9), 360 years (n = 12), 583 years (n = 11),
separated for grassland, succession from grassland into heathlandgisup of
grassland) and heathland. Values are presented as mean + 95 % confidence in
Di fferent l etters and solid |ines re€
grazing cessationb6 categories in eac
posthoc tests

NDVI and soil microclimate were also directly related to raw.GlDxes, possibly

influencing flux responses to grazing cessation differently at grassland and heathland sites

(Table 3-5) . Spear manos correlation tests

showed

temperature were negatively correlated with GPP and NEE (i.e. larger uptake with increase

in correlated parameter) and positively correlated withi=R@.01, n = 683). In heathland,

soil temperature was negatively correlated with GPP and soil temperature and NDVI were
positively correlated with ERp(< 0.01, n = 102). Soil moisture was generally unrelated to

CO; fluxes.
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Table 3-5: Spear manos rank correlation coef fi
Correlations are shown between raw g£itixes (NEE, GPP, ER) and soil temperature, solil
moisture and NDVI averaged over the measurement season. In grassland, 683 data points
from 24 sites were included and in heathland, 102 data points from 8 sites were included.
Significant correlations areighlighted in bold (p < 0.01).

Dominant Soll Soll
) . NDVI
vegetation temperature moisture
Grassland NEE -0.26 0.10 -0.46
GPP -0.42 0.04 -0.64
ER 0.42 0.08 0.58
Heathland NEE -0.28 0.12 0.09
GPP -0.70 0.18 -0.24
ER 0.62 -0.20 0.38
34 Di scussi on
3.4.1 Cessation of Grazing reduces C Turnover and Net C Uptake

Growing evidence shows that herbivores can play an important role in mitigating climate
change by influencin@ capture and storage in ecosysté@®msigtet al.2018, Kristensen

et al. 2022, Malhiet al. 2022, Schmitzet al. 2023) Rizzuto et al. (2024proposed a
theoretical model showing that herbivore presence could increase ecoSysaptre twe

to threefold, primarily through enhanced primary productivity. Consistent with this model,
our findings showed that n€0O; uptake (NEkoo) declined by 37%n long-term exclosures
(-245pumolm | s T) compa®Bed®8t ®mgl amed Isamd, ( wit
coO fl uxes dopirtheraldsencel ofyheri@verESeremiaet al. (2025)recently
showed how fre@anging bison grazing at Yellowstone National Park stimulates plant
regowth and nutrient cycling and maintains productive vegetation composition with
positive feedback for th€ sink strength. Our study revealed comparable effects for
extensive livestock grazing in Iceland.use efficiency was markedly lower in ungrazed
vegetation relative to grazed vegetation, both in relation to light (kRE2%) and standing
biomass (BUE;66%). This indicates that one major effect of grazing is more efficient plant
C uptake, consistent with previous findings from aretigine ecosystemand recent
reviews, highlighting the crucial role of herbivores to maintain ecosystem functioning in
arctic ecosystemgSusiluotoet al. 2008, Schmittet al. 2010, Koltzet al. 2022, Barbero
Palacioset al.2024)

In general, our study provides robust evidence that-satoral grassland and heathland in
Iceland are ne€ sinks during the growing season, supporting findings from circumpolar
arcticalpine grassor heathdominated ecosysten(Bzeet al.2018, Sgrenseet al.201&,
Fischeret al. 2022, Se et al. 2024, Virkkala,et al.20257). While most CQ flux chamber
studies in northern regions are based on relatively small daiy/s&isala et al.2018) our

dataset includes approximately 2500 NEE and ER measurements during daytime hours in
peak growing season (weekd 36) across 32 sites of paired grazed and exclosure plots. To
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our knowl edge, few studies have examined
northern ecosystems with comparable dd@dhmittet al. 2010, Fischeet al. 2022) Net

CO uptake remained stable from early July to late AugEgjufe 3-4), indicating an
extended growth seas@Blume-Werry et al.2016) Seeet al.(2024)synthesized more than

300 flux chamber estimates from northern high latitudes spanning the last three decades and
concluded that nepermafrost ecosystems are typically @etinks with summe€ balances
representative of the annu@lsink strength. This suggests that our growing se&ssinks

were also representative for the annual balance. Moreover, their timeseries showed that the
netC sink increased over the last ddea in norpermafrost regions, with stronger increases

in GPP than ER in response to climate warnfiMgeset al.2024, Seet al.2024) As GPP

was the main driver of differences in &0, uptake between grazed and ungrazed land in

our study, we hypothesise that warming will further amplify @h&ink strength in grazed

land although further testing is need®@iséneret al.2014)

3.4.2 Grassland versus Heathland

In Iceland, like in sufarctic tundra in Scandinavia, more intensive grazing typically results
in dense grass swards, whereas reduced grazing promotes mosses and dwarf shrubs, shifting
vegetation from grassland to heathlafian der Wal 2006, Egelkraugt al. 2018,
Egelkrautet al. 2020) In our study,C O fluxes in both grassland and heathland declined
with cessation of grazing, reduci@gurnover and the capacity of the land to function as net
C sink, consistent with findings &chmittet al.(2010)at mountain grasslands. In grassland,
NEEsoo was-4.93 umol n? st in grazed land anel.92 pumol n? st in exclosures-¢0 %)

and in heathland, NEmR was-2.74 pmol n? st in grazed land anel.80 umol n? st in
exclosures-82 %). In a comparable studggrensen et al. (2018ajudied how grazing
cessation influenced Gdluxes in alpine meadow and heath in Norway. After two years of
grazing cessation, they did not yet measure differences #fl@@s. Consistent with our
study, they found that NEBwas markedly lower in the heatfi (65 to-2.25 pmol m? s?)

than in the meadowZ.71 to-3.01 pmol n? s1). The fluxes of our heathland sites were
within the range of values reported 8grensen et al. (2018a)d of other heath and tundra
ecosystems across the northern hemispt&irsiluotoet al.2008, Cahooet al.2012, Quin

et al.2015, Liet al.2023, Wang, Jt al 2024) TheC sink strength of our grazed grassland
on the other hand was higher than values reported from northern ecosiStaineret al.
2022)

The markedly enhanced G&kand NEEoo of grazed grassland is probably reflecting the
ability of grasses for compensatory regrowth of photosynthetic active tillers as response to
defoliation(Briske 1996, Irving 2015, Lindest al. 2018) When grazed, grasses are more
productive and efficient to utilise the short but high light growing season to assi@)itze
indicated by LUE and BUE, contributing to the large@é% uptake in our grazed grassland
with cascading effects on plasbil interactions and ole ecosystem metaboligffarancini

et al. 2014; Kytdviita and Olofsson 202Eischeret al. 2022). In ungrazed grassland, soll
temperatures and NDVI were considerably lower than in grazed grassland, likely due to
higher litter accumulation and moss depth, insulating soil and reducing light availability
(Van der Wal and Brooker 2004, Vallgh al. 2018, Kantolaet al. 2024) These factors
further hinder regrowth of photosynthetically active tissue, as reflected by strong
correlations of GPP with NDVI and seemperaturdJesseret al.2023)
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Slow-growing heathland shrubs, by contrast, have a low LUE and BUE and thus a lower
uptake capacity during the growing season relative to graséirichbecket al. 2019,
Juutinenet al. 2022) Contrary to grassland, studies from shrub tundra have reported
increasedCO; uptake following grazing cessation, with shrubs growing taller and greener
(Cahooret al. 2012, Metcalfe and Olofsson 2015, Sundqeisal. 2019, Minet al. 2021)

This was partly confirmed by our study, with both NDVI (i.e. green vegetatind sward
height reaching higher values inside exclosuieable 3-3). Unexpectedly GPRoo and
NEEsoo were lower inside exclosures, challenging previous findings. Several studies
indicated that expanding deciduous shrubs sucBadig sp.drive increasingCO, uptake
relative to graminoid or heatE(icacea¢ vegetatior(Streetet al.2007, Cahooet al.2016,
Sgrensenet al. 20183). Our heathland sites were more dominatedEhbgaceae with less
potential to increase productivifii et al.2023) With lower soil temperatures and limited
nutrient return in the absence of herbivores, ungrazathlaed productivity was probably
reduced and counterbalanced higher vegetation growth, indicated by lowefMab Eler

Wal et al.2004, Liuet al.2016, Barthelemyt al. 2018) Further, a higher and more closed
shrub canopy developing without grazing, could limit photosynthetic activity of understory
vegetation, such as grasses, contributing to the reducestd&®thoeneckeet al.2022)

3.4.3 Succession from Grassland to Heathland

Grazing cessation had the strongest impact osfldges and ne€O; uptake at successional
sites where vegetation composition shifted from grassland to heathland. In contrast to shrub
expansion into graminoid tundyavhich typically increasesCO, uptake and plant
respiration(Cahoonet al. 2016, Mekonneret al. 2021, Minet al. 20219 our succession

sites exhibited a reduction of > 70 % in Nig&gand > 30 % in ER after 50 years since
grazing cessationF{gure 3-6). Moreover, NEky was substantially lower in such
successional heathland (37 pmol n¥ s?) relative to longestablished ungrazed heathland
(-1.90 pmol n? s1), indicating that successional heathland was still a sm@lknk than
long-established heathland. While leegtablished heathland had a typically closed dwarf
shrub canopy, successional heathland was more open with larger patches of cryptogams,
litter and grasses between lgrowing shrubs, probably contributing the smalleC sink
capacity(Streetet al. 2011, Falket al. 2015, Sundqviset al. 2020) Like our succession
sites, grasslanestablished by previous intensive useevailed for more than 100 years at
fertile sites of historical reindeer milking grounds in northern Sweden, while along a gradient
of decreasing legacy of historical use, grassland gradually shifted into less productive
heathlandEgelkrautet al.2018a; Starlet al 2019) Therefore, we hypothesise that reduced
soil fertility following grazing cessation was driving the vegetationt &ntl reduced CO
exchange of our succession si¢¢an der Wal and Brooker 2004, Van der Weahl.2004,
Christieet al.2015) This supports ecological theory positing that functioning and continuity
of grassland ecosystems is driven by disturbance such as gidaim)2019) The analysis

of SOC and nutrient dynamies our sites will help clarifying these trajector{@&hapter 5)

as soil fertility is a key factor determining ecosystem functioning aboxend(Bardgett

and Wardle 2003)

3.4.4 The Importance of Long -term Studies of Grazing Cessation

Most published exclosure studies spahQ2years and often report increase@, uptake
after shorterm grazing cessatiafrorbeset al. 2019, Niuet al. 2025) However, several
studies have shown that exclosure effects can differ markedly in thédongKitti et al.
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2009, Vaisaneemet al. 2014, Lareet al. 2017, Kantolaet al. 2024) Our study revealed that
after 20 years, clearly negative effects of grazing cessation prevailed f6Onefptake,
confirming results from a pilot study in western Iceland with 40 years exclosure age
(Thorhallsdottir and Gudmundsson 2028)our study, even after more than 80 years since
grazing cessatiorC turnover and ne€O; uptake remained clearly and persistently lower
relative to grazed grasslanBigure 3-6a-c). This is in line with few other multiecadal
exclosure studiesg;araet al.(2017)showed that 50+ years of exclusion of lemming grazing

in the tundra notably reduced @D, uptake and even turned a wet tun@rsink into a net

C source. SimilarlyFischeret al. (2022)showed that 22 years afterirdroduced grazing,

C turnover strongly increased compared to adjacent ungrazed land in Siberian wet tundra. In
other tundra sites, n€@0O, uptake was unchanged, despite larger algyeand biomass in

land ungrazed for multiple decades, i.e. reduced B&lEsiluotoet al.2008, Petit Boret al.

2023)

Such longterm effects have been linked to changes in soil properties, vegetation
composition and litter accumulation that unfold over t{@@hnsoret al.2011, Ylanne and
Stark 2019) For example, legacy effects of grazing can alter soil nutrient stoichiometry and
vegetation composition in the ecosyst@fgelkrautet al.2018b; Sitter®t al.2017) In the
shortterm, vegetation benefit from grazing cessation and respond with incfe@sagtake
(Chenet al.2015) However, after multiple decades withguézing, the legacy of previous
grazing diminishes, productivity declines and vegetation changes are becoming more likely
(Vuorinenet al. 2021) such as from grassland into heathland as shown at our succession
sites or by expanding shrubs into graminoid tundra in the studyamaf et al. (2017)
reversing the shoterm gains. Thus, the duration of grazing cessation is crucial for more
realistic predictions how grazing abandonment is affed@imgcling in grazed ecosystems
(Burgi et al.2017, Niuet al.2025, Lockwoocet al.2026)

35 Concl usi ompandcati ons

Based on our largscale dataset of GAluxes from grassland and heathland in Iceland, we
showed that the cessation of grazing substantially reduced ecosystenover (GPP and

ER) and the neCO, uptake (NEE). Thus, our study provides empirical evidence for
increased ecosystem metabolism & uptake driven herbivorplantsoil-interactions

with more pronounced contrasts in grassland than in heathland due to physiological
differences in dominant plant species. At several sites, heathland replactaingrasultiple
decades after grazing cessation. Such regime shift led to a sharp declineflix€and

net CO, uptake. For that reason, we emphasise the value oftéongstudies, as many
processes associated with £8change between the atmosphere and the ecosystem respond
differently to grazing cessation in the shtatm and the longerm(Kantolaet al.2024)

Our findings have important implications for land use management, since most grazing
activity in northern grassland and heathland, including Iceland, is livestock management.
Grazing, as practiced at our sites, may serve as role model for a more siestaiastuck
management to prevent grassland degradafiRerdgettet al. 2021) Grassland and
heathland in Iceland have been maintained by grazing for cenfliieshallsdottiret al.

2013) and are, as shown in our study,Casink. This grazingnediatedC sink likely
contributes to sustain&@DCsequestration, which has cumulated in IB§hCstocks, typical

of Icelandic grassland soi{®skarssoret al.2004, Leblant al. 2017, Thorhallsdottir and
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Gudmundsson 2023With grazing cessation over multiple deca@eturnover (GPP and

ER) and theC sink strength were consistently smaller throughout the measurement period,
which may result in lowesOCsequestration in the lortgrm (Chapter 5) Thus, our study
supports recent hypotheses postulating tB&C sequestration can be enhanced and
mediated by grazing animalKristensenet al. 2022, Rizzutcet al. 2024) We, therefore,
conclude that lownput grazing in semmnatural grassland and heathland, cantribute to
mitigate greenhouse gas emissions associated with livestock agriculture and has a larger
potential as naturbased solution for climate change mitigation than grazing cessation
(Changet al.2021, Roeet al.2021, Borer and Risch 2024)
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4 Chapter 1|V Up Sc«rmamemg of
Ne t B ux Swufbbar ctdrassl| and
wi t Gr ounlWased &atdel {1t e
deri ved NDVI I n | cel and

Abstract: Subarctic grasslands are importacdérbons i n k s yet quantifyir
flux under grazed versus ungrazed conditions remains challenging. We investigated whether

the Normalized Difference Vegetation Index (NDVI) can serve as a proxy for ecosystem

CcoO f | uaete grassland amderialupscaling from plot to landscape scale. Across

17 sites in Iceland, we measured grodvaded NDVI and chambéra s ed C @rossf | ux e s
primary production (GPP), ecosystem respiration (ER), and net ecosystem exditije (

in grazed and ungrazed grassland during two peak growing seasonis2(2222 Ground

based NDVI was a strong predictor for GPP and NEE (R2 up to 0.81 for seasonal aggregated
GPP), but less for ER, reflecting its closer link to photosynthetic activity. nangels

indicate that grassland starts net emitting.@Q@ring daytime when grouroased NDVI

drops below 0.55. The cessation of grazing
but without affecting the NDVCO; flux relationship. Ungrazed land exhibiting 11 % lower

NDVI and 28% lower NEE compared to grazed land with total-duigust NEE averaging

T 0. 44 Nign gzedh and 0.07 Mg C had in ungrazed grassland. Calibration of
groundbased NDVI with Sentineé2 NDVI (10 m resolution) enabled upscaling to Icelandic

lowland grasslands (<200 m a.s.l., 16%owland area). Despite moderate fits for satellite

based models, NDVI proved effective for estimating seasonal NEE and detecting grazing
cessation impacts. Our findings highlight NDVI as a rapid, scalable indicator of grassland
carbon uptake with the pential to substitute ground measuremeénts.

41 Il ntroducti on

To mitigate anthropogenic climate change, it is becoming increasingly important to evaluate
how land use change influence the carbon (C) sink strength of ecosyBesimiin et al.

2022) However, in grazed grassland it remains challenging to quantify and verify net gains
or losses of C in relation to cessation of grazing. This is because most C is stored as sall
organic carbon (SOC) with reference values prior to land use change af@ngnirhus, a
change in C storage is difficult to quantify, commhte aboveground C storage in plant
biomass. Soils are heterogenous and complex, interconnected ecosystems, not visible from
above, making it difficult to establish a causation between land use change and SOC change
and to extrapolate detected changeh¢owider landscap@&mithet al. 2020, Stanlewt al.

2023, 2025) Finally, large uncertainties persist how grazing, as the major land use in
grassland, affects the grassland C sink strefgtty. Liu et al. 2016; Eze et al. 2018;
Sgrensert al.2018; Dangalet al.2020;Niu et al.2025).

2 A version of this chapter is in preparation for submission:

Klopsch, C., Thorhallsdottir, A.G., Thorsteinsson, B., Gudmundsson, J., Bardgett, R., Van Der Wal, R.,
Geirsddéttir, A.: Upscaling of net GOflux with groundbased and satelltgerived NDVI in Icelandic
grasslandin prep.
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Chambetbased C@ flux measurement is a widely used method to measure the net
ecosystem C&¥lux as an estimate for SOC sequestration and the C sink or source strength
in northern treeless ecosystef8geet al.2024, Virkkalaet al.2024, Virkkalagt al.20250).

Flux chambers are flexible to use over multiple sites and treatments and in different
environmental conditions to estimate average flux rates linked with varying land use
(Jespersemt al. 2023) For example, Virkkalat al. (2024) demonstrated ia very fine

grained CQ flux chamber study in northern Finland that northern grassland is typically a
strong C sink and that the sink strength may weaken when shrubs encroach into grassland.
In agreement with Virkkalat al.(2024), we found a comparable growing season C sink for
subarctic grassland in Iceland, when continuou#liopschet al. 2026). With cessation

of grazing, the C sink strength faded, particularly when heathland encroach into ungrazed
grassland. However, measuring fptake and emigmn with chambers is labour and time
intensive and restricted to point measurements, limiting the potential to upscale such point
measurements in heterogeneous natural ecosyétrkisala et al.2021, Wanget al. 2022,
Gudmundssormet al. 2026) Rapid assessments, accessible to land managers, are needed to
evaluate effects of land use change on C uptake or I(Ssgth et al. 2020, Nevalaineet

al. 2022)

Remote sensing can help overcoming time and lateated limitations and low spatial and
temporal resolution of chamber measuremgiieetet al.2007, Guomundssaat al.2026)

By calibrating point measurements of C uptake with remote sensed multispectral indices
which can be scaled over large areas to estimate ecosystem prod(Sheaigret al.2013,
Balzaroloet al.2015, Wanget al.2022) One of the most frequently used vegetation indices

to estimate photosynthetic activity is ND{Nlestolaet d. 2016, Del Grosset al. 2018)

NDVI is the ratio between incoming and reflected red and-iméared light and reflects

the amount of green (photosynthetic active) tissue within the vegetation (Patitbrelli

2013) Groundbased NDVI typically matches gross primary production (GPP) measured
with chambers under average light conditig8freetet al. 2007) This allows for locally
specific calibrations of NDVI with absorbing (GPP) and emitting (ecosystem respiration,
ER) CQ fluxes and their net ratinet ecosystem exchange, NEesperseet al. 2023)

Further calibrating of groundased NDVI with NDVI products from satellite sensors over

the growing season can be used to scale the C uptake potential of a point measurement to
the wider landscap€Gargiulo et al. 2023) Today, pediction of GPP that is based on
remotely sensed spectral data is still imprecise, making ground measurements of C uptake
still inevitable(Chenet al. 2021) Particularly for comparisons between land use changes,
such as the ssation of grazing within grazed land, grotbabed calibrations are key to
upscale effects from smadtale experimental sites to the landscape $PakGrosscet al.

2018, Karlseret al.2018)

Previous research in arctic tundra showed that @Gxes and NDVI have specific
relationships for different vegetation typ@&treetet al. 2007, Shaveet al. 2013, Petit Bon

et al. 2025) For highlatitude grassland which is typically more productive than tundra in
similar climate(Van der Wal 2006, Olofsson and Post 2018 relationship between NDVI
and GPP or net ecosystem exchange (NEE) is less well estab|&ineetet al. 2007,
Juutinenet al. 2017) In particular, how grazing, as the dominant land use of-laigfade
grassland, affects the relation between NDVI and GPP is insufficiently unde{B&sdish

et al. 2020) Grazing has strong and lotagting effects on productivity and stability of
grasslandEgelkraut,et al. 2018, Fischeret al. 2022, Castafiet al. 2023, Klopscthet al.
2026). On the one sidgyrazing removes substantial amount of photosynthetic active tissue
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which can reduce NDVI and GPP. On the other side, grazing can stimulate compensatory
regrowth, nutrient cycling and litter removal with positive effects on NDVI and GPP.
Further, grazing can have variable effects on ecosystem respiration by modifying plant
biomass and soil microbial activitjthus,the effects of grazing on the relation between
NDVI and CQ flux can be locally distinct and change when grazing is ceased in historically
grazed grasslan@ahooret al.2012, Mipamet al.2019, Jianget al.2024).

The aim of this study was to use our extensive dataset of spatially and temporally matched
NDVI and CQ flux measurements to compare how NDV!I is linked to@xes in grazed
versus ungrazed Icelandic grassland. This is an important basis to upscale C uptake and
emission rates of groudsased C@flux measurementSmith et al. 2020, Virkkalaet al.

2021) We used fenced enclosures that inhibit grazing since multiple decades, within grazed
subarctic grassland in Iceland. Extensive livestock grazing liswgtlespread in Iceland,

but animal numbers and active farms are declining in the last de(atgke 2026)
Grassland, historically shaped by livestock grazing, is an important land cover in the
Icelandic lowlands, covering approximately 10 % of the land < 200 m(@#dsonet al.

2016). Thus, we consider Iceland as a field laboratory to study how the ongoing livestock
grazing abandonment affects the relationship between NDVI andl@@s in subkarctic
grassland. Our research questions were:

(i) How is NDVI linked with gross primary production (GPP), ecosystem respiration
(ER) and net Coflux (NEE) in grazed and ungrazed grassland when measured on
the same scale?

(i) How reliable is satellitelerived NDVI to upscale the net G@&lux (NEE) from
groundbased measurements to the landscape scale of Icelandic grasslands?

42 Materials and Met hods

4.2.1 Study Sites

For this study, 17 sites were selected in northern (n = 8) and western (n = 9) Iceland in
uncultivated grassland on mineral soils below 200 m a.s.l. to measwdlu3€s and
groundbased NDVI during July and August 2022 and 20BRjyre 4-1, Appendix 3
Supplemental Figur8-6). All sites were associated with active farms and included a fence
contrast with continued grazing on uncul ti\
and a patch of uncultivated land, where livestock grazers were excluded for more than 20
yearsont he ot her si de odrazetelkee | fosmecesOher ddflt grr
dominated by grasses, but in 4 of thegtadzerexclosures we recorded an expansion of heath

into the former grassland\ppendix 3 Supplemental Tabl®-4, Supplemental Figurg-7).

According to information of land use history gathered from landowners the heath expanded
following the cessation of grazing. Thus, the grazed land was treated as the reference
condition, as the land was maintained by livestock grazing for centuriesh@gdazer

exclosures as treatment.
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Figure4-1: Map of Iceland with composite NDVI in the lowlands < 200 m &/&p data
are derived from Sentined satellite images between Jflyigust 2023, with the 17 stut
sites for field measurements.

The study design has been described in detail in Chapibeiefly, at each site, 3 stfdots

were randomly defined in thggazerexclosures in 20 m distance from the fence and in 5

20 m distance between splots and mirrored on the grazed land in similar slope, elevation
and aspect. Only fully vegetated patches were considered. When this requirement was not
met due to large roskon the surface, for example, the it location was moved by 5 m
further away from the fence. Animal densities and gpe@gimes varied between the sites

but were not further defined and all grazed land was treated equally, simply as grazed.

4.2.2 Field Data

Each site was visited-4 times; once every one or two weeks on variable times of the day
between 8 AM and 6 PM. The sites in northern Iceland were measured durifguduist

2022 and in western Iceland during Jélygust 2023. Around each syiot, three
measurements were performed within 1 m distance from thglstilzentre and pooled
together as one composite suibt measurement per measurement day. Measurement points
were marked during the first measurement, and at each consecutive measurement day th
same vegetation patch was measured. Each measurement consisted of one measurement of
(i) groundbased NDVI, (ii) net ecosystem exchange, and (iii) ecosystem respiration on the
same vegetation patch.

Groundbased NDVI was measured from 1.5 m above the surface and covered
approximately 0.35 m2 surface area. For the measurement, délangole was used with
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two-channel sensors, directed perpendicular upwards and downwards, attached to a data
logger (SKR1849D/SS2, SKR1840ND/SS2, SKL906, Skye Instruments, Llandrindod
Wells, UK). The sensors measured incoming and reflected reds6@EBB0 nm) and near
infrared (NIRsoo; 800 nm) radiation and automatically calcutBDVI = (NIRgoo - REDss0)

/ (NIRsoo + REDss0). NDVI values range betweef to +1, where values below 0 generally
indicate unvegetated surface and values between 0 to +1 indicate successively igeeener (
chlorophyltricher) vegetatiorfPettorelli 2013)

Following NDVI measurements, C@lux measurements were performed using a closed
custombuilt acrylic chamber (35 cm x 35 cm x 25 cm, 0.1225 m?) with a fan, connected to
an infrared gas analyser which recorded &®els continuously at one second intervals and

run for 120 seconds after an acclimation peiB&M 5, PP systems, Amesbury, USA,;
Pumpanenet al. 2010. First, net ecosystem exchange (photosynthesiscosystem
respiration; NEkw) was determined in ambient light from the net change of @@r 120
seconds. This was followed by a second measurement on the same patch with all incoming
radiation excluded, using an opaque hood covering the chamber, to determine ecosystem
respiration (ERw) exclusively. During each NE& measurement, incoming photosynthetic
active radiation (PAR; pumol st and soil temperature i8-10 cm (koi;, € C) wer e
measured simultaneously (TR PRsystems, Amesbury, USA; Hydra Probe Il, Stevens
Water Monitoring Systems, Portland, USA). Additionally, community sward height was
measured at nine vegetation patches around eaeplatuiandomlyat each sampling day

using an A4 writing pad (160 g) placed on top of the sward and measured with a folding
ruler (Stewartet al.2002)

4.2.3 Satellte Data

Satellite images were extracted from the Senthébrary with 10 mresolution using
Google Earth EnginéGorelick et al. 2017) To calibrate groundhased NDVI (hereafter

O NDMhd ) wi t h2 SNenM1i n(ehl e rsimdf )t, e rb adneDees nn{) && D
band 8 (NIR42; 842 nm) of composite Sentir2lsatellite images were extracted covering
the two regions of our study sites. The composite satellite image for northern Iceland was
composed of 13 images between 6.7.20229.2022 with < 2 % cloudover and the
composite satellite image for western Iceland was composed of 6 images from 8i7.2023
13.8.2023 with < 1% cloud cover. For each pixel, a value betvigent+1 was automatically
calculated as ND\ntinel= (NIRga2T REDs6s) / (NIRga2+ REDsss). A NDVlsentineivalue for

each sulplot GPS point was then extracted as the seasonal average value using the
rastersamplingool in QGIS (version 3.3434QGIS Development Team 2035)

In the next step, SentinINDVI images (band 4,8) were extracted for whole Iceland < 200
m a.s.l. for the period Julkugust 2023, representing peak growing season conditions, with
< 5 % cloud cover. The elevation limit of 200 m a.s.l. was chosen, lBitassommonly
considered as agricultural limit in Iceland and all our sites were below 200 m a.s.l. The total
area < 200 m a.s.l. was derived from a 10 m resolution digital elevation model, extracted
from Google Earth Engine, usingster terrain analys toolsin QGIS. The NDVdentinel

raster layer was subsequently cut to the area < 200 m RigLirg4-1).

To estimate NDV4entineifor all Icelandic lowland grassland, the spatial coverage of all habitat
types in the habitat class grasslands (L9) < 200 m a.s.l. was extracted from the Icelandic
habitat type raster map 1:25000, curated by the Icelandic Institute of Natural History
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(https://lwww.natt.is/en/resources/geospatiala/habitatypes [accessed 25.02.2026]). In

QGIS, the habitatypes raster file was vectorised and polygons of grassland habitat types

were extracted and merged into a single npdtygon for each of the grsland habitat
Wi tsefinert h2e0 0O NMDVal. s . | . 0O

types.

raster

and

vector layer as input data sets, the area of grassland covered by theMHaMyer, mean

and standard deviation of NDahineifor July-August 2023 in grassland were calculated

based on all ND\kntinel pixel values within the grassland vector layers, usingztivel
statisticstool in QGIS.

Table4-1: PAR and i during the measurement period. Average daylength, photosynthetic

active radiation (PAR) and soil temperatureso()fduring JulyAugust based on 3@inute

average PAR data series from two sites over two years {2002, Guomundsson et al.

2026) and PAR and soil temperature measurgmef this study.

July August Average

Calculation Datasef*

Daytime hours 16.3

Nighttime
hours

a thytime
hours)

a (nighttime
hours)

PAR day

PAR day
Tsoil day
grazed

Tsoil day
ungrazed

Tsoil Night
grazed

Tsoil Night
ungrazed

Tsoi-ratio
grazed

Tsoi-ratio
ungrazed

14.1 154

7.7 9.9 8.6

505 436 953
239 308 535
453 439 446
712 487 626
17.2 151 15.8
15.8 14.4 14.6
13.2 10.3 10.7
11.9 9.39 10.0
- - 0.675

- - 0.681

Hours PAR > 50

Hours PAR < 50

Hours PAR > 5 62 days

Hours AR < 50x% 62 days

mean PAR of all measur¢
ments with PAR > 5(

mean PAR of all
measurement

mean Toil

mean Toil

mean Toil between 8:00
9:00 AM

mean TFoil between 8:00
9:00 AM

TSOiI n|ght / Tsoil day

TSOiI n|ght / Tsoil day

A

A

B

AA = 30-minute average PAR data for Julyigust 2002 and 2003 from two sites in
western IcelanfGuomundssoet al.2026); B = PAR and sbi measurements during
CO; flux measurements in the 17 sites of this study
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4.2.4 GPP Calculation and Flux Adjustments

From the field CQflux measurements, the values of NgEnd ERaw wereautomatically
calculated from the change in €€bncentration over the 120 seconds measurerfeoin

these values, gross primary production (&RRvas calculated as GRRP= NEEaw| ERwaw.

During the measurement period, environmental conditions varied widely with direct effects
on instantaneous GQOluxes, but not on NDVI Appendix 3 Supplemental Figur&-8 -
Supplemental Figur8-13). For this reason, COluxes were adjusted to represent average
environmental conditions during the measurement period, which also makes values more
comparable between sites and measurement days. Incoming radiation (PAR) ranged between
67 and 1918 umol rhs* with a mean PAR of 626 umol fs! and soil temperature ranged
between 8.5 and 31.7 °C with a mean of 15.8 °C in grazed land and 14.6gf&zém
exclosures Table4-1). Average environmental conditions during the measurement period
were defined as PAR = 600 pmofs?! and Toi = 16 °C in grazed andsdi = 15 °C in
ungrazed land, similar as used previously in arctic environm@ttaveret al. 2007,
Strimbecket al.2019)

10 0 10 SR D
—~ = —~ .x’
£ £ €
N(n N‘n Nw
110 110 _i10 .
o o o
£ £ £
le] le] 0O
z £ B
as . as as
a s o o
O] * O] ]
K
<
T2 0f 12 0f 120
.
Pm = 19820mol ,@3s™ Pm= 1B®B0Omol ,@8s* Pm= 7.760mol ,&3s"
K = 4 @mo | 2sm K = 48&mol 2sm K = 18&mol 2sm
n = 311 n = 231 n = 80
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
P AROmo | “2sm) P AROmo | “2sm) PAROmo | “2sm)

Figure 4-2: Community light response curves for the thodessesused in the study
grasslandgrazed (a), grasslandxclosure (b), heath expansierclosure (c). The ligh
response curves were fitted with a Horear regression using a Michaelidenten
equation, fitting the parameters Pm = rate of ligiatturated phaisynthesis and K = hall
saturated constant of photosynthesis with measured GPP and PARXE(Q

GPRaw Was adjusted to PAR = 600 pumolZs? using a light response curve (LRC)
modelling approacliShaveret al. 2007) Three community LRCs were modelled, one for
grazed grassland, one for ungrazed grassland and one for heath {dl@tsub grazer
exclosures at 5 sites, Appendix Supplemental Figur8-7) due to strong differences in
responses in GRJ to increasing light in grass and heath vegetatiogufe4-2).
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The LRCs were calculated using a s&Hrting nodinear leastsquares regression that fitted
model parameters (k and GRR with the lowest residual sum of squares, using the Eq. 4
1, adopted from Strimbecak al. (2019 as

GPRw= ( GPRaxx PAR | ( k+ PAR, Eq.4-1

where GPRw = NEEaw I ERaw, GPRhax = rate of light saturated photosynthesis, and k =
half saturated constant of photosynthdgigure 4-2). A community GPP at PAR = 600
umol n? st and at each measured PAR was calculated with the fitted model parameters.
The ratio between both (E-2) was then used as adjustment factor to estimate4sPP

GPRoo= GPRuwx (( GPRaxx 600) / ( k+ 600)) / Eq. 42
(( GPRaxx PAR I ( k+ PAR)).

Soil temperatures and R were positively correlatedAppendix 3 Supplemental Figure
8-10,SupplementaFigure8-14a), and ERw was adjusted to a common soil temperature of
16 °C in grazed and 15 °C in ungrazed land, usingoa@proach (Eq.-8; Tjoelkeret al.
2001). We used a @= 2, which has been shown previously to be representative for
grasslands to model soil respirati@ilmanovet al.2004, Meyeet al.2018)and calculated

an adjusted ER (ER) as

ERi5= ERx Q0((16(15) 2 Tsoil)/10) | Eq.43

From GPRgj and ER4j, an adjusted NEE (NEg = GPRg + ERag) was calculated as net
ecosystem exchange under average environmental conditions during the measurement
period. If not stated otherwise, fluxes were converted into umel r@®s?* and reported

from an atmospheric perspective, i.e. negative values correspond to absorption from the
atmosphere and positive values correspond to emissions into the atmosphere. A seasonal
value for the net ecosystem exchange during-8ulyust, representg peak growg season
conditions, was calculated with Eg44as

NEEuyaugust= ( NEBiaytiime + ERbignt) X 62 days, Eq. 44

where NERaytimelS the net ecosystem exchange for daytime hours (defined as PAR > 50
umol m? s1), calculated with Eq.-8, and ERgn is the nighttime respiration, calculated
with Eq. 46 as

NEEiayime = GPHso+ ERwx Daylength Eqg. 45

where GPRois GPP adjusted to PAR = 450 umofrg?, using Eq. €, as average PAR

for daytime (defined as PAR > 50 pmol €@? s?), based on two Juugust 36minutes

PAR measurement series from western Iceland for 2002 and 2003 (Data from Gudmundsson
et al.2026), ERgjis ecosystem respiration during daytime (E§)4nd daylength represents
average daylength (PAR > 50 umoPmsit) during July and Augusfable4-1, Appendix 3
Supplemental Figurg-12);

ERvignt= ERg*x Tsoi-ratio, Eq. 46

where TEoi-ratio is the ratio between mean soil temperatures betweeil 8000 (daytime)
and mean soil temperatures between 8:@00 AM (nighttime), variable for grazed and
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ungrazed landTable 4-1, Appendix 3 Supplemental Figur8-13). Seasonal fluxes were
then converted from pmol GOn? st into Mg C hal. By integrating equations retrieved
from linear regression models between NBRdhs and NEEg and NDVlrouna and
NDVl sentinei2 iNto EQ.44, NEBuy-augustvalues based on NDVI were estimated.

4.2.5 Statistical Analysis

Relationships between G@luxes and NDVI were analysed with linear or exponential
regression using linear mixed effects models. Dependent on the data aggregation (all sub
plots on all measurementdays/allgub ot s over the season [/ all
of year me(ais.ur ement -gllagt)d nreresdteadilion 6d&Miwtse ée d
0Sited / 06Sited were used as random factors
the minimum residual sum of squares and the highest R&.valu

To analyse how the NDMCO:; flux relationship responded to the cessation of grazing, the

mean difference between grazed and ungrazedpkuib on each measurement day or
aggregated over the S engsdXflazegWherea is tharéspeativea t e d
adjusted fl ux or -vitigbles were Bubsequentdytanalysed veitd linepr

mixed effects regression modelswithDay o f y epalrodt 6a nnde sOtBeudd Sint eddS
as random effect to test if NDVI and fluxes respond differently to the cessation of grazing.

Groundbased NDV{rounawas calibrated with Sentin€l NDVlsentineiusing a linear mixed
effects regression model with o6Sitebdé as ra
integrated into the regression model of NMhd and NEEg to calculate average NEE

values for all grassland area in the Icelandic lowlands < 200 m a.s.l., based ogNRVI

values. Additionally, a NEf&y-augustbased on NDVgound@nd NDVkentinewas calculated by
integrating linear regression equations for NEE- NDVigound and NDVhround ~
NDVlsentineiz iNto EQ.4 to comparenodelled and calculated seasonal NEE. Differences
between grazed and ungrazed land in seasonal NEE, JN¥Aand NDVkentinewere tested

with |linear mi xed effects model s with 08Si
significance between grazed and ungrazed land for the respective response variable were
retrieved from least squares means st tests.

All statistical analyses were performed using R statistical software, versionR.Zdre
Team 2024)with the additional packages n(Baty et al. 2015) Ime4 (Bateset al. 2015)
ImerTest(Kuznetsovaet al.2017)and emmean@.enth 2023)

43 Resul t s

4.3.1 Relationship between CO > Fluxes and NDVI ground Per
M easurement Day

First, we analysed the relationship between @xes with grounebased NDVI for each
subplot per site and each measurement day. We found that measured-gasedd\NDVI
(NDVlgroung and all raw and adjusted @@uxes were strongly correlategh € 0.001,
Appendix 3 Supplemental Figur8-14). With the regression analysis, we found that both
GPRaw and ERaw followed an exponential regression with NQMind (larger flux with
larger NDVlroungd While for NEEaw, a negative linear regression with NQMind (Mmore
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negative NEE (larger net C uptake) with larger NEAdhg explained most variation in the
data Figure4-3a-c). As expected, there was a stronger relation between Hddand raw
gross primary production (GRE) than with ecosystem respiration (&R and net
ecosystem exchange (N&l. Generally, the data showed a high variability in the raw CO
fluxes and the grazing treatment had no effect on the relationship between fluxes and
NDVlground(p > 0.05). In the adjusted G@uxes (PAR = 600 umol mMs?, soil temperature

= 16 °C/15 °C), variability due to environmental factors was reduced. The exponential
regression models between NQ¥Mindsand adjusted GPP (GR{p andadjusted ER (ER))

and the linear regression with adjusted NEE (NgExplained more variation than the
model for raw fluxes (Rgj= 0.54, 0.36 and 0.27 vs.:k#= 0.41, 0.32 and 0.22, respectively
Figure4-3d-f). NDVIgroundranged between 0150.9, raw and adjusted GPP betwegmand

-24, raw and adjusted ER between 0.5 and 15 and raw and adjusted NEE b&Bnazroh

+6 pmol m? st between sulplots and measurement days. In those sites, where heath
expanded into grassland following the cessation of grazing, NDVI andflGx@s were
overall lower than in grazed or ungrazed gidssinated grasslandrigure4-3).
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Figure 4-3: Relationships between measured NDVI and raw and adjustedl@@s per
subplot and measurement day. Regression curves and equations are derive
exponenti al or |linear regression in
6SpPhbh ot &6 nested in 6Sited as r ando,mnd
adjusted GPP (d), ER (e) and NEE (f). R2 indicates the variance explained in each
and dashed lines represent 95 % confidence intervals. GPP = Gross primary prodi
ER = Ecosystem respiration, NEE = Net ecosystem exchange.
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Figure 4-4: Relationships between mean NDVI and raw and adjustedl@X&s per sub
plot over the measurement period. Regression curves and equations are derive
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ecosystem respiration (e) and NEE (f). R2 indicates the variance explained in eact
and dashed lines represent 95 % confidence intervals. GPP = Gross primary prodi
ER = Ecosystem respiration, NEE = Net ecosystem exchange.

4.3.2 Relationship of CO 2 Fluxes and NDVI over the

M easurement Period

ground

We aggregated raw and adjusted @l0xes and NDV{roundt0 mean values per sytot

over the measurement period, cumulating te24lindividual datapoints per seasonal-sub

plot value. This improved the strength of the regression between fluxes and:NE\ds
indicated by higher R? values compared to values per measurement day, but to the cost of
wider confidence intervals due to smaller sample sizes and larger error fegore4-4).

Again, the best models for GRR GPR4j, ERawand ERgjfollowed exponential regressions

with NDVlgroundWhile NEEaw and NERg; followed linear regressions with NDyduns The
adjustment improved both the model fit of NQMiInawith GPP and NEE (R4 = 0.75 and

0.52 vs. Raw= 0.65 and 0.40, respectivelyigure4-4a,c,d,f) but for ER, the model fit was
higher for ERaw (R? = 0.61) than for ER; (R? = 0.54 Figure4-4b,e) Seasonal ND\lound

was significantly lower in ungrazed grassland than in grazed grassland and all replicates with
NDVlground < 0.6 were ingrazerexclosures (Esg = 5.2, p = 0.024), and most of them
associated with expanding heath into ungrazed grassland. With gNiyYkK 0.6 the
likelihood of a net neutral (NEE = 0 umol fisl) or net emitting (NEE > 0 pmol ths?)
seasonal C balance increased strongigure4-4c,f).
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When aggregated to a single seasonal mean grazed and ungrazed value per site, the best
models for all fluxes were linear regressions with NgMha (Figure4-5). The strength of

the relationship was further improved for GRPGPRg, NEEaw and NEEg compared to

the less aggregated models{r2 0.81 and 0.61 vs. R%= 0.71 and 0.45, respectively
Figure 4-5a,c,d,f) Each aggregated value represented the mean 6&f @& individual
measurements over a twoonth period. This additional aggregation did not improve the
model fit for the regression between NQ¥itand ERaw and ERg and ERaw (R* = 0.61)

had still a better model fit than ERRR? = 0.52 Figure4-5b,e) The strongest model was for
GPRgjand NDVlrounawith 81 % of the variation explained by the linear regresdtagufe
4-5d). Despite the moderate model fit for ZRR? = 0.52), 61 % of the variation in N&E

was explained by NDVjlouns This model indicated that, on average, grassland turns into a
net C source during daytime with NDiMnda< 0.55 due to low GPHF{gure4-5f).
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Figure 4-5: Relationships between mean NDVI and raw and adjustedi@x@s over the
measurement period (JuBugust). Regression curves and equations are derived
|l inear regression in |inear mixed eff
(@), ER (b), NEE (c), and mean adjusted GPP (d), ER (e) and NER?(indicates the
variance explained in each model and dashed lines represent 95 % confidence in
GPP = Gross primary production, ER = Ecosystem respiration, NEE = Net ecos
exchange.
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4.3.3 Howdo NDVI  gound and Adjusted CO > Fluxes Change with
Cessation of G razing?

Grazing cessation significantly affected £fuxes and NDVI, as shown by linear mixed
effect models Table4-2). NDVlgrounawas consistently lower in ungrazed land during each
week over the measurement period compared to grazed Apper{dix 3 Supplemental
Figure8-15). Raw and Adjusted GPP and ER were lower in ungrazed grassland compared
to grazed grassland with a stronger reduction in GPP than ip £R.001). Consequently,

the net C balance (raw and adjusted NEE) was also less negative (lower net C uptake) in
ungrazed compared to grazed grasslarable 4-2). The lowest NDVI values and GO
fluxes were associated with tlygazerexclosures where heath expanded into grassland
following cessation of grazing-{gure4-51 Figure4-5).

Table4-2: Effect of grazing cessation on raw and adjusted fi@xes and NDV/IF-statistics
degrees of freedom (df)adee r i ved from | inear mixed effect
OSpPhotd nested in 6Sited as random effects
values and-statistics were derived from pesoc tests. GPP = Gross primary production,

ER = Ecosystem respiration, NEE = Net ecosystem exchange.

Grazing cessation Difference Grazedi Ungrazed®
Response df F p Contrast t p
GPRaw 1,308 117.4 <0.001 -3.04 +0.28 umol mMs? 10.8 <0.001
GPRuj 1,308 111.6 <0.001 -2.79 +0.26 pmol Ms! 10.6  <0.001
Elraw 1,308 59.0 <0.001 -1.14+0.15pumol Mst 7.7 <0.001
ERagj 1,299 44.4 <0.001 -0.99 +0.15 umol Ms? 6.7 <0.001
NEEraw 1,306 84.5 <0.001 -1.89 +0.21 pmol mMs? 9.2 <0.001
NEEagj 1,299 61.8 <0.001 -1.64+0.21 umol ms? 7.9 <0.001
NDVlground 1,570 341.0 <0.001 -0.09 = 0.004 18.5 <0.001

At-statistics ang-valuederivedfrom leastsquares means pesbc test

Beyond the overall negative effect of grazing cessation, both hialand all adjusted

CO: fluxes shifted in concert with grazing cessation compared to grazedHiuue4-6).

We found sigrficant correlationsf{ < 0.001) between the mean difference of ungrazed

grazed pairs in NDMlound( NDVI1I ) and t he mg@pGRR}(ferER)NC e |
and NEEg ( o N EAppendix 3 Supplemental Figur8-14d). Mean differences in fluxes

and NDVlroundbetween grazed and ungrazed land followed a linear regression both on each
measurement dayigure4-6a-c) and aggregated over the measurement pefigdie4-6d-

f). As expected from the linear mixed effect models testing the effect of grazing cessation,

in mostgrazerexclosures both NDV\loundand CQ fluxes were smaller than in grazed land

(negative o values). Generally, the regress
the measurement period explained more variation than the models for each sampling day.
The strongest linear regressionmoded s f or @GPP, averaged over

with 75 % of wvariation explained by?=pNDVI .
0. 47) ani= 09 EHe loweRmodel fit was partly attributed to the-glaits with

posi ti ve o@ERten réspirgtioreigrazeraxaosuyes compared to grazed land
Figure4-6b,e).
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We found that the high variation in @ER was
( S w &igudes-7) . PER shifted from negative to pos
mm for data aggregated to sites over the measurement period (mean sward height > 100 mm
higher ingrazere x cl osures compared to grazed | and).
hi gher I n ungrazed compared to grazed | and
i ncreasing @Sward. With @Sward < 100 mm, PE

S w a Figlire4:7).
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Figure 4-7: Linear regression betweep S w aanddp E &8. Differences between graz:
and ungrazedplots ((pS waandl (pEJd) are summarisedper site and over the
measurement period. Regression equation and R2 are derived from simple
regression. Dashed lines represent 95 % confidence intervals.

4.3.4 Howdo Ground -based NDVI Measurements Correspond to
Satellite -derived NDVI?

We found a positive correlation between the seasonal jEM(mean of all sampling days)

and NDVI derived from Sentind satellite datar(= 0.64, p < 0.01; Appendix 3
Supplemental Figur@-14c). Sentinel2 NDVI (NDVI sentineg) Values were lower compared to
NDVIground measurements due to the coarser resolution (100 m2 vs. 0.35 m?2). Using linear
regression, we calibrated NDydunawith NDVlsentineiwith @ moderate model fit (R? = 0.41;
Figure4-8). The cessation of grazing did not affect the NgxWhd- NDVI sentineirelationship,

but the lower NDV§round Values ingrazer exclosures compared to grazed land were
reproduced in NDWentinegy although with smaller contrasts. Two grazed-pldis were
removed from the model as outliers, due to low N&WMhevalues, probably related to a
large proportion of surface rocks in the pixel area, when checked on aerial photographs.
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Figure 4-8: Calibration betweergroundbased NDVI (ND\itound and NDVI derived
from Sentinel satellite data (ND\&kniing). A linear regression models was used for
calibration for each sukplot as the average over the measurement period-@udust).
Two points were removed from the regression model as outliers and are highlighte
empty dots. Dashed lines represent 95 % confidence intervals.

We further integrated the resultant regression equation betweeny®dAnd NDVksentinel

into the regression equation between NR3hs and NEEgj and modelled average NEE
values over the measurement period based on YéMBnd NDVieninet We used a linear
regression model to calibrate modelled and adjusted NEE which gave a moderate model fit
(R? = 0.35 for NEE modelled from NDWdninei R? = 0.51 for NEE modelled from
NDVlground Figure4-9).
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Figure 4-9: Calibration models for adjusted and modelled NEE based on BRM(a)

and NDV}round (D). Data are averagefer subplot and over the measurement period w
regression equation and R] derived fr
as random effect. Modelled NEE from NBWineiwas calculated from integrating tr
regression equation between NQMld and NDVkentinelinto the regression equation
adjusted NEE and ND¥bune Dashed lines represent 95 % confidence intervals. The
removed outliers in a) are the same a&igure 4-8.

4.3.5 Whatis the Net CO » Flux of Icelandic Lowland Grassland
overthe Measurement Period ?

Based on GPP adjusted to PAR = 450 umd st and adjusted ER, the net daytime
ecosystem exchange over thedi® peak growing season (N&§ cumulated t61.40 +

0.14 Mg C hd in grazed ane0.93 + 0.14 Mg C hain ungrazed grassland with significantly
higher NERay in grazed compared to ungrazed lapd<(0.001; Table 4-3). Nighttime
respiration (ERgn) for the same period cumulated to 0.96 + 0.05 Mg €ihayrazed and

0.85 + 0.05 Mg C hain ungrazed grassland with significantly higherngRin grazed
compared to ungrazed lanpl£ 0.019;Table4-3). Together, grazed grassland was a net C
sink for JulyAugust with NEBuyy-august = -0.44 + 0.14 Mg C hawhile grazerexclosures

were net C neutral during Julugust with NEBuiy-august= -0.07 + 0.14 Mg C h&(Table

4-3). The net C uptake was in total larger in grazed than ungrazed r8LQ, p = 0.007).
Similarly, NDVlgrounawas larger in grazed grassland compared to ungrazed grassland (0.75
vs. 0.67,p < 0.001). This difference decreased with the coarser resolution of N\l

but it was still significantly higher in grazed compared to ungrazed grassland (0.47 vs. 0.44,
p = 0.001). The cumulated NE&fg-august modelled from NDV{round Was larger than the
average NEB-august based on measured fluxegaple 4-3). NEEuy-auguss modelled from
NDVlgroung Was significantly lower imrazerexclosures-0.30 + 0.07 Mg C hd than in
grazed grasslandQ.77 + 0.07 Mg C h&. Modelled NEBuiy-augus; based on ND\entinel

and corrected with the calibration equation between NRWdand NDVkentnel (Figure

4-8), also overestimated the net C uptake and was similar ta\kkust predicted from
NDVlground (-0.69 + 0.15 Mg C hain grazed and-0.33 + 0.15 Mg C hain ungrazed
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grassland, respectively), but differences with grazing cessation were still significant (

0.001;Table4-3).

Table4-3: Mean = standard error valuesimulated NEE and mean ND¥Ylarameters were
calculated forJuly-August (62 days) daytime and nighttime net @, the cumulated net
C balance (NEBuy-augus), groundbased and Sentin@ NDVI and modelled Jugugust

NEE using NDVgound @and NDVkentinetbased on 108 measurement points from 17 sites.

Values, istatistics and fvalues are derived from leastuares mean pgsioc tests
following significant p <

0.05)

near

mi x e d

effect

model

NDViIsenineland NEE for all grassland in the Icelandic lowlands were estimated based on
grassland distribution according to the habitat map of Iceland. ER = Ecosystem respiration,
NEE = Net ecosystem exchange.

Parameter® Grazed Ungrazed Grazed- df t p
Ungrazed

Daytime NEE

(Mg C ha') -1.40+0.14 -093+0.14 -048+0.13 84 -3.6 0.001

Nighttime ER

(Mg C ha') 0.96+0.05 0.85+0.05 -0.11+0.05 84 24 0.019

NEEJuIy—August _ _ _ _

(Mg C ha) 0.44 £0.14 -0.07+£0.14 -0.37+0.13 84 3 0.007

Average NDVlround 0.75+0.01 0.67+0.01 -0.08+0.01 84 6.8 <0.001

NEE modelled from

NDVl ground -0.77 £0.07 -0.30+0.07 -0.48+£0.07 84 -7.0 <0.001

(Mg C hat)

Average NDVkentinel 0.47+0.01 044+0.01 -0.03+0.01 82 34 0.001

NEE modelled from

NDVI sentinel -0.69+0.15 -0.33+£0.15 -0.36+£0.01 82 -4 0.001

(Mg C hat)

MeanNDVI sentinelOf A A ) - - -

grasslandz SD) 0.42+0.08

NEEsuly-August Of 8228 B A } } } )

grassland (Mg C)

Acumulated flux or mean NDVI over Juljugust (62 days)
Afestimatedor 2351.3 km of grassland in Icelandic lowlands

Following the same procedure we extrapolated a Wefagustto the total area of Icelandic

grassland below 200 m a.s.l. Following the Icelandic habitat types map, grassland covers

2395.8 km? or 9.5 % of the land below 200 m a.s.l. The suitable Sehtsag¢tllite images
covered 98.1% of the grassland area dutimegselected period between Jélygust 2023
or 2351.3 km2. Average NDWinineiOf the total grassland during JeAyugust 2023 was 0.42
+ 0.08. Based on this NDVI, the estimated mean NEEkqust was-0.035 Mg C ha and
extrapolated to the total are#228.5 Mg C for JubAugust 2023 Table4-3). This value can
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only serve of coarse estimate of NEE in Icelandic lowland grassland durirdugist,
due to the relatively low model fits of the regression models between jENland
NDVIsentineiwith modelled and adjusted fluxes, carrying large error terms.

44 Di scussion

441 NDVlasa Proxyfor Ecosystem CO > Fluxesin Sub -arctic
Grassland

In this study, we asked to what extent groumelasured NDVI can substitute e@ux
measurements during the growing season inasatic grassland in Iceland and how this
relation is influenced by differences in abey®und vegetation due to the cessation of
grazing. Previous studies from northern ecosystems have found that NDb& epplied as
groundtruthing tool of C sink or source activity in low vegetati@haveret al. 2013,
Karlsenet al.2018, Jesperseat al.2023) Consistent with these studjeour findings show

that grounebased NDVI is an effective proxy for daytime gross (GPP) and net C uptake
(NEE) in subarctic grassland during peak growing season conditions-Algyst). NDVI
correlates strongest with GPP, because NDVI reflects chlghliammntent(Del Grosscet al.

2018, Badglet al. 2019, Jespersest al.2023) This makes NDVI particularly useful for
comparing photosynthetic activity under different management practices, such as continued
grazing versus cessation of graz{Rgtit Bonet al.2025) However, directly measured GO
fluxes are strongly controlled by instantaneous environmental conditions, whereas NDVI is
not (Appendix3: Supplemental Figur8-9 i SupplementaFigure 8-11; Strimbecket al.

2019). Therefore, adjusting GPP to average incidental radiation{§aR&rkedly improved

the NDVI-based prediction, both per measurement day and as aggregates over the
measurement period. In our study, Ng&vas more driven by GREthan by ecosystem
respiration (ERqj; see correlations iAppendix 3: Supplemental Figur8-14), enabling a
prediction of daytime NE&; from NDVI during the peak growing season with precision
comparable to other arctic studi@haveret al.2013, Jespersaat al.2023, Petit Boret al.

2025) NDVI thus serves as a rapid indicator of average peak growing season net C uptake
but is less suited for fluxes under variable weather conditions, consistent with findings from
the tundrgStreetet al. 2007, Shaveet al.2013) According to findings of Seet al.(2024),

the peak growing season net C bataisca strong predictor for the annual net C balance in
northern nompermafrost ecosystems.

The NDVIi ER relationship was weaker and more variable compared to GPP, consistent with
other arctic studie@lespersemt al.2023, Petit Boret al. 2025) This is reflecting that ER

is a composite of autotrophic and heterotrophic respiration, only partly linked to plant
productivity, and thus NDVI(Jin et al. 2024) Autotrophic respiration is typically
proportional to photosynthetic uptake, thus follows a similar relationship to NDVI as GPP
(Schmittet al. 2010). In contrast, heterotrophic (microbial) riegon is less aligned with
NDVI because microbial activity depends more on resource availability (e.g. litter),
temperature and moistu(&jogersteret al. 2012, Meyeret al. 2018, Jianet al. 2022)
However, the moderate fit of the NDAR regression in our study suggests a covariation of
microbial activity, root respiration and plant productivity, possibly related to general soll
fertility (Barnezeet al. 2024, Maeset al. 2024) Conversely to C uptake, adjusting ER to
average soil temperatures (&jRreduced model fits with NDVI. In several ungrazed-sub
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plots, ER was markedly higher than expected from NDVI. This separation further amplified
with ER adjustments to soil temperatures and aggregation over the measurement period. We
speculate that decomposition of accumulated grass litter at thegpdossiloantributed to
enhanced respiration, poorly reflected in NI8trimbecket al.2019, Wanget al.2021)

4.4.2 Grazing Cessation and NDVI T CO2 Flux Dynamics

Grazing cessation was associated with substa
net ecosystem exchange and NDVI, consistent with previous results from the same study
system, including more sit€&lopschet al. 2026b) and from other high latitued studies

(Falk et al. 2015, Laraet al. 2017, Fischeet al. 2022, Thorhallsdottir and Gudmundsson

2023) Overall, NDVIiC O flux relationships were equal i
the measurement period. NDVI differences ( opl
changes in C&fluxes and NEBoo during our measurement period. Differences below this

threshold yielded poor predictions, likely due to biomass composition. In grazed grassland,

most standing biomass is green and photosynthetic a@tevehigh NDVI), but total
photosynthetic biomass can be I¢Miao et al. 2021, Vaierettiet al. 2021) Contrary, in

ungrazed grassland litter is accumulating, reducing NDVI despite high photosynthetic
biomass and GPRespersent al.2023)

Aboveground biomass composition and litter accumulation likely also influenced the
PNDMVIPER r el dRarkevehad 2021p When sward height differences exceeded

100 mm, ER was generally higher in exclosur e
A positive ®@ER was partly caused by relative
low litter; Klopschet al.2026b; Li et al.2024) and by increased ER in lottigrm exclosures

with high litter accumulation (high sward, high littéanget al. 2020, 2021), loth not

strongly reflected in NDVI(Huanget al. 2019) Small er o@Sward (< 100
i nfluence on @ER, and ER was generally highe
NDVI and thus plant productivity.

Overall, our results show that NDVI isseful for estimating C®fluxes and grazing
cessatiorinduced changes of G@uxes in subarctic grassland, which could provide a basis
for monitoring C sink responses to land use prac{idesalaineret al. 2022) Predictions
could be improved by better accounting for total photosynthetic biomass and litter, which
are poorly reflected by groudzhsed NDVI(Jespersert al. 2023)and by analysing ER
components separately with NDVI and complementary remsensing indice$Ge et al.
2017, Azevedet al.2021, Argentiet al.2022) For example, emerging approaches such as
SolarIinduced Chlorophyll Fluorescence (SIF) is directly linked to photosynthetic activity
and could enhance GPP prediction accu(&net al.2017, Cheret al. 2021, Zhacet al.
2024) Including other indices could advance rerst@sed substitution of direct €@ux
measurements further at scales relevant for land managéhngenti et al. 2022)

4.4.3 Upscaling from Point Measurements to the Landscape

Our second question concerned the suitability to upscale the net ecosystem exchange from
our ground measurement plots to the Icelandic lowland grasslands ovekuduigt.

Overall, seasonally aggregated groloased NDV{roundand satellitederived peak season
NDVIseninelWere linearly related, enabling upscaling of seasonal net C flux estimates
(Nestolaet al. 2016) In line with previous research, our results showed that the 10 m
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resolution of NDVkentinel Captured smalscale differences in aboygound vegetation
between adjacent grazed and ungrazed gras$Rengholdset al. 2015, Cicuéndeet al.

2024, Kodlet al. 2024) However, two outliers (both fr
calibration model indicated that more rigorous calibration is needed to account for landscape
heterogeneityNestolaet al. 2016) For example, nonegetated patches, such as surface
rocks or bare soil, which were included in NDRMkines but avoided ¥ NDVlgound
measurements. This probably caused overestimated NENWIn rocky grasslands (as in

the case of the two outliers), consistent with findinggSaéwert and Olofsson 202@nd

(Kodl et al. 2024) in heterogenous tundra in Iceland and Fennoscandia. Although our
findings, based on a single peak season, provide a snapshot of the magnitude of the C sink
strength across Icelandic grasslands, they should not be extrapolated without accounting for
inter-annual variability in temperature, precipitatiand grazing regim@-alk et al. 2015)
Therefore, it is essential to further improve NDNVEE and groundo-satellite-NDVI
calibrations to extrapolate grassland C dynamics temporally and in response to changing
land-use(Beeret al.2010, Baldocchet al.2018)

We estimated daytime net ecosystem exchange and nighttime respiration oved#ye 62
measurement period (JuBugust) asil. 40 Mg C ha 1 and +0.96 I
grasslandandd . 93 Mg C€C ha T and +0.85 Mg C ha T i
(Table4-3). Combined, the net flux indicated that grazed grassland was a net G0sfigk (

N 0.14 Mg @raderaxcldsires wérd rieteC neutraD( 07 N 0. 14 Mg C
Seasonal dynamics beyond the measurement period were not considered in this study but
will likely reduce annual C sink streng{Beeet al. 2024) Complementary soil analyses
indicated a 0.15 Mg C ha T yr T | ower seque
since grazing ceased, cumul at isoil&OQstocksip pr o Xx i
ungrazed compared to grazed grassl@iaapter 5) This sequestration rate difference is

slightly smaller than the calculated NEaugusd i f f er ence of 0. 37 Mg (
that CQ efflux outside the growing season reduce the C sink strength more in grazed than
ungrazed grasslar{@&onget al.2014,Petit Bonet al.2020) Root and microbial respiration

persist far longer than abogeound activity in the Arcti¢Blume-Werry et al.2016, Wang

et al.2017) Root biomass of our grazed grassland was approximately twice that of ungrazed

land (Chapter 6) suggesting that root and soil respiration will also differ in grazed and
ungrazed grassland beyond the growing season, which requires further research. These
findings indicatethat the C sink function of our stdvctic grassland sites fades without
continued grazing, underscoring that the C storage function of northern grassland is linked

to grazing activity which could have implications for lamgk related climate change
mitigation of these ecosysterfiRizzutoet al. 2024, Ylanne and Stark 2025)

Interestingly, NEE estimates for JuAyugust, modelled from grouddlased and Sentinél

NDVI, resembled NEE calculated from measured fluxes, even though the-NBE¥I
relationship showed high variability on individual days and across the season, despite
extensive ground measurements. For broader applications and time series, substituting
extensive groundhased measurements with higdsolution airborne remote sensing would

be preferabldBazzoet al. 2023) Although NDVkentinei2 €Stimates reproduced geneta
uptake and grazing effects on C uptake, the sateliteved estimates were less accurate
than NDVlrouna A finer resolution than 10 m would improve detection of management
impacts. For example, drofimsed NDVI offers higher spatial detail and has proven
effective in precision agriculture and vegetation monitofkgsmanret al.2019, Gargiulo

et al. 2023, Qiet al. 2025) Drones can capture detail missed by satellites and still cover
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large areas, making them highly suitable for sreedlle differences such as grazed vs.
ungrazed fence contrasts or heterogeneous vegetation nm@ssicgnret al.2020, Siewert
and Olofsson 2020, Koeit al.2024)

45 Concl usi on

Our results demonstrate that NDVI can serve as a rapid indicator of C balance differences
between grazed versus ungrazedardiic grassland. We found that the predictability of net
ecosystem C@exchange (NEE) from NDVI improved with data aggregation from daily to

seasonal values and NEE standardisation to average incident radiation and soil temperature.
NDVI and NEE were substantially lower with cessation of grazing, while the principal
relatiorship between both remained consistent. We developed a btaeharation curve

linking groundbased NDVIto Sentin@ NDVI (10 m resolution) and
pointscale measurements to estimate the averageAiliglyst net C balance of Icelandic
grasslands, comparable (el Grosscet al. 2018) Although our regression models often

showed moderate fits and upscaled estimates carried large uncertainties, these findings
reinforce the potenti al of NDV(@Jespesertal. substit
2023) Future work should focus on refining ¢aktion models to more accurately predict

C balances of highatitude grasslands. Improved remgtnsing models could become

powerful tools for assessing grassland C sequestration potential, guidingskapalicies

that promote management practicesttergythen grasslands as natbesed solutions for

climate change mitigatiofNorderhauget al.2023, Guomundssaet al. 2026)
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5 ChapterSu¥:t al Greadzi ng
enhancSs Or gantCacr bon
St orageSubar ctdrassl and

Abstract: Grazing systems remain underrepresented in global carbon cycle models, and
grazed grassland is rarely recognised as an active carbon sink. Emerging evidence indicates
that grazing can enhance plant carbon allocation bgtawnd, contributing to soil oagic

carbon (SOC) sequestration. Yet, longstanding grazing practices are increasingly being
abandoned in suarctic regions with poorly understood consequences for SOC
sequestration. Here, we examined the {tergn consequences of abandonmentwasiock
grazing for SOC in suhrctic grassland and heathland across 34 sites in Iceland, by
comparing pairedingrazed exclosures (4083 years) with adjacent continuously grazed
land Our results show that the cessation of grazing was associated with 8% lower SOC
stocks in the topsoil €20 cm), but without effect on SOC in deeper soil. Overall, SOC
stocks (on average 130 Mg C’ia 0-60 cm) were an order of magnitude larger than carbon

in total plant biomass, includimgots, shoots and littewith the cessation of grazing, root
carbon and nitrogen stocks in the topsoil, as important factors of SOC dynamics, were 29%
and 9% lower, respectively. Our findings indicate that soil nitrogen limitation associated
with cessation of grazing, promoted vegetashiits from grassland into heathland or birch
woodland at multiple sites. Both heathland and birch woodland were associated with
markedly lower SOC stocks in the upper 30 cm of soil compared to grazed grassland.
Therefore, we emphasise that sustainednsxte grazing is important for maintaining SOC
stocks of sukarctic grassland.

51 I ntroducti on

Land use is a major factor controlling carbon (C) uptake and emissions in terrestrial
ecosystemgSandermaret al. 2017) As a strategy to mitigate climate change, land use
change has gained increasing attention, often under the banner ofbesedesolutions
(Buckleyet al.2024) Naturebased solutions have thus far largely focussed on afforestation.
However, in northern high latitudes, such strategies are increasingly quegBoiséeé et

al. 2024, Kristenseret al. 2024, Aslakseret al. 2025) Empirical evidence indicates a
growing uncertainty of the boreal forest C sifWirkkala, et al. 2025) and soil C losses
associated with afforestation of open ecosystémigigenset al. 2020, Tau Stranet al.

2021, Jolyet al.2025) Conversely, soil organic carbon (SOC) in northern grazed grassland
IS emerging as a promising alternative, although empirical evidence remains limited and
more data are needed to address f@ng effects of grazing on SO@lorderhauget al.

2023, Ylanne and Stark 2025, Pillar avehck 2026)

3 A version of this chapter sccepted for publication

Klopsch, C., Thorhallsdottir, A.G., Thorsteinsson, B., Bardgett, R., Van Der Wal, R., Geirsdo8iustained
grazing enhances soil organic carbon storage irasttic grasslandslobal Change BiologZommunications
in review
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Driven by recent grazing abandonment and climate chgnggsland increasingly develops

into shrubdominated heathland or birch woodlaindnorthern ecosystems, with uncertain
consequences for SOC dynam{g®wles and Bjork 2019, Parket al. 2021) Kristensen

et al. (2022) hypothesised that grazing could improve the persistence of SOC in grassland
by promoting the flux and turnover of organic matter through the-gtaihsysten{Bardgett

and Wardle 2003)Stimulated C cycling, together with organic nmetemixed into mineral

soil by trampling and bioturbation could enhance microbial activity and the formation of
dead microbial matter (i.e., necromass) and its subsequent mineral protection in persistent
SOC fractiongBai and Cotrufo 2022)urther evidence suggests that grazing can stimulate
the belowground transfer of photosynthetically assimilated C via root exudation and root
turnover(Hamilton Il and Frank 2001, Roy and Bagchi 2022, Gerezhi. 2025, Zhang

et al. 2025) This propels a positiveeédback loop with increased soil microbial turnover

and microbial necromass, which is now recognised as the primary source of stable SOC
bound to mineral surfacésprovided sufficient silt and clay minerals are pregémigst et

al. 2021, Bai and Cotrufo 2022, Georgietial. 2025) This Omicrobi al car
regarded as a central mechanism for SOC sequestration in grazed gr@satemend Zhu

2021, Kristenseet al.2022)

In northern ecosystems, herbivores typically promote grassland at the expense of woodland,
heathland, and moss/lichen communi(ean der Wal 2006, Metcalfe and Olofsson 2015,
Ylanne and Stark 2025).onglived aboveground plant biomass stored in woodland and
heathland is less accessible to the soil food web, whereas grassland vegetation allocates more
C belowground, facilitating rapid turnover and transfer into soil due to compensatory
regrowth ofroot and photosynthetic tissue following defoliati@lofsson and Post 2018
Sarquiset al.2019, Ottavianet al.2020, Penner and Frank 202¥)a defecation, herbivores

return organic matter to the soil, thereby making nutriémts nitrogenpccessible to soil
microorganismgVan der Walet al. 2004, Barthelemyet al. 2018) Trampling by large
herbivores has also been shown to influence soil bulk density and soil structure, which can
affect microbial activity and SOC sequestratibleggenegt al.2017, Egelkrauet al.2020,
Tuomiet al.2021) Thus, grazingnediated modiiations of fine root turnover, soil nutrient
return and microbial activity can influence photosynthetic and respiration activity and
potentially enhance SOC formation and stabilisa{\diison et al. 2018, Kristenserwt al.

2022, Du and De Vries 2025)

Generally, the majority of the C assimilated through photosynthesis that cycles through the
soil is respired back into the atmosphere, leaving only a fraction sequestered @s SOC
primarily in the main rooting zonf.al 2018, Franzluebbers 202 RBesponses of SOC to
changes in grazing practices are small per annum and often inconsistent across studies
(McSherry and Ritchie 2013, Abdal&t al. 2018) Thus, longterm data are essential to
understand SOC dynamics and the sequestration potential of grazingsi&itath et al.

2020, Stanleyet al. 2024, Encarnatioet al. 2025, Zhouet al. 2026) In a spacdor-time
approach, SOC sequestration can be quantified as the additional SOC in the rooting zone
exceeding basal SOC in deeper §¥dillarino et al.2021, Franzluebbert al.2023) When

applied to longterm contrasts of grazed and ungrazed grassland, this can be used to infer
consequences for SOC sequestration with changing grazing préetesezuebbers 2022)

In Iceland, continued extensive grazing and a-wetwn land use history enabled us to test
how cessation of grazing influences SOC sequestration, potentially serving as a model for
subarctic regions(Norderhauget al. 2023, Starket al. 2023) For persistent SOC
sequestration, sufficient mineral surfaces to lihdre a key limiting facto(Cotrufo and
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Lavallee 2022, Encarnati@t al.2025) Andosols, the dominant mineral soil type in Iceland
developing on volcanic materi@hrnalds 2015) have a high SOC accumulation capacity

due to rapidly weathering clay minerals and replenishment of mineral material from volcanic
eruptions(Oskarssoret al. 2012, KégelKnabner and Amelung 2021, Matas al. 2024)

This makes these soils particularly suitable to study-lesadeffects on SOC sequestration.

The Icelandic lowlands, characterised by a mosaic of grasatahtheathland, maintained
through a millennium of traditional livestock grazi(idhorhallsdottiret al.2013) are faced

with increasing abandonment of livestock grazing and competing new land uses such as
afforestation, similar to other stavctic regiongHerzonet al.2021, Kristensept al.2024)

Over the past century, fenced enclosures have been erected across the country within the
grazed landscape, creating letegm contrasts between grazed and ungrazed land
(Thorhallsdottir and Gudmundsson 20233ing these contrasts, we have shown that grazed
land had a larger net G@ptake than ungrazed land during the growing se@d€iopschet

al. 202&). Here, we advance on these findings by testing how SOC stocks, as tteriong
accumulation of annual flux balances, are related to-teng cessation of grazing in
grassland and heathland. Specifically, we addressed the following questions:

() How does the longerm cessation of grazing affect SOC storage and sequestration
in subarctic grassland and heathland?

(i) How is SOC distributed through the soil profile of grazed and ungrazedrstit
grassland and heathland?

(i) How are nitrogen, rod® and bulk density, as drivers of SOC accumulation, affected
by the longterm cessation of grazing?

52 Materials and Met hods

5.2.1 Sampling Site Selection

To analyse how cessation of grazing aff&@Cat a landscape scale, 34 sites were selected,
clustered in four regions across the agriculturally relevantridetdowlands (5 200 m

a.s.l.; Figure 5-1). The climate of the Icelandic lowlands is satotic (KopperGeiger
classification). At our sampling sites, mean annual temperatures ranged betwken®2 e C
(summer7410. 3 eC) and mean annual pI28dctimmi t at i
(summer 95.4 274.3 mm Appendix 4 Supplemental Tablg-5). All sites were on mineral

soils and included a fenced contrast with a paired-temy grazer exclosure of 2083 years

and continuous grazing land with soil abiotic, topographical, and climatic factors being
equal. Land use history and the year when grazing was ceased were confirmed by
landowners. According to landowners, livestock grgzwas historically the only
anthropogenic alteration of the sites. The fence contrasts at each site were used as
unintentional experiments and a uniform sampling design was applied: each site was treated
as a pair of one grazed plot and one ungrazedgach with three suplots from which soil
samples were collectedApendix 4 Supplemental Figurd-16). The sukplots were
randomly chosen within each exclosure and mirrored in the grazed plot in an equal terrain
position and distance to the fence (Kéepschet al. 2026). Distances between syibots

and between sudplot and the fence were generally less than 20 m.
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‘| sampling sites in

habitat types
@ Grassland(n=17)
© Heathland (n = 8)
A Succession (n=9)

—— Contour line 200 m a.s.|
+ Coast line

Figure 5-1: Overview map of the 3&bil sampling sites across Iceland. For analysis,
sites were clustered in four regions (eastern, northern, western and southerr
classified in three habitat groups. The background mapoigrced from the Nature

Science Institute of Iceland (natt.is).

The 34 sites were classified into thkagetatiortypes based on dominant vegetatibig(re

5-1, Appendix 4:Supplemental Tabl8-5) : 6Grassl andd, d o mi
herbaceousegetation( n = 17) , 6Heat hl andd, d o mi
and heatlvegetato n = 8), o6éSuccession6, with

nat ed

nat ed

s hi

fts

vegetation (n = 7) or birch woodland (n = 2) following the cessation of grazing (total n =9
Appendix 4 Supplemental Figurg-17). At one sitg 6 S-Aso@s)ibplots were untypically
far apart from another (> 100 m) and vegetation composition was inconsistent between sub
plots. This site was divided into osabplot, classified as grassland and the two otud¥

plotsclassified as succession.

5.2.2 Soil Sampling

In August and September 2022 and 2023, soil samples were taken at each of the sites
following a standard protocol. First, above each soil profile, total agomend plant
biomass was sampled using a 100 cm metal frame, with vegetation being cut off at
the soil surface and stored in paper bags. The samples included live green biomass, dead
standing biomass, woody biomass and plant litter on the soil surface, but without quantifying

offtake from grazing (éreaftero a b-grgueds a mp | es 6 ) .

The boundary of the soil profile was defined as the upper limit consisting of mineral material,
following WRB guidelineIUSS Working Group WRB 2022for each suiplot, a soll
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profile was excavated to the depth of 60 cm, except for three profiles that were shallower
than 60 cm (see example Appendix 4 Supplemental Figurg8-18). Each soil profile was
visually assessed to determiseil horizonsof different texture or properties. For each
horizon, the percentage of solid rock particles with more than 20 mm diameter (coarse
fraction) was estimated and visual characteristics, including soil colour and tephra layers
(ash deposits of volcanic eruptions), were documented. Following the profile description,
separate soil samples were collected for three different purposes: bulk denbiy, aad
nitrogen analysampl(dedeafdard O€o& &NNnasl ysis

Bulk density samples were collected from at least three depths betwi®eon®, 1630 cm

and 3060 cm, using a metal cylinder with sharp edges of 5 cm diameter and 5 cm depth. In
case of larger variations in texture or density, the number of bulk demasityles was
increased accordingly. The cylinder was carefully pressed horizontally into the respective
soil layer to not compress the soil and excavated and cut off from above. When soll
conditions did not allow for a representative sampling with the ostitelxtensive coarse
fraction or extremely loose soil), a soil block of predetermined volume was carefully cut off
with a knife. For the C & N samples, sampling depth varied according to determined soil
horizons. Horizordepths ranged from 4 to 30 cm, but most samples had a depth of either 10
or 20 cm. At least four individual C & N samples per soil profile were taken along the depth
from 0-60 cm as complete soil columns. Both bulk density and C & N samples were stored
in paper or canvas bags anddired after sampling.

Root samples were collected from each soil profile in four predetermined depth intervals: O
10 cm, 1620 cm, 2640 cm and 40 cm. Every root sample was taken as complete soil
column with a soil volume of 5 cm 5 cm and the respective soil depth. After sampling,
root samples were stored in plastic bags at 4°C until further processing, but no longer than
14 days to minimise root decomposition.

5.2.3 Sample and Data Processing

Biomass Samples

Above-ground samplesvere cleaned manually from mineral soil particles anetiaed.
Prior to biomass determinatioall aboveground samplesere additionally overwlried at
40°C until no further mass loss was recorded and weighted to the nearest 0.01 g.

Root samples were submerged in soap water for several hours to disintegrate roots from soil
particles and then washed off from bulk soil using stacked soil sieves with mesh sizes of 2
mm and 0.5 mm in multiple washing circles. For this study, only rooplesnof the 610

cm soil layer were considered, which accounted on average for 72% of total root biomass in
the 360 cm(Chapter 6) Root samples were owaliied at 40°C until no further weight loss

was recorded and weighted to the nearest 0.01 g.

We estimated the biomass C stocks using conversion factors deriveM&etral. (2018)
Specifically, we averaged the leaf and stem biomass vallés eifal.(2018)as conversion
factorfor aboveground biomasSJanoveground and the value for root biomass as conversion
factor for roots (Got 010). FOr herbaceous vegetation we used 0.436 as conversion factor for
Caboveground@nd 0.425 as conversion factor fabdco10. For shrub and heath vegetation we
used 0.480 as conversion factor fabdegroundand 0.474 as conversion factor faedco 0.

Both biomass C stocks were converted into Mgd. ha
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Soil Samples

After drying, bulk density and C & N samples were sieved to the fine earth fraction (< 2
mm). In the bulk density samples, weight of the siemeticoarse fraction > 2 mm was
determined to the nearest 0.1 g and the volume as the volume of water replheecooyse
fraction in a measuring cylinder to the nearest 0.1 ml. After sieving, bulk density samples
were additionally ovetdried at 40 °C until no further mass loss was recorded and weighted
to the nearest 0.01 g. Using Eql Sbulk density of the fia earth fraction was calculated as

BD[g cm3] = Mr! ( ViZ Vch, Eq. 51

where BD is the bulk density of the fine earth fractior, isithe dry mass of the fine earth
fraction, M is the total sample volume (émand \&r is the volume of coarse fraction
(particle diameter > 2 mm) within the bulk density san{pMeKenzieet al.2002) C & N
samples were subsampled after sieving, using a standard riffle splitter and homogenised
using a ball mill with three minutes runtime at 400 turns per minute (PM400, Retsch, Haan,
Germany). Subsequently, concentrations of C and N were deéstroindry combustion,

using elemental analysis (vario MAX cube, Elementar, Langenselbold, Germany). As
carbonates are very rare in Iceland, we assumed that all C in our samples was organic C, i.e.
SOC (Oskarssonet al. 2004) Bulk density and concentrations of SOC and N were
standardised to 10m depth intervals €0, 1620, 2630, 3640, 4650, and 5660 cm) to

make profiles more comparable. Bulk density and the amount of course fraction varied
substantially between sampl@ppendix 4:Supplemental Figur8-19). As such, C and N
concentrations can be misleading. Therefore, total stocks of SOC and N per soil layer were
calculated with Eq.& as

SOQ N stock[Mg hal]l = OGI Nix BDOx (17 CR) x ix 0.1, Eq. 52

wherei is the depth of the soil layer, ON; is the organic C or N content of the respective
soil layer (mg ¢ fine earth), BDis the bulk density of the respective soil layer; SFhe
coarse fraction, either derived from visual estimation in the field or from volume
determination in bulk density sampi@sAO 2020)

SOC Sequestration

To calculate SOC sequestrationdfees , t h e a p pzroonaec he norfi cohrnoeontt 0 ,
by Franzluebbers (2021)was adapted (Eq.-%). At our sites, 90% of all roots were
distributed in the upperR0 cm(Chapter 6)thus we defined-20 cm as rooting zone where
CsequestiS related to current land cover and land use and the mean SOG66f @0 as

baseline CXSOGoso/ 4), driven by past processes unrelated to current land use and land
cover. Gequesivas then calculated as

GeequesifMg hal]l = SOGz (BSOGov-60! 4), Eq. 53

wherei is the respective soil layer, eitherlO or 1020 cm andCsequesteturns a value of
SOC above the baseline C for each profile.

Reference SOC data prior to land use change were missing, thus it was not possible to
calculate annual &questrates. Instead, the annual difference igqéessince grazing ceased

was calculated, assumi ng e qsqasiEq. 54 ©llowingi or t
Huet al.(2016) as
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3 ;éfequest/[Mg C hat yearl] = ( Gequesz( EXO/’Z Ccequesz( GI) /) / years, Eq. 54

where Geques(EXC) is the C sequestered in the exclosure @agues(Gr) is the C sequestered
in the grazed plot,is the respective depth layer{0 cm, 1620cm,02 0 c¢cm) and Oy €
are the respective years since grazing ceased.

5.2.4 Data Analysis

Effects of the cessation of grazing on SOC, N, C:N ratio, bulk densiyesound Croot 010,

and the proportion of 4oveground @aNd Goot 010 IN total C stock (€tal = SOC + Goot 010 +

Caboveground Were tested using linear mixed effects models (LMM), accounting for the
sampling design. When necessary, response variables were eithanr lequareoot-
transf or med subgdatoe gnieosntdée,d annd 6bsi t ed were cons
effects and d&égrazi ng teskistlreaffectoal graziagscesfaiion e d e
differed amongvegetationt y p eegetatioot y pe d and, I f signi fic
bet ween O&égraziveggtatoregpadi wedbeandclbuded as fi
N, C:N ratio and bulk density responses, separate models were performed for the whole saoil
column (G60 cm), the upper soil {BO cm), the lower soil (360 cm) and each of the six 10

cm standardised soil lays. Four out of 200 whole profiles and 16 out of 120&m0soil

layers were exclugtl for models concerning the whole profile or the respective soil layer
(Appendix 4 Supplemental Tabl&-6). These profiles or soil layers were excluded because

of constraining features including suspicious soil texture and coarse fraction, interpreted

as avalanche deposit, suspiciously high subsoil organic matter, interpreted as historical
human artefact oa shallow bedrock that were present in one profile but not in other

profiles of the site and thus differences in SOC in the respective profile were unrelated to
grazing cessation and mask real effects.

When predictor variables had significant effegts 0.05,Appendix 4 Supplemental Table

8-7, Supplemental Tabl8-8), differences between predictoategories were tested with
leastsquares means pelsoc tests. Differences in annualefes{ R&uest between grazed

and ungrazed land were tested using-tamered ttests, tested against 4 = 0 (= no
difference). Relationships between SOC and Nk lokensity, coarse fraction or other C

stocks were tested with Pearson correlation tests. The relationship between SOC
concentration and bulk density was further analysed with dinear regression using an
exponential decay function, applied to eachtdepterval. To analyse changes in C pools

with increasing time since grazing ceased,
all values from grazed | and were pooled int
land into three successive exzlor e age -0 ayesaeEbEO 06 Yo&B 383 and
yearso. The effect of végetatiod pysed eamdetdheaisnt
additional fixed effects using a LMM structure as described above. Differences between
exclosure age classes were tested withJeqisares means pesbc tests.

All data processing and statistical analyses were performed using R statistical software,
version 4.3.3R Core Team 2024)ith the packages ImefBateset al. 2015) ImerTest
(Kuznetsoveet al.2017) emmeansgLenth 2023) multicomp(Hothornet al. 2008)
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Figure 5-2: Depth distribution of soil organic carbon (SOC) stocks. Depth profiles i
cm soil layers for SOC stocks in response to grazing cessation (a) and iveg@atation
type (b) for 80 cm soil depth and for SOC sequestration above baseline SEBD (20
mean SOC) inA0 and 1620 cm soil in response to grazing cessation (c) and in the 1
vegetatiortypes (d), based on 201 soil profiles (n = number of soil profilesggpetation
type). For each soil layer an individual linear mixed effect model (LMM) was used,
the same model structure. Different letters in each soil layer indicate signii
differences between grazing treatmentsvegetationtypes per soil layer and differel
letters between soil layers in thayis in a) indicate significant differences with depth
derived from least squares means gost-tests following LMM. Error bars represel

standard errors
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53 Resul t s

5.3.1 Effectof Grazing Cessation and Vegetation  Type on SOC
Stocks, C  Sequestration and N Stocks

Soil Organic Carbon

Cessation of grazing had a significant influenceS&®C of the uppermost 10 cm of soil,

which comprised 32% of the total8® cm SOC stockHigure5-2a, Table5-1). Across sites,

ungrazed plots stored less SOC in thEOGcm layer than grazed plots, showing an average

di fference of 8% ( 40. p=0N002). SithilanysC.seqdelteréd inN 1 . &
0-10 cm above the baseline C of the&®Dcm subsoil (&ques) Was 15% lower in ungrazed
plots than in adjacent gr azepdO0@PRgure52¢.26. 1 N

Below 10 cm, the influence of grazing cessation on SOC faded. In all soil layers1felow

cm, SOC stocks did not differ between grazed and ungrazed landsatsti@ 10-20 cm

was i ndistinguishable between gFguze®zdg.and un
Instead, SOC declined steadily ivievery deeper soil layer to 50 cm depth before levelling

off in the two lowest soil layers. The subsoil layers-800cm and 3@®0 cm) accounted for

36% and 32%, respectively, of the total SOC stdable5-1).

Vegetationtype, regardless of grazed or ungrazed (= no interactive effects), exerted a
stronger control over SOC distribution than cessation of grazing in the upper30it(0)
across our sampling sites (Appendix Supplemental Tabl8&-7). Grassland maintained
higher SOC in 630 cm than heathland, +35% ifl0 cm 6 < 0.001), +50% in 120 cm

= 0.002) and +43% in 280 cm ¢ = 0.021), respectively, while succession sites
transitioning between grassland and heathlarithd 24% higher SOC in-D0 cm than
heathland§ = 0.011) but were intermediate between grassland and heathlan@hchd

(p > 0.05,Figure5-2b). Grassland had also the highesi;tesabove the subsoil baseline C

in 0-20 cm, sequestering 56% € 0.013) and 130%p(= 0.033) more SOC in-00 and 10

20 cm relative to heathland, with succession sites intermegiat®.05,Figure5-2d).

Two of the succession sites were unique; after more than 50 years without grazing, the
vegetation had shifted from grassland to mature birch woodland (Apper&lipgtemental

Figure 8-17). When analysed separately, these birch succession sites showed a marked
difference in Gequestthe ungrazed birch woodland held 34% lessesin Oi 20 cm soil than

the adjacent grazed grassland (21.7 + 4.3 Mfvsa33.1 + 4.3 Mg ha p = 0.046 Figure

5-3).
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are presenteth relation to cessation of grazing, summed up in four depth intervals and for
the total soil column in grassland, heathland and succession. Loager letters indicate
significant differences between grazed and ungrazed land and-opperetters indida
significant differences betwegagetatiortypes as derived from pairwise leasfuare mean

Table5-1: Mean soil organic carbon and nitrogen stoekstandard error (Mg h&). Data
posthoc tests.
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Figure 5-3: Soil organic carbon (SOC) sequestration i¥f2@ cm soil following birct
woodland succession at two sites with grassland in the grazed land and > 50 ye:
birch woodland in the exclosures. The significance of the difference between graz
ungrazedlots is shown by thevalue on top of the graph, as derived from pairwise te
squares means peblbc tests following a linear mixed effect mode|s(# 7.0, p = 0.045).

Annual Soil Carbon Sequestration Rate

As the cessation of grazing influenced SOC accumulation in the uppermost soil, we
estimated annual differences igeuesin 0-10 cm between paired grazed and ungrazed land

since grazing was ceasethble5-2). Ungrazed grassland soils accumudate0 . 15 Mg ha
yr 1T | ess C each year without gr ®z002g comp
Heathland § = 0.10) and all sites combineg & 0.08) showed similar, though not
significant, annual differences. Succession sites that shifted iatbl&wed following the

cessation of grazing showed no annual differenges)(318); however, the two succession

sites that had shifted into birch woodland diverged, with ungrazed soils accumulating 0.09

Mg ha T yr T |l ess C thapn003)h.e adjacent graze
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Table5-22 Annual di fferences in soil carbon seqglt
grazed and ungrazed landata are shown asean and 95 % confidence intervats
parenthesesvith resuls from onetailored ttests (L = 0 Mg C hd yearl) in the topsoil

(0-10 cm) of all sites and of eagkgetatiortype.

Vegetationtype pSOC sequestrat i_ o] t-test

and ungrazed land (Mg C ha! year?) df t P
All -0.09 (-0.18, 0.01) 34 -1.8 0.088
Grassland -0.15 (-0.27,-0.03) 17 -2.6  0.020
Heathland -0.16 (-0.37,0.04) 7 -1.9 0.096
Succession 0.16 (-0.20, 0.51) 6 1.1 0.318
Birch successich -0.09 (-0.13,-0.05) 1 -29.4  0.022

AThetwo birch succession sites were analysed separately from other succession si

Soil Nitrogen

Soil nitrogen(N) stocks mirrored SOC to a large degree, as shown by a close correlation
between the concentration of C andrN-(0.97;Appendix 4 Supplemental Tabl8-9) and

were 9% lower in the uppermost soil layer of ungrazed plots than in adjacent grazed plots,
independent ofegetatiortype (= 0.002;Table5-1). By contrast, in 1420 cm, N was 10%
higher in ungrazed grasslana<£ 0.05), 15% lower in ungrazed successips (0.07) and

not different in heathlang (> 0.05) compared to adjacent grazed plots. Mirroring SOC, N
varied more betweewnegetationtypes than with cessation of grazing. Overall, grassland
maintained substantially larger N stocks than both heathland and succession in every soil
layer in B30 cm f < 0.05). Below 30 cm, neither grazing ngggetationtype had a
detectable effect on N. Summep across the full-80 cm profile, grassland stored the most

N, while heathlands stored the least, without differences between grazed and ungrazed land.
In succession sites, though, the cumulative N stock was 11% lower in ungrazed land
compared to grazddnd p = 0.04;Table5-1).

C:N ratio
Variations in SOC and N todetr shaped distinct C:N ratios acresgetatiortypes Figure
5-4, Appendix 4 Supplemental Tabl&-7) . Heat hl and, with more wo

vegetation, maintained the highest C:N ratio (~18) in the upper soil. Grassland and
succession showed substantially lower ratios, ranging betweetb.1h ungrazed

succession sites, the C:N ratio was signifigahigher than in grassland, mirroring the

vegetation transition from grasekhinto heathland. This transition was further sharpened in

10-30 cm with grassland vegetation (grazed and ungrazed grassland, grazed succession)
exhibited consistently | ower C: N ratios (O
ungrazed heathland,ungr@ d succession; O 14). Bel ow 30 cr
C:N ratio converged around 14, reflecting a homogeneous deeper soil \eegesstion

types.
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Figure 5-4: Mean C:N ratio + standard errorlang the soil profile in three separate si
sections: €10 cm (top), 180 cm (middle) and 360 cm (bottom) in theegetatiortypes
(n = number of soil profiles included). For each section a separate linear refkects
mo d e | wi tche s6sgartai aegeiagiora iy g e &6 as fi xed €
Significant differences between grazing cessationvagetatiortype in each section ar
indicated by different letters, as derived from lestpiares means pekbc tests.

5.3.2 Carbonin Above  -ground and Below -ground Biomass

Aboveground carbon (&oveground responded strongly to the cessation of grazing
(Appendix 4 Supplemental Tabl8-7). As expectedCaboveground Was higher in ungrazed
plots compared to grazed plots (10.3 + 0.4 Mg ¥ 7.1 + 0.3 Mg h4 p < 0.001) of all
sites combined and in each of thegetationtypes, but without accounting for biomass
removed by grazing over the sea¢bigure5-5a). Acrossvegetatiortypes, GoovegroundWas
larger in heathland than grasslamd<(0.001) and successiop £ 0.003). Overall, hove
ground@ccounted for < 10% of i (SOG-60 + Croot + Canoveground and held in eachegetation
type a higher fraction of+ain ungrazed plots compared to grazed plpts @.05;Appendix

4: Supplemental FigureB-20a). In heathlanelominated vegetation, a6oveground Was
principally a larger fraction of &a compared to grasslargbminated vegetation.
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Figure 5-5: Mean carbon (C) in abovground biomass (a) and in roots in thelO0 cm
soil (b). Data ofall sites and eaclegetationtypeare shownfor grazed and ungraze
plots, derived from linear mixed effect models (n = number of samples include
category, one abovground biomass sample was missing). Significant differences
grazing cessation in each of thegetatiorntypes or at all sites are indicated byvplues
above the bars, as derived from leaguiares means pekbc tests. Error bars represe|

standard errors.

Root carbon in the topsoil (&t o10) exhibited the opposite trend tQdovegrouns Across all
sites, ungrazed plots contained 29% less &othan grazed plots (4.7 + 0.4 Mg hes. 6.6

+ 0.5 Mg hd, p< 0.001), with grassland showing the strongest differed@&4,p < 0.001)
and heathland showing a tendency orlyfo,p = 0.101;Figure5-5b). These differences
translated into a smaller contribution ofodeo10 t0 Gota in UNngrazed plots compared to
grazed plots, particularly in grasslamu<{ 0.001) and marginally in heathland £ 0.07;
Appendix 4 Supplemental Figur8-20b). Acrossvegetationtypes, heathland held larger
Croot 010 than grasslandp(< 0.001) and successiop £ 0.03). Overall, we found that in
grassland Gquestn 0-10 cm was positively correlated withoéeo10, but negatively correlated
with Caboveground but not in othewvegetatiortypes @ppendix 4 Supplemental Tablg-9).

Table5-3: Diagnostics for exclosure age models. F statistics and degrees of freedom (df)

are derived

from | i

near mi x ed

eehetatoat tysp endo d e | s

and their interaction as fixed effects and S@m Croot 010 cmand Giboveground@S responses.

Random effects

i pleoacdh nleMM ewlerien OSUult ed and <«
Response Exclosure age (A) Vegetationtype (V) AxV
dfnum,den F dfnum,den F  dfnum,den F
SOG 10 3,124 1.3 2,113 11.5%* 6,126 1.6
Croot 0610 cm 3, 145 6.6*** 2,98 14.5%** 6, 147 3.4**
Caboveground 3, 142 22.2%** 2,108 10.3*** 6, 148 2.4*
Significance codes: O6***86 < 0.0@01; ©6°
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5.3.3 Changes in C Pools with Exclosure Age

As shown above, SQGo, Croot 010 and Gooveground Were sensitive to cessation of grazing
(Figure5-2, Figure5-5) . We further tested how four | ev
30, 3150, 5183 years) affected these C podlalfle5-3). With longer exclosure ade 30
years)more exclosures were added to the succession category, indicating an increasing
likelihood of vegetation shifts from grassland into heathland with exclosuré& iaged5-6).

SOG.10 remained the largest C pool in eadygetationtype and each exclosure age class,
representing 580 % of all C in the topsoil and plant biomass combined, with an overall
higher ratio of SO€1oto C in vegetation in grassland than heathland.

Gmassland Heat hl and Succession
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Figure 5-6: Carbon (C) pool differences with exclosure age. C pools (Mg bhabove
ground biomass (green), root biomass #10 cm (brown) and soil organic carbon (SO
in 0- 10 cm (black) are shown for grassland, heathland and succession sites in
land and each of three exclosure age classes3(@ears, 31550 years,51-83 years).
Error bars represent standard error. Significant differences in each C pool betwee
classes are indicated by different letters, derived from{sgisares means pekbc tests.
Note that on the-pxis positive values represent abayeund C and negative value
represent belovwground C. Numbers above theaxis represent number of soil profil
included in each category. The question marks above grazed-gbmwed bars indicate
that biomass removed by grazing was not measured and isgriissn this pool.

In grassland, SO{Go was lower in up to 50 years old exclosures-(0.011) compared to

the grazed referenc&igure5-6). Exclosures that remained as grassland for more than 50
years were as rich in SQ& as grazed grassland £ 0.95). Goot 010halved relative to the
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grazed reference in the-30 years old grassland exclosures, whilgdegroundincreased by
50% in the same period and both C pools remained similar in older exclosures.

By contrast, in heathland and succession, no differences in.Sebetween grazed and

any of the three exclosure age classes were fdeigdre5-6). In heathland, both et 010

(+42%) and Ghoveground(+52%) peaked initially in 230 years old exclosures relative to the
grazed reference but declined again in older exclosures usttib{eand GoovegroundWere
indistinguishable from grazed values in the old exclosures. Succession sites followed a
similar trajectory as heathland fokdoveground thatmorethan doubled (+111%) in the B0

years old exclosures relative to the grazed referensgo{son the other hand, was lower

than the grazed reference forysars following cessation. Interestinglyaséveground@nd Goot

o-10 In over 50 years old succession exclosures were again as high as the grazed reference,
despite the vegetation shift.

Table5-4: Bulk density (g cr) * standard error, in three soil depth intervals and the whole
soil column. Bulk density differed marginally iilO cm and 120 cm between grazed and
ungrazed plots (p < 0.1) and ir1D cm significantly betweesegetatiortypes. In 2660 cm,

no differences between grazed and ungrazed and betwegetatiortypes were found. For

the whole soil column, bulk density was lower in heathland than in grassland and succession.
Lowercase letters indicate significant differences betweezeagtaand ungrazed land and
uppercase letters indicate significant differences betwesgetationtypes, derived from
leastsquare mean postoc tests following LMM.

Solil layer Grassland Heathland Succession All
cm grazed ungrazed

071 10 0.53 £ 0.04% 0.49 + 0.04 0.59 +0.08 0.54+0.08 0.52+0.08
107 20 0.65+0.06 0.68 +0.07 0.73+0.07 0.70+0.06 0.67 +0.06
207 60 0.72+0.083 0.65+0.05 0.73+0.05 0.70+0.08 0.70 +0.08

071 60 0.68+0.02 0.60+0.03 0.69+0.0%3 0.66 +0.08 0.66 +0.03

Lowercase letters indicate significant differences between grazed and ungrazed I
uppercase letters indicate significant differences betwesgetatiortypes

5.3.4 Bulk Density and Soil Properties

Cessation of grazing affected bulk density in th800cm soil, with marginally less
compacted soil in ungrazed plots comparegrézed plots in<10 cm (0.52 £ 0.03 vs. 0.54
+0.03 g cr?, p= 0.094) and 120 cm (0.67 = 0.06 vs. 0.70 + 0.06 g &mp = 0.089;Table
5-4, Appendix 4:Supplemental Tablg-8). Below 20 cm, no effect of grazing cessation was
found and the mean bulk density betweer6@@m was 0.70 + 0.03 g chOverall, topsoil
bulk density was lower in heathland (0.49 + 0.04 g®coompared to succession (0.59 +
0.04 g cn?, p= 0.011), but not different from grassland (0.53 + 0.04 §;qw 0.406) and
lower in 010 cm compared to deeper sqil< 0.05). Bulk density and SOC concentration
were inversely correlatedi6o: = -0.63,p < 0.001), following unique exponential decay
functions fo each soil layerAppendix 4 Supplemental Figurg-21): SOGrich samples (>
10%) had generally low bulk density (< 0.6 g ®mvhile samples with bulk density > 1 g
cm® had generally low SOC concentration (< 2.5 %). Coarse fraction was on average 12 %
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of the soil volume without systematic differences between grazed and ungrazed soil profiles
(p > 0.05,Appendix 4 Supplemental Tablg-5).

54 Di scussi on

Our study revealed that the cessation of grazing over multiple decades was associated with
lower topsoil (810 cm) C sequestration in Icelandic grassland and heathlandS®@ith

stocks being on average 8 % lower in ungrazed compared to grazed land. The cessation of
grazing was also linked to lower root C and nitrogen (N) stocks in the topsoil, especially in
grassland and succession from grassland into heathland. Together, etjgseses to
cessation of grazing likely decrease plant productivity, beownd transfer of
photosynthetic assimilated C into soil, and SOC accumuléfiokol,et al.201%, Villarino

et al.2021, Cotrufo and Lavallee 2028y contrast, more C was found abay®und 20

30 years after grazing ceased, but without additional effects of exclosure age, indicating
inconsistent responses abewnd belowground to cessation of grazir{yaieretti et al.

2021) Together, our results highlight that the cessation of grazing is not a viable strategy to
augment SOC accumulation in satctic gen ecosystems.

5.4.1 Soil Organic Carbon in Grazed and Ungrazed Land

The soils of our sampling sites were typical brown andosols, the most common soil type
described from Icelah(Arnalds 2015) Across our sites, SOC in the60 cm soil column
averaged 130 Mg ha ranging from 70 to 255 Mg Haalignipg well with the Icelandic

national soil dat abase av €0skagsoretalf2004)8@ Mg h
global andoslbSOC valuegBatjes 1996, Kogeknabner and Amelung 2021%imilarly,
soi l bul k density mostly ranged between 0. 4

similar relations with C concentration as described previously for Icelandic and global
andosts (Dahlgrenet al.2004, Arnalds 2015, Sanchetzal.2025) This indicates our soils

were representative for the Icelandic lowlands and that grazing history at these sites
contributed to maintaining or augmenting the large SOC stocks of Icelandic brown andosols
(Matuset al.2014)

Our results provide empirical support for recent theoretical models on herbivore effects on
C cycling(Kristenseret al. 2022, Rizzutcet al. 2024) For example, Rizzutet al. (2024)
demonstrated that herbivores enhance SOC through simultaneous defoliation and defecation,
thereby improving plant and microbial performance. However, some recent empirical
studies have failed to detect changes in SOC storage after decades of@eptitsion in
temperate grassland, questioning the role of grazing in SO&dgs(MedinaRoldanet

al. 2012, Derneet al. 2019, Encarnatioet al. 2025, but see Zhoet al. 2025) However,

studies have shown that SOC stocks were maintained under grazing despite substantial
biomass removal, interpreted as proportionally greater SOC storage per (Rapwnd

Bagchi 2022, Encarnatiaat al.2025) Moreover, it was recently shown across a network of
British grassland sites, comparable to our sampling design, that whilgelonggrazer
exclusion had no impact on total SOC, itss@aciated with lower mineralssociated organic

C, i.e. the more persistent component of J@iuet al.2026) In our study, we identified

the topsoil (010 cm) as sensitive to grazing, with lower SOC stocks in-teng exclosures
compared to adjacent grazed land, consistent with findings from-ahgiie longterm
studies(Hewins et al. 2018, Borket al. 2020, Wuet al. 2021, Windirschet al. 2022,

87



Thorhallsdottir and Gudmundsson 2028}though not directly measured, we suggest that
in grazed soils larger beleground C input and higher microbial activity contributed to
greater SOC accumulation via minebalund microbial necromass, as positeddgremia

et al.(2025)andWilson et al.(2018)

We found thatvegetationtype had a stronger influence on total SOC stocks than the
cessation of grazing. Grassland stoi3d subst
cm soil | ayer than heathland (~79 Mg C ha 7T1)
with no differences belv 30 cm, possibly reflecting varied historical grazing and C turnover

rates over centurig®arkeret al. 2015, Egelkrautet al. 2018). These findings emphasise

the need to better protect grassland from land use changes to maintain thtgriospC

storage function(Bardgettet al. 2021, Norderhaugt al. 2023, Pillar and Winck 2026)
Notably, our birch succession sites accumul a
ceased compared to adjacent grazed grassland, aligning with markedly lower SAC in O

cm of mature birch woodland (>60 years), found in other studies from Icelamgared to

our grassland soilfHunzikeret al. 2019, Sancheet al. 2025) Similar SOC responses

following birch colonisation of open land have been observed in Scamaliaad the UK

(Parkeret al.2015, Houseget al.2025) Emerging evidence has linked shifting mycorrhizal
associations to reduced SOC and particularly miressbciated organic matter with

colonising trees and ericaceous shrubs, although this requires further rélsealahi et al.

2021, Parkeet al.2021, Ylanneet al.2025, Zhowet al.2026)

5.4.2 Soil Carbon Sequestration

The nonlinear decrease of SOC with depth supports our assumption of ongoing SOC
sequestration within the rooting zoffeganzluebbers 2021This is reinforced by C&Xlux
measurements showing our sites acted a€ satks during the growing seas(iflopschet

al. 202@). Using calculations adapted frdfmanzluebbers (2021$50C sequestration in the
0-20 cm rooting zone ranged between 1.6 to 91.8 Mgahave the 260 cm baseline C at

our sites, likely representing C sequestered during the last centooegparable to
centennialscale SOC sequestration in the rooting zone of U.S. gras@faadzluebbers
2021) Since grazing had ceased, on average 0.15 Mydwr! more C was sequestered in

the topsoil of grazed grassland than ungrazed grassland, matching Icelandic data, showing
that grassland, Ménriched from bird guano, sequestered 0.14 Mbylear! more C than N
limited grassland over a 40 years pefibdblanset al.2017) In agreement with Leblans et

al. (2017), grazed grassland was alseri¥idhed in 010 cm in our study, emphasising N as
limiting factor of longterm SOC sequestratiqRifieiroet al. 2010, Schrama, Veest al.

2013, Bai and Cotrufo 2022)

We could not determine annual SOC sequestration rates due to a lack of reference data prior
to land use chan@ea crucial gap for climate change mitigatischemeqBossioet al.

2020) Sequestration rates for salxctic grassland are scarce, but the Icelai#itonal
InventoryReportestimated rates of 039 Mg C ha yr for eroded soils during restoration

and 0.1IMg C ha! yrfor mineralsoils in grassland, based on expert judgemggeter et

al. 2026). Considering these estimates, we interpr@tl®s Mg C ha yr? difference in the
unknown annual sequestration rate as substantial. Other studies estimated that birch
woodland growing on barren or@pleted land in Iceland sequesters@ZAMg C hayr?
(Hunzikeret al. 2019, Sancheet al. 2025) By contrast, the birch woodland in our study,
established on previously grazed grassland, showed markedly lower SOC sequestration
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compared to adjacent grazed grassladd® Mg C ha yr), providing empirical support
for grazerenhanced grassland SOC sequestration, as propostdzoyoet al. (2024)

5.4.3 Driversof Change in SOC

Nitrogen

We identified differences in N stocks linked to grazing cessationegetatiortypes as one

key driver of SOC changes. Our results showed that grassland and heathland N responded
differently to cessation of grazing down to 30 cm. Grazing animals return N directly to the
soil through defecation, typically lowering the topsoil C:Niaatthereby improving
productivity (Pecoet al. 2017, Sitterset al. 2020, Defourneaugt al. 2024) Grassland that
persisted for decades after cessation of grazing was atr@sadtby high N and low C:N
ratios, particularly in the 280 cm soil, likely reflecting historical intensive grazing
(Egelkraut,et al. 2018y). This high N as high or higher compared to grazed grassland
maintained productivity in these ungrazed grasslands despite reduced NBgstitelemy

et al.2015, Castariet al.2023) Conversely, grassland with lower N storage and higher C:N
ratio in the topsoil, despite continued grazing, faced mounting N limitation with prolonged
grazing cessation and develdpento heathland, similar to findings from abandoned
subalpine grasslan@Gavrichkovaet al. 2022) Although SOC stocks of succession sites
were unaffected by grazing cessation irR300cm soil, N stocks diminished, likely causing
N-demanding grassland species to be outcompeted by skgnoaing shrubgEgelkraut et

al. 2018, Sgrenseret al.2018). Generally, heathland exhibited the lowest N and highest
C:N ratios in 830 cm soil, indicating longerm N limitation favouring heath species that
produce wtrientpoor, slowly decomposing litter with a high C:N ratio and low
accumulation of SOQWeintraub and Schimel 2005, Mekonredral.2021) Low N in both
grazed and ungrazed heathland suggestltreitime persistence over centuries, contrasted
with the more recent heathland establishment in ungrazed grassland (decades) with relatively
higher N, possibly reflecting historically low grazing acti\ifye Beeset al.2016)

Above -ground and Root Carbon

At our grassland sites, SOC was positively linked to root C but negatively to-ghmwed

C. We interpret this as a result of partitioning of photosyntfaetsimilated C in abovand
belowground plant biomass, mediated by gragi8grquiset al.2019, Fossuret al.2022)

When released from grazing, more C stays atgpoand as litter, tallegrowing shoots and

taller plant species e.g. shruiddekonnenet al.2021, Wanget al. 2021, Starlet al.2023)

With a larger portion of abovground C as littemi ungrazed land, photosynthetic activity is
hampered by shading and cooler soils and more photosynthetically assimilated C is respired
back to the atmosphere before cycling through the soil, thereby reducing soil (Siokonit

et al.201%, Su and Xu 2021, Jessenal.2023)

Following offtake by grazing, grasses respond typically with compensatory redfenattk

and Fridley 2025)This likely enhanced photosynthetic C assimilation and bgi@und
transfer of C at our sites, which influences SOC sequestration more than total biomass
(McNaughton 1983, Jacksat al. 2017, Ritchie and Penner 2020, Klopsthal. 20260).

This is in line with the conclusion of Encarnatietnal. (2025), positing a greater C storage

per unit C input from plant biomass under grazing.
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Our results suggest that differences in topsoil root C of grassland following cessation of
grazing better explain differences in SOC, supporting the findings of Franzlueksdrs
(2023) who showed that land management impacts SOC sequestration within grassland
rooting zones. At our grassland sites, root C was markedly reduced following the cessation
of grazing, offsetting abovground biomass gains and likely changing pkuwit interactions
(Villarino et al. 2021) As roots are the primary pathway forir@o soil, likely more SOC
accumulated under grazin@arquiset al. 2019, Yanget al. 2021) Grazed grassland,
specifically, feature dense fibrous root systems with rapid turnover, releasing organic matter
to soil microorganisms and thus promoting micrchiatived SOC sequestratig@hapter

5; Sokolet al.2019a Februaryet al.2020; Malhotraet al.2025) With less roots in ungrazed
grassland, less C is exuded into the soil, hampering further SOC sequestration.

Heathland contained more total root C than grassland, but heath roots tend to be coarser and
longetlived, likely exuding less C and accumulating C mainly in labile particulate organic
matter derived from root littgfWang,et al. 2016, Arndalet al. 2018, Angstet al. 2021)

With succession from grassland to heathland, root C declined for 50 years after grazing
ceased, likely reflecting reduced fibrous grassy root grgRtiuriguezet al. 2007, Ylanne

et al. 2018) However, SOC only tended to decline Ire toldest exclosures (50+ years),
indicating a timdagged response of SOC to changing grazing pressure, akelomgesult

of plant responses to grazi{Bardgett and Wardle 2003)

Bulk density

Grazing animals compact soil through trampling and thereby increase bulk density
(Heggenest al. 2017) Andosols typically have low bulk density and high resilience to
compaction(Arnalds 2015) and we found no indication of soil compaction that limited
aeration or infiltration at our sit€slowisonet al. 2017) Consistent with previous studies,
bulk density was higher in grazed than ungrazed land within-it@edn soil layefByrnes

et al. 2018, Lai and Kumar 2020However, within the range observedaaor study, a
slightly more compacted topsoil may even help stabilising especially in very loose
heathland topsoil with large amounts of unconsolidated particulate orgeatter and
improving N mineralisation by enhancing water retention in the toffSciirama, Heijning,

et al.2013, Tuomkt al.2021, Meyer and Leroux 2024ljogether, we consider N recycling,
root density and soil compaction in the topsoil, stimulated by grazing, trampling and
defecation as key drivers contributing to higher SO@eumgrazing at our sitgsleggenes

et al.2017, Leblangt al.2017, Malhotraet al.2025)

5.4.4 Implications and Future Directions

Large uncertainties exist regarding how grazing animals influence SOC storage and
sequestration, despite numerous studies on the s@Bpand Cotrufo 2022, Stanley al.

2024, Bardgett 2025, Zhaat al.2026) Yet, cessation of grazing is often regarded as cost
efficient intervention to enhance C sequestra(idbdalla et al. 2018, Quet al. 2024)
Challenging this assumption, our results provide robust evidence that cessation of grazing
over multiple decades is associated with less topsoil SOC islgmdsand heathland across

the Icelandic lowlands (together 35 % of land < 200 m a.s.l.). Severaldongstudies and
metaanalyses support our findings, indicating the need to factor in the treatment duration as
SOC sequestration rates tend to shiftrfrpositive to neutral or negative with extended
periods without grazingMcSherry and Ritchie 2013, Het al. 2016, Derneet al. 2019,
Silveira et al. 2024) We examined cessation of grazing as a constant treatment, though
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grazing intensity varied across our grazed @ldt®m permanent grazing to lightly grazed
summer pasturésadding variability across sitéKlopschet al.202&). In line withStanley

et al. (2024) future research should account for grazing frequency, timing, duration, and
intensity when assessing grazing impacts. As SOC stocks were higher under grazing, we
infer that grazing intensities at our sites remained within ecological carrying cajBaske

et al. 2020) Extensive grazing may therefore enhanc@CSsequestration at scales
meaningful for climate change mitigation, given the global extent of grazingd Randpel

et al. 2020, Stevengt al. 2022, Pillar and Winck 2026)rhe potential for additional C
storage abowvground on the other hand, is tightly limited in sargstic grassland and
heathland. Our study showed that aftei320years without grazing, abogeound C stocks
accumulated up to 5 Mg Rabut without further increases with exclosure dggure5-6).

Thus, it is unlikely that plant biomass gains of ungrazed heathland or woodland offset lower
SOC sequestration in our contéXtanneet al. 2018, Snorrasoat al.2019, Sancheet al.

2025)

Moreover, we hypothesise that negative impacts of grazing cessation on SOC may be
reversible, given that the differences were confined to the top 10 cm of soil even after
decades without grazing. Reintroducing grazing animals could restore N inputsearaafin
growth, promoting a shift back from heathland to grassland and enhanced SOC sequestration
(Te Beeset al.2016, Starlet al.2019, Fischeet al.2022, Geremi&t al.2025) However,
mycorrhizal associations at these sites have likely shifted &doascular to ericoid or
ectomycorrhizal forms, altering nutrient and C cycling in ways that may sustain heathland
(Clemmenseret al. 2015, Frey 2019, Castaf@ al. 2023) Integrating mycorrhizal fungi

into models of herbivoiglant soil interactions will help to decipher soil C dynamics,
particularly where vegetation composition shifts with changing grdgiagtaficet al.2023,

Zhouet al.2026)

55 Concl usi on

Our findings demonstrate that lotgrm grazed grassland stores more topsoil C than
ungrazed grassland, heathland or birch woodland that formed under low or none grazing
pressureEnhanced soil N availability and greater production of fine roots under continued
grazing likely underpin these higher SOC stogksstenseret al.2022) Given the limited
protection of grasslands globally despite their large SOC stocks, our extensive spatial
replication and paired grazed-exclosure comparison provide comp@ll evidence that
extensive grazing represents an effective natased solution for maintaining existing SOC
stocks and potentially increasing them in-sumbtic grassland, outperforming both cessation

of grazing and heath and birch encroachn{Bniske et al. 2024, Kristenseret al. 2024,
Aslakseret al.2025, Ylanne and Stark 2025, Zheiual. 2026)
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6 ChapterCé&dsati com aafi ng I
| cel abdmearthi ngohd@r m

n

ConseqguenceRoofBoromass and

Communi-t evRBdotFuncti onal
Tr ai t s

Abstract: In northerngrassland and heathland, plants allocate biomass predominantly in
roots. Roots play a central role in mediating the transfer of photosynthetically fixed carbon
from plants into soil. These northern ecosystems have been maintained historically by
traditioral grazing which is increasingly abandoned today. Previous research has shown that
grazing exerts strong control over root biomass allocation, via species turnover, favouring
grasses with fine, fibrous roots, and rsotl interactionsvia stimulated root exudation and

root turnover. However, less is known about how root systems of different vegétpgsn
adjust structurally and functionally in the leteym when grazing is ceased. Here we show
that after > 20 years aftaressation ofjyrazing fine root biomassas strongly reduceih
grassland but not in heathland, based on commieml root distribution and functional
traits data compiled from adjacent grazed and-tengn ungrazed (> 20 years) land at 34
sites in Iceland. Fineoot biomass of our sites in@ cm soil was on average 16.1 Mgtha

in grazed and 12.7 Mg Han ungrazed land, with 72 % of all roots distributed ibh@cm.
Despite these large differences in root biomass, commlavigf root functional traits were
largely unrelated to cessationgrbzing, suggesting that rooting strategy is more controlled
by climate or soil properties than grazing or vegetation compositgubrarctic ecosystems

in Iceland Our findings support the perspective that grazing cessalecreases overall
rhizosphere activity and thus carbon inputs from roots into soil, but not root resource
acquisition strategy.

6.1 | ntroducti on

Roots play a central role in ecosystem processes, including nutrient and water uptake,
anchoring plants, and driving the transfer of photosynthetically fixed cé@)amto the soll
(Bardgettet al. 2014, Barryet al. 2025) In northern ecosystemihe largest portion of the
photosynthetically fixedC is allocated belovground as an adaptation to short growing
seasons and low average temperatures, whereeooedC dominates inputs to the stable

soil C pool(lversenet al.2015, Jacksoat al.2017) Therefore, recognition of root dynamics

has intensified, as sdil sequestration is increasingly viewed as a key ndiased solution

for climatechange mitigation in northern ecosystgfRasseet al.2005, Sokol and Bradford

2019, Buckleyet al.2024, Charet al.2024)

4 A version of this chapter sccepted for publication

Klopsch, C., Thorhallsdottir, A.G., Thorsteinsson, B., Bardgett, R., Van Der Wal, R., Geirsd6iBrasing
abandonment in Iceland: unearthing the consequences for root biomass and codaweinityot functional
traits Plant and Soilin review
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In northern ecosystemmosaics of grassland and heathland are widely shaped by grazing of
large mammalian herbivoré§laliniemi et al.2018, Ylanneet al. 2018, Starlet al. 2023)
Herbivoremediated vegetation composition and nutrient dynamics also shape distribution
and functioning of root§Caiet al.2024) Grazing influences plaf@ allocation by altering

the balance between shoot regrowth and root investment: for examplagtdeiaan reduce
root biomass but stimulate fine Cluastot ur nove
soil microorganismg¢Bardgett and Wardle 2003, Hamilton Bt al. 2008, Sarqui®t al.

2019) However, abandonment of traditional grazing prastisealtering grazing regimes
across northern ecosystems, such as in Scandinavia and I¢Slaedselet al. 2022,
Defourneauxet al. 2024) As a consequence, cessation of grazing often triggers striking
aboveground successional shifts from grazed grassland into heathland or birch woodland,
potentially shifting interactions between fine roots and &iiristieet al. 2015, Yuet al.

2017, Parkeet al.2021)

Under grazing, shallow, fibrous firreot systems are typically promoted that maintain high
labile soilC inputs to the soil microbial food web; conversely, grazing cessation and species
turnover may lead to deeper and more conservative root systems with lower rhizosphere
activity favouring longer retention o€ in deeper soilFranzluebbers 2022, Siered al.

2024) Previous studies have shown that fine root growth in graminoids is more continuous
over the growing season, while shrub root growth is moneentrated in the early growing
season in the Arcti(Radville et al. 2016, Wanget al. 2016). Other studies found high
inter-specificplasticity infine-root morphology anghenologywhich maintained roesoil
interactions despite species turnover abgraund(Ylanneet al. 2018, Wangget al. 2023,

Yang and Russo 2024)Yhus, understanding how community root systems reorganise
structurally and functionally in the lortgrm in response to ceased grazing is crucial as
alterations in the rhizosphere cawvéaascading effects for the ecosystestorage function
(Poirieret al.2018, Wang, Bet al.2024 Wanget al.2025)

Root functional traits are increasingly used to link functional variation in roots to ecosystem
processes and to study how roots respond to afpawend disturbances such as changing
grazing pressuréWeigelt et al. 2021, Matthuset al. 2025) In recent years, a two
dimensional root economics space has been conceptualised along a resource conservation
tradeoff and a collaboration tradeff across a broad range of plant spe¢@srgmannet

al. 2020) This concept has been widely applied to study root resgsoto global change
factors(Matthuset al. 2025) Recent advances in root functional ecology have emphasised
to extent functional traits from the speclesgel to the communityevel to better understand
interactions with ecosystem processes, includingGetbraggWanget al.2023, Barryet

al. 2025) This is particularly relevant in northern ecosystems, where roots dominate plant
biomass allocation and which are rapidly changing on the whole comnienty in
response to changing grazing pressumg @ warming climatéBrathenet al. 2017, Myers

Smith and Hik 2018)

This study focuses on swtictic grassland, heathland and successional transitions from
grassland into heathland or birch woodland that represent major vegeygsacross
northern ecosystems. Using contrasts betweer
exclosures in Iceland, we assess how root system characteristics at the
vegetati on communi tteggm dhangee ih herbiesympressute andohow o n g
these responses relate to Bitorage. Specifically, we address three research questions:
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(i) How are roots distributed in contrasting sarotic ecosystems, and how does their
distribution respond to grazing cessation in the {targ?

(i) How do fineroot morphological traits respond to grazing cessation at the
communitylevel?

(iif) How are root traits linked to sdll concentration in grazed and ungrazed land?

By analysing communityevel root trait data between grazed and emgn ungrazed land,

this research advances our understanding of how grazing managementsbaggstems

and their role irC dynamics in swarctic ecosystems. This knowledge is vital not only for
predicting ecosystem responses to changing land use but also for informing strategies that
harness grazing systems as effective tools for sustaininG aaill ecosystem resilience.

6.2 Materials and Met hods

6.2.1 Sampling Sites

Responses of roots to grazing cessation were studied, using 34 fenced exclosures across
Iceland. The exclosures were located within lbeign grazed land (centuries) and hence
constituted a fence contrast of adjacent grazed and ungrazed land with otftemeental

factors as equal as possible in a natural system. At each site, thqgetswbere defined for

root sampling in the exclosure and mirrored in the same topography in the grazed part
(Supplemental Figurg-16). As the aim of the study was to analyse roots systems, developed
under grazing and without grazing, only letagm exclosures (> 20 years) were used to

ensure that the measured effects were not recovery effects of previous grazing. Each of the

34 sampliig sites was classified according to dominant algreeind vegetatiotypeseither

as O6grasslandé, when both the graz@dotand un
proflesfromBs i t es), O&éheathlanddéd, when bmhatedt he g
by heath or shrubs (45 root profiles from ¢
was dominated by grasses and the ungrazed part by heath or shrubs that developed after
grazing cessatiortQroot profiles from7s i t es) , or Obirch successi
was dominated by grasses and the ungrazed part by birch woodland, that developed after
grazing cessation (12 root profiles from 2 si#gpendix 5 Supplemental Tablg8-10). At

one site, vegetationaginconsistent between sydbots, and one suplot was classified as

grassland while the two others were classified as heath succession. All sites were in the
Icelandic lowlands below 200 m a.s.l. and had aaghc climate with mean annual
temperature mging between 2 4.5 °C (summer 7.4 10.3 °C) and mean annual
precipitation ranging between 4701234 mm (summer 95 274 mm) at the nearest
meteorological station of each site (< 30 km).

6.2.2 Root Sample Collection

The sampling site selection and sampling design were described in more dét@pter 5
Briefly, land use history was confirmed by landowners, including the year when grazing was
ceased in the exclosures. One soil profile was excavated pelaiub a soil depth of 60

cm in August and September 2022 and 2023 (three soil profiles hatlcavehaoil depth

than 60 cm until bedrock started). All soil profiles were in freely drained mineral soils.
Above each soil profile, all aboyground biomass was detted, including standing living
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and dead plant material and litter on the soil surface using a 10 cmx10 cm metal frame. Then,
root samples were collected from each soil profile in four predetermined depth intervals.
Complete soil samples were collected with a defined soil volume of 5 cmssurface area

and the respective soil depth10 cm, 1620 cm, 2640 cm, 4060 cm. After field sampling,

root samples were stored in plastic bags at 4 °C. Algovend biomass samples were air
dried, followed by and dry biomass determination to therest 0.01 g. In the same soil
profiles, soil samples were collected for soil carbon and nitrogen analysis, which was
described in more detail and analyse€hapter 5For this study, we used the soifjanic
carbon(SOC) concentration data of the soil profiles, summarised for the same soil depth
intervals as the root samples.

6.2.3 Root Processing

No later than 14 days after sampling (typically within 7 days), root samples were washed
from bulk solil. First, root samples were submerged for several hours in soap water to loosen
soil particles. Then, all soil was washed off from the roots in multipkhimg cycles, using
stacked soil sieves with mesh sizes of 2 mm and 0.5 mm. The cleaned root samples were
then stored in 30 % ethanol solution until further processing. Wet biomass of the fresh root
samples was determined to the nearest 0.01 g afteulbpm@fying all excess liquid from

the roots. For the analysis of morphological root traits, the fresh roots samples were scanned
using an Epson Expression 10000XL or Epson Expression 11000XL flatbed scanner. Each
sample was submerged in water in a cleaylec glass tray with 2 cm height and carefully
spread to minimise root overlap, using plastic tweezers. For most ofliherd depth root
samples, a subsample was used for scanning, due to the large sample sizes. The subsample
was generated by takingrandom portion of approximately 25 % of the total wet biomass
from the whole sample. The wet biomass of the subsample was determined and the
proportion of the subsample to the whole sample calculated. After scanning, the fresh root
samples were ovedried at 40 °C for 48 hours, until no further weight loss was detected.
Dry root biomass was then determined to the nearest 0.01 g, separately for roots <2 mm and
roots > 2 mm diameter.

6.2.4 Root Trait Analysis

The scanned root images were analysed using RhizoVision Explorer version 2.0.3
(Seethepallet al. 2021)with analysis mode set to broken roots, conversion of pixels into
physical units and filtering of neroot (debris) objects up to 0.02 mm size. Root pruning
was set to 10. Due to variable root sample sizes and variable quantity of debris left in the
sampes, image thresholding levels between-1Z0 were applied to improve recognition

of roots against neroot objects. In the feature extraction, five rdeameter ranges were
defined as .2, 0.20.5, 0.52, 25 and >5 mm. Root diameter classes < 2 mm were defined

as fine roots and root diameter classes > 2 mm were defined as coarse roots. From
RhizoVision Explorer, root length (mm), root volume (firand root surface area (Mm

per diameter class and mean root diameter (mm) were extracted. Forlthecr
subsamples, root length, surface area and volume per diameter class were extrapolated from
the subsample to the whole sample by dividing the traitevaly the proportion of the
subsample.
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Table6-1: Root functional traits used in the study. Calculation of the traits is based on fine
root properties, following Freschet et §20219. The functional expression of each trait
(last column) is based on the cited literature.

Root Explanation Unit  Calculation® _Rellatlve.ly higher values
trait indicate:

Greaterability to compete for
RLD Root length menm Fine root length / soil resources greaterstructural

density volume stability of soiP, larger
microbialactivity

: More collaboration with
Mean fine .
RD . mm - arbuscular mycorrhiza
root diameter A . b
fungi®, greatemroot life spa

Faster growth rate, more

Specific root Fine root length / dry

SRL cmgt fibrous root systefmore
length fine root mass :
selfreliant root8
Specificroot _, ; Fine root surface aree Greateresource acquisition
SRA g . -
area / dry fine root mass efficiency’
RTD Root tissue o Dry fine root mass/ More conservative root
density 9 fine root volume growth, greaterroot life spafi

AFine root = roots in diameter classes < 2 mm
ANeigeltet al.(2021) PFrescheet al (2021b)°Poirieret al. (2018) YLangeet al.(2015)

With the data from the root image analysis, root biomass and soil volume, five functional
root traits were calculatedummarised iTable6-16 all root traits were calculated for fine
roots only, following recommendationskinescheet al.(20213. Root traits were calculated

for each of the four depth intervals separately and summarised for the whole soil celumn O
60 by weighting the respective trait by the proportional dry root biomass of the soil layer
(biomassoil layer/ biomassso cm). Additionally, root mass fraction was calculated as total root
biomass / (total root biomass + abey@und biomass). For the root traitsTiable6-1, we

did not find significant differences between the2ll) 2640 and 4650 cm soil layers and
pooled these layers together to a mean trait value for the deeper seb@thi

6.2.5 Data Analysis

Linear mixed effect models (LMM) were used to test how grazing cessation affected root
distribution, fine and coarse root biomass and functional root traits in different vegetation
types Within the mptdelt dsnestedren @swampl i ng

random effects for al | mo d e |-wsse rmaueals oféor&@t anner
functional traits. As fixedtyms¥ fercd si,f dgpplzi
6soi l dept hd wer e speci fweengredic®rs gas testad withn c e ¢

leastsquares means pestbc tests (for significance of model predictors, Appendix 5
Supplemental Tabl8-11). Relationships between fine root biomass, root functional traits
andSOCconcentration were tested with Pearson correlation tests. If necessary, factors were
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log-transformed to meet normality. Linear and fAimear regression was further used to
analyse bivariate relationships between root functional traits, fine root bioma&O&hd
concentration. To visualise tradéfs in rooting strategies and to explore the multivariate
nature of the root functional traits a principal component analysis (PCA) was used, including
functional traits listed in Table 1.

All data processing and statistical analyses were performed using R statistical software,
version 4.3.3R Core Team 2024)ith the additional packages , Im@ateset al. 2015)
ImerTest(Kuznetsovaet al.2017) emmeangLenth 2023) multicomp(Hothornet al.2008)

and vegarfOksaneret al. 2025)

6.3 Resul t s

6.3.1 Root Biomass Distribution in Grazed and Ungrazed
Vegetation

Across all sites, the cessation of grazing was associated with 16.5% and 21.1% lower total
and fine root biomass, respectivety< 0.05). In grazed plots, total and fine root biomass
amounted 18.8 + 1.2 Mg Haand 16.1 + 1.0 Mg hg respectively, while in exclosures it
amounted 15.7 + 1.0 Mg Haand 12.7 + 0.8 Mg hg respectively Table 6-2). In all four
vegetatiortypes total root biomass was lower in the exclosures, although the difference was
only significant in grasslandZ7%,p < 0.00], Table6-2). Total root biomass was larger in
heathland than in grassland, but fine root biomass was larger in grazed grassland than in
heathland Table6-2).

Overall, 72% of all root biomass was found in the top 10 cm of Tabl€6-2). Across all

sites and in all vegetatiagpesexcept birch succession, grazing cessation was associated
with a lower proportion of root biomass in the top 10 prw 0.05). In birch succession, no
differences were found between grazed and ungrazedpan@.05). On average, fine root
biomass with root diameter < 2 mm represented 85 % of the total root biomass. The fine root
proportion was larger in grazed plots than in paired exclosures in all sites combined and all
vegetationtypes except heathlandp(< 0.05; Table 6-2). In heathland, the fine root
proportion was lower in grazed relative to ungrazed pts{.007).

The cessation of grazing had the largest impact on fine and course root biomass in the top
10 cm of soil, where the majority roots was found. With cessation of grazing, fine root
biomass in @.0 cm was 45% lower in grassland (11.4 vs. 6.3 Mg pa 0.001), 40% lower

in birch succession (13.4 vs. 8.0 Mg'ha = 0.087), 30% lower in heath succession (13.5

vs. 9.5 Mg h&; p = 0.049) but without differences in heathland, averaging at 9.5 M¢pha

= 0.92; Figure 6-1a). Coarse root biomass (root diameter > 2mm) in the top 10 cm was
virtually absent in grazed and ungrazed grassland (on average 0.09'Mg=h@.13) and
grazed plots of birch and heath successkogure6-1b). With cessation of grazing, coarse

root biomass was larger in birch (0.3 vs. 2.0 Mg@)tend heath succession (0.3 vs. 0.7 Mg
hal; p < 0.05). In heathland, coarse root biomass was overall higher than in other vegetation
typesand marginally higher in grazed than ungrazed plots (3.2 vs. 1.8 ¥gka0.087).

In the deeper soil layers (4D, 2640,4060 cm), we found only weak and occasional
differences in fine or coarse root biomass between grazed and ungraze#iglotst{1c-

h). In general, fine root biomass decreased with every depth fay€r.001), with < 4 % of
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total fine root biomass found in the -80 cm soil layer. Notably, fine root biomass was
slightly larger with cessation of grazing in-20 and 4660 cm soil of the grassland sitgs (

< 0.05;Figure6-1c,e). Coarse root biomass was overall low below 10 cm and did not differ
between soil layergp(> 0.05). In heath succession, larger coarse root biomass was found in
exclosures in the 120 cm soil layer Kigure 6-1d). In the birch succession, we found
noticeably high coarse root biomass in the deeper soil layers (> 20 cm), compared to other
vegetatiortypesdue to deep birch roots, but the total amount was still small (< 0.5 Mg ha
Figure6-1f,h).

Table6-2: Root distribution of the whole root profile-@D cm). Total and fine root biomass,
proportion of fine roots and proportion of roots ir10 cm soil for grazed land (G) and
grazerexclosures (E) of all sites combined and the four vegettyjoesseparately. The
number of solil profiles per category is indicated by n. Different letters indicate significant
differences with cessation of grazimp<0.05), retrieved from least squares mean gust

tests following linear mixed effect models.

QE | © ©® © o @ © ©w e © o |j
o © — - N N < < N N — - Q
SO | 4 + HOH +HoH H o4 +H 4 o
TS | © A @ — 0 @ o @ o o
5 1 o N ™ O 1 o NS E
25|~ © ~ © ~ o~ ~ © ~ © o
e ~—~
o 7o)
L -
L | N o % © " ™ o o %
h O | = SN < < N — o o
52| 4 + HooH HooH Ho HoH | E
ST | N T —Z 1w Ha v 0% |53
o8 | © o ol © < ™ o o N~ o B O
e8| o o o o N © N~ o ™ N
= 88
o\o E.g
B | @0 ®e MmN M ©® o
Cg | © O N N — - - o o C
EC |+ HoOH HoOH HoOH +H o H 2
52| < ™ @ Q © © — ™ o~ o £
4_,\2_, n o ~ W N~ o < < © « O
o — - — — - — - xg
o w =
2 ~ @
2 w S
= ge)
i <)
T ©
Hha | © N @ e & N O ~Q
o | 4 O N N M ™ N - - 85
EC | +H +HoH H o+ H o H HoH N
o
22|~ ¥ ST Yo oo o~ |8
22| 5 4 o~ o © S © ® 19 0o
"5 — — — AN — ~ QO
S 0.2
— c @
T o T
o O
[ S c
N o o o © © - < w | &
c 0 o N N RN > O 9
— U'J"(.‘s'
S
qJ-.—J
O w O w O w O w O w =2 N
c = = o
o © o o o - O
g 2 < 8 2 £ S5
() 7)) = 8 < 8 = E(U
o> L a T O © o o = O
O — [} S = S (&) = =
> 2 ) I o m o T < [agn=

99



PN
& a) x b)
= p<0.00%pP=004P=0087 ns. 30{P=0.139=000%=0029=0087
4 04 r 1 r 1 r 1 r 1 8-’ 25’
|74 b= ‘
2 304 i (
oo g
— hé -
o 20 o Lo
()
(0] 10 n
c o 2 -
- — T T T ‘G
w & o
O
&
A =
=
@
o =
B £=4
= O
= %
o) e
L\_'
]
o) (%]
- -
_ @
i o
O
PN
s =
=
7
o =
¥ =
= Oo
<
S s
o= N
‘_N
()
) ]
c -
— ©
L o
o
PN
A =
=
o 3.5: g 15 r 1 r 1 r 1 r 1
¥ E=4
= 1 %
2 2.071 OZ 1.0 4 o
oS 1.5 =~
Lﬂ' e
1.0 A1 o 0.5 :
© 09 & : : CH 5
S 5o0- ; 0.0 - w Q& L a—
— - — — — — —
S o S o0 S0 Q&
L @ PR )
& o R R N
2 & & & 3
RS G > oM ¥

@GraedEEExclosure

Figure 6-1. Root biomass through the soil profile. Distribution of fine root bion
(a,c,e,g) and coarse root biomass (b,d,f,h)-b00 1620, 2640 and 4660 cm soil deptf
in grazed and ungrazed land of four vegetatigpes Significant effects of grazin
cessation are indicated byvalues retrieved from leastjuares post hoc tests followil
linear mixed effect models. The central bars in thefdois mark median values, whi
the open diamonds mark mean values. Notétbken yaxis in b,c,d,e, f and g and tf
different scale of the-gxis in each graph.
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6.3.2 Above -ground versus Below -ground Biomass

Living and dead abovground plant biomass across all sites was higher in exclosures (21.5
Mg ha?) than in grazed plots (14.9 Mg-HBaalbeit without quantifying offtake from grazing

in grazed plotsg< 0.001;Table6-3). Within the vegetatiotypes aboveground vegetation

was higher in exclosures of grasslap& (0.001), heath successigng0.001) and heathland

(p = 0.05). In birch succession differences were not significant, although tree biomass was
not accounted for in the birch woodland. Tetadetatiorbiomass, including living and dead
aboveground biomass, aboyground litter and root biomass, ranged between 12.2 and 75.0
Mg hal across our sampling sites. In contrast to akgreeind vegetation alone, total
vegetation biomass, averagedbtingh all sites, did not differ between grazed (32.6 MY ha

and ungrazed land (35.7 MgHaeven though we did not account for abgveund offtake

in grazed plotgp = 0.114;Table6-3). Only in the heath succession with heathland in the
exclosures and grassland in the grazed land, cessation of grazing was associated with larger
total vegetation biomasg € 0.026;Table 6-3). Overall, heathland vegetation (i.e. grazed

and ungrazed heathland and ungrazed heathland succession) had consistently higher total
vegetation biomass than grassland vegetation (i.e. grazed and ungrazed grassland and birch
succession and grazed heath sssioe) t = -5.6,p < 0.001).

Table 6-3: Total biomass in vegetatiotypes Aboveground biomass, total vegetation
biomass (abowground + total root biomass) and root mass fraction for grazed land (G)
and grazer exclosures (E) of all sites combined and the four vegdigigsseparately. The
sample size per category is shown by n. Different letters indicate significant differences with
cessation of grazingp(< 0.05), retrieved from least squares mean gust tests following
linear mixed effect models.

Vegetation n Above-ground plant  Total vegetation Root mass

type biomass (Mg hal)#  biomass (Mg ha) fraction (%)
G land G 54 12.8+0.8 29.1+1.3 545+1.9
fassiand e 55 200zx1.0 31.5+1.3 37.0+ 1.9
Heath G 17 148+18 35.1+2.5 55.1 + 3.2
succession E 17 27.1+22 43.4+2.8 36.9+3.2
Birch G 6 12.2+2.8 30.4+4.0 58957
succession E 6 14727 27.3+3.7 449 £ 5.7
Heathland G 21 206+ 1.7 36.2+2.3 42.0+ 3.1
eathiand £ 54  254+18 326+23 37.8+29
All G 98 149+0.9 326+1.4 526 +1.9
E 102 215+1.% 35.7+1.4 39.2+1.9

AOfftake in grazed plots not accounted for, tree biomass in birch succession not in
Different letters between G (Grazed) and E (Exclosure) indicate signifcard.05)
differences in each vegetatitype, derived from leassquares mean pekbc tests

In vegetatbn dominated by grassland in the grazed part (grassland, succession birch,
succession heath), the cessation of grazing was associated with a lower root mass fraction,
shifting the dominant plant biomass allocation abgrkaund p < 0.05). When grazed, root

mass fraction of these sites was on average > 50 %, i.e. more biomass in roots than above

101



ground. In all ungrazed plots as well as the grazed heathland root mass fraction was < 50 %
(Table6-3).

6.3.3 Community -level Root Functional Traits

General Differences between Topsoil and Deeper Soil

As an overall pattern, the magnitudes of all commuleitael root functional traits (all based

on fine roots) were significantly different in the topsoHl(@ cm) than in deeper soil (<BD

cm; p < 0.001,Table6-4). Root length density (RLD), as a metric for rsoil interaction,
mirrored overall fine root biomass distribution and was of almost one magnitude larger in
the topsoil (mean 1.15 m ¢inthan the average of the deeper soil betweeB0lOm (mean

0.14 m cn). Root diameter (RD), as a proxy for arbuscular mycorrhizal colonisation and
root longevity, was overall larger in the top 10 cm (0.21 mm) compared to deeper roots (0.19
mm). Specific root length (SRL) and specific root area (SRA), as metrics farrceso
acquisition and rhizosphere activity, were 40% and 30.5% larger-60 X®n soil (mean

SRL 179 cm @; mean SRA 0.11 Ag™t) compared to-10 cm soil (mean SRL 128 cm‘gy

mean SRA 0.08 mg?), respectively. Root tissue density (RTD), as metric for resource
consservation, was 13.3% larger 10 cm roots (0.135 g ¢ than 1660 cm roots (0.12 g
cm).

Table6-4: Differences in functional root traits between roots #a@cm depth and roots in

10-60 cm depthF-statistics are derived fromi near mi xed ef fect mo d el
fixed effect. Percentage differences refer to the change in trait valuessih d in relation

to 0-10, based on valueterivedfrom leastsquares mean poebibc tests together witkratio

anp-value. Root trait abbreviations are explainedliable6-1.

Root trait Depth Comparison 0-10 vs. 1660
0-10cm 1060 cm F p Difference t p
RLD (mcm3) 1.15 0.14 1859.4 <0.001 -88.0% 43.1 <0.001
RD (mm) 0.21 0.19 53.8 <0.001 -7.6% 7.3 <0.001
SRL (cm @Y 128 179 194.2 <0.001 +40.0% -13.9 <0.001
SRA (nf g} 0.08 0.11 139.5 <0.001 +30.5% -11.8 <0.001

RTD(gcm®) 0135  0.117 30.9 <0.001  -13.3% 5.6 <0.001

The Response of Community -level Root Functional Traitsto Cessation of
Grazing

Like overall fine root biomass, the cessation of grazing influenced root length density (RLD)
in the top 10 cm of soil, but not in deeper sdéilgUre 6-2). In grassland and in birch
succession, RLD was 42% and 62% lower in exclosures, respec{wvety0.01) In
heathland and heath succession no differences were found with the cessation ofgrazing (
0.05,Figure6-2a). Below 10 cm soil depth, cessation of grazing did not affect RLD in any
of the vegetatiotypes(Figure6-2b).
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Figure 6-2: Root length density in grazed and ungrazed |&wbt length density in-00
cm (a) and 1650 cm (b) in grazed land and exclosures in four vegetagjmes Significant
effects of grazing cessation are indicatedpbyalues retrieved from leasgjuares post
hoc tests following linear mixed effect models. The central bars of thpldtsxmark
median values, while the open diamonds mark mean values. Note the different sca
y-axis in a and b.

With the cessation of grazing root diameter was smaller in the top 10 cm relative to grazed
plots (p = 0.009) although the difference was only significant for grasslgnd 0.00%
Figure6-3a). Below 10 cm, no significant differences in root diameter were found between
grazed and ungrazed lar€iqure6-3b).

The cessation of grazing had no effect on specific root length (SRELddn and SRL

was similar across vegetatitypes for the roots below 10 cm, SRL tended to be lower in
exclosures than in grazed plots, although the difference was only significant in gragsland (
= 0.015Figure6-3c,d). Specific root area (SRA) responded overall like SRL to the cessation
of grazing in the different vegetatitypes(Figure6-3e,f). In 0-10 cm, SRA was not different
between exclosures and grazed land. ¥6Q@m, SRA had the strongest response of all
traits to the cessation of grazing, with 8%, 12% and 11% lower SRA in exclosures compared
to grazed land in grassland, heathland laeath succession, respectivghy<(0.05).

Root tissue density (RTD) in00 cm soil was 10% larger in grassland exclosures compared
to grazed grasslang € 0.006), but did not differ with grazing cessation in other vegetation
types(Figure6-3g). For roots in 1860 cm soil depth, RTD tended to be larger in exclosures
than in grazed land across all vegetatigpes with a significant difference only in heath
successiong(= 0.035;Figure6-3h).
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Figure 6-3: Root functional traits in grazed and ungrazed land. Mean root diamete
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Figure 6-4: PCA biplot of root functional traits. Biplot of principal component analy
(PCA) for mean root functional trait values of60 cm root depth along the first tw
principal component axes (PC1 and PC2). Each point represents one root profiéé
cm and each arrow a root functional trait. The length of the arrows of functional t
corresponds to the effect size of the respective trait. Arrows pointing into the
direction indicate positive correlation and arrows pointing in opposing directiatisate
negative correlation. For an explanation of the abbreviations of the traits agle6-1.

6.3.4 PCA of Root Functional Traits

We used a PCA to explore how our commuihityel root functional traits relate to each
other in a multivariate space to identify tramfé axes of rooting strategy. We included all
root functional traitdisted inTable6-4 in the PCA as mean trait values peB® cm root
profile (Figure6-4). Despite the communitlevel root trait differences betweerl0 cm and
10-60 cm revealed iffable6-4, the assembly in the multivariate PCA space was similar in
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0-10 and 1650 cm, thus we only show the PCA for the whole root systeppéndix 5
Supplemental Figurg-22).

The PCA biplot shows that the first two principal component axes, PC1 and PC2, explain
51.5% and 26.9% of the total variance, respectively, together 78.4%. PC1 mainly manifests
as a tradeff axis between root tissue density (RTD) on the one side andispeot area

(SRA) and root length density (RLD) on the other side, whereas PC2 displays-aftrade
axis between specific root length (SRL) and mean root diameter KigDre 6-4). Root
profiles of grazed and ungrazed land were not strongly separated along any of the two PC
axes, although grazed root systems tended to be more associated with higher SRA, RLD and
RD (see circles ifrigure6-4). The four vegetatiotypeswere not separated along PC1 or
PC2, meaning tradeffs in communitylevel rooting strategy were not associated with
differences in vegetatiotypes Across vegetatiotypes we found the strongest tradé

axis along PC1 between SRA and RTD, following a negative power function without
differences between grazed land and exclosurés=(R.68, p < 0.001, Appendix 5
Supplemental Figurg-23a). The tradeff axis along PC2 between SRL and RD followed a
linear equation, but was substantially weakef €R0.12, p < 0.001, Appendix 5
Supplemental Figur8-23b). Both tradeoff axes were not influenced by the cessation of
grazing.
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Figure 6-5: Association between fine root biomass and soil carbon (SOC) concent
in the top 810 cm of soil. In grazed grassland sites (a), SOC concentration was pos
associated with fine root biomass, following a power regression, except for the <
southern Iceland. In ungrazed grassland, including birch and heath succession |
relation was found. In grazed and ungrazed heathland (c), SOC concentration al
root biomass had a positive relation with a power regression, when sites in so
Iceland and two outliers were excluded.

6.3.5 Howare Rootsand SOC relatedin Grazedand Ungrazed
Land?

In grazed grassland (i.e. grassland, succession birch and succession heath), except for the
sites in southern Iceland, fine root biomass ih00cm was positively related 80C
concentration in €10 cm, following a power regression with a model fit =R0.29 p <
0.001;Figure6-5a). In southern Iceland sites, fine root biomass@@&€concentration were

not related and they were excluded from the regression analysis. In the exclosures of
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grassland, heath succession and birch succession, fine root biomass was not 18@¢d to
concentrationKigure6-5b). In heathland, fine root biomass was positively relategQ&

in 0-10 cm soil without differences between grazed land and exclosures, following a power
regression with model fit of R= 0.17 p = 0.016;Figure6-5c).

Again, heathland in southern Iceland were excluded from the analysis, as there was no
relation found. In @L0 cm, also root diameter had a weak positive @.18) and root tissue
density a weak negative correlatiorn=(-0.16) withSOCconcentrationg < 0.05,Appendix

5: Supplemental Tablg-12). Like in 0-10 cm,SOCconcentration was positively related to

fine root biomass in 260 cm soil depth without effects of grazing cessation, when soil
profiles from southern Iceland were excluded, both in grasslafdg ®21,p < 0.001,
Appendix 5 Supplemental Figurg-24a) and in heathland R 0.22,p < 0.001,Appendix

5: Supplemental Figurg-24b). In contrast, abovground biomasg/as not relatetb topsoil
SOCconcentrationAppendix 5 Supplemental Figurg-25).

64 Di scussi on

Our study revealed that the cessation of grazing over multiple decades influenced vegetation
structure belowground in sukarctic grassland and heathland that did not mirror above
ground response@Va et al. 2024) To our knowledge, this is the first study of whole
community root systems from natural grassland and heathland in Iceland. We showed that
in grazed vegetation, the majority of biomass allocation was bgtound in fine roots (<

2 mm diameter), concenteal within the topsoil (0 cm) and posiely associated with

SOC concentration, which is similar to grasslands glob#McNaughtonet al. 1998,
Vaierettiet al. 2021, Liu, Yuzheret al. 2023) Across sites with grassland on the grazed
land, the ungrazed exclosures were consistently associated with lower fine root biomass,
independent of whether the vegetatippe remained grassland or shifted into heathland or
birch woodland. Instead, plant biomass dominance shifted from fglound to above
ground, accompanied by an increased proportion afseoroots (> 2 mm diameter) and a
collapsed association between fine roots @@ concentration.

Although the cessation of grazing was associated with overall lmsebiomass antbot
lengthdensity,morphologicalroot functional traits were strikingly similar between grazed

and longterm ungrazed land and between vegetatyges This indicates that resource
acquisition and foraging strategies of fine roots are similar at the comntevetybetween

the vegetation types included in this study, regardless of the grazing presspireviously
suggested by Wanegt al (2023). Communityevel root fuinctional traits differed mostly

between roots in the topsoil andbse | ocated deeper than 10
variation and rooting strategy are more driven by soil properties and climatic constraints than

by vegetatiortypeor grazing pressur@ardgettet al.2014, Caket al.2024)

6.4.1 Cessation of Grazing Alte rs the Distribution of Roots

Across our sampling sites, roots had predominantly a shallow distribution with > 90 % of all
root biomass in the top 20 cm of soil and < 4 % of roots found below 40 cm, consistent with
general distribution patterns of grassland glob@ligcksonet al. 1996) Yet, the sharp
decline of roots with increasing soil depth was more akin to tundra ecosystems than to
temperate grasslariRadvilleet al.2016, Wanget al.2016). This likely reflects a general
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adaptation to cold climate with short growing seasons and long periods of frozen soil and to
a high coarse patrticle fraction in nutriggdor subsoi[Chapter 5; Liet al.2011; Iversenet
al. 2015.

In grassland, > 95 % of root biomass were fine roots compared to < 80 % in heathland and
fine root biomass was substantially higher in the topsoil of all grazed grassland compared to
heathland or all ungrazed laneigure6-1). Graminoid root growth is typically continuous

over the growing season and previous studies showed that grazing can stimulate fine root
production in graminoid vegetation, which could explain the large fine root biomass in our
grazed grassland soils ihet late growing seasd®&arciaPausast al. 2011, Wanget al.

2016, Liu, Yuzhenet al. 2023) Coarse roots were considerable only in heathland and
ungrazed birch woodland and were largely confined to the topsoil. This distribution likely
reflects shrulvoot-growth phenology which is initiated early in the season while deeper soill
layers are still frozen, as suggested by evidence from tundra ecosyRadvile et al.

2016, Wang.et al. 201@). Interestingly, the coarse root biomass in heath succession,
emerging after grazing ceased was still substantially lower compared to longer established
heathland. This indicates that slow growth of woody heath roots is still lacking behind above
ground hath cover multiple decades after grazing was ceased andamehstarted to
develop(Rodriguezt al.2007, Galloiset al.2025, Klopsctet al.2026).

Total root biomass at our sites (mean 17.2 + 1.1 M§ kaas substantially higher then
reported from less productive tundra (mean 8.5 + 0.9 My kéanget al. 2016a) or
temperate grassland and heathland to comparable deptsMg hat; Fialaet al. 2009

Arndal et al.2018; Poeplaet al.2019; Yanget al.2021; Yang and Russo 2024) but in the
range of mountain grassland globglBuchetaet al. 2004, Fialaet al. 2009, GarcigPausas
etal.2011, Liu, Yuzheret al.2023) In cold climates, such as @lpine or arctic ecosystems,
plants allocate more resources belgmund, as indicated by generally high root:shoot ratios

in arctic and alpine plan{tversenet al.2015, Qiet al.2019) The root mass fraction applied

in our study does not directly reflect retotshoot partitioning of vegetation; we did not
account for offtake in the grazed plots and our biomass data included besides live green
biomass and root biomass also woody biomass, standing litter and descended plant residuals
aboveground that ecumulated over years. Thus, we interpret our root mass fraction more
as relative allocation trend. Following this interpretation, our results showed that whole plant
biomass did not change in response to grazing cessation when no vedgpaticihange
occurred but rather shifted from bel@sound dominance in grazed plots (root mass fraction

> 50 %) to abowground dominance in ungrazed plots (root mass fraction < 50 %),
consistent with previous researdfanneet al. 2018, Wuet al.2021) This shows tht the
belowground perspective is crucial when evaluating vegetation responses to changing
grazing practices in northern ecosysté@gatibiaet al.2017, Ylanneet al.2018, Trageet

al. 2019)

In grassland, the topsoil of exclosures had markedly fewer fine roots compared to the paired
grazed land. Without grazing for multiple decades, ungrazed grassgethtionbecame
dominated by few taljrowing grass species or the vegetatigeshifted into heath or birch
woodland. These aboground changes were likely reflected belgmund with less
vigorous growth of fibrous root8Vang,et al. 2016) and hampered fine root growth of
low-statured and annual spec{€sanket al.2010, Wuet al.2021) For example, in a large

scale grassland experiment, root production decreased over time in fuEties
communities compared to more diverse communiiewvenelet al.2016, Eisenhauest al.

2017) supporting our findings of lower root production in ungrazed grassland, which had,
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on average, a lower smatale plant diversity than grazed grassland (AG&hallsdttir
and B.Porsteinsson, unpublished data). Over time, this may result in reduced inflits of
from plants into the so{Uacksoret al.2017, Sokolgt al.201%).

6.4.2 Fine Root Biomass interacts with Soil Carbon
Concentration

Numerous studies showed that the majority of SOC is derived from roots either via decaying
roots or viaC transferred from root exudates into mycorrhizal fungi or soil microorganisms
(Jacksoret al. 2017, Sokolet al. 2019, Chariet al. 2024) Indeed, we found that across
most sites fine root biomass was positively related@C concentration under grazed
conditions, both in the topsoil and the subsoil. This suggests that the high fine root biomass
maintained under grazing contributes substa@iadto soil that accumulates &0JCover

time across our sitgqMikola et al. 2009, Fossunet al. 2022, Chavezt al. 2025) In the
grassland exclosures, the relationship between fine root biomassCGiddoncentration
collapsed due to on average 45% lower fine root biomass, suggesting that markedly less root
C is entering theSOC pool (Sokol, et al. 2019). This is in line with a lower topso(C
sequestration rate after multiple decades of ceased grazing at our grasslaGtiajits §.

In heathland, grazingrpssure was generally low, thus grazing had less influence on root
growth, as reflected by comparable fine root biomass in grazed and ungrazed heathland.
Unlike grassland, heathland showed a consistently positive association between fine root
biomass andsOC concentration, regardless of grazing. This may be because graminoids
typically exhibit faster roots growth and turnover than shrubs, making graminoid roots more
sensitive to grazin@Klumpp et al.2009, Wanget al.2016, Galloiset al.2025)

Alternatively, in heatltdominatedvegetation much of theSOCaccumulates in particulate
organic matter derived from root litter, which could explain the positive relationship between
roots andSOC concentration in our sampldB8eier et al. 2009, Kopittkeet al. 2013,
Duddiganet al. 2024) We excluded the sites in southern Iceland sites from this analysis
becausesOC concentration there was largely unrelated to fine root biomass, especially in
the topsoilFigure6-5). Unlike our other sites, these sites were located in the active volcanic
zone of Iceland on prehistoric lavas, thus soils were younger and frequently replenished with
fresh mineral material from volcanic eruptions or aeolian redistrib@amnarssoret al.

2015, Vilmundardéttiret al. 2018) Due to the young soil age, leSsaccumulated yet in
these soils compared to the other regif@isapter 5) despite vigorous root growth. This
highlights thatSOCaccumulates slowly over time from the fraction aftrand microbiaC

that is not rapidly respired back to the atmospliBee and Cotrufo 2022, Bardgett 2025,
Zhanget al. 2025) Accordingly, maintaining of large fine root biomass at these sites
potentially drives continueBOCsequestratiofiGeorgiouet al.2025)

6.4.3 Morphological Fine Root Traits are largely unaffected by
the Cessation of Grazing

Our analysis ofcommunitylevel root functional traits revealed thahorphological
characteristics (RD, SRL, SRA, RTD) of fine roots were remarkable similar between grazed
and ungrazed land and between different vegetation,tyikely due to a high functional
diversity in natural communitie@Vanget al. 2023, Caiet al. 2024) As it was for root
biomass, root functional traits varied mostly between the topsdid)Y@nd roots in deeper

soil (1060 cm). In the topsoil, roots occupied the soil more dgrndayjher RLD) and had
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on average larger root diameter and root tissue density, but lower specific root length/area
(Table 6-4), indicating more conservative root growth, longer root life span and higher
collaboration with mycorrhizal fungi compared to deeper r@bteschetet al. 2021,
Matthuset al.2025) This could be related to a high functional diversity in the topsoil at the
communitylevel (Erktanet al.2023, Barryet al.2025) Both very thin shotlived roots for
resource acquisition and larger, longjeed roots collaborating with arbuscular mycorrhizal
fungi (AMF) likely co-exist there, as indicated by the distibn of fine root diameter
classes Appendix 5 Supplemental Figur&-26). The positive correlation between root
diameter and topsd8OC concentratigriogether with the negative correlation for root tissue
density and topso$OC concentratigrsuggests that AMF association linked to thicker roots
may enhancéormation of SOC whereas the lower turnover of dense, conservative roots
contributes less t8§ OCformation (Guyonnetet al. 2018, Barcelcet al. 2020, Sweenegt

al. 2021) In the deeper soil thin, acquisitive roots (high SRL/SRA, low RTD) may prevail,
likely serving matly for exploration and nutrient and water uptake from deeper soil layers.

The communitylevel trait responding most to the cessation of grazing in our study was root
length density (RLD), largely mirroring differences in fine root biomass. Except for long
established heathland, root length density was lower in exclosures cdrtgpgrazed land.

A high root length density is often associated with fast growing, acquisitive roots with high
root exudation, turnover rates and rhizosphere act{fdgyry et al. 2025) This implies a

large allocation of photosynthetic accumula@delow-ground in grazed land to sustain
dense root systems with enhanced transfer of or@afriem plants into the so{Wilson et

al. 2018, Williamset al.2022, Xuet al.2025) Data on CQfluxes at our sites showed that
particularly in grassland grazing cessation was associated with lower ecosystem respiration
during the growing season, matching the lower root length density found in this study
(Klopschet al.2026). Grazingmediated high root density probably also contributes to soil
stability through iereased binding of soil particlegGould et al. 2016) effectively
preventing soil an€ losses due to wind of water erosion, which is particularly relevant in
Iceland(Gunnarssort al.2015) In the roots below 10 cm, we also found a clear response
in specific root area to the cessation of grazing across vegeigiesroots under grazing

had higher SRA, indicating that deep roots of grazed vegetation are thinner,-bhedter

and more acquisitive than deep roots of ungrazed vegetation, possiley teléaster root
turnover rates of grazed rodtsu, Yanet al.2023)

Communitylevel root functional traits are different from traits measured on individual
plants or as communiyeighted means which are used in most stuféstthuset al.
2025) Our communitylevel traits represented average values of a natural community, likely
including a high root functional diversity of @xisting roots. In contrast to specigzecific
traits, trait values in our samples were likely more controlled by @mviental conditions
rather than by individual plant resource acquisition egiat (Lachaiseet al. 2022,
Anderegg 2023)In natural communitiesine rootmorphologyseens to bemore controlled

by climate and soil properties, indicated by the weak effectses$ation ofyrazing on
functional traits, despite large effects on root biomass and ajpouad vegetation
(Bardgettet al.2014, Iverseret al.2015, Wanget al.2023)

Our multivariate trait space revealed two major traffeaxes along our communigvel

root functional traits, broadly aligning to the major tradieaxes postulated for the root
economics spag@ergmanret al.2020) We identified a conservation tradéf along PC1
betweencommunitieswith more fast growing, absorptive roots with short -Bfean,
represented by high specific root area and low root tissue density and communities with
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more slowgrowing, conservative roots (high root tissue density, low specific root area, low
root length density), aligning to previous studies based on commianéiroot traitg\Wang

et al.2023, Caket al.2024, Yang and Russo 202Zhe conservation trae#f is commonly
defined between root tissue density and mdatontent(Weigeltet al. 2021) We did not
measure roolN in our samples. We, however, propose the strong relationship between
specific root area and root tissue density in our samplesaasnable conservation gradient
for root communitiesAppendix 5 Supplemental Figur8-23a). Notably, the conservation
tradeoff was both evident in the topsoil and the subsoil and unrelated to overall root density,
supporting the generality of the relationship. Along the conservationafg§deessation of
grazing did not select for a domimarooting strategy, even with shifting dominant
vegetation. This finding suggests that grazing was not a major driver of comsawveity
resource use strategy in our samgeigeltet al.2021, Wanget al.2023, Yang and Russo
2024)

We identified a second traadf axis along PC2 between root diameter (RD) and specific
root length (SRL), although this tradé& was weaker than the conservation tradfe
(Appendix 5 Supplemental Figur8-23b). Previous studies associated this traffeas a
collaboration trad®ff between roots collaborating with arbuscular mycorrhizal fungi
(AMF), linked to relatively higher root diameter vs. sedfiant roots without collaboration,
indicated by relativeligher specific root lengtfMcCormack and Iversen 2019, Bergmann

et al.2020, Lachaiset al.2022) In the grassland exclosures, we found that the topsoil roots
were associated with a smaller commuiigtyel root diameter than in grazed grassland. This
suggests a lower mycorrhizal cooperation and outsourcing of nutrient acquisition to AMF in
ungrazed compared to grazed grassi@dtthuset al. 2025) potentially contributing to

lower productivity and respiration that we measured at our ungrazed grassland plots
(Klopschet al. 20260). However, as we did not directly measure AMF colonisation in our
root samples, we are unable to ascertain whether root diameter serves as a reliable predictor
of AMF collaboration at the community level, which has been récqoestioned by Yang

and Russo (2024). Future studies on commtleirgl functional traits should directly
measure AMF colonisation rates in response to grazing or shifts in vegetation to elucidate
how such perturbations affect mycorrhizal collaborationatural communitie@Barto and

Rillig 2010, Kytoviita and and Olofsson 2021jhis is particularly relevant for shifts in
vegetationcomposition leading to changing mycorrhizal associations, such as succession
from grassland, primarily associated with AMo heathland or woodland, associated with
ericoid or ectomycorrhizéParkeret al. 2021, Castafiet al. 2023) The roots below 10 cm

were generally associated with more gelfant roots, particularly in grazed land,
characterised by higher specific root length, indicating that in deeper sodlisadrand
explorative roots dominatgdfang and Russo 2024)

6.5 Concl usi on

In this study, we examined how root systems respond in thetéomgto the cessation of
grazing across a broad range of-subtic grassland and heathland in Iceland, providing new
insights into belowground vegetation dynamics in this region. Overall, grassland root
systems showed stronger contrasts between grazed and ungrazed land than those in
heathland. The lower fine robtomass in ungrazed grassland likely diminished rhizosphere
activity and limit furtheiSOCaccumulation due to lower rederivedC inputs, highlighting

fine roots as a central driver GOC formation (Sokol, et al. 2019). Despite large
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differences in root density, communigvel root functional traits were only weakly
influenced by the cessation of grazing. This suggests that rooting strategies at the community
level were shaped primarily by the safxtic climate and soil conditiorf¥ang and Russo

2024)

In northern ecosystems, plant activity occurs predominantly bgtownd, and our findings
showed that belowground responses to changing grazing practices diverge from-above
ground patterns, emphasising the importance to incorporate fgetawad responseshen
studying ecosystem responses to the cessation of g(@ardgett and Wardle 2010, Iversen

et al. 2015) Our study was limited to root biomass and morphological traits and we stress
to include mycorrhizal associations and functional traits beyontpmotogy in future
research to elucidate mechanisms driving commuaitgl rooting strategies in relan to

soil C dynamics.
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7 Chapter VII: Conclusions

71 Grazing as terbobmReqgul Ltaarb oanf
Cycling 4tar cS§ubc Grassl and and
Heat hl and

In this dissertation, | aimed to evaluate h

(C)cyclinginsubar cti ¢ grassland and heathl and, usi

(20-83 years) grazer exclosures with adjacent paired grazed land distributed across the

|l cel andic | owlands (below 200 m a.s. | .). By

r e mo hsed ND¥I, soil organic carbon (SOC) stock assessments and root anhlyses,
jointly addressed in four chapters in this dissertation how mgaanimals influence
ecosystem C dynamics from direct atmospheric exchange todgetawd C accumulation
(Chapter 3 Chaptei6). The reported findings are in agreement with recent ecological theory
emphasising the role of large herbivores in the C c{@tdmitzet al. 2018, Malhiet al.

2022, Rizzuteet al.2024) To my knowledge, the data compiled for the four papers in this
thesis constitute the largest and most comprehensive assessmenflok€) SOC stocks

and root traits in the context of grazing versus cessation of grazing in Icelandic grassland
and heathland thus far. As livestock grazing is still the nmygbrtant agricultural activity

in Iceland, the results presented in this thesis have important implications for climate change
mitigation within the land use sector in Icelafiteller et al. 2026). Together, the four
chapters show that sustained grazagw@ssociated with large ecosystem C turnover between
gross primary production and ecosystem respiration (acceleration Ritebiget al. 1998
Bardgett 2025) , whi |l e mai ntaining growi ng
exchange) and SOC storage, whereas the cessation of grazing swbakenprocesses in

the longterm (deceleration effect). Multlecadal cessation of graziagsalso associad

with an enhanced likelihood of successional shifts from grassland into heathland or birch
woodland. These successional exclosureeassociated with a lower C sink capacity, both

in terms of net ecosystem exchange and topsoil SOC stocks. The cessation of grazing had
consistently a larger effect on C cycling in grassland than in heathland, underscoring that
grasses and grazers are mutb@neficial(McNaughton 1985, Olofsson and Post 2018
Frank and Fridley 2025, Ylanne and Stark 2025)

7.1.1 Grazing maint  ains Ecosystem Carbon Sink

Across all sites, both grazed and ungrazed grassland and heathland were net C sinks during
the peak growing season, showing that treeless Icelandic ecosystems contribute to a net
uptake of at mos p h e r-greaundBi@nass Grasep 3 Hosvevér,ahe abov

magni tude of this sink was substantially |
ecosystem exchange, standardised to common light and temperature conditiogs) (NEE
was on average 37 % |l ower in grazeFiguexcl os:

3-2, Chapter3). This difference was driven by lower gross primary productivity (GPP),

while ecosystem respiration (ER) remained comparable, resulting in a markedly reduced

CO» uptake efficiency under lonerm cessation of grazing éble 3-2, Chapter3). These
effects were strongest in grassland and par
grassland on the grazed part transitioned to heathland inside exclosures. At these sites,
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NEEsoo declined by more than 70%, indicating that these vegetatnifts following

cessation of grazingmplify the negative effects of ceased grazing on the C sink strength

(Te Beestket al. 2016, Sgreren et al. 2019) Importantly, these patterns persisted or even
augmented across the f u83 yeBigaréS86sQhaperd)age gr a
demonstrating that | ower net C uptake is not
of cessation of grazing in sw#yctic grasslandLara et al. 2017, Fischeret al. 2022,
Thorhallsdottir and Gudmundsson 202@)esdindingsd i r ect | y addofmyss obj e
dissertation and supparth e emer ging view that herbivores
ecosystem metabolism. Thereby they enhance C cycling through the ecosystem with a net
strengthening of the C sink when kept within the ecologazatying capacity of the
ecosystentBriskeet al. 2020, Rizzutcet d. 2024, Pillar and Winck 2026)

7.1.2 Linking CO > Fluxes to NDVI as a fast Indicator of the C Sink
Strength

A key challenge in evaluating the climate ch
is scaling |l ocal me a s ur e nféirkkalset dl. 2021, 204 s cape |
Chapters hows that ground based NDVI provides a
primary production (GPddg) and net ecosystem exchange (NdgEn Icelandic grassland,

regardless of grazed or ungrazed (R? up to 0.88dasonal aggregated GRPFigure4-5,

Chapter 4. Aggregation of NEE over Julfugust, including nighttime estimates, revealed

that a 11% lower NDVI in ungrazed grassland compared to grazed grassland was associated

with a fading of the net growing season C sink of grazed grassadd ¢ 0.14 Mg C h3)

in ungrazed grasslandd(07 + 0.14 Mg C hg Table 4-3, Chapter 4 The calibration of

ground based NDVI with Sentinel 2 NDVI enab
estimates across Icelandic lowland grasslanBgufte 4-8; Chapter 4 Although
satellite based estimates carried substanti a
differences in NDVI between grazed and ungrazed grassland, a crucial perquisite for using

this approach in land management monito(lBgamishet al. 2020) These results address

o0 b j e c tof myadalissériatiotand demonstrate that NDVI can serve as a rapid, scalable

i ndicator of Cguptake,i espgcialtyewhenaptired grotvased NDVI

differences exceed the threshold of NRMbsurel NDVlgrazed( N D V | )(Juutinefet 1

al. 2017) With further refinements of the calibration, suaindicator can be a powerful

support for lanelse policy aiming to evaluate the C sink strength of contrasting land use
practices in sularctic grassland on spatial and temporal scéRéEsanenet al. 2019,

Jespersent al.2023)

7.1.3 Grazing is linked to SOC Sequestration

While CO flux measurements indicate how much photosynthetically assim{Tatethken

up or released i n ecosystems annually or du
change mitigation depends on how effectively i stored(Pillar and Winck 2026)In

grassland and heathland, m&sts typically stored aSOC Chapter 5shows that grazer
exclosures were associated with 8% | ower SOC
continuously grazed landrigure5-2a, Chapter %, with no detectable differences in deeper

soi | . Using a root zone enrichment approach,
on average O0.15 Mg ha T yearTablle5mGhamer ®OC t han
In heathland, the results were more variable and lessiatsd withgrazing,but relatively
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