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Abstract 

Large herbivores are increasingly recognised as key regulators of terrestrial carbon cycling, 

yet empirical evidence on how long-term cessation of grazing alters carbon dynamics and 

storage remains limited. The aim of this PhD research is to investigate how multi-decadal 

cessation of grazing influences carbon fluxes and storage in sub-arctic grassland and 

heathland ecosystems. The study uses a network of grazer exclosures established 20-83 years 

ago across 34 sites in Iceland, with paired continuously grazed land. Growing-season CO  

exchange was quantified through extensive chamber-based flux measurements and NDVI 

data, and carbon storage and pathways in the plantïsoil system were assessed using 201 soil 

profiles to 60 cm depth. The study results show that across sites, long-term cessation of 

grazing was associated with a 37% lower growing-season net CO  uptake and lower 

vegetation greenness relative to grazed land. In topsoil (0ï10 cm), soil organic carbon stocks 

were 8% lower in exclosures, accompanied by 21% lower fine-root biomass, while root 

functional traits remained largely unchanged. Grazed grassland retained both the highest net 

CO  uptake and largest SOC stocks. Cessation of grazing caused a transition toward 

heathland at several grassland sites, associated with lower productivity and carbon 

sequestration while it had more limited effects in long-established heathlands. Collectively, 

the findings demonstrate that sustained extensive grazing maintains higher carbon turnover, 

enhances below-ground carbon inputs, and supports long-term SOC storage in sub-arctic 

grassland. This dissertation provides comprehensive empirical evidence that grazing can 

function as a nature-based solution for preserving carbon sinks in sub-arctic ecosystems. 

 

 

 

 

 

  



Đtdr§ttur 

Áhrif langtíma beitarfriðunar á kolefnisbúskap graslendis og mólendis í íslenskum 

láglendisúthaga.  

Rannsóknir og áhugi á áhrifum og mikilvægi stórra grasbíta í kolefnishringrás vistkerfa hefur 

aukist verulega á undanförnum árum, þó beinar  rannsóknir á áhrifum langtímabeitar hafi 

skort, einkum á norðlægum slóðum. Á Íslandi hefur úthagabeit lengi verið umdeild og 

áhersla lögð á að friða land, þrátt fyrir að rannsóknir á áhrifum beitarfriðunar hafi 

verið  takmarkaðar. Markmið þessarar rannsóknar var að skoða áhrif langtíma beitarfriðunar 

á kolefnisbúskap íslensks láglendisúthaga. Kolefnishringrás langtíma beitarfriðunar (20-83 

ár) var rannsökuð og borin saman við kolefnishringrás samliggjandi beitarsvæða á 34 

völdum svæðum víðs vegar um landið. Gerðar voru meira en 2400 mælingar á CO2-flæði og 

blaðgrænu (NDVI). Kolefnisferli í jarðveginum var rannsakað út frá magni jarðvegskolefnis 

(SOC), köfnunarefni, rótarmagni og rótareiginleikum í 201 jarðvegssniði (0-60 cm). 

Niðurstöðurnar sýna að beitarfriðun leiddi til minni (-37%) kolefnisupptöku yfir 

vaxtartímann og var munurinn meiri í graslendi en mólendi. Magn jarðvegskolefnis var 

einnig minna (-8%) auk þess sem magn fínna róta, sem mælikvarði á uppsöfnun 

jarðvegskolefnis, var 21% minna á meðan rótabygging hélst svipuð í beittum og friðuðum 

svæðum. Beitarfriðun hafði almennt meiri áhrif í graslendi en mólendi og sérstaklega þar 

sem langtíma beitarfriðun leiddi til gróðurbreytinga, frá graslendi til mólendis.  Þegar á 

heildina er litið sýna þessar niðurstöður að beit örvar kolefnisupptöku og eykur 

kolefnisbindingu í jarðvegi graslendis og mólendis í íslenskum láglendisúthaga. 
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NDVI Normalised Difference Vegetation Index 

NEE Net ecosystem exchange 

PAR Photosynthetically active radiation 

POC(M) Particulate organic carbon (matter) 

RD Root diameter 

RLD Root length density 

RMF Root mass fraction 

RTD Root tissue density 

SOC Soil organic carbon 

SRA Specific root area 

SRL Specific root length 

Tsoil Soil temperature 

C sink / 

source 

Uptake of atmosphere CO2 is higher/lower than emission of CO2 into 

atmosphere 

Cessation 

of grazing  

Actively halted grazing of large mammalian herbivores from a previously 

grazed area (= grazer exclusion/grazing cessation) 

Grazer 

exclosure 

Fenced land where access for herbivores is restricted 

Herbivore Large mammalian grazing animal with adult bodyweight > 45 kg (= grazer) 

Nature-

based 

solution  

Actions to protect, sustainably manage, and restore natural and modified 

ecosystems that address mitigation of climate change. 
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1  Chapter I: Introduction 

1.1  Climate Change and the Terrestrial Carbon 

Cycle 

Recent atmospheric CO  concentrations are approaching 430 ppm due to human disruptions 

of the carbon cycle, an increase by more than 50% compared to the pre-industrial level (~ 

280 ppm), and far higher than throughout the evolutionary history of humans (Lisiecki 2010, 

Rae et al. 2021, Steinthorsdottir et al. 2021). This rapid rise in CO  strengthens the 

greenhouse effect and increases heat retention within the Earth system (IPCC 2021). The 

resulting energy imbalance is driving major climate changes, including widespread 

warming, altered precipitation patterns, substantially reduced snow and ice cover, and more 

frequent extreme events such as droughts, floods, and storms (IPCC 2023). This novel 

climate jeopardises the ósafe operating spaceô for humans and many other species 

(Rockström et al. 2021, 2024). Urgent action is therefore required to both reduce emissions 

and remove CO  from the atmosphere (IPCC 2023, Smith et al. 2025). 

Nature-based solutions are increasingly emphasized for their potential to lower atmospheric 

CO , particularly through restoring or enhancing carbon (C) sinks and C sequestration in 

terrestrial ecosystems (Griscom et al. 2017, Bossio et al. 2020, Lal et al. 2021, Buckley et 

al. 2024). The terrestrial C cycle is driven primarily by the circulation of C between the 

atmosphere, vegetation and soil. The main fluxes are the absorption of atmospheric CO2 by 

plants through photosynthesis (~142 Pg C year-1), and the emission of CO2 to the atmosphere 

through plant autotrophic and soil heterotrophic respiration (~136.7 Pg C year-1; (IPCC 

2021). Animals have largely been ignored in terrestrial C cycle models due to their minor 

direct contributions (Schmitz et al. 2014). However, growing evidence shows that animals 

exert important indirect effects on major C pools and fluxes, and animal impacts have been 

increasingly emphasised as potential nature-based solution for climate change mitigation 

(Schmitz et al. 2018, 2023, Kristensen et al. 2022, Borer and Risch 2024).  

1.2  Herbivores in the Terrestrial Carbon Cycle 

Prior to human colonisation, most terrestrial ecosystems were shaped by a diverse guilt of 

megaherbivores, present on every continent except Antarctica (Sandom et al. 2014, Fricke 

et al. 2022). According to the megaherbivore hypothesis (Owen-Smith 1987, Vera 2000, 

Hyvarinen et 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 India (McNaughton 1985, Frank et al. 1998, 

Blinnikov et al. 2011, Zimov et al. 2012, Koltz et al. 2022, Hyvarinen et 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 plant-soil system and can promote 
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sequestration of C in soil (Rizzuto et al. 2024). These new perspectives stimulated efforts to 

better understand how grazing animals influence C cycling and the mechanisms through 

which they could strengthen C sequestration (Kristensen et al. 2022, Malhi et al. 2022, 

Schmitz et al. 2023).  

 

Herbivores can modify C cycling through the plant-soil system primarily through the 

combined activities of grazing, trampling and defecation (Figure 1-1). Herbivores impact 

vegetation through shifts from closed to open canopy vegetation in temperate and warm 

climates (Bond 2019) and from moss, lichen or shrub-dominated to graminoid vegetation in 

cold climates through selection for grazing-tolerant vegetation (Van der Wal 2006, Da 

Silveira Pontes et 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 events (Briske 1991, Blair et al. 2014). Palaeoecological research 

suggests that the mutualistic co-evolution with herbivores facilitated the global spread of 

grasses and grasslands (McNaughton 1979, Frank et al. 1998, Strömberg 2011). Also, many 

shade-intolerant forbs benefit from competition exclusion and canopy opening due to 

grazing (Bråthen et al. 2021, Søndergaard et al. 2025). Shrubs and woody species are, on 

the other side, more vulnerable to grazing, with typically reduced sapling recruitment (Smit 

et al. 2015, Salisbury et al. 2023). Many of these species have developed strategies to escape 

grazing pressure either through chemical or physical defence strategies or growth height 

(Bond 2019). In colder climates, slow-growing mosses and lichens, sensible to the trampling 

 

Figure 1-1: Theoretical framework of my research project. Proposed associations 

between herbivores, vegetation and soil (blue arrows) are outlined with further effects on 

the soil carbon pool and CO2 fluxes (black arrows). 
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and defoliation of herbivores, are 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 growth (Van der Wal and Brooker 2004, Borer et al. 2014, Jessen et 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 cycles (Figure 

1-1; Ottaviani et al. 2020). Thus, they quickly release C and nutrients from plant biomass 

into the soil food web, rather than storing it in biomass (Da Silveira Pontes et al. 2015, Linder 

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

as soil organic carbonðSOC (Qi et al. 2019, Zhou et 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 resources into 

compensatory growth of new photosynthetic tissue (Irving 2015). To supply new growing 

tissue with water and nutrients, fine roots regrow rapidly (Garcia-Pausas et 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 food web (Bardgett et al. 2014, 

Malhotra et al. 2025). Besides C, herbivores supply the soil also with other key nutrients via 

dung and urine (Van der Wal et al. 2004, Doughty et al. 2016, Barthelemy et 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 above-ground plant litter, particularly in 

cold climates (Sitters et al. 2017, 2020; He et al. 2020). Thus, herbivores can stimulate soil 

activity by both increased supply of organic C and nutrients (Figure 1-1). Both are essential 

for the formation of stable soil organic matter associated with mineral surfaces and improve 

soil fertility with positive feedback for plant growth (Sokol, et al. 2019b, Cotrufo and 

Lavallee 2022). 

Model studies have shown, that through increased circulation of C from the atmosphere 

through the plant-soil system and back to the atmosphere (C turnover of photosynthesis and 

respiration), more C can accumulate in the soil (Zhu et al. 2018, Ferraro et al. 2022, Rizzuto 

et al. 2024). Photosynthetically assimilated C is transferred into the soil through roots and 

mycorrhizal fungi (Jackson et al. 2017, Hawkins et al. 2023, Bunn et al. 2024). Through 

root exudation and decay of roots and fungal mycelia, labile C compounds leach from the 

vegetation into the soil food web (Sokol, et al. 2022a). 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 soil 

microorganisms (bacteria and fungi) is now thought to be the main resource of soil organic 

matter formation (Liang et al. 2019, Buckeridge et al. 2022, Cotrufo and Lavallee 2022, 

Sokol, et al. 2022a). Microbial necromass is bound to mineral surfaces of charged clay 

particles or incorporated into mineral soil aggregates as mineral-associated organic matter 

(MAOM) and protected from further decomposition over time periods relevant for climate 

change mitigation (Lavallee et al. 2020, Angst et al. 2021). This ósoil microbial carbon 

pumpô (Liang and Zhu 2021) effectively transfers photosynthetically assimilated C into the 

soil and creates SOC reservoirs from microbial necromass over time (Figure 1-1). However, 

the accumulation and stability of the SOC depends on a sufficient supply of new 

photosynthetically assimilated C into the soil due to the constant breakdown of organic 

matter by soil organisms. When supply is halted, microorganisms may decompose 
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previously accumulated SOC, known as óprimingô (Liu, X. et al. 2020). In grazed 

ecosystems, grazing of large herbivores has been proposed to accelerate C transfer below-

ground, thereby sustaining the microbial C pump and SOC formation (Ritchie et al. 1998, 

Bardgett and Wardle 2010).  

1.3  European Grassland and Heathland 

1.3.1   Replacement of W ild 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 reduced (Svenning, et al. 2024b). Following 

these dramatic changes in herbivore distributions, human pastoralists partly replaced the 

ecological function of the vanished wild herbivores (Bocherens 2018). For millennia, most 

grasslands in Europe have been maintained by traditional livestock grazing and hay making 

(Pärtel et al. 2005, Hejcman et al. 2013, Janiġov§ et al. 2025). Therefore, these grasslands 

are commonly referred to as semi-natural grasslands (Dengler et al. 2014). Semi-natural 

grasslands are valued for their high biodiversity, heterogeneity and SOC stocks (Bengtsson 

et al. 2019, Janiġov§ et al. 2023, Lindborg et al. 2023, Lockwood et al. 2026, Widmer et al. 

2026). On more acidic or less productive soils, particularly in coastal and northern 

ecosystems in Europe, heathlands, dominated by plants from the Ericeae family, developed 

under natural and livestock grazing disturbance (Beier et al. 2009, Newton et al. 2009, Rosa 

García et al. 2013, Rupprecht et al. 2016). 

Like grassland, heathland is vulnerable to overgrowth of canopy-forming taller species 

without disturbances such as wildfire or grazing (Ward et al. 2007, Rosa García et al. 2013, 

Løvschal and Damgaard 2022, Rittl et al. 2025). Research on the key heath-forming plant, 

Calluna vulgaris, has shown that heath responds with strong rejuvenating regrowth to such 

disturbances (Schellenberg and Bergmeier 2022). Therefore, traditional use of heathlands as 

grazing lands contributed largely to the maintenance of these valuable semi-natural habitats 

(Newton et al. 2009, Rosa García et 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, Duddigan et al. 2024). Thus, SOC accumulates predominantly in 

particulate organic matter (POM), which is typically less persistent than microbial-derived 

MAOM and more vulnerable to loss through land use change or microbial mineralisation 

(Ward et al. 2007, Friggens et al. 2020, Angst et al. 2021, Housego et al. 2025). 

 

1.3.2  Abandonment of Livestock Grazing  

With technological innovation and socio-economic changes over the last century, traditional 

livestock grazing practices have been abandoned in large parts of Europe (Plieninger et al. 

2016, Schils et al. 2022). Agricultural intensification on suitable land and abandonment of 

less accessible land that had been maintained by grazing for centuries, led to a sharp decline 

of semi-natural grassland and heathland, often with negative consequences for biodiversity 

and provision of ecosystem functioning, including storage of SOC (Cousins et al. 2015, 

Bengtsson et al. 2019, Herzon et al. 2021, Fagúndez and Pontevedra-Pombal 2022, 
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Duddigan et al. 2024, Malek et al. 2024). In northern Europe, a mosaic of semi-natural 

grassland and heathland, reflecting past land use patterns, was preserved for longer time due 

to climatic limitation of crop cultivation (Normand et al. 2017, Maliniemi et al. 2018, 

Dengler et al. 2020). However, also in northern Europe, livestock grazing abandonment has 

accelerated over the last decades, mirroring patterns from other parts of the continent 

(Cousins et al. 2015, Aune et al. 2018, Stoessel et al. 2022). Consequences of this 

abandonment are colonisation of shrubs, heath and trees, such as birch, in these traditional 

open landscapes (Vowles and Björk 2019, Mekonnen et al. 2021, Parker et al. 2021) and 

afforestation of abandoned grazing land as alternative land use (Friggens et al. 2020, Tau 

Strand et al. 2021, Aslaksen et al. 2025).  

As natural grazing on uncultivated land has been emphasised as potential contribution to 

land-based SOC sequestration, a better understanding of the consequences of ceased 

traditional livestock grazing for C dynamics is needed (Dangal et al. 2020, Bardgett et al. 

2021, Borer and Risch 2024, Pillar and Winck 2026). Responses 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 experimental unit within grazed land 

(Stark et al. 2015, Frank et al. 2018, Forbes et al. 2019). Meta-analyses 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, Abdalla et al. 2018, Forbes et al. 2019, Qu et al. 2024, Niu et 

al. 2025). One repeatedly drawn conclusion stresses that short-term vs. long-term grazer 

exclusion may have different effects on C uptake (Stanley et al. 2024, Jia et 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 millennia (Price et al. 2022). A long grazing 

history leaves a legacy in the ecosystem (Milchunas and Lauenroth 1993). For example, 

nutrient availability and vegetation composition are typically modified towards more 

productive plants and soils (Valls Fox et al. 2015, Ferraro et al. 2024). In the short-term, a 

productive plant community can response with enhanced C uptake to the release from 

grazing. Such effects are relatively well documented and such short-term treatments can 

improve recovery of grasslands that have been overused or degraded (Hu et al. 2016, 

Bardgett et al. 2021).  

1.4  Long-term Perspective 

With increasing time since grazing ceased, different outcomes may evolve, although 

empirical evidence of long-term effects is much weaker due to a low number of available 

studies (Saccone and Virtanen 2016, Stanley et al. 2024, Niu et al. 2025). In the long-term, 

such as after multiple decades, nutrient availability may fade without additional inputs from 

animal faeces and urine (Bardgett and Wardle 2003, Van der Wal et al. 2004, Barthelemy et 

al. 2018). Plant litter accumulation, expanding moss cover or colonisation 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 respiration (Van der Wal 

and Brooker 2004, Van der Wal 2006, Christie et al. 2015, Te Beest et al. 2016, Jiang et al. 

2024). For example, several long-term studies have found negative responses of plant and 

soil biodiversity that did not unfold in the short-term (Porensky et al. 2020, Price et al. 2022, 

Schrama et al. 2023, Shu et al. 2024). Some studies that applied a multi-decadal to centennial 
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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 legacy (Foster et al. 2003). Such óislands of fertilityô  (Allington and Valone 2014) have 

been identified in such contrasting ecosystems as abandoned reindeer herding pens in arctic 

Scandinavia (Freschet et al. 2014, Egelkraut, et al. 2018a, Stark et al. 2019, Castaño et al. 

2023), or preferred resting places of nomadic pastoralists in Mediterranean grasslands 

(Vidaller et al. 2022) and African savanna (Marshall et al. 2018). Similar to the results of 

Egelkraut et al. (2018a), introduction of reindeer (Rangifer tarandus) on the previously 

herbivore-free sub-arctic Aleutian islands caused a shift in dominance from shrubs to 

graminoids at preferred foraging spots, thereby improving foraging resources of the 

established reindeer population (Ricca et al. 2016). Few other studies have studied either 

SOC dynamics or CO2 fluxes in grazer exclosures that have been maintained for multiple 

decades. These long-term perspectives indicated that the short-term benefits for C uptake 

associated with cessation of grazing are only temporal and C uptake in the long-term is 

fading relative to continued grazed land, including arctic tundra (Lara et al. 2017), alpine 

grassland (Welker et al. 2004), steppe grassland (Krzic et al. 2014, Hu et al. 2016, Bork et 

al. 2023), Calluna heathland (Li et al. 2023; cut not grazed), boreal forest understory 

(Kantola et al. 2024) or sub-arctic grassland (Thorhallsdottir 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 semi-natural grassland and 

heathland (Atwood et al. 2020, Pillar and Winck 2026). The FAO declared 2026 to the 

óInternational Year of Rangelands and Pastoralistsô, emphasising the timely need to better 

understand the ecological implications of these systems (Briske et al. 2026).  

1.5  Iceland as a Model System 

In a pilot study, Thorhallsdottir & Gudmundsson (2023) outlined unique conditions in 

Iceland to comprehensively study long-term effects of grazing and cessation of grazing for 

C cycling. Iceland is one of the last remaining regions in Europe with extensive semi-natural 

grassland and heathland that have been maintained by traditional livestock grazing in the 

lowlands (below 200 m a.s.l.) for a millennium (Figure 1-2; Helgadóttir et al. 2014; Ross et 

al. 2016; Dengler et al. 2020). Approximately 35% of the Icelandic lowlands are natural and 

semi-natural grassland and heathland which are, to a large degree, still used for livestock 

grazing (Table 1-1; Ottoson et 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 ago (Ross et al. 2016). Most grassland and 

heathland are grazed by free-roaming sheep (Ovis aries) during the summer months. Closer 

to farms, also fenced pastures exist where sheep, horses (Equus ferus caballus) and cattle 

(Bos taurus) graze for shorter periods between spring and autumn (Defourneaux et 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 numbers and active sheep 

farms have declined by more than 50%, with area used for grazing continuously declining 

(Johannesson 2025; StatIce 2024, Table 1-2).  
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Figure 1-2: Distribution of grassland and heathland in Iceland. The map is based on data 

from the habitat types map of the Natural Science Institute of Iceland. Reykjavik is marked 

as the capital of Iceland and Hólar and Hvanneyri as research bases of this project. See 

the map in the lower right corner for the location of Iceland in the North (red quare). 

 

As part of the Palaearctic biogeographic realm (Dengler et al. 2014), plants that have 

colonised Iceland after the last glacial maximum share a long grazing history with herbivores 

from Europe (Willerslev et al. 2014, Alsos et al. 2021, Thorhallsdottir 2021). Prior to human 

colonisation, Icelandic ecosystems developed without mammalian grazers. Paleo-ecological 

research indicates that the fully vegetated lowlands were likely a dynamic mosaic of open 

birch woodlands, heathlands, grasslands and peatlands, frequently disturbed and re-

configured by volcanic eruptions (Geirsdóttir et al. 2020, Edwards et al. 2021). Although 

the extent of pre-settlement ecosystems is still highly debated (Geirsdóttir et al. 2020, 

Harning et al. 2025, Kjær et 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 sub-arctic Aleutian islands (Van der Wal 2006, Ricca et al. 2016, Stark et 

al. 2023).  
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Table 1-1: Area distribution of Icelandic habitat classes across the lowlands below 200 m 

a.s.l. (24.4% of total land area). Different grassland and heathland habitat types are 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]).  

Habitat class 
Area 

(km2) 

Proportion of 

lowland (%) 

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

Iceland total 102,715.1 -  

Northern boreal Festuca grasslands 84.0 0.3 

Wavy hair-grass grasslands 123.7 0.5 

Icelandic Festuca grasslands 366.2 1.5 

Insular Nardus-Galium grasslands 96.9 0.4 

Boreo-subalpine Agrostis grasslands 863.3 3.4 

Boreal tufted hairgrass meadows 380.1 1.5 

Icelandic Carex bigelowii grasslands 481.7 1.9 

Grasslands 2,395.8 9.54 

North Atlantic boreo-alpine heaths 2,281.8 9.1 

Icelandic lichen Racomitrium heaths 248.4 1.0 

Icelandic Empetrum Thymus grasslands 545.8 2.2 

Oroboreal moss-dwarf willow snowbed communities 104.7 0.4 

N. Atlantic Vaccinium-Empetrum-Racomitrium heaths 1,330.1 5.3 

Icelandic Racomitrium grass heaths 525.8 2.1 

Arctic Dryas heaths 135.4 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 
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Currently, land use is reported as the most important contributor to greenhouse gas (GHG) 

emissions in the latest National Inventory Report of Iceland, with grazed land as a significant 

GHG source (Keller et al. 2026). In previous studies, free-roaming sheep grazing has been 

consistently associated with large-scale land degradation and C losses (Marteinsdóttir et al. 

2017, Barrio et al. 2018). However, data documenting grazing effects on the C storage of 

grazed land are highly limited, acknowledged as major uncertainty by Keller et al. (2026) 

(p. 357-361). 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 herbivore-plant-soil 

interactions, grazed grassland and heathland could be significant but overlooked C sinks, 

accumulating SOC with time (Figure 1-1; Kristensen et al. 2022; Norderhaug et al. 2023; 

Thorhallsdottir and Gudmundsson 2023; Bardgett 2025).  

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 centuries (Óskarsson et 

al. 2004). The soils of Iceland are of volcanic origin, termed Andosols (Arnalds 2015). 

Andosols are typically rich in SOC due to the high availability of small-textured mineral 

surfaces that can bind organic C, especially with sufficient nitrogen supply (Matus et al. 

2014, Leblans et al. 2017). With frequent aeolian deposition of fresh, rapidly-weathering 

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 effects (Dahlgren et al. 2004, Dec et al. 

2012, Parada et al. 2024).  

Table 1-2: Livestock numbers for whole Iceland. Data are shown from 1980 to 2020 

(according to yearly autumn reports) and number of active sheep farms between 1990 and 

2025, adopted from Johannesson (2025) and StatIce (2026). 

Year Sheep Horse Cattle Sheep farmsÀ 

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) 
À Reference year in parentheses 

  

Natural woodland cover in Iceland is low, approximately 5 % of the lowland area (Table 

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 multi-decadal fence contrasts between 

grazed and ungrazed grassland or heathland (Thorhallsdottir and Gudmundsson 2023). 

Within the ExGraze project, sites with fenced exclosures adjacent to continuously grazed 

land have been mapped all around Iceland. For my dissertation, I used such long-term fence 

contrasts as unintentional experimental sites to study long-term changes in C uptake and C 

storage associated with cessation of grazing. The sub-arctic climate and low woodland cover 

limit tree colonisation of ungrazed land in Iceland and ungrazed exclosures remain often as 

open grassland for decades (Frigo et al. 2023, Behrend et al. 2025). Instead of tree 

succession, encroachment of heathland (including ericaceous shrubs, mosses, lichen) and 

deciduous shrubs (e.g. Betula nana) into abandoned grassland has been reported (Alfreðsson 
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2018, García Criado et al. 2025, Ryde et al. 2025). Such state transitions have also been 

documented from graminoid tundra shifting into shrub or moss and lichen tundra in the 

absence of herbivores (Van der Wal 2006, Te Beest et al. 2016, Stark et al. 2023). Such 

vegetation changes could have further cascading effects on plant-soil interactions and C 

dynamics over time, including shifting C allocation pattern, nutrient cycling, root dynamics 

and mycorrhizal associations (Deslippe and Simard 2011, Sørensen, et al. 2018a, Mekonnen 

et al. 2021, Parker et al. 2021, Castaño et al. 2023). Thus, to reveal how C cycling through 

the plant-soil system differs in grazed and ungrazed land, long-term perspectives are needed 

(Saccone and Virtanen 2016).  

1.6  Scope and Aims of this Dissertation 

With the dissertation thesis, I aim to gather empirical data from a broad range of sub-arctic 

grassland and heathland sites to elucidate how the cessation of grazing affects C cycling in 

these key sub-arctic ecosystems in the long-term to expand evidence gathered from short-

term treatments. I use both grassland and heathland as two contrasting vegetation types that 

are both widespread and used as grazing land in Iceland and other sub-arctic regions, thus 

findings from this thesis can have implication beyond our study region (Myers-Smith et al. 

2011, Wang, et al. 2016a, Boulanger-Lapointe et al. 2022, Defourneaux et al. 2024). 

Grassland and heathland can co-exist in similar abiotic conditions and one or the other might 

dominate as a result of land use practices or small-scale difference in soil properties (Te 

Beest et al. 2016, Vowles, et al. 2017b, Egelkraut, et al. 2018b). Following the proposed 

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

(i) I aim to understand how grazing vs. long-term cessation of grazing influences 

growing season CO2 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 of CO2 (NEE) (Chapter III). 

With this objective, I 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 sub-arctic plant communities. Following findings of a global synthesis of grazing 

effects on grassland greenhouse gas fluxes (Dangal et al. 2020) and a synthesis of arctic CO2 

flux studies (See et al. 2024), I expect that Icelandic grassland and heathland are overall net 

sinks for atmospheric CO2. In grassland, specifically, I expect reduced net CO2 uptake (NEE) 

and photosynthetic activity (GPP) due to self-shading of accumulating litter and reduced 

tillering of photosynthetic active shoots in the absence of grazing (Blair et al. 2014, Metcalfe 

and Olofsson 2015, Malhi et al. 2022). Contrary, in heathland, I expect taller growth of heath 

and shrubs with increased green biomass in the absence of grazing, resulting in higher net 

CO2 uptake compared to grazed heathland (Sørensen, et al. 2018a, Sundqvist et al. 2020, 

Min et al. 2021). 

(ii)  I aim to analyse to what extent direct measurement of CO2 fluxes can be 

substituted by remote-sensed NDVI as a cost- and time-efficient means with the 

potential to upscale point measurements from our study sites towards the wider 

landscape (Chapter IV). 
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I expect that GPP and NEE can be estimated using ground-based NDVI, measured on the 

same scale as the direct CO2 fluxes (Street et al. 2007, Siewert and Olofsson 2020). Further, 

I expect that ground-based measurements of NDVI and CO2 fluxes can be calibrated with 

satellite-derived NDVI and upscaled to the regional scale for comparable land cover types 

(Williams et al. 2008, Nestola et al. 2016, Juutinen et al. 2017, Bazzo et al. 2023). 

(iii)  I aim to quantify the distribution of SOC in grassland and heathland soils and 

the long-term effect cessation of grazing on the SOC stocks. Although, baseline 

SOC data prior to cessation of grazing are missing from the sites, I further aim 

to determine how SOC sequestration differs between grazed and ungrazed land 

(Chapter V). 

Following the hypothesis of Kristensen et al. (2022) that grazing can enhance the formation 

of persistent SOC in grassland, I 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 below-ground and higher soil microbial activity in grazed 

grassland compared to other land (Bai and Cotrufo 2022, Franzluebbers 2022, Stanley et al. 

2024). Further, I expect to find enhanced soil nitrogen (N) availability in grazed relative to 

ungrazed land from dung and urine which is an important driver of microbial-derived SOC 

accumulation in mineral-associated organic matter (Piñeiro et al. 2010, Schrama, Veen, et 

al. 2013, Soussana and Lemaire 2014, Lavallee et al. 2020). 

(iv) I aim to quantify how the root systems in grazed versus long-term ungrazed 

vegetation types differ 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 above-ground biomass, I expect that root traits can help to explain the distribution 

of SOC in the study sites (Jackson et al. 2017). I expect that the vegetation allocates more C 

above-ground in the absence of grazing to escape self-shading and competition of 

neighbouring plants together with less root turnover, when N availability is limited without 

inputs from grazing animals, indicated by a lower fine root density and a more conservative 

rooting strategy (Van der Wal et al. 2004, Gough et al. 2012, Oñatibia et al. 2017, Eskelinen 

et al. 2022, Ren et al. 2024).  
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2  Chapter II: Study Site Selection and 

Methodology 

2.1  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 permanent settlement and active 

land use, thus long-term exclosures within grazed land were typically distributed below this 

elevation. With the aim to study long-term fence contrasts of grazed and ungrazed land, 

digital surveying of historical and recent aerial photographs was used to map potential grazer 

exclosures. Most 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 image databases were publicly available through 

the Natural Science Institute of Iceland (loftmyndasja.gis.is; natt.is) and Loftmyndir ehf. 

(map.is). A database of active sheep farms in Iceland was used to pre-select continuous 

grazed land adjacent to grazer exclosures (accessible through map.is). In addition to this, 

land use information was gathered from local landowners 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 exclosures (Table 2-1). Due to this careful study site selection, I 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 confounding site-specific factors unrelated to 

grazing. 

Table 2-1: Criteria for study site selection. Conditions that had to be met (φ ) and conditions 

that could not be present (ģ) are outlined. 

Criteria for study site selection 

 φ> 20 years of grazer exclusion         

 φGrazed and ungrazed land directly adjacent to each other, just divided by a fence   

 φKnown and consistent land use history prior and after cessation of grazing  

 φPermanent exclusion of grazers since cessation of grazing     

 φEqual abiotic conditions in grazed and ungrazed land (topography, aspect, hydrology)  

ģ Measurement plot in exclosure not planted by trees       

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

ģ No organic soils (peat)           

 φFull vegetation cover in grazed and ungrazed land 

 φLocated in lowlands below 200 m a.s.l. 
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Figure 2-1: Study sites across Iceland in different dominant vegetation types. The sites 

were clustered in the eastern, northern (around Hólar), western (around Hvanneyri) and 

southern part of Iceland (broken-line ellipses). Hólar and Hvanneyri are marked as 

research stations from where the data collection at the sites was operated. The black line 

marks the 200 m a.s.l. contour line.  

 

Eventually, 34 sites across Iceland met the criteria and were used in this thesis (Figure 2-1). 

All studied sites consist of long-established (> 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 young (20-30 years, n = 9), 

medium-to-old (31-50 years, n = 13) and old (51-83 years, n = 12) exclosures (Table 2-2). 

They span an elevation gradient from 5 to 198 m a.s.l. The climate across the study sites is 

sub-arctic, according to Köppen-Geiger 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: 7.4 °C ï 10.3 °C) and mean annual precipitation range from 

470 to 1234 mm with a mean of 733 mm (summer: 95 mm ï 274 mm) for the time periods 

1961 ï 1990 or 1981 ï 2000 (Table 2-2). 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 were grazed by sheep or horses on the grazed land, but some sites were also 

grazed by cattle or a combination of them (Figure 2-2, Table 2-2). 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 long-term fenced-out land as grazer exclusion treatment. 
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Table 2-2: Summary information of the selected study sites for the dissertation. The names 

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 

E Gunnarsstaðir Gun 66.154 -15.431 

E Hjaltalundur Hja 65.517 -14.236 

E Holt Holt 66.152 -15.496 

E Leirhöfn Lei 66.404 -16.491 

E Presthólar Pho 66.260 -16.396 

E Presthvammur Phv 65.830 -17.311 

E Reykjarhóll  Reyk 65.892 -17.299 

E Skarðaborg Skb 65.966 -17.359 

E Viðastaðir Vid 65.560 -14.296 

N Álfgeirsvellir Alf  65.493 -19.439 

N Bergsstaðir Ber 65.446 -19.713 

N Geitaskarð Gsk 65.604 -20.107 

N Lárusarlundur LL 65.411 -20.298 

N Miðhóp Mh 65.478 -20.466 

N Örlygsstaðir Orl 65.502 -19.289 

N Röðull Rod 65.632 -20.218 

N Skriða Skr 65.707 -18.387 

N Syðri-Bægisá SB 65.666 -18.398 

S Haukadalur Hau 63.975 -19.965 

S Hólar1943 H43 63.986 -19.934 

S Hólar1960 H60 63.988 -19.935 

S Hvammur Hva 64.048 -20.126 

S Skarðlóð Skl 64.019 -20.074 

S Skarfanes1940 Sk40 64.055 -19.992 

S Skarfanes1990 Sk90 64.055 -19.992 

W Gilsbakki Gil 64.724 -20.986 

W Hóll  Holl 64.528 -21.345 

W Lundur Lun 64.555 -21.386 

W Melaleiti Mel 64.419 -22.017 

W Oddsstaðir Odd 64.539 -21.305 

W Steindórstaðir Stein 64.655 -21.242 

W Stóri-Ás SA 64.697 -21.033 

W Þorgautsstaðir Thor 64.712 -21.304 

W 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 1984-2004 

Hja 1 6 2.3 8.8 516.9 127.6 1966-1998 

Holt 2 52 3.1 8.7 561.5 133.9 1984-2004 

Lei 2 20 2 7.4 732.4 145.0 1961-1990 

Pho 2 25 2.7 8.3 563.8 174.7 1961-1990 

Phv 2 45 2.1 9 629.5 134.0 1962-1991 

Reyk 1 198 2.1 9 629.5 134.0 1962-1991 

Skb 2 52 3.4 9.6 721.8 155.5 1961-1990 

Vid 1 41 2.3 8.8 516.9 127.6 1966-1998 

Alf  6 186 2.4 8.8 469.5 128.9 1961-1990 

Ber 6 190 2.4 8.8 469.5 128.9 1961-1990 

Gsk 6 67 3.1 9.1 476.5 123.3 1982-2001 

LL 5 32 3.1 9.1 476.5 123.3 1982-2001 

Mh 5 48 3.1 9.1 476.5 123.3 1982-2001 

Orl 6 40 2.4 8.8 469.5 128.9 1961-1990 

Rod 5 118 3.1 9.1 476.5 123.3 1982-2001 

Skr 6 70 3.2 9.9 489.6 95.4 1961-1990 

SB 5 174 3.2 9.9 489.6 95.4 1961-1990 

Hau 3 102 4.5 10.3 1234.4 274.3 1961-1990 

H43 2 110 4.5 10.3 1234.4 274.3 1961-1990 

H60 2 95 4.5 10.3 1234.4 274.3 1961-1990 

Hva 3 76 3.6 9.9 1105.8 274.2 1961-1990 

Skl 3 144 3.6 9.9 1105.8 274.2 1961-1990 

Sk40 2 165 4.5 10.3 1234.4 274.3 1961-1990 

Sk90 2 165 4.5 10.3 1234.4 274.3 1961-1990 

Gil 7 183 3.2 9.3 733.5 169.1 1957-1986 

Holl 7 74 3.2 9.3 733.5 169.1 1957-1986 

Lun 7 67 3.2 9.3 733.5 169.1 1957-1986 

Mel 4 13 4.3 9.7 792 172.6 1965-1987 

Odd 7 64 3.2 9.3 733.5 169.1 1957-1986 

Stein 7 63 3.2 9.3 733.5 169.1 1957-1986 

SA 7 98 3.2 9.3 733.5 169.1 1957-1986 

Thor 7 59 3.2 9.3 733.5 169.1 1957-1986 

Vatn 6 122 3.3 9.6 904.6 173.1 1963-1994 

Days: Measurement days for CO2 fluxes 

Climate:  MAT = Mean annual temperature, MST = Mean summer temperature (JJA = 

June, July, August), MAP = Mean annual precipitation, MSP = Mean summer 

precipitation (June, July, August), Ref. period = time period for climate data from nearest 

meteorological station with sufficient time series (< 30 km) 

(continued) 
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ID Dominant vegetation Vegetation 

type category 

Exclosure 

age (years) 

Grazing animals 

Grazed Exclosure    

Gun Grassland Heathland Succession 34 Sheep/Horse 

Hja Grassland Heathland Succession 80 Cattle 

Holt Heathland Heathland Heathland 30 Sheep 

Lei Heathland Heathland Heathland 72 Sheep 

Pho Grassland Grassland Grassland 22 Horse 

Phv Grassland Heathland Succession 42 Horse 

Reyk Heathland Heathland Heathland 42 Sheep 

Skb Heathland Heathland Heathland 42 Sheep 

Vid Heathland Heathland Heathland 22 Horse 

Alf  Grassland 
Grassland / 

Heathland 

Grassland / 

Succession 
52 Sheep/Horse 

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 / 

Heathland 

Grassland /  

Succession 
66 Horse 

SB Grassland Grassland Grassland 60 Sheep/cattle 

Hau Grassland Grassland Grassland 33 Sheep 

H43 Grassland Birch woodland Succession 80 Sheep 

H60 Grassland Birch woodland Succession 63 Sheep 

Hva Grassland Grassland Grassland 23 Horse 

Skl Grassland Grassland Grassland 33 Sheep/horse/cattle 

Sk40 Heathland Heathland Heathland 83 Sheep/Horse 

Sk90 Heathland Heathland Heathland 33 Sheep/Horse 

Gil Grassland Heathland Succession 33 Sheep 

Holl Grassland Heathland Succession 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 
Grassland / 

Heathland 

Grassland / 

Succession 
23 Sheep/Horse 

Thor Grassland Grassland Grassland 43 Sheep 

Vatn Grassland Grassland Grassland 71 Sheep 

Grazing animal = dominant herbivores during the measurement period 

(continued) 
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Figure 2-2: Distribution of study site characteristics. The sites were evenly distributed 

across the Icelandic lowlands (a) and most were in grassland (grazed and ungrazed) and 

fewer in heathland or succession from grassland (grazed) into heathland or birch 

woodland (ungrazed) (b). Most sites were grazed during the measurement period by 

sheep, horse or both; one sites was grazed exclusively by cattle (c). Exclosure age was 

evenly distributed over relatively young (20-30 years), medium-to-old (31-50 years) and 

old (51-83 years) exclosures (d).  

 

The study sites were located both in grassland, heathland and transitional vegetation (Figure 

2-2). The vegetation type was defined according to the dominant vegetation on the grazed 

part (control) as this represents the 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 were Agrostis capillaris, 

Anthoxanthum odoratum, Avenella flexuosa, Bistorta vivipara, Carex bigelowii, C. 

vaginata, Deschampsia cespitosa, Equisetum arvense,  
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E. pratense, Festuca rubra, F. vivipara, Galium verum, Poa pratensis and Ranunculus acris. 

Most grassland sites were dominated by grassland vegetation in both the grazed and 

ungrazed side of the fence (n = 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 grazing (Figure 2-3c- 

 

Figure 2-3: Examples for study sites in different major vegetation types. In a-e the grazer 

exclosure is on the left side and the grazed land on the right side of the image. in f, the 

picture is taken from inside the grazer exclosure facing into the grazed land behind the 

fence. The vegetation types represented in the photographs are Grassland in slopes (a) 

and flat land (b), Succession from grazed grassland into heathland (c) and birch forest 

(d), Heathland, dominated by deciduous shrubs (e) and Ericaceae (f). All photographs 

were taken by Christian Klopsch. 
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d). These sites were collectively termed óSuccessionô and treated either as a sub-group of the 

grassland sites (Chapter 3 and 4) or as an own vegetation category (Chapter 5 and 6). At 

three sites, the ungrazed plots did not shift consistently from grassland into heathland and 

one (Gunnarsstaðir, Stóri-Ás) or two (Skriða) sub-plots were defined as grassland, and the 

other as heathland succession. At one site (Álfgeirsvellir), the landowner re-introduced 

grazing in the ungrazed plot right before the start of the measurement period. Consequently, 

the ungrazed plot for CO2 flux 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 re-introduction, was conducted on the original plot. However, the moved plot 

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

ceased), thus Álfgeirsvellir is defined as óSuccessionô in Chapter 3 and 4, but the original 

plot for soil sampling was in grassland and Álfgeirsvellir was defined as óGrasslandô in 

Chapter 5 and 6. Most 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 shrubs (Figure 2-3e) or by Ericaceae 

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

Dryas octopetala, Empetrum nigrum, Salix herbacea, Salix sp. and Vaccinium uliginosum.  

2.2  Study Design 

At each site, one paired fence contrast was defined in an open and dry terrain patch (> 50 ×  

50 m on mineral soil) in equal topography on both sides of the fence with a uniform 

measurement scheme (Figure 2-4a-b). In the ungrazed exclosure plot, three sub-plots were 

randomly selected in 5-20 m distance from the fence and from the neighbouring sub-plot 

mirrored in comparable terrain position (elevation, slope, aspect, distance) in the grazed plot. 

Around each sub-plot, three permanent measurement points were defined in an equilateral 

triangle with 1 m distance to the centre of the sub-plot (Figure 2-4c). For Chapter 3 (CO2 

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 measure CO2 fluxes of the whole 

vegetation in the exclosures using the chamber-based approach. For Chapter 4 (interaction 

of NDVI and CO2 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 clustered in the 

western part (around Hvanneyri) and the northern part (around Hólar) of Iceland (Figure 

2-1). For Chapter 5 and 6 (soil and root analysis), all 34 sites were included. 

Data collection was conducted between July-September over two years; in 2022 in northern 

and eastern parts of Iceland and 2023 in western and southern parts of Iceland. For Chapter 

3 and 4, I performed all measurements during July and August, considered as peak growing 

season (CO2 flux, NDVI and complementary measurements). For logistical reasons, the data 

collection was split into sites that were measured once every 1-2 weeks and sites that were 

measured less frequently. In all sites in the vicinity of Hólar (northern part) and Hvanneyri 

(western part), from where the field campaigns were operated (n = 18, see encircled sites 

around the two places in Figure 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 season (Appendix 1: 

Supplemental Figure 8-2, Appendix 3: Supplemental Figure 8-12 and Supplemental Figure 

8-13). Depending on distance from the respective fieldwork base (range 175-350 km), the 
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less frequently visited sites were measured once (eastern Iceland, 190-350 km, n = 3), twice 

(eastern and southern Iceland, 175-300 km, n = 8) or three times (southern Iceland, 175 km, 

n = 3) during the study (Table 2-2). During each measurement day, I recorded vascular plant 

species richness (presence/absence) in a 5 m radius around each sub-plot of grazed and 

ungrazed plots at each site. The plant species list for each site is available in Appendix 1: 

Supplemental Table 8-1 (nomenclature following WŃsowicz 2020). As a general pattern, 

mean, maximum and minimum species richness were larger in grazed plots compared to 

ungrazed plots, both in grassland, heathland and transitional vegetation between grassland 

and heathland/birch woodland (Table 2-3). Across all sites, mean vascular plant species 

richness was 37 in grazed plots (range 14-59 species) and 29 in ungrazed plots (range 11-49 

species).  

 

After the completion of CO2 flux measurements, soil samples for Chapter 5 and 6 were 

collected from soil profiles from late August to late September in 2022 and 2023 in collective 

field campaigns, organised by the ExGraze project.  

 

Figure 2-4: Uniform sampling design at each study site. Each study site was divided into 

a paired grazed and exclosure plot by a fence, erected more than 20 years ago (a). The 

same sampling design was applied within three sub-plots in 5-20 m distance between each 

other and the fence in the grazed and exclosure plot (b). Permanent measurement points 

for repeated CO2 flux measurements were installed in 1 m distance around the sub-plot in 

an equilateral triangle (c). All photographs were taken by Christian Klopsch. 
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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 vegetation types mean, maximum and minimum species richness 

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

Region Vegetation type Plot n 
Species richness of vascular plants 

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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2.3  Methodological Approaches to Measure 

Ecosystem Carbon Dynamics 

2.3.1  CO2  Flux Measurements  

To effectively apply the concept of nature-based solutions for climate change mitigation, it 

is critical to quantify C sink and source dynamics of ecosystems and associated land uses 

(Borer and Risch 2024). One approach to evaluate C sinks is to measure CO2 fluxes between 

terrestrial C pools and the atmosphere, whereby a net flux from the atmosphere into the 

plant-soil-system corresponds to C sink and vice versa (Gilmanov et al. 2007, Pumpanen et 

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

be measured directly, whereby net increases over time correspond to C sinks and vice versa 

(Kutsch et 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.  

CO2 flux chambers are the major method to determine the net CO2 exchange between the 

atmosphere and the plant-soil system in low vegetation when a large sample size and specific 

land uses and vegetation communities are targeted (Williams et al. 2006, Virkkala et al. 

2018, Virkkala, et al. 2025b). The CO2 flux is measured from changes in CO2 concentration 

over time in the air over a small patch of land that is enclosed by the chamber, typically 

using an infra-red gas analyser (Pumpanen et al. 2004). Compared to other methods, CO2 

flux chambers are cheap, mobile, flexible in size and allow for replicated measurements. 

These features make them particularly useful in heterogeneous natural communities and 

small-scale experimental treatments such as the fence contrasts between grazed and 

ungrazed land in this thesis. Trade-offs of chamber-based flux measurements include a low 

temporal and spatial resolution, high labour and time costs and potential erroneous 

measurement in high wind or precipitation. 

I used a closed dynamic chamber system to measure CO2 fluxes for this dissertation, 

composed of a custom-built acrylic chamber (35 × 35 × 25 cm) with a sharpened aluminium 

frame at the open end to efficiently seal the chamber with the soil surface (Appendix 1: 

Supplemental Figure 8-1a,b). The chamber was connected to an infrared gas analyser which 

measured CO2 concentration at one second intervals and calculated CO2 fluxes directly 

based on CO2 concentration change over time within the volume of the chamber (EGM 5, 

PP systems, Amesbury, USA; Pumpanen et al. 2010). Each CO2 flux measurement consisted 

of two paired CO2 flux measurement series, performed on the same measurement point 

(Figure 2-4) with an acclimation period in between to normalise CO2 concentration 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 ecosystem respiration (ER; vegetation + soil respiration). Simultaneously 

with each NEE measurement series, incoming photosynthetically active radiation (PAR; 

µmol m-2 s-1), volumetric soil moisture (Msoil; 0 - 100 % saturation) and soil temperature 

(Tsoil; ęC) in the topsoil (0-8 cm) were recorded, using a PAR probe and a soil sensor attached 

to the EGM-5 (TRP-3, PP-systems, Amesbury, USA; Hydra Probe II, Stevens Water 

Monitoring Systems, Portland, USA). Additionally, sward height was measured at nine 

random vegetation patches around each sub-plot on each sampling day, using a A4 writing 

blotter (160 g) placed on top of the sward and a folding ruler (Stewart et 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 

sensing (Beamish et al. 2020). Remote sensing products are constantly improving in spatial 

and temporal resolution with large publicly available databases (Gorelick et al. 2017, 

Andreatta et al. 2022). Using biophysical responses of vegetation to different spectral 

wavelengths, various vegetation indices have been developed to analyse land cover and land 

condition time-efficiently on large spatial and temporal scales (Bannari et al. 1995, Yan et 

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, Huang et al. 2021). It is based on the ratio between incoming 

and reflected red and near-infrared light and returns a value between -1 and 1. Unvegetated 

land has principally a value < 0 and increasingly dense and green vegetation has increasing 

values towards 1. The biophysical basis of the index is that green, chlorophyll-rich plant 

tissue reflects less of the red light while it reflects more of the infra-red light compared to 

non-photosynthetic vegetation or unvegetated ground (Pettorelli 2013). NDVI can be 

assessed on a wide spectrum of pixel sizes ï ranging from cm2, using hand-held spectral 

instruments over m2, using drones to km2, using satellite sensors (Siewert and Olofsson 

2020).  

A major trade-off 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 measured on a similar 

scale and calibrated with direct measurements of CO2 fluxes such as chamber-based 

measurements (Nestola et al. 2016, Argenti et al. 2022, Guðmundsson et al. 2026). With 

NDVI as indirect proxy for net C exchange, spatial and temporal limitations of chamber-

based methods can be resolved and CO2 fluxes up-scaled to a larger area, such as similar 

vegetation types (Street et al. 2007, Guðmundsson et al. 2026). However, with increasing 

pixel size precision of upscaled CO2 fluxes decreases due to land cover heterogeneity 

(Assmann et al. 2020, Siewert and Olofsson 2020). Thus, the applicability of NDVI is 

limited for the magnitude of CO2 fluxes, but it can be a powerful indicator to define 

thresholds for C sinks and sources in different vegetation types and land uses.  

Before each CO2 flux measurement, I measured NDVI from 1.5 m above each measurement 

point, covering the same vegetation patch as the subsequent CO2 flux measurement with a 

ground area of 0.35 m2. A hand-held 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 near-infrared (NIR; 800nm) radiation. NDVI was calculated 

automatically within the data logger as NDVI = (NIR ï RED) / (NIR + RED). In total, 2536 

ground-based NDVI measurements were performed during the measurement period. 

Additionally, satellite-derived NDVI data (NDVISentinel-2) with a 10 m resolution were 

derived for the same period and area as the ground-based measurements (July-August 2022 

and 2023) and for all of Iceland for July-August 2023 from band 4 (RED, 665 nm) and band 

8 (NIR, 842 nm) of the Sentinel-2 satellite image library, using Google Earth Engine 

(Gorelick et al. 2017). NDVISentinel-2 was calibrated with the ground-based NDVI, using the 
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NDVISentinel-2 value of the GPS locations of each measurement point. NDVISentinel-2 and the 

calibration with ground-based 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 CO2 fluxes and NDVI reveal only the instantaneous exchange 

of CO2 between the plant-soil 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 leaching of dissolved 

organic C in the soil solution or by bioturbation by soil organisms (Soussana et al. 2010; 

Kindler et al. 2011; Howison et al. 2017; Nakhavali et al. 2021; Don et al. 2024). Also, 

interannual variability limits extrapolation of measurements from one year to the other 

(Baldocchi et al. 2018). Therefore, assessing actual C accumulation or loss over time is more 

reliable by quantifying ecosystem C stocks (Rodeghiero et al. 2010, Poeplau et al. 2011).  

As noted above, in grassland and heathland ecosystems most C is stored below-ground as 

SOC, rather than as plant biomass (Jobbágy and Jackson 2000, Scharlemann et al. 2014). 

Typically, SOC accumulation is slow, compared to C accumulation in biomass  and detecting 

reliable changes in SOC stocks requires long-term comparisons of contrasting treatments 

(Stockmann et al. 2013, Rumpel et al. 2020, Stanley et al. 2023). For example, to evaluate 

net SOC sequestration, baseline SOC values prior to the long-term treatment are needed 

(Don et al. 2024). However, such reference values are often unavailable in long term 

comparative studiesðtypically the treatments were not originally established with SOC 

accounting in mind. This limitation applies also for the sites selected in this thesis. 

Consequently, a space-for-time substitution approach was applied for the land use contrasts, 

assuming equal conditions and equal SOC prior to the cessation of grazing ï an approach 

widely used to infer long-term ecosystem development, such as in studies of primary 

succession (Walker and del Moral 2003, Walker et 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 sequestration (Franzluebbers 

2021, Silveira et al. 2024).  

To quantify C stocks in vegetation and soil and for root analysis, above-ground biomass and 

soil samples were taken from each sub-plot in all study sites following a standard protocol 

(Appendix 1: Supplemental Figure 8-1c): First, a soil profile was excavated on each sub-plot 

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 plots á 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 

guidelines (IUSS Working Group WRB 2022). Above the soil profile boundary, total above-

ground biomass was sampled using a 10 cm ×10 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) and detached plant litter on the soil surface and were air-dried after 

sampling. Subsequently, soil profiles were described for the percentage amount of coarse 

fraction (parent material > 20 mm) and visual characteristics, 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 analysis were collected (Appendix 1: Supplemental Figure 8-1c).  

Three or more bulk density samples were collected from each soil profile with at least one 

sample from 0-10 cm, 10-30 cm and 30-60 cm. If variation in the profile was larger, the 

number of samples was adjusted accordingly. Samples were collected using a metal cylinder 

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 was cut with a knife. At least four 

samples for C and N analysis were collected from the 0-60 cm soil profile, according to 

previously defined soil horizon depth as complete blocks of 5 cm × 5 cm × sample depth. 

Sample depth ranged between 4 and 30 cm, but for most samples either 10 or 20 cm. All soil 

samples were air-dried 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, 10-20 cm, 20-40 cm and 40-60 cm, in total 802 samples from 201 soil profiles. 

Every root sample was taken as complete block with a defined soil volume of 5 cm × 5 cm 

× sample depth. After sampling, root samples were stored in plastic bags at 4ęC until root 

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 scanner to obtain 

community-level root morphological traits, using digital image analysis of the root scans 

(Freschet, et al. 2021b, Seethepalli et al. 2021). After scanning, fresh and dry root biomass 

was determined.  

2.3.4  Application of the collected Data in this 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. The CO2 flux data were processed in Chapter 3 

to establish whether grazed and ungrazed plots of the study sites were C sinks or sources 

during the measurement period. NDVI data together with CO2 flux data of the grassland sites 

measured in greater detail (n = 17) were processed in Chapter 4to examine the predictability 

of CO2 fluxes from NDVI. Soil C and N data were processed in Chapter 5 to quantify SOC 

stocks in grazed and ungrazed plots of the study sites. Root biomass and root trait data were 

processed in Chapter 6 to assess the density, distribution and morphology of community-

level root systems at our sites. These data form a basis to study how long-term cessation of 

grazing influences C cycling through the plant-soil system compared to continuous grazed 

land and provide useful baseline measurements for future studies at these sites concerning 

further questions of C cycling or other ecological responses to long-term cessation of 

grazing. To facilitate future research, all data and data analysis scripts are stored and publicly 

available in Klopsch et al. (2026a).  
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3 Chapter III: Long-term Cessation of 

Grazing Reduces Net Carbon Uptake 
in sub-arctic Grassland and 

Heathland 

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 long-term effects for ecosystem carbon cycling due to the scarcity of long-term 

studies. We compared CO2 fluxes in exclosures where grazing was ceased multiple decades 

ago (20-83 years) with adjacent grazed land across a broad range of semi-natural grassland 

and heathland in Iceland.  All 32 study sites, both grazed plots and the exclosures, were net 

carbon sinks during the growing season. However, long-term grazing cessation led to 

considerable changes in ecosystem CO2 fluxes, with overall 37% less net CO2 uptake 

(NEE600) in the exclosures (óExclosure effectô). Grassland was a substantially larger carbon 

sink and had a stronger óExclosure effectô than heathland. Across all sites, calculated Light 

Use Efficiency and Biomass Use Efficiency were 22% and 66% lower, respectively, in the 

exclosures compared to grazed plots. At several grassland sites, grazing cessation led to a 

shift in vegetation to heathland. At these sites, NEE600 was 72% lower in the exclosures. The 

greatest reductions in NEE600 occurred in the first 20-30 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 that long-term grazing cessation results 

in a reduced carbon sink strength, highlighting the key role of grazing animals for vegetation 

dynamics and carbon cycling in grassland and heathland.1 

3.1  Introduction 

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 

(Bengtsson et al. 2019, Stevens et al. 2022). Due to extensive degradation, driven by land-

use change, overgrazing, abandonment of traditional pastoral practices, and declining wild 

herbivore populations, these ecosystems are threatened globally (Bardgett et al. 2021, 

Buisson et al. 2022). In a global synthesis, Dangal et al. (2020) showed that grassland, when 

grazed extensively, is typically a net carbon (C) sink and soils of grazed grassland store 

substantial organic C despite regular biomass removal (Roy and Bagchi 2022). Therefore, 

soil organic carbon (SOC) sequestration through improved grazing management and 

herbivore-plant-soil interactions have been proposed as promising but neglected nature-

based solutions for climate change mitigation (Conant et al. 2017, Schmitz et al. 2018, Borer 

and Risch 2024, Stanley et al. 2024). However, most C cycling models ignore the role of 

 

1 A version of this chapter is published:  

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, 110441. https://doi.org/10.1016/j.agee.2026.110441. 
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grazing animals, limiting predictions of C cycling and C sequestration in grazed ecosystems 

(Viglizzo et al. 2019, Roe et al. 2021, Rizzuto et al. 2024).  

In general, mammalian herbivores influence CO2 fluxes between vegetation, soil and the 

atmosphere indirectly above- and below-ground through grazing activities (Rizzuto et al. 

2024, Trepel et al. 2024). Above-ground, grazing promotes herbaceous vegetation over 

mosses, lichen and woody vegetation, thereby maintaining open ecosystems (Van der Wal 

2006, Olofsson and Post 2018). Below-ground, grazing modifies soil microclimate and 

nutrient cycling (Van der Wal et al. 2004, Doughty et al. 2016, Li et al. 2024). These effects 

are particularly relevant in northern ecosystems, where cold climate and short growing 

seasons limit nutrient availability and turnover rates (Petit Bon et al. 2020). Together, these 

grazing effects influence photosynthetic activity and respiration and control net ecosystem 

exchange (NEE), i.e. the net C sink or source strength of the ecosystem (Dangal et al. 2020, 

Malhi et al. 2022).  

Particularly in northern Europe, traditional grazing created mosaics of (semi-natural) 

grassland and heathland, with grassland typically dominating where grazing activities are 

relatively high and heathland, often dominated by Calluna vulgaris, developing under less 

fertile conditions (Rosa García et al. 2013, Ross et al. 2016, Vowles, et al. 2017b, 

Norderhaug et al. 2023, Rittl et al. 2025). Long-established grassland and heathland have 

been shown to be important C sinks that can accumulate large amounts of SOC (Quin et al. 

2015, Sørensen, et al. 2018b, Duddigan et al. 2024, Lockwood et al. 2026). However, 

without disturbance, such as grazing, productivity is often diminishing in both grassland and 

heathland (Li et al. 2023, Norderhaug et al. 2023). Linked to grazing cessation and climate 

warming, shrub expansion is a widely described phenomenon across northern ecosystems 

(Myers-Smith et al. 2011, Mekonnen et al. 2021), with erect deciduous shrubs such as Salix 

sp., or stress-tolerant evergreen shrubs such as Empetrum nigrum expanding into abandoned 

grassland and heathland (Vowles, et al. 2017a, Maliniemi et al. 2018). Productive deciduous 

shrubs can modify microclimate and enhance both uptake and emission of CO2 while low-

productive evergreen shrubs may reduce total C cycling (Sørensen, et al. 2018b, Vowles and 

Björk 2019, Parker et al. 2021, Myrsky et al. 2024). In grassland on the other side, self-

shading and reduced tillering from basal meristems through litter accumulation may reduce 

productivity when left ungrazed over extended periods (Borer et al. 2014, Eskelinen et al. 

2022, Thorhallsdottir and Gudmundsson 2023).  

Long-term effects of grazing cessation for the CO2 flux balance of northern ecosystems 

remain poorly understood because most studies maintained grazing cessation for < 10 years 

(Forbes et al. 2019, Niu et al. 2025). Such short-term interventions often reflect legacy 

effects of previous grazing, such as altered nutrient availability, vegetation composition and 

structure which can promote net C uptake in the short-term (Egelkraut, et al. 2018b, Wu et 

al. 2025). Our study addresses this gap by comparing CO2 fluxes 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 long-term, CO2 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 processes (Ward et al. 2014, Wang, J. et al. 2024). Iceland still retains extensive 

semi-natural grassland and heathland in contrast to other parts of Northern Europe 

(Helgadóttir et al. 2014, Cousins et al. 2015, Aune et al. 2018), historically maintained by 

free-roaming sheep without further cultivation (Ross et 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 sub-arctic climate and low woodland cover facilitates long-term 

comparisons of CO2 fluxes between grazed and ungrazed grassland and heathland, as 

succession into closed-canopy woodland is limited in Iceland (Behrend et al. 2025). 

Specifically, we addressed the following research questions: 

(i) How does long-term cessation of grazing affect CO2 fluxes and the net carbon 

balance (NEE) during the growing season? 

(ii)  How does time since cessation of grazing influence CO2 fluxes in grassland and 

heathland, respectively? 

(iii)  How are vegetation structure and soil microclimate, factors that could influence 

CO2 fluxes, modified by the long-term cessation of grazing? 

3.2  Methods 

3.2.1  Study Design  

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

grassland or heathland and used for livestock grazing, either free-roaming or in fenced 

pastures closer to the farms during the growing season (Marteinsdóttir et al. 2017, 

Defourneaux et al. 2024). During the last century, livestock exclosures (hereafter 

óexclosuresô) were fenced off at many farms across the country following incentives to 

promote afforestation (Thorhallsdottir and Gudmundsson 2023). Many of these exclosures 

were never fully planted and provide long-term fence contrasts in grassland and heathland, 

without the confounding effects of forest succession (Thorhallsdottir et 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 semi-natural, unfertilised grassland and heathland below 200 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 section of the 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 

(Figure 3-1). The selection included young (20-30 years, n = 9), medium-to-old (31-50 years, 

n = 12) and old (51-83 years, n = 11) exclosures (Appendix 2: Supplemental Table 8-2). 

Animal densities and grazing regimes will have varied, but all locations had been grazed 

throughout time. Thus, we used grazed land as control and long-term fenced-out exclosures 

as grazing cessation treatment. 

At each site, a grazed and ungrazed patch were matched and defined as paired plots (n = 2 × 

32). Three sub-plots were randomly positioned in each ungrazed plot and duplicated in 

similar elevation, topography and distance to the fence in each associated grazed plot (n = 2 

× 32 × 3 = 192; Figure 3-1). Around each sub-plot, three permanent measurement points 

were marked out at 1 m distance to the sub-plot centre, in the shape of an equilateral triangle 

(n = 3 × 192 = 576). At these measurement points, CO2 flux, 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 study. The sites were located in the 

northern, eastern, western and southern part of Iceland below < 200 m a.s.l. The site 

symbols refer to the dominant vegetation. The general study design was composed of three 

sub-plots surrounded by three permanent measurement points per grazed and ungrazed 

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 

(Figure 3-1): ógrasslandô, dominated by graminoid or other herbaceous vegetation (n = 24) 

and óheathlandò, dominated by deciduous or evergreen shrub or heath vegetation (n = 8). 

Within the ógrasslandô group, an additional sub-group ósuccessionô was classified where a 

shift from grassland-dominated vegetation in the grazed plot to heathland-dominated 

vegetation in 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 arvense, E. pratense, Festuca 

rubra, F. vivipara, Galium verum, Poa pratensis and Ranunculus acris. The most common 

heathland species were Betula nana, Calluna vulgaris, Dryas octopetala, Empetrum nigrum, 

Salix herbacea and Vaccinium uliginosum.  

3.2.2  Data Collection  

CO2 flux measurements  

A closed dynamic chamber system was used to measure CO2 fluxes, composed of a custom-

built acrylic chamber (35 × 35 × 25 cm) with a fan for continuous air mixing. The chamber 

was connected to an infrared gas analyser which measured CO2 concentration at one second 
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intervals for 120 seconds (EGM 5, PP systems, Amesbury, USA; Pumpanen et al. 2010). At 

the end of the 120 seconds measurement series, the CO2 flux was automatically calculated 

over the 120 individual measurements and used further as CO2 flux measurement. Two 

paired CO2 flux measurement series were performed at the same point with an acclimation 

period in between to normalise CO2 concentration in the chamber; one in ambient light 

(transparent chamber), measuring net ecosystem exchange (NEE) and one with all incoming 

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; µmol m-2 s-1), volumetric soil 

moisture (Msoil; 0-100 % saturation) and soil temperature (Tsoil; °C) in the topsoil (0-8 cm) 

were recorded, using a PAR probe and a soil sensor attached to the EGM-5 (TRP-3, PP-

systems, Amesbury, USA; Hydra Probe II, Stevens Water Monitoring Systems, Portland, 

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 Hólar (northern part) and Hvanneyri (western part), from 

where the field campaigns were operated (n = 18, see encircled sites around the two places 

in Figure 3-1), measurements were taken on four to seven days at variable times between 8 

AM and 7 PM, in variable light conditions to capture a wide range of environmental 

conditions. Depending on distance from their respective fieldwork base (150-400 km), 

distant sites in eastern and southern Iceland were measured once (n = 3), twice (n = 8) or 

three times (n = 3) during the study (Appendix 2: Supplemental Table 8-2). 

NDVI and Sward Height Measurements  

Before the CO2 flux 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 

m2. A hand-held 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) and near-infrared (NIR; 

800nm) radiation. NDVI was calculated automatically within the data logger from Eq. 3-1 

NDVI = ( NIR ɀ RED) / ( NIR + RED),        Eq. 3-1 

returning values between -1 to +1. Values below 0 generally indicate unvegetated ground 

and values between 0 and 1 represent successively greener (i.e. chlorophyll-richer) 

vegetation (Pettorelli 2013). Additionally, height of the sward was measured at nine random 

vegetation patches around each sub-plot on each sampling day, using a A4 writing blotter 

(160 g) placed on top of the sward and measured with a folding ruler (Stewart et al. 2002).  

3.2.3  Data Processing  

All CO2 flux values were converted into µmol m-2 s-1 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 (PAR, Tsoil and 

Msoil) were averaged across each 120 seconds NEE measurement series. In 2023, PAR and 

Tsoil were higher (p < 0.05) than in 2022 but without systematic bias between the grazing 

contrasts (i.e. óyearô×ógrazing cessationô not significant, Appendix 2: Supplemental Table 

8-3).  
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Gross Primary Production (GPP)  

Gross primary production (GPP) was calculated as GPP = NEE ï ER. Actual GPP is 

primarily driven by incoming PAR (Ruimy et al. 1995), which varied between 51 and 1789 

µmol m-2 s-1, with a mean of 695 µmol m-2 s-1. To improve comparisons under variable light 

conditions among sites and days, GPP was standardised to a common irradiance of 600 µmol 

m-2 s-1 using a light response curve (LRC) modelling approach (Shaver et al. 2007). Four 

seasonal community LRCs were modelled: two for grassland (maximum GPP > 20 µmol m-

2 s-1, maximum GPP < 20 µmol m-2 s-1) and two for heathland (maximum GPP > 10 µmol 

m-2 s-1, maximum GPP < 10 µmol m-2 s-1; Appendix 2: Supplemental Figure 8-3, 

Supplemental Table 8-2). The LRCs were calculated according to Eq. 3-2, adapted from 

Strimbeck et al. (2019), using a self-starting non-linear least-squares regression that fitted 

model parameters with the lowest residual sum of squares as 

GPPraw = ( GPPmax × PAR) / ( k + PAR),        Eq. 3-2 

where GPPraw = NEE ï ER, GPPmax = rate of light saturated photosynthesis, and k = half 

saturated constant of photosynthesis. With the model parameters, a seasonal community GPP 

at PAR = 600 µmol m-2 s-1 and at each measurement PAR was calculated. The ratio between 

both was then used as a correction factor in Eq. 3-3 to estimate GPP600 (Strimbeck et al. 

2019) as             

GPP600 = GPPraw × (( GPPmax × 600) / ( k + 600)) /      Eq. 3-3 

(( GPPmax × PAR) / ( k + PAR)). 

Ecosystem Respiration (ER)  

Ecosystem respiration (ER) is commonly directly influenced by soil temperature (Tsoil; 

Tjoelker et al. 2001). During the measurement periods, Tsoil ranged between 8.4 and 31.7 

C̄, with a mean of 15.8 ̄C, and was positively correlated with ER (ɟ2434 = 0.40, p <0.001; 

Appendix 2: Supplemental Figure 8-4). Hence, to improve comparisons, ER was 

standardised to a common Tsoil of 15 ̄ C using Eq. 3-4, following the temperature dependent 

Q10 approach of Tjoelker et al. (2001) that describes the increase in respiration per 10 C̄ 

increase in soil temperature as 

ER15 = ER ×  Q10 ((15 ɀ Tsoil )/10) ,         Eq.3-4 

where ER15 = standardised ER to Tsoil = 15 ̄ C and Q10 = 3.22 - 0.046 * Tsoil (Tjoelker et al. 

2001). A standardised NEE600 was then re-calculated as the difference between GPP600 and 

ER15 for each measurement, representing net ecosystem exchange at an average PAR of 600 

µmol m-2 s-1 and Tsoil of 15 °C.  

Carbon uptake efficiency   

To analyse the C uptake efficiency of vegetation, the ecological light use efficiency (LUE) 

was calculated (Eq. 3-5), reflecting the capability of the vegetation to use incoming radiation 

to absorb C (Gilmanov et al. 2007), as   

LUE =  GPPraw /  PAR.           Eq.3-5 
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To reflect the capability of the vegetation to use the standing biomass to absorb CO2, biomass 

use efficiency (BUE) was calculated (Eq. 3-6) as 

BUE =  GPP600 /  Sward height,         Eq.3-6 

where sward height was used as proxy for above-ground biomass and GPP600 was used as 

average CO2 absorption, unconfounded by differences in PAR. Both C uptake efficiencies 

are reported from the plantôs perspective, i.e. all values are positive. 

3.2.4  Statistical Analysis  

The effect of grazing cessation, i.e. óExclosure effectô, on GPP600, R15, NEE600, NDVI, sward 

height, Tsoil, Msoil, PAR, LUE and BUE was tested, using linear mixed effects models (LMM) 

to account for the structure of the study design. As random effects, ósub-plotô nested in ósiteô 

and ómeasurement dayô nested in óyearô were consistently specified. As fixed effects, 

ógrazing cessationô, ódominant vegetationô (grass or heath) and, when significant, the 

interaction between both were specified. The effect size and level of significance of predictor 

variables were retrieved from least-squares post-hoc tests. The ósuccessionô sub-group of the 

ógrasslandô sites (n = 8), where grassland shifted into heathland following cessation of 

grazing, was specifically addressed in a separate LMM, using the same model structure and 

response variables as above and ógrazing cessationô as sole fixed effect. 

Spearmanôs rank correlation was used to analyse correlations between vegetation and soil 

parameters and CO2 fluxes 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 proxy for grazing intensity in the grazed part or for biomass accumulation in the 

ungrazed (Appendix 2: Supplemental Figure 8-5).  

To explore the trend of CO2 fluxes 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 ógrazing cessationô, óweekly intervalô and ódominant vegetationô as 

independent factors, followed by a least-squares means post-hoc test to determine the 

significance of the óExclosure effectô.   

From the contrast values, retrieved from post-hoc tests, an óExclosure effectô was calculated 

as the percent change from Grazed (G) to Exclosure (E) either per plant community or across 

all data using the Eq. 3-7 

Exclosure effect (%) = (G ɀ E) /  G ×100,       Eq.3-7 

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 CO2 

fluxes was analysed using LMM. For this analysis, all measurements were pooled and 

reclassified to four categories of óyears since grazing cessationô (óyearsô): ógrazedô (all 
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measurements from grazed plots), ó20-30 yearsô, ó31-50 yearsô and ó51-83 yearsô. Then, 

óyearsô, ódominant vegetationô and their interaction were used as fixed effects within the 

same random effect model structure as described above. Significant differences between 

óyearsô for each vegetation group were tested with least-squares means post-hoc tests. 

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

version 4.2.1 (R Core Team 2024) with the additional packages nls (Baty et al. 2015), lme4 

(Bates et al. 2015), lmerTest (Kuznetsova et al. 2017), emmeans (Lenth 2023) and 

multicomp (Hothorn et al. 2008). 

Table 3-1: Model diagnostics for effects of cessation of grazing. F-statistics from ANOVA of 

fixed effects from linear mixed effects models (LMM) across all sites for responses of CO2 

fluxes, Light and Biomass Use Efficiency (LUE,BUE) and environmental parameters with 

óGrazing cessationô and óDominant vegetationô (grassland/ heathland) and the interaction 

between both as fixed effects (Significance indicated with bold numbers and asterisks). 

Random effects in each LMM were ósub-plotô nested in ósiteô and óday of yearô nested in 

óyearô. For the sub-group of sites that shifted from grassland into heathland following 

grazing cessation (ósuccessionô) the same LMMs were performed but without ódominant 

vegetationô as fixed effect. Tsoil = Soil temperature, Msoil = Soil moisture 

Dataset Response 

Grazing 

cessation (G) 

Dominant 

vegetation (V) 
G × V 

F F F 

All Sites  

(n = 32) 
NEE600    63.0 ***      7.5 *      9.0 **  

GPP600    79.9 ***   11.0 **    15.4 ***  

  ER15     2.5       6.4 *      6.6 *  

  LUE    55.3 ***    12.6 **      5.5 *  

  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 **  

  Msoil   206.9 ***    13.0 **      7.4 **  

                

Succession 

sites  

(n = 8) 

NEE600   313.9 ***  -   -   

GPP600   551.5 ***  -   -   

ER15   194.2 ***  -   -   

  LUE   436.9 ***  -   -   

  BUE 1138.0 ***  -   -   

  NDVI   752.9 ***  -   -   

  Sward height   674.7 ***  -   -   

  Tsoil   131.5 ***  -   -   

  Msoil   105.5 ***  -   -   

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

3.3.1  The Effect of Grazing Cessation on Ecosystem CO 2  Fluxes 

in Grassland and Heathland  

There was a clear and significant óExclosure effectô on all fluxes with ógrazing cessationô 

explaining most variation in the models for net CO2 uptake (NEE600) and gross primary 

production (GPP600; Table 3-1). Across all sites, NEE600 was 37% lower in the exclosures (p 

< 0.001), with 20 % lower gross CO2 uptake (GPP600; p <0.001) but no differences in CO2 

emission from ecosystem respiration (ER15; p = 0.119) relative to grazed plots (Table 3-2).  

 

All CO2 fluxes responded significantly to ódominant vegetationô and the interaction of 

ógrazing cessationô × ódominant vegetationô (Table 3-1). Independent of grazed or not, post-

hoc tests showed that GPP600 and NEE600 (t = 2.7, p = 0.010) were more negative (t = 3.5, p 

= 0.001) and ER15 was more positive (t = 2.6, p = 0.013) at grassland sites compared to 

heathland sites, indicating higher productivity and C turnover in grassland compared to 

heathland (Figure 2). Overall, grazed and ungrazed grassland (NEE600 = -4.97 and -2.99 

 

Figure 3-2: Standardised CO2 fluxes in grazed and ungrazed land. Mean GPP600, ER15, 

and NEE600 are shown for (a) grassland sites (n = 24), (b) succession sites that shifted 

from grassland into heathland without grazing (sub-group of grassland sites, n = 8) and 

(c) heathland sites (n = 8), derived from linear mixed effects models. Error bars represent 

95 % confidence intervals. Different letters represent significant differences between 

grazed and exclosure plots in each category following pairwise comparisons post-hoc 

tests. Grey dots represent individual measurements.  
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µmol m-2 s-1, respectively) and heathland sites (-2.79 and -1.90 µmol m-2 s-1, respectively) 

were net C sinks during the growing season. 

Table 3-2: CO2 fluxes and exclosure effect across sites and dominant vegetation types. Mean 

values Ñ standard error (SE) and change from grazed to ungrazed (óExclosure effectô in % 

± SE) with p-values retrieved from pairwise comparisons post-hoc test for GPP600, R15, 

NEE600 (all fluxes in µmol m-2 s-1), Light Use Efficiency (LUE in µmol mmol-1), and Biomass 

Use Efficiency (BUE in µmol µmol-1 cm-1) from separate linear mixed models (LMMs) for 

all sites together, grassland and heathland sites, and succession sites only. Significant effects 

of grazing cessation are highlighted in bold. 

Dominant 

vegetation 
Response Grazed (G) Exclosure(E) Exclosure effectÀ 

   Mean ± SE Mean ± SE % ± SE t p 

All sites  

(n = 32) 

GPP600  -8.41 ± 0.47 -6.75 ± 0.42 -19.9±1.5 -8.7 <0.001 

ER15  4.77 ± 0.25 4.60 ± 0.25 -3.7 ± 2.3 -1.6 0.119 

  NEE600  -3.88 ± 0.35 -2.45 ± 0.35 -37.1 ± 4.6 -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 

(n = 24) 

GPP600  -10.30 ± 0.48 -7.69 ± 0.42 -25.3 ± 1.5 -16.6 <0.001 

ER15  5.51 ± 0.25 5.02 ± 0.24 -8.8 ± 1.4 -5.7 <0.001 

  NEE600  -4.97 ± 0.31 -2.99 ± 0.31 -39.9 ± 2.6 -15.3 <0.001 

  LUE  0.017 ± 0.001 0.013 ± 0.001 -22.5 ± 2.1 -11.5 <0.001 

  BUE  0.125 ± 0.008 0.040 ± 0.003 -68.3 ± 4.7 -14.6 <0.001 

Heathland 

(n = 8) 

GPP600  -6.71 ± 0.72 -5.86 ± 0.67 -12.7 ± 4.8 -2.7 0.011 

ER15  4.09 ± 0.39 4.20 ± 0.40 +2.5 ± 4.7 0.5 0.601 

  NEE600  -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 

SuccessionÀÀ 

(n = 8) 

GPP600  -10.58 ± 0.56 -5.31 ± 0.40 -49.7 ± 2.6 -19.2 <0.001 

ER15  5.86 ± 0.44 4.12 ± 0.37 -29.9 ± 2.4 -12.2 <0.001 

  NEE600  -4.85 ± 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 
ÀExclosure effect was calculated as percent change from G to E to the basis of G, 

with t-ratio and p-values derived from least-squares mean post-hoc tests 
ÀÀSuccession is a sub-group of Grassland 

Across all grassland sites, GPP600, ER15 and NEE600 were 25%, 9%, and 40% lower in 

ungrazed relative to grazed plots, respectively (p < 0.001; Figure 3-2a, Table 3-2). At the 

heathland sites, the óExclosure effectô was weaker than at grassland sites (Figure 3-2c). In 

ungrazed plots, GPP600 (- 13%, p < 0.05) and NEE600 (-32%, p < 0.05) were lower compared 

to grazed plots (Table 2). For ER15, no óExclosure effectô was found (+2,5%, p = 0.601).  

In the sub-group of succession sites, with a vegetation shift from grassland in the grazed 

plots to heathland in the ungrazed plots, we found the strongest óExclosure effectô. With 
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grazing cessation, net CO2 uptake (NEE600) was 72% lower with 50% lower GPP600 and 30% 

lower ER15 compared to the reference grazed plots (p < 0.001; Figure 3-2b). Overall, CO2 

flux rates in grazed plots were comparable to CO2 fluxes in all other grazed grassland and 

the ungrazed plots had comparable flux magnitudes to other heathland sites (Table 3-2).  

 

3.3.2  Impacts of Grazing Cessation on Light and 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 plots (p < 0.001; Table 3-2). In 

both responses, ógrazing cessationô, ódominant vegetationô and their interaction had 

significant effects (Table 3-1). In general, C uptake efficiency (both LUE and BUE) and the 

óExclosure effectô were higher in grassland compared to heathland (Figure 3-3). As it was 

for CO2 fluxes, the óExclosure effectô was largest in the ósuccessionô sub-group (LUE -49%; 

BUE -77%, p < 0.001) with typical grassland LUE and BUE values in grazed plots and 

typical heathland values in ungrazed plots (Figure 3-3). 

 

Figure 3-3: Light Use Efficiency (LUE, a) and Biomass Use Efficiency in grazed and 

ungrazed land (BUE, b). LUE represents C uptake efficiency per incoming radiation and 

BUE represents the C uptake efficiency per vegetation height at grassland, succession 

from grassland to heathland (sub-group of grassland) and heathland sites, derived from 

linear mixed effects models. Error bars represent 95 % confidence intervals. Different 

letters represent significant differences between grazed and exclosure plots in each 

category following pairwise comparisons post-hoc tests. Grey dots represent input data 

points.  
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3.3.3  Growing Season CO 2  Flux Balance  

At each weekly interval, NEE600 was negative (i.e. net CO2 uptake) over the whole season 

(Figure 3-4a-c). At the grassland sites, NEE600 and GPP600 were constantly more negative in 

grazed compared to ungrazed plots (p < 0.05), without a trend of reduced C uptake towards 

the end of the measurement season (Figure 3-4a,d). Values of ER15 were consistently around 

5 µmol m-2 s-1 in grazed and ungrazed plots over the measurement period without notable 

trends.  

In the ósuccessionô sub-group, NEE600, GPP600 and ER15 were far lower in ungrazed plots in 

each weekly interval over the measurement period (p < 0.05) compared to grazed plots 

(Figure 3-4b,e). Notably, net CO2 uptake (NEE600) increased over the course of the 

measurement season, particularly ungrazed plots, with fully photosynthetic active vegetation 

still in late August (week 35). 

 

 

 

Figure 3-4: Weekly CO2 fluxes over the growing season in grazed and exclosure plots. 

Standardised CO2 fluxes ± 95 % confidence intervals are presented for grassland (a, d), 

succession from grassland to heathland (sub-group of grassland; b, e), and heathland (c, 

f). Only sites with Ó 5 measurement days were included (n = 17). Lines represent the trend 

over the measurement period. Asterisks represent significant differences (p < 0.05) 

between grazed and exclosure plots per week interval, derived from Tukey post-hoc tests 

following ANOVA. 
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For heathland, CO2 fluxes 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 sites (Figure 3-4c,f).  

3.3.4  The Relation of ER 15  with Sward Height  

Mean sward height was 112 %, 55 % and 75 % higher in ungrazed plots (range 108-246 

mm) of grassland, heathland and succession sites, respectively, than in grazed plots (range 

20-163 mm; Table 3-3, Appendix 2: Supplemental Figure 8-5). 

 

 

Figure 3-5: Linear regression between standardised ecosystem respiration (ER15) and 

sward height. Values were averaged over the season for each sub-plot (n = 192). The 

interaction between ógrazing cessationô and ósward heightô was significant, hence both 

slope and intercept differed between grazed and exclosure plots. 

 

Sward height (F1, 168 = 51.8, p < 0.001) affected ER15 differently in grazed and ungrazed 

plots (interaction ósward heightô × ógrazing cessationô: F1,165 = 9.1, p = 0.002; Figure 3-5). 

In general, ER15 increased linearly with increasing sward height (i.e. decreasing grazing 

intensity at grazed or increasing biomass accumulation at ungrazed plots; Appendix 2: 

Supplemental Figure 8-5). In the exclosures, ER15 increased more than twice as much with 

increasing sward height (ER15 = 0.005 × Sward height + 0.67) relative to the grazed land 

(ER15 = 0.002 × Sward 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 to ungrazed (óExclosure effectô in % Ñ SE) with 

p-values retrieved from least-squares means post hoc tests for vegetation and soil 

parameters in grassland, heathland and succession (sub-group of grassland). The number 

of sites in the respective category is given by n. Significant effects of grazing cessation are 

highlighted in bold. Tsoil = Soil temperature, Msoil = Soil moisture. 

Dominant 

vegetation 
Response Grazed (G) Exclosure(E) Exclosure effectÀÀ 

   Mean ± SE Mean ± SE % ± SE t p 

Grassland 

(n = 24) 

NDVI 0.75 ± 0.01 0.66 ± 0.02 -10.7 ± 0.4 -30.5 <0.001 

Sward 
height (mm) 

85.3 ± 4.7 180.5 ± 6.8 +111.8 ± 2.9 36.1 <0.001 

  Tsoil (°C) 15.7 ± 0.6 14.5 ± 0.6 -7.4 ± 0.6 -13.4 <0.001 

  Msoil (%) 40.4 ± 1.4 33.1 ± 1.4 -17.9 ± 0.7 -23.9 <0.001 

Heathland 

(n = 8) 

NDVI 0.72 ± 0.02 0.73 ± 0.02 +2.2 ± 1.0 2.3 0.031 

Sward 
height (mm) 

111.9 ± 9.6 173.6 ± 11.9 +55.1 ± 4.2 12.9 <0.001 

  Tsoil (°C) 16.2 ± 1.0 15.6 ± 1.0 -3.7 ± 1.2 -2.8 0.007 

  Msoil (%) 30.3 ± 2.4 25.3 ± 2.4 -16.3 ± 2.6 -6.2 <0.001 

SuccessionÀ 

(n = 8) 

NDVI 0.77 ± 0.02 0.64 ± 0.02 -17.7 ± 0.0 -27.4 <0.001 

Sward 
height (mm) 

92.8 ± 13.4 161.9 ± 13.4 +74.6 ± 2.9 26.1 <0.001 

  Tsoil (°C) 15.7 ± 0.5 14.4 ± 0.5 -8.1 ± 0.8 -10.8 <0.001 

  Msoil (%) 43.1 ± 1.9 37.5 ± 1.9 -12.9 ± 1.3 -10.3 <0.001 
ÀSuccession is a sub-group of Grassland 
ÀÀExclosure effect was calculated as percent change from G to E to the basis of G 

with t-ratio and p-values derived from least-squares mean post-hoc tests 

3.3.5  CO2  Flux Response to Years since Grazing Cessation  

We found a significant effect of óyears since grazing cessationô on all CO2 fluxes, LUE and 

BUE with distinctive trends at grassland, succession and heathland sites, respectively 

(significant interaction ódominant vegetationô Ĭ óyears since grazing cessationô; Table 3-4). 

The largest changes in all CO2 fluxes occurred during the first 20-30 years since the cessation 

of grazing with a halving of NEE600 in ungrazed relative to grazed land across vegetation 

types (Figure 3-6a-c). At the succession sites, NEE600 (p > 0.05) and GPP600 (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 substantially lower C 

uptake efficiency (both LUE and BUE, p < 0.05), with continued decline in the oldest 

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

3-6d,e). 
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Table 3-4: Diagnostics for Exclosure age models. F-statistics and degrees of freedom (df) 

from ANOVA are shown for the fixed effects óyears since grazing cessationô (óGrazedô; ó20-

30 yearsô; ó31-50 yearsô; ó51-83 yearsô), ódominant vegetationô (ógrasslandô, óheathlandô, 

ósuccessionô) and their interaction from linear mixed effects models. Random effects in each 

model were ósub-plotô nested in ósiteô, and óday of yearô nested in óyearô. 

  
Years since grazing 

cessation (Y) 

Dominant vegetation 

(V) 
Y × V 

Response df F df F df F 

NEE600 3, 2723 79.8 ***  2, 348 8.8 ***  6, 2822 9.5 ***  

GPP600 3, 2994 126.3 ***  2, 279 15.5 ***  6, 2974 25.1 ***  

ER15 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 interaction between ógrazing cessationô and ódominant 

vegetationô (Table 3-1). In 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 plots (p < 0.05; Table 3-3). With extended grazing cessation, NDVI 

responded differently in the three vegetation groups (Figure 3-6f). In grassland, NDVI 

showed a sharp decline within the first 20-30 years since grazing cessation with continued 

decline in progressively older exclosures at succession sites (p < 0.05), 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 and succession sites, 

respectively, relative to grazed plots and generally higher in grassland (35.6 %) compared to 

heathland (26.5 %; t = 3.8, p < 0.001).  
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Figure 3-6: Effects of Exclosure age on CO2 fluxes. Changes in NEE600 (a), GPP600 (b), 

ER15 (c), LUE (d), BUE (e) and NDVI (f) from grazed (n = 32) to three levels of years 

since grazing cessation: 20-30 years (n = 9), 31-50 years (n = 12), 51-83 years (n = 11), 

separated for grassland, succession from grassland into heathland (sub-group of 

grassland) and heathland. Values are presented as mean ± 95 % confidence intervals. 

Different letters and solid lines represent significant differences between óyears since 

grazing cessationô categories in each vegetation group following pairwise comparisons 

post-hoc tests 

 

NDVI and soil microclimate were also directly related to raw CO2 fluxes, possibly 

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

(Table 3-5). Spearmanôs correlation tests showed that in grassland NDVI and soil 

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

in correlated parameter) and positively correlated with ER (p < 0.01, n = 683). In heathland, 

soil temperature was negatively correlated with GPP and soil temperature and NDVI were 

positively correlated with ER (p < 0.01, n = 102). Soil moisture was generally unrelated to 

CO2 fluxes.  
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Table 3-5: Spearmanôs rank correlation coefficients of environmental conditions. 

Correlations are shown between raw CO2 fluxes (NEE, GPP, ER) and soil temperature, soil 

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 are highlighted in bold (p < 0.01). 

Dominant 

vegetation 
  

Soil 

temperature 

Soil 

moisture 
NDVI  

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 

3.4  Discussion 

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 influencing C capture and storage in ecosystems (Cromsigt et al. 2018, Kristensen 

et al. 2022, Malhi et al. 2022, Schmitz et al. 2023). Rizzuto et al. (2024) proposed a 

theoretical model showing that herbivore presence could increase ecosystem C capture two- 

to threefold, primarily through enhanced primary productivity. Consistent with this model, 

our findings showed that net CO2 uptake (NEE600) declined by 37% in long-term exclosures 

(-2.45 µmol m Į s ĭ) compared to grazed land (-3.88 Õmol m Į s ĭ), with markedly reduced 

CO  fluxes (primarily GPP600) in the absence of herbivores. Geremia et al. (2025) recently 

showed how free-ranging bison grazing at Yellowstone National Park stimulates plant 

regrowth and nutrient cycling and maintains productive vegetation composition with 

positive feedback for the C sink strength. Our study revealed comparable effects for 

extensive livestock grazing in Iceland. C use efficiency was markedly lower in ungrazed 

vegetation relative to grazed vegetation, both in relation to light (LUE, -22%) and standing 

biomass (BUE, -66%). This indicates that one major effect of grazing is more efficient plant 

C uptake, consistent with previous findings from arctic-alpine ecosystems and recent 

reviews, highlighting the crucial role of herbivores to maintain ecosystem functioning in 

arctic ecosystems (Susiluoto et al. 2008, Schmitt et al. 2010, Koltz et al. 2022, Barbero-

Palacios et al. 2024).  

In general, our study provides robust evidence that semi-natural grassland and heathland in 

Iceland are net C sinks during the growing season, supporting findings from circumpolar 

arctic-alpine grass- or heath-dominated ecosystems (Eze et al. 2018, Sørensen, et al. 2018b, 

Fischer et al. 2022, See et al. 2024, Virkkala, et al. 2025a). While most CO2 flux chamber 

studies in northern regions are based on relatively small data sets (Virkkala et al. 2018), our 

dataset includes approximately 2500 NEE and ER measurements during daytime hours in 

peak growing season (weeks 26ï35) across 32 sites of paired grazed and exclosure plots. To 
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our knowledge, few studies have examined grazing cessation effects on CO  fluxes in 

northern ecosystems with comparable detail (Schmitt et al. 2010, Fischer et al. 2022). Net 

CO2 uptake remained stable from early July to late August (Figure 3-4), indicating an 

extended growth season (Blume-Werry et al. 2016). See et al. (2024) synthesized more than 

300 flux chamber estimates from northern high latitudes spanning the last three decades and 

concluded that non-permafrost ecosystems are typically net C sinks with summer C balances 

representative of the annual C sink strength. This suggests that our growing season C sinks 

were also representative for the annual balance. Moreover, their timeseries showed that the 

net C sink increased over the last decades in non-permafrost regions, with stronger increases 

in GPP than ER in response to climate warming (Maes et al. 2024, See et al. 2024). As GPP 

was the main driver of differences in net CO2 uptake between grazed and ungrazed land in 

our study, we hypothesise that warming will further amplify the C sink strength in grazed 

land although further testing is needed (Väisänen et al. 2014).  

3.4.2  Grassland versus Heathland  

In Iceland, like in sub-arctic 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 heathland (Van der Wal 2006, Egelkraut, et al. 2018b, 

Egelkraut et al. 2020). In our study, CO fluxes in both grassland and heathland declined 

with cessation of grazing, reducing C turnover and the capacity of the land to function as net 

C sink, consistent with findings of Schmitt et al. (2010) at mountain grasslands. In grassland, 

NEE600 was -4.93 µmol m-2 s-1 in grazed land and -2.92 µmol m-2 s-1 in exclosures (-40 %) 

and in heathland, NEE600 was -2.74 µmol m-2 s-1 in grazed land and -1.80 µmol m-2 s-1 in 

exclosures (-32 %). In a comparable study, Sørensen et al. (2018a) studied how grazing 

cessation influenced CO2 fluxes in alpine meadow and heath in Norway. After two years of 

grazing cessation, they did not yet measure differences in CO2 fluxes. Consistent with our 

study, they found that NEE600 was markedly lower in the heath (-1.65 to -2.25 µmol m-2 s-1) 

than in the meadow (-2.71 to -3.01 µmol m-2 s-1). The fluxes of our heathland sites were 

within the range of values reported by Sørensen et al. (2018a) and of other heath and tundra 

ecosystems across the northern hemisphere (Susiluoto et al. 2008, Cahoon et al. 2012, Quin 

et al. 2015, Li et al. 2023, Wang, J. et al. 2024). The C sink strength of our grazed grassland 

on the other hand was higher than values reported from northern ecosystems (Fischer et al. 

2022).  

The markedly enhanced GPP600 and NEE600 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, Linder et al. 2018). When grazed, grasses are more 

productive and efficient to utilise the short but high light growing season to assimilate C, as 

indicated by LUE and BUE, contributing to the large net CO2 uptake in our grazed grassland 

with cascading effects on plant-soil interactions and whole ecosystem metabolism (Francini 

et al. 2014; Kytöviita and Olofsson 2021; Fischer et al. 2022). In ungrazed grassland, soil 

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, Valkó et al. 2018, Kantola et al. 2024). These factors 

further hinder regrowth of photosynthetically active tissue, as reflected by strong 

correlations of GPP with NDVI and soil temperature (Jessen et 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 grassland (Strimbeck et al. 2019, 

Juutinen et al. 2022). Contrary to grassland, studies from shrub tundra have reported 

increased CO2 uptake following grazing cessation, with shrubs growing taller and greener 

(Cahoon et al. 2012, Metcalfe and Olofsson 2015, Sundqvist et al. 2019, Min et al. 2021). 

This was partly confirmed by our study, with both NDVI (i.e. green vegetation) and sward 

height reaching higher values inside exclosures (Table 3-3). Unexpectedly, GPP600 and 

NEE600 were lower inside exclosures, challenging previous findings. Several studies 

indicated that expanding deciduous shrubs such as Salix sp. drive increasing CO2 uptake 

relative to graminoid or heath (Ericaceae) vegetation (Street et al. 2007, Cahoon et al. 2016, 

Sørensen, et al. 2018a). Our heathland sites were more dominated by Ericaceae, with less 

potential to increase productivity (Li et al. 2023). With lower soil temperatures and limited 

nutrient return in the absence of herbivores, ungrazed heathland productivity was probably 

reduced and counterbalanced higher vegetation growth, indicated by lower BUE (Van der 

Wal et al. 2004, Liu et al. 2016, Barthelemy et 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 reduced GPP600 (Schoenecker et al. 2022). 

3.4.3  Succession from Grassland to Heathland  

Grazing cessation had the strongest impact on CO2 fluxes and net CO2 uptake at successional 

sites where vegetation composition shifted from grassland to heathland. In contrast to shrub 

expansion into graminoid tundraðwhich typically increases CO2 uptake and plant 

respiration (Cahoon et al. 2016, Mekonnen et al. 2021, Min et al. 2021)ðour succession 

sites exhibited a reduction of > 70 % in NEE600 and > 30 % in ER15 after 50 years since 

grazing cessation (Figure 3-6). Moreover, NEE600 was substantially lower in such 

successional heathland (-1.37 µmol m-2 s-1) relative to long-established ungrazed heathland 

(-1.90 µmol m-2 s-1), indicating that successional heathland was still a smaller C sink than 

long-established heathland. While long-established heathland had a typically closed dwarf 

shrub canopy, successional heathland was more open with larger patches of cryptogams, 

litter and grasses between low-growing shrubs, probably contributing to the smaller C sink 

capacity (Street et al. 2011, Falk et al. 2015, Sundqvist et al. 2020). Like our succession 

sites, grassland, established by previous intensive use, prevailed 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 

heathland (Egelkraut et al. 2018a; Stark et al. 2019). Therefore, we hypothesise that reduced 

soil fertility following grazing cessation was driving the vegetation shift and reduced CO2 

exchange of our succession sites (Van der Wal and Brooker 2004, Van der Wal et al. 2004, 

Christie et al. 2015). This supports ecological theory positing that functioning and continuity 

of grassland ecosystems is driven by disturbance such as grazing (Bond 2019). The analysis 

of SOC and nutrient dynamics at our sites will help clarifying these trajectories (Chapter 5), 

as soil fertility is a key factor determining ecosystem functioning above-ground (Bardgett 

and Wardle 2003).  

3.4.4  The Importance of Long - term Studies of Grazing Cessation  

Most published exclosure studies span 2-10 years and often report increased CO2 uptake 

after short-term grazing cessation (Forbes et al. 2019, Niu et al. 2025). However, several 

studies have shown that exclosure effects can differ markedly in the long-term (Kitti et al. 
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2009, Väisänen et al. 2014, Lara et al. 2017, Kantola et al. 2024). Our study revealed that 

after 20 years, clearly negative effects of grazing cessation prevailed for net CO2 uptake, 

confirming results from a pilot study in western Iceland with 40 years exclosure age 

(Thorhallsdottir and Gudmundsson 2023). In our study, even after more than 80 years since 

grazing cessation, C turnover and net CO2 uptake remained clearly and persistently lower 

relative to grazed grassland (Figure 3-6a-c). This is in line with few other multi-decadal 

exclosure studies; Lara et al. (2017) showed that 50+ years of exclusion of lemming grazing 

in the tundra notably reduced net CO2 uptake and even turned a wet tundra C sink into a net 

C source. Similarly, Fischer et al. (2022) showed that 22 years after re-introduced grazing, 

C turnover strongly increased compared to adjacent ungrazed land in Siberian wet tundra. In 

other tundra sites, net CO2 uptake was unchanged, despite larger above-ground biomass in 

land ungrazed for multiple decades, i.e. reduced BUE (Susiluoto et al. 2008, Petit Bon et al. 

2023).  

Such long-term effects have been linked to changes in soil properties, vegetation 

composition and litter accumulation that unfold over time (Johnson et al. 2011, Ylänne and 

Stark 2019). For example, legacy effects of grazing can alter soil nutrient stoichiometry and 

vegetation composition in the ecosystem (Egelkraut et al. 2018b; Sitters et al. 2017). In the 

short-term, vegetation benefit from grazing cessation and respond with increased CO2 uptake 

(Chen et al. 2015). However, after multiple decades without grazing, the legacy of previous 

grazing diminishes, productivity declines and vegetation changes are becoming more likely 

(Vuorinen et al. 2021), such as from grassland into heathland as shown at our succession 

sites or by expanding shrubs into graminoid tundra in the study of Lara et al. (2017), 

reversing the short-term gains. Thus, the duration of grazing cessation is crucial for more 

realistic predictions how grazing abandonment is affecting C cycling in grazed ecosystems 

(Bürgi et al. 2017, Niu et al. 2025, Lockwood et al. 2026). 

3.5  Conclusion and Implications  

Based on our large-scale dataset of CO2 fluxes from grassland and heathland in Iceland, we 

showed that the cessation of grazing substantially reduced ecosystem C turnover (GPP and 

ER) and the net CO2 uptake (NEE). Thus, our study provides empirical evidence for 

increased ecosystem metabolism and CO2 uptake driven herbivore-plant-soil-interactions 

with more pronounced contrasts in grassland than in heathland due to physiological 

differences in dominant plant species. At several sites, heathland replaced grassland multiple 

decades after grazing cessation. Such regime shift led to a sharp decline of CO2 fluxes and 

net CO2 uptake. For that reason, we emphasise the value of long-term studies, as many 

processes associated with CO2 exchange between the atmosphere and the ecosystem respond 

differently to grazing cessation in the short-term and the long-term (Kantola et 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 sustainable livestock 

management to prevent grassland degradation (Bardgett et al. 2021). Grassland and 

heathland in Iceland have been maintained by grazing for centuries (Thorhallsdottir et al. 

2013) and are, as shown in our study, a C sink. This grazing-mediated C sink likely 

contributes to sustained SOC sequestration, which has cumulated in high SOC stocks, typical 

of Icelandic grassland soils (Óskarsson et al. 2004, Leblans et al. 2017, Thorhallsdottir and 
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Gudmundsson 2023). With grazing cessation over multiple decades C turnover (GPP and 

ER) and the C sink strength were consistently smaller throughout the measurement period, 

which may result in lower SOC sequestration in the long-term (Chapter 5). Thus, our study 

supports recent hypotheses postulating that SOC sequestration can be enhanced and 

mediated by grazing animals (Kristensen et al. 2022, Rizzuto et al. 2024). We, therefore, 

conclude that low-input grazing in semi-natural grassland and heathland, can contribute to 

mitigate greenhouse gas emissions associated with livestock agriculture and has a larger 

potential as nature-based solution for climate change mitigation than grazing cessation 

(Chang et al. 2021, Roe et al. 2021, Borer and Risch 2024).  
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4  Chapter IV: Upscaling of Summer 

Net CO2 Flux of Sub-arctic Grassland 
with Ground-based and Satellite-

derived NDVI in Iceland 

Abstract: Sub-arctic grasslands are important carbon sinks, yet quantifying their net CO  

flux under grazed versus ungrazed conditions remains challenging. We investigated whether 

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

CO  fluxes in sub-arctic grassland and enable upscaling from plot to landscape scale. Across 

17 sites in Iceland, we measured ground-based NDVI and chamber-based CO  fluxes (gross 

primary production (GPP), ecosystem respiration (ER), and net ecosystem exchange (NEE)) 

in grazed and ungrazed grassland during two peak growing seasons (2022ï2023). 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. Our models 

indicate that grassland starts net emitting CO2 during daytime when ground-based NDVI 

drops below 0.55. The cessation of grazing had negative effects on NDVI and CO  fluxes, 

but without affecting the NDVI-CO2 flux relationship. Ungrazed land exhibiting 11 % lower 

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

ī0.44 Mg C haϖ¹ in grazed and ī0.07 Mg C haϖ¹ in ungrazed grassland. Calibration of 

ground-based NDVI with Sentinel-2 NDVI (10 m resolution) enabled upscaling to Icelandic 

lowland grasslands (<200 m a.s.l., 10% of lowland 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 potential to substitute ground measurements.2 

4.1  Introduction 

To mitigate anthropogenic climate change, it is becoming increasingly important to evaluate 

how land use change influence the carbon (C) sink strength of ecosystems (Beillouin 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 soil 

organic carbon (SOC) with reference values prior to land use change often missing. Thus, a 

change in C storage is difficult to quantify, compared to above-ground 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 changes to the wider landscape (Smith et al. 2020, Stanley et al. 

2023, 2025). Finally, large uncertainties persist how grazing, as the major land use in 

grassland, affects the grassland C sink strength (e.g. Liu et al. 2016; Eze et al. 2018; 

Sørensen et al. 2018a; Dangal et 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., 

Geirsdóttir, A.: Upscaling of net CO2 flux with ground-based and satellite-derived NDVI in Icelandic 

grassland, in prep. 
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Chamber-based CO2 flux measurement is a widely used method to measure the net 

ecosystem CO2 flux as an estimate for SOC sequestration and the C sink or source strength 

in northern treeless ecosystems (See et al. 2024, Virkkala et al. 2024, Virkkala, et al. 2025b). 

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 

(Jespersen et al. 2023). For example, Virkkala et al. (2024) demonstrated in a very fine-

grained CO2 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 Virkkala et al. (2024), we found a comparable growing season C sink for 

sub-arctic grassland in Iceland, when continuously (Klopsch et al. 2026b). With cessation 

of grazing, the C sink strength faded, particularly when heathland encroach into ungrazed 

grassland. However, measuring CO2 uptake and emission with chambers is labour and time 

intensive and restricted to point measurements, limiting the potential to upscale such point 

measurements in heterogeneous natural ecosystems (Virkkala et al. 2021, Wang et al. 2022, 

Guðmundsson et al. 2026). Rapid assessments, accessible to land managers, are needed to 

evaluate effects of land use change on C uptake or losses (Smith et al. 2020, Nevalainen et 

al. 2022).   

Remote sensing can help overcoming time and labour-related limitations and low spatial and 

temporal resolution of chamber measurements (Street et al. 2007, Guðmundsson et al. 2026). 

By calibrating point measurements of C uptake with remote sensed multispectral indices 

which can be scaled over large areas to estimate ecosystem productivity (Shaver et al. 2013, 

Balzarolo et al. 2015, Wang et al. 2022). One of the most frequently used vegetation indices 

to estimate photosynthetic activity is NDVI (Nestola et al. 2016, Del Grosso et al. 2018). 

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

the amount of green (photosynthetic active) tissue within the vegetation patch (Pettorelli 

2013). Ground-based NDVI typically matches gross primary production (GPP) measured 

with chambers under average light conditions (Street et al. 2007). This allows for locally 

specific calibrations of NDVI with absorbing (GPP) and emitting (ecosystem respiration, 

ER) CO2 fluxes and their net ratio (net ecosystem exchange, NEE; Jespersen et al. 2023). 

Further calibrating of ground-based 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 landscape (Gargiulo et al. 2023). Today, prediction of GPP that is based on 

remotely sensed spectral data is still imprecise, making ground measurements of C uptake 

still inevitable (Chen et al. 2021). Particularly for comparisons between land use changes, 

such as the cessation of grazing within grazed land, ground-based calibrations are key to 

upscale effects from small-scale experimental sites to the landscape scale (Del Grosso et al. 

2018, Karlsen et al. 2018).   

Previous research in arctic tundra showed that CO2 fluxes and NDVI have specific 

relationships for different vegetation types (Street et al. 2007, Shaver et al. 2013, Petit Bon 

et al. 2025). For high-latitude grassland which is typically more productive than tundra in 

similar climate (Van der Wal 2006, Olofsson and Post 2018), the relationship between NDVI 

and GPP or net ecosystem exchange (NEE) is less well established (Street et al. 2007, 

Juutinen et al. 2017). In particular, how grazing, as the dominant land use of high-latitude 

grassland, affects the relation between NDVI and GPP is insufficiently understood (Beamish 

et al. 2020). Grazing has strong and long-lasting effects on productivity and stability of 

grassland (Egelkraut, et al. 2018a, Fischer et al. 2022, Castaño et al. 2023, Klopsch et al. 

2026b). On the one side, grazing 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 activity. Thus, the effects of grazing on the relation between 

NDVI and CO2 flux can be locally distinct and change when grazing is ceased in historically 

grazed grassland (Cahoon et al. 2012, Mipam et al. 2019, Jiang et al. 2024).   

The aim of this study was to use our extensive dataset of spatially and temporally matched 

NDVI and CO2 flux measurements to compare how NDVI is linked to CO2 fluxes in grazed 

versus ungrazed Icelandic grassland. This is an important basis to upscale C uptake and 

emission rates of ground-based CO2 flux measurements (Smith et al. 2020, Virkkala et al. 

2021). We used fenced enclosures that inhibit grazing since multiple decades, within grazed 

sub-arctic grassland in Iceland. Extensive livestock grazing is still widespread in Iceland, 

but animal numbers and active farms are declining in the last decades (StatIce 2026). 

Grassland, historically shaped by livestock grazing, is an important land cover in the 

Icelandic lowlands, covering approximately 10 % of the land < 200 m a.s.l. (Ottoson et al. 

2016). Thus, we consider Iceland as a field laboratory to study how the ongoing livestock 

grazing abandonment affects the relationship between NDVI and CO2 fluxes in sub-arctic 

grassland. Our research questions were:  

(i) How is NDVI linked with gross primary production (GPP), ecosystem respiration 

(ER) and net CO2 flux (NEE) in grazed and ungrazed grassland when measured on 

the same scale? 

(ii)  How reliable is satellite-derived NDVI to upscale the net CO2 flux (NEE) from 

ground-based measurements to the landscape scale of Icelandic grasslands? 

4.2  Materials and Methods 

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 measure CO2 fluxes and 

ground-based NDVI during July and August 2022 and 2023 (Figure 4-1, Appendix 3: 

Supplemental Figure 8-6). All sites were associated with active farms and included a fence 

contrast with continued grazing on uncultivated land on one side (hereafter ógrazed landô) 

and a patch of uncultivated land, where livestock grazers were excluded for more than 20 

years on the other side of the fence (hereafter ógrazer exclosuresô). All grazed land was 

dominated by grasses, but in 4 of the 17 grazer exclosures we recorded an expansion of heath 

into the former grassland (Appendix 3: Supplemental Table 8-4, Supplemental Figure 8-7). 

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 centuries, and the grazer 

exclosures as treatment.  
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Figure 4-1: Map of Iceland with composite NDVI in the lowlands < 200 m a.s.l. Map data 

are derived from Sentinel-2 satellite images between July-August 2023, with the 17 study 

sites for field measurements. 

 

The study design has been described in detail in Chapter 3; briefly, at each site, 3 sub-plots 

were randomly defined in the grazer exclosures in 5-20 m distance from the fence and in 5-

20 m distance between sub-plots 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 rocks on the surface, for example, the sub-plot location was moved by 5 m 

further away from the fence. Animal densities and grazing regimes 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 4-7 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 during July-August 

2022 and in western Iceland during July-August 2023. Around each sub-plot, three 

measurements were performed within 1 m distance from the sub-plot centre and pooled 

together as one composite sub-plot measurement per measurement day. Measurement points 

were marked during the first measurement, and at each consecutive measurement day the 

same vegetation patch was measured. Each measurement consisted of one measurement of 

(i) ground-based NDVI, (ii) net ecosystem exchange, and (iii) ecosystem respiration on the 

same vegetation patch. 

Ground-based NDVI was measured from 1.5 m above the surface and covered 

approximately 0.35 m² surface area. For the measurement, a hand-held pole 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 red (RED650; 650 nm) and near-

infrared (NIR800; 800 nm) radiation and automatically calculated NDVI = (NIR800 - RED650) 

/ (NIR800 + RED650). NDVI values range between -1 to +1, where values below 0 generally 

indicate unvegetated surface and values between 0 to +1 indicate successively greener (i.e. 

chlorophyll-richer) vegetation (Pettorelli 2013).  

Following NDVI measurements, CO2 flux measurements were performed using a closed 

custom-built acrylic chamber (35 cm × 35 cm × 25 cm, 0.1225 m²) with a fan, connected to 

an infrared gas analyser which recorded CO2 levels continuously at one second intervals and 

run for 120 seconds after an acclimation period (EGM 5, PP systems, Amesbury, USA; 

Pumpanen et al. 2010). First, net ecosystem exchange (photosynthesis + ecosystem 

respiration; NEEraw) was determined in ambient light from the net change of CO2 over 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 (ERraw) exclusively. During each NEEraw measurement, incoming photosynthetic 

active radiation (PAR; µmol m-2 s-1) and soil temperature in 0-10 cm (Tsoil; ęC) were 

measured simultaneously (TRP-3, PP-systems, Amesbury, USA; Hydra Probe II, Stevens 

Water Monitoring Systems, Portland, USA). Additionally, community sward height was 

measured at nine vegetation patches around each sub-plot randomly at each sampling day 

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

ruler (Stewart et al. 2002).  

4.2.3  Satellite Data  

Satellite images were extracted from the Sentinel-2 library with 10 m resolution using 

Google Earth Engine (Gorelick et al. 2017). To calibrate ground-based NDVI (hereafter 

óNDVIgroundô) with Sentinel-2 NDVI (hereafter óNDVIsentinelô), band 4 (RED665; 665 nm) and 

band 8 (NIR842; 842 nm) of composite Sentinel-2 satellite images were extracted covering 

the two regions of our study sites. The composite satellite image for northern Iceland was 

composed of 13 images between 6.7.2022 ï 4.9.2022 with < 2 % cloud cover and the 

composite satellite image for western Iceland was composed of 6 images from 8.7.2023 ï 

13.8.2023 with < 1% cloud cover. For each pixel, a value between -1 to +1 was automatically 

calculated as NDVIsentinel = (NIR842 ï RED665) / (NIR842 + RED665). A NDVIsentinel value for 

each sub-plot GPS point was then extracted as the seasonal average value using the 

rastersampling tool in QGIS (version 3.3434, (QGIS Development Team 2025)).   

In the next step, Sentinel-2 NDVI images (band 4,8) were extracted for whole Iceland < 200 

m a.s.l. for the period July-August 2023, representing peak growing season conditions, with 

< 5 % cloud cover. The elevation limit of 200 m a.s.l. was chosen, because it is commonly 

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, using raster terrain analysis tools in QGIS. The NDVIsentinel 

raster layer was subsequently cut to the area < 200 m a.s.l. (Figure 4-1).  

To estimate NDVIsentinel for 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://www.natt.is/en/resources/geospatial-data/habitat-types [accessed 25.02.2026]). In 

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

were extracted and merged into a single multi-polygon for each of the grassland habitat 

types. With the óNDVIsentinel < 200 m a.s.l.ô raster and the ógrassland habitat < 200 m a.s.l.ô 

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

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

based on all NDVIsentinel pixel values within the grassland vector layers, using the zonal 

statistics tool in QGIS. 

Table 4-1: PAR and Tsoil during the measurement period. Average daylength, photosynthetic 

active radiation (PAR) and soil temperatures (Tsoil) during July-August based on 30-minute 

average PAR data series from two sites over two years (2002-2003, Guðmundsson et al. 

2026) and PAR and soil temperature measurements of this study. 

  July August Average Calculation DatasetÀ 

Daytime hours  16.3 14.1 15.4 Hours PAR > 50 A 

Nighttime 

hours  
7.7 9.9 8.6 Hours PAR < 50 A 

ӑНыdaytime 

hours) 
505 436 953 Hours PAR > 50 × 62 days A 

ӑ (nighttime 

hours)  
239 308 535 Hours PAR < 50 × 62 days A 

PAR day 453 439 446 
mean PAR of all measure-

ments with PAR > 50 
A 

PAR day 712 487 626 
mean PAR of all 

measurements 
B 

Tsoil day 

grazed 
17.2 15.1 15.8 mean Tsoil  B 

Tsoil day 

ungrazed 
15.8 14.4 14.6 mean Tsoil  B 

Tsoil night 

grazed 
13.2 10.3 10.7 

mean Tsoil between 8:00 -

9:00 AM  
B 

Tsoil night 

ungrazed 
11.9 9.39 10.0 

mean Tsoil between 8:00 -

9:00 AM  
B 

Tsoil-ratio 

grazed 
- - 0.675 Tsoil night / Tsoil day  B 

Tsoil-ratio 

ungrazed 
- - 0.681 Tsoil night / Tsoil day  B 

À A = 30-minute average PAR data for July-August 2002 and 2003 from two sites in 

western Iceland (Guðmundsson et al. 2026); B = PAR and Tsoil measurements during 

CO2 flux measurements in the 17 sites of this study 
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4.2.4  GPP Calculation and Flux Adjustments  

From the field CO2 flux measurements, the values of NEEraw and ERraw were automatically 

calculated from the change in CO2 concentration over the 120 seconds measurement. From 

these values, gross primary production (GPPraw) was calculated as GPPraw = NEEraw ï ERraw. 

During the measurement period, environmental conditions varied widely with direct effects 

on instantaneous CO2 fluxes, but not on NDVI (Appendix 3: Supplemental Figure 8-8 - 

Supplemental Figure 8-13). For this reason, CO2 fluxes 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 µmol m-2 s-1 with a mean PAR of 626 µmol m-2 s-1 and soil temperature ranged 

between 8.5 and 31.7 °C with a mean of 15.8 °C in grazed land and 14.6 °C in grazer 

exclosures (Table 4-1). Average environmental conditions during the measurement period 

were defined as PAR = 600 µmol m-2 s-1 and Tsoil = 16 °C in grazed and Tsoil = 15 °C in 

ungrazed land, similar as used previously in arctic environments (Shaver et al. 2007, 

Strimbeck et al. 2019).  

 

GPPraw was adjusted to PAR = 600 µmol m-2 s-1 using a light response curve (LRC) 

modelling approach (Shaver et al. 2007). Three community LRCs were modelled, one for 

grazed grassland, one for ungrazed grassland and one for heath (12 sub-plots in grazer 

exclosures at 5 sites, Appendix 3: Supplemental Figure 8-7) due to strong differences in 

responses in GPPraw to increasing light in grass and heath vegetation (Figure 4-2).   

 

Figure 4-2: Community light response curves for the three classes used in the study: 

grassland-grazed (a), grassland-exclosure (b), heath expansion-exclosure (c). The light 

response curves were fitted with a non-linear regression using a Michaelis-Menten 

equation, fitting the parameters Pm = rate of light-saturated photosynthesis and K = half-

saturated constant of photosynthesis with measured GPP and PAR (Eq. 4-1). 
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The LRCs were calculated using a self-starting non-linear least-squares regression that fitted 

model parameters (k and GPPmax) with the lowest residual sum of squares, using the Eq. 4-

1, adopted from Strimbeck et al. (2019) as 

GPPraw = ( GPPmax × PAR) / ( k + PAR),        Eq. 4-1 

where GPPraw = NEEraw ï ERraw, GPPmax = rate of light saturated photosynthesis, and k = 

half saturated constant of photosynthesis (Figure 4-2). A community GPP at PAR = 600 

µmol m-2 s-1 and at each measured PAR was calculated with the fitted model parameters. 

The ratio between both (Eq. 4-2) was then used as adjustment factor to estimate GPPadj:  

GPP600 = GPPraw × (( GPPmax × 600) / ( k + 600)) /      Eq. 4-2 

(( GPPmax × PAR) / ( k + PAR)). 

Soil temperatures and ERraw were positively correlated (Appendix 3: Supplemental Figure 

8-10,Supplemental Figure 8-14a), and ERraw was adjusted to a common soil temperature of 

16 °C in grazed and 15 °C in ungrazed land, using a Q10 approach (Eq. 4-3; Tjoelker et al. 

2001). We used a Q10 = 2, which has been shown previously to be representative for 

grasslands to model soil respiration (Gilmanov et al. 2004, Meyer et al. 2018) and calculated 

an adjusted ER (ERadj) as  

ER15 = ER ×  Q10 ((16(15) ɀ Tsoil )/10) ,         Eq.4-3 

From GPPadj and ERadj, an adjusted NEE (NEEadj = GPPadj + ERadj) was calculated as net 

ecosystem exchange under average environmental conditions during the measurement 

period. If not stated otherwise, fluxes were converted into µmol CO2 m
-2 s-1 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 July-August, representing peak growing season 

conditions, was calculated with Eq. 4-4 as  

NEEJuly-August =  (NEEdaytime +  ERnight) ×  62 days,      Eq. 4-4 

where NEEdaytime is the net ecosystem exchange for daytime hours (defined as PAR > 50 

µmol m-2 s-1), calculated with Eq. 4-5, and ERnight is the nighttime respiration, calculated 

with Eq. 4-6 as 

NEEdaytime = GPP450 + ERadj × Daylength,        Eq. 4-5 

where GPP450 is GPP adjusted to PAR = 450 µmol m-2 s-1, using Eq. 4-2, as average PAR 

for daytime (defined as PAR > 50 µmol CO2 m
-2 s-1), based on two July-August 30-minutes 

PAR measurement series from western Iceland for 2002 and 2003 (Data from Guðmundsson 

et al. 2026), ERadj is ecosystem respiration during daytime (Eq. 4-3) and daylength represents 

average daylength (PAR > 50 µmol m-2 s-1) during July and August (Table 4-1, Appendix 3: 

Supplemental Figure 8-12); 

ERnight = ERadj ×  Tsoil-ratio ,           Eq. 4-6 

where Tsoil-ratio is the ratio between mean soil temperatures between 8:00 ï 19:00 (daytime) 

and mean soil temperatures between 8:00 ï 9:00 AM (nighttime), variable for grazed and 
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ungrazed land (Table 4-1, Appendix 3: Supplemental Figure 8-13). Seasonal fluxes were 

then converted from µmol CO2 m
-2 s-1 into Mg C ha-1.  By integrating equations retrieved 

from linear regression models between NDVIground and NEEadj and NDVIground and 

NDVISentinel-2 into Eq.4-4, NEEJuly-August values based on NDVI were estimated.  

4.2.5  Statistical Analysis  

Relationships between CO2 fluxes and NDVI were analysed with linear or exponential 

regression using linear mixed effects models. Dependent on the data aggregation (all sub-

plots on all measurement days / all sub-plots over the season / all sites over the season), óDay 

of yearô (i.e. measurement day) nested in óSub-plotô nested in óSiteô / óSub-plotô nested in 

óSiteô / óSiteô were used as random factors. The best regression model was determined from 

the minimum residual sum of squares and the highest R² value.  

To analyse how the NDVI-CO2 flux relationship responded to the cessation of grazing, the 

mean difference between grazed and ungrazed sub-plots on each measurement day or 

aggregated over the season were calculated as ȹx = xungrazed ï xgrazed, where x is the respective 

adjusted flux or NDVI. The retrieved ȹ-variables were subsequently analysed with linear 

mixed effects regression models with óDay of yearô and óSub-plotô nested in óSiteô or óSiteô 

as random effect to test if NDVI and fluxes respond differently to the cessation of grazing.  

Ground-based NDVIground was calibrated with Sentinel-2 NDVIsentinel using a linear mixed-

effects regression model with óSiteô as random factor. This calibration model was further 

integrated into the regression model of NDVIground and NEEadj to calculate average NEE 

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

values. Additionally, a NEEJuly-August based on NDVIground and NDVIsentinel was calculated by 

integrating linear regression equations for NEEadj ~ NDVIground and NDVIground ~ 

NDVISentinel-2 into Eq.4 to compare modelled and calculated seasonal NEE. Differences 

between grazed and ungrazed land in seasonal NEE, NDVIground and NDVIsentinel were tested 

with linear mixed effects models with óSiteô as random effect. The effect size and 

significance between grazed and ungrazed land for the respective response variable were 

retrieved from least squares means post-hoc tests.  

All statistical analyses were performed using R statistical software, version 4.2.1 (R Core 

Team 2024) with the additional packages nls (Baty et al. 2015), lme4 (Bates et al. 2015), 

lmerTest (Kuznetsova et al. 2017) and emmeans (Lenth 2023).  

4.3  Results 

4.3.1  Relationship between CO 2  Fluxes and NDVI ground  per 

Measurement Day  

First, we analysed the relationship between CO2 fluxes with ground-based NDVI for each 

sub-plot per site and each measurement day. We found that measured ground-based NDVI 

(NDVIground) and all raw and adjusted CO2 fluxes were strongly correlated (p < 0.001, 

Appendix 3: Supplemental Figure 8-14). With the regression analysis, we found that both 

GPPraw and ERraw followed an exponential regression with NDVIground (larger flux with 

larger NDVIground) while for NEEraw, a negative linear regression with NDVIground (more 



58 

negative NEE (larger net C uptake) with larger NDVIground) explained most variation in the 

data (Figure 4-3a-c). As expected, there was a stronger relation between NDVIground and raw 

gross primary production (GPPraw) than with ecosystem respiration (ERraw) and net 

ecosystem exchange (NEEraw). Generally, the data showed a high variability in the raw CO2 

fluxes and the grazing treatment had no effect on the relationship between fluxes and 

NDVIground (p > 0.05). In the adjusted CO2 fluxes (PAR = 600 µmol m-2 s-1, soil temperature 

= 16 °C/15 °C), variability due to environmental factors was reduced. The exponential 

regression models between NDVIground and adjusted GPP (GPPadj) and adjusted ER (ERadj) 

and the linear regression with adjusted NEE (NEEadj) explained more variation than the 

model for raw fluxes (R²adj = 0.54, 0.36 and 0.27 vs. R²raw = 0.41, 0.32 and 0.22, respectively; 

Figure 4-3d-f). NDVIground ranged between 0.5 ï 0.9, raw and adjusted GPP between -1 and 

-24, raw and adjusted ER between 0.5 and 15 and raw and adjusted NEE between -15 and 

+6 µmol m-2 s-1 between sub-plots and measurement days. In those sites, where heath 

expanded into grassland following the cessation of grazing, NDVI and CO2 fluxes were 

overall lower than in grazed or ungrazed grass-dominated grassland (Figure 4-3). 

 

 

 

Figure 4-3: Relationships between measured NDVI and raw and adjusted CO2 fluxes per 

sub-plot and measurement day. Regression curves and equations are derived from 

exponential or linear regression in linear mixed effects models with óDay of yearô and 

óSub-plotô nested in óSiteô as random factors for raw GPP (a), ER (b), NEE (c), and 

adjusted GPP (d), ER (e) and NEE (f). R² indicates the variance explained in each model 

and dashed lines represent 95 % confidence intervals. GPP = Gross primary production, 

ER = Ecosystem respiration, NEE = Net ecosystem exchange. 
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4.3.2  Relationship of CO 2  Fluxes and NDVI ground  over the 

Measurement Period  

We aggregated raw and adjusted CO2 fluxes and NDVIground to mean values per sub-plot 

over the measurement period, cumulating to 11-24 individual datapoints per seasonal sub-

plot value. This improved the strength of the regression between fluxes and NDVIground, as 

indicated by higher R² values compared to values per measurement day, but to the cost of 

wider confidence intervals due to smaller sample sizes and larger error terms (Figure 4-4). 

Again, the best models for GPPraw, GPPadj, ERraw and ERadj followed exponential regressions 

with NDVIground while NEEraw and NEEadj followed linear regressions with NDVIground. The 

adjustment improved both the model fit of NDVIground with GPP and NEE (R²adj = 0.75 and 

0.52 vs. R²raw = 0.65 and 0.40, respectively; Figure 4-4a,c,d,f), but for ER, the model fit was 

higher for ERraw (R² = 0.61) than for ERadj (R² = 0.54; Figure 4-4b,e). Seasonal NDVIground 

was significantly lower in ungrazed grassland than in grazed grassland and all replicates with 

NDVIground < 0.6 were in grazer exclosures (F1,89 = 5.2, p = 0.024), and most of them 

associated with expanding heath into ungrazed grassland. With NDVIground < 0.6 the 

likelihood of a net neutral (NEE = 0 µmol m-2 s-1) or net emitting (NEE > 0 µmol m-2 s-1) 

seasonal C balance increased strongly (Figure 4-4c,f).  

 

Figure 4-4: Relationships between mean NDVI and raw and adjusted CO2 fluxes per sub-

plot over the measurement period. Regression curves and equations are derived from 

exponential or linear regression in linear mixed effects models with óSub-plotô nested in 

óSiteô as random factors for raw GPP (a), ER (b), NEE (c), and adjusted GPP (d), 

ecosystem respiration (e) and NEE (f). R² indicates the variance explained in each model 

and dashed lines represent 95 % confidence intervals. GPP = Gross primary production, 

ER = Ecosystem respiration, NEE = Net ecosystem exchange. 
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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 NDVIground (Figure 4-5). The strength of 

the relationship was further improved for GPPraw, GPPadj, NEEraw and NEEadj compared to 

the less aggregated models (R²adj = 0.81 and 0.61 vs. R²raw = 0.71 and 0.45, respectively; 

Figure 4-5a,c,d,f). Each aggregated value represented the mean of 35 ï 66 individual 

measurements over a two-month period. This additional aggregation did not improve the 

model fit for the regression between NDVIground and ERraw and ERadj and ERraw (R2 = 0.61) 

had still a better model fit than ERadj (R
2 = 0.52; Figure 4-5b,e). The strongest model was for 

GPPadj and NDVIground with 81 % of the variation explained by the linear regression (Figure 

4-5d). Despite the moderate model fit for ERadj (R² = 0.52), 61 % of the variation in NEEadj 

was explained by NDVIground. This model indicated that, on average, grassland turns into a 

net C source during daytime with NDVIground < 0.55 due to low GPP (Figure 4-5f). 

 

 

 

Figure 4-5: Relationships between mean NDVI and raw and adjusted CO2 fluxes over the 

measurement period (July-August). Regression curves and equations are derived from 

linear regression in linear mixed effects models with óSiteô as random factor for raw GPP 

(a), ER (b), NEE (c), and mean adjusted GPP (d), ER (e) and NEE (f). R² indicates the 

variance explained in each model and dashed lines represent 95 % confidence intervals. 

GPP = Gross primary production, ER = Ecosystem respiration, NEE = Net ecosystem 

exchange. 
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4.3.3  How do NDVI ground  and Adjusted CO 2  Fluxes Change with 

Cessation of G razing?  

Grazing cessation significantly affected CO2 fluxes and NDVI, as shown by linear mixed 

effect models (Table 4-2). NDVIground was consistently lower in ungrazed land during each 

week over the measurement period compared to grazed land (Appendix 3: Supplemental 

Figure 8-15). Raw and Adjusted GPP and ER were lower in ungrazed grassland compared 

to grazed grassland with a stronger reduction in GPP than in ER (p < 0.001). Consequently, 

the net C balance (raw and adjusted NEE) was also less negative (lower net C uptake) in 

ungrazed compared to grazed grassland (Table 4-2). The lowest NDVI values and CO2 

fluxes were associated with the grazer exclosures where heath expanded into grassland 

following cessation of grazing (Figure 4-5 ï Figure 4-5).  

Table 4-2: Effect of grazing cessation on raw and adjusted CO2 fluxes and NDVI. F-statistics 

degrees of freedom (df) are derived from linear mixed effects model with óDay of Yearô and 

óSub-plotô nested in óSiteô as random effects and óGrazing cessationô as fixed effect. Contrast 

values and t-statistics were derived from post-hoc tests. GPP = Gross primary production, 

ER = Ecosystem respiration, NEE = Net ecosystem exchange. 

  Grazing cessation Difference Grazed ï UngrazedÀ 

Response df F p Contrast t p 

GPPraw 1, 308 117.4 <0.001 -3.04 ± 0.28 µmol m-2s-1 10.8 <0.001 

GPPadj 1, 308 111.6 <0.001 -2.79 ± 0.26 µmol m-2s-1 10.6 <0.001 

Erraw 1, 308 59.0 <0.001 -1.14 ± 0.15 µmol m-2s-1 7.7 <0.001 

ERadj 1, 299 44.4 <0.001 -0.99 ± 0.15 µmol m-2s-1 6.7 <0.001 

NEEraw 1, 306 84.5 <0.001 -1.89 ± 0.21 µmol m-2s-1 9.2 <0.001 

NEEadj 1, 299 61.8 <0.001 -1.64 ± 0.21 µmol m-2s-1 7.9 <0.001 

NDVIground 1, 570 341.0 <0.001 -0.09 ± 0.004 18.5 <0.001 
À t-statistics and p-value derived from least-squares means post-hoc test 

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

CO2 fluxes shifted in concert with grazing cessation compared to grazed land (Figure 4-6). 

We found significant correlations (p < 0.001) between the mean difference of ungrazed - 

grazed pairs in NDVIground (ȹNDVI) and the mean difference in GPPadj (ȹGPP), ERadj (ȹER) 

and NEEadj (ȹNEE; Appendix 3: Supplemental Figure 8-14d). Mean differences in fluxes 

and NDVIground between grazed and ungrazed land followed a linear regression both on each 

measurement day (Figure 4-6a-c) and aggregated over the measurement period (Figure 4-6d-

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

in most grazer exclosures both NDVIground and CO2 fluxes were smaller than in grazed land 

(negative ȹ values). Generally, the regression models for aggregated mean differences over 

the measurement period explained more variation than the models for each sampling day. 

The strongest linear regression model was for ȹGPP, averaged over the measurement period 

with 75 % of variation explained by ȹNDVI. Less variation was explained for ȹER (R2 = 

0.47) and ȹNEE (R2 = 0.52). The lower model fit was partly attributed to the sub-plots with 

positive ȹER (higher ecosystem respiration in grazer exclosures compared to grazed land; 

Figure 4-6b,e).  
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Figure 4-6: Linear regression of mean difference in NDVI and fluxes between grazed and 

ungrazed plots (ȹ). Regression between ȹNDVI in adjusted ȹGPP, ȹER, and ȹNEE is 

shown for each sub-plot and sampling day (a-c) and summarised for each sub-plot over 

the measurement period (d-f). Regression curves and equations are derived from linear 

mixed effects regression models with óSampling dayô and óSiteô (a-c) or óSiteô (d-f) as 

random factors. R² indicates the variance explained in each model and dashed lines 

represent 95 % confidence intervals. GPP = Gross primary production, ER = Ecosystem 

respiration, NEE = Net ecosystem exchange. 

 

We found that the high variation in ȹER was partly related to differences in sward height 

(ȹSward; Figure 4-7). ȹER shifted from negative to positive when ȹSward exceeded 100 

mm for data aggregated to sites over the measurement period (mean sward height > 100 mm 

higher in grazer exclosures compared to grazed land). With ȹSward > 100 mm, ER was 

higher in ungrazed compared to grazed land (positive ȹER) and increased linearly with 

increasing ȹSward. With ȹSward < 100 mm, ȹER was negative and weakly related to 

ȹSward (Figure 4-7).  

 

ī15

ī10

ī5

0

5

10

ī0.4 ī0.2 0.0 0.2

æNDVI

a)

ī5

0

5

ī0.4 ī0.2 0.0 0.2

b)

ī10

ī5

0

5

10

ī0.4 ī0.2 0.0 0.2

c)

ī12

ī8

ī4

0

4

ī0.4 ī0.2 0.0
æNDVI

d)

ī4

0

4

ī0.4 ī0.2 0.0 0.2

e)

ī5

0

5

ī0.4 ī0.2 0.0 0.2

f)

æ
G
P
P ad
j 
(Õ
m
o
l
 
m

 -
 2
s
 -
 1
)

æ
G
P
P ad
j 
(Õ
m
o
l
 
m

 -
 2
s
 -
 1
)

æ
E
R a
d
j 
(Õ
m
o
l
 
m

 -
 2
s
 -
 1
)

æ
N
E
E ad
j 
(Õ
m
o
l
 
m

 -
 2
s
 -
 1
)

æ
N
E
E ad
j 
(Õ
m
o
l
 
m

 -
 2
s
 -
 1
)

æ
E
R a
d
j 
(Õ
m
o
l
 
m

 -
 2
s
 -
 1
)

R 2= 0.58

æGPP 
adj
 = 0.09 + 31.49 Ĭ æNDVI

æGPP 
adj
 = 0.13 + 30.93 Ĭ æNDVI

R 2= 0.35 R 2= 0.29

R 2= 0.75 R 2= 0.47 R 2= 0.52

æER 
adj
 = 0.43 + 15.69 Ĭ æNDVI

æER 
adj
 = 0.57 + 16.95 Ĭ æNDVI

æNEE 
raw
 = -0.34 + 15.35 Ĭ æNDVI

æNEE 
adj
 = -0.25 + 15.25 Ĭ æNDVI

æNDVI æNDVI

æNDVIæNDVI



 

63 

 

Figure 4-7: Linear regression between ȹSward and ȹERadj. Differences between grazed 

and ungrazed plots (ȹSward and ȹERadj) are summarised per site and over the 

measurement period. Regression equation and R² are derived from simple linear 

regression. Dashed lines represent 95 % confidence intervals. 

 

4.3.4  How do Ground - based NDVI Measurements Correspond to 

Satellite - derived NDVI?  

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

and NDVI derived from Sentinel-2 satellite data (r = 0.64, p < 0.01; Appendix 3: 

Supplemental Figure 8-14c). Sentinel-2 NDVI (NDVISentinel) values were lower compared to 

NDVIground measurements due to the coarser resolution (100 m² vs. 0.35 m²). Using linear 

regression, we calibrated NDVIground with NDVISentinel with a moderate model fit (R² = 0.41; 

Figure 4-8). The cessation of grazing did not affect the NDVIground - NDVISentinel relationship, 

but the lower NDVIground values in grazer exclosures compared to grazed land were 

reproduced in NDVISentinel, although with smaller contrasts. Two grazed sub-plots were 

removed from the model as outliers, due to low NDVISentinel values, 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 between ground-based NDVI (NDVIground) and NDVI derived 

from Sentinel-2 satellite data (NDVISentinel). A linear regression models was used for the 

calibration for each sub-plot as the average over the measurement period (July-August). 

Two points were removed from the regression model as outliers and are highlighted with 

empty dots. Dashed lines represent 95 % confidence intervals. 

 

We further integrated the resultant regression equation between NDVIground and NDVISentinel 

into the regression equation between NDVIground and NEEadj and modelled average NEE 

values over the measurement period based on NDVIground and NDVISentinel. We used a linear 

regression model to calibrate modelled and adjusted NEE which gave a moderate model fit 

(R² = 0.35 for NEE modelled from NDVISentinel; R² = 0.51 for NEE modelled from 

NDVIground; Figure 4-9). 
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Figure 4-9: Calibration models for adjusted and modelled NEE based on NDVISentinel (a) 

and NDVIground (b). Data are averaged per sub-plot and over the measurement period with 

regression equation and RĮ derived from linear mixed effects regression models with óSiteô 

as random effect. Modelled NEE from NDVISentinel was calculated from integrating the 

regression equation between NDVIground and NDVISentinel into the regression equation of 

adjusted NEE and NDVIground. Dashed lines represent 95 % confidence intervals. The two 

removed outliers in a) are the same as in Figure 4-8. 

 

4.3.5  What is the Net CO 2  Flux of Icelandic Lowland Grassland 

over the Measurement Period ? 

Based on GPP adjusted to PAR = 450 µmol m-2 s-1 and adjusted ER, the net daytime 

ecosystem exchange over the 62-day peak growing season (NEEday) cumulated to -1.40 ± 

0.14 Mg C ha-1 in grazed and -0.93 ± 0.14 Mg C ha-1 in ungrazed grassland with significantly 

higher NEEday in grazed compared to ungrazed land (p < 0.001; Table 4-3). Nighttime 

respiration (ERnight) for the same period cumulated to 0.96 ± 0.05 Mg C ha-1 in grazed and 

0.85 ± 0.05 Mg C ha-1 in ungrazed grassland with significantly higher ERnight in grazed 

compared to ungrazed land (p = 0.019; Table 4-3). Together, grazed grassland was a net C 

sink for July-August with NEEJuly-August = -0.44 ± 0.14 Mg C ha-1 while grazer exclosures 

were net C neutral during July-August with NEEJuly-August = -0.07 ± 0.14 Mg C ha-1 (Table 

4-3). The net C uptake was in total larger in grazed than ungrazed land (t = -3.0, p = 0.007). 

Similarly, NDVIground was larger in grazed grassland compared to ungrazed grassland (0.75 

vs. 0.67, p < 0.001). This difference decreased with the coarser resolution of NDVISentinel, 

but it was still significantly higher in grazed compared to ungrazed grassland (0.47 vs. 0.44, 

p = 0.001). The cumulated NEEJuly-August modelled from NDVIground was larger than the 

average NEEJuly-August based on measured fluxes (Table 4-3). NEEJuly-August, modelled from 

NDVIground, was significantly lower in grazer exclosures (-0.30 ± 0.07 Mg C ha-1) than in 

grazed grassland (-0.77 ± 0.07 Mg C ha-1). Modelled NEEJuly-August, based on NDVISentinel 

and corrected with the calibration equation between NDVIground and NDVISentinel (Figure 

4-8), also overestimated the net C uptake and was similar to NEEJuly-August predicted from 

NDVIground  (-0.69 ± 0.15 Mg C ha-1 in grazed and (-0.33 ± 0.15 Mg C ha-1 in ungrazed 
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grassland, respectively), but differences with grazing cessation were still significant (p = 

0.001; Table 4-3).  

Table 4-3: Mean ± standard error values cumulated NEE and mean NDVI. Parameters were 

calculated for July-August (62 days) daytime and nighttime net CO2 flux, the cumulated net 

C balance (NEEJuly-August), ground-based and Sentinel-2 NDVI and modelled July-August 

NEE using NDVIground and NDVISentinel based on 108 measurement points from 17 sites. 

Values, t-statistics and p-values are derived from least-squares mean post-hoc tests 

following significant (p < 0.05) linear mixed effect models with óSiteô as random factor. 

NDVISentinel and 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. 

ParameterÀ Grazed Ungrazed 
Grazed - 

Ungrazed 
df t p 

Daytime NEE  

(Mg C ha-1) 
-1.40 ± 0.14 -0.93 ± 0.14 -0.48 ± 0.13 84 -3.6 0.001 

Nighttime ER  

(Mg C ha-1)  
0.96 ± 0.05 0.85 ± 0.05 -0.11 ± 0.05 84 2.4 0.019 

NEEJuly-August  

(Mg C ha-1)  
-0.44 ± 0.14 -0.07 ± 0.14 -0.37 ± 0.13 84 -3 0.007 

Average NDVIground 0.75 ± 0.01 0.67 ± 0.01 -0.08 ± 0.01 84 6.8 <0.001 

NEE modelled from 

NDVIground  

(Mg C ha-1)  

-0.77 ± 0.07 -0.30 ± 0.07 -0.48 ± 0.07 84 -7.0 <0.001 

Average NDVISentinel 0.47 ± 0.01 0.44 ± 0.01 -0.03 ± 0.01 82 3.4 0.001 

NEE modelled from 

NDVISentinel 

(Mg C ha-1)  

-0.69 ± 0.15 -0.33 ± 0.15 -0.36 ± 0.01 82 -4 0.001 

Mean NDVISentinel of 
grassland (± SD) 

0.42 ± 0.08ÀÀ - - - - 

NEEJuly-August of 

grassland (Mg C)  
-8228.5ÀÀ - - - - 

À cumulated flux or mean NDVI over July-August (62 days) 
ÀÀ estimated for 2351.3 km2 of grassland in Icelandic lowlands 

Following the same procedure we extrapolated a NEEJuly-August to the total area of Icelandic 

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

2395.8 km² or 9.5 % of the land below 200 m a.s.l. The suitable Sentinel-2 satellite images 

covered 98.1% of the grassland area during the selected period between July-August 2023 

or 2351.3 km². Average NDVISentinel of the total grassland during July-August 2023 was 0.42 

± 0.08. Based on this NDVI, the estimated mean NEEJuly-August was -0.035 Mg C ha-1 and 

extrapolated to the total area -8228.5 Mg C for July-August 2023 (Table 4-3). This value can 
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only serve of coarse estimate of NEE in Icelandic lowland grassland during July-August, 

due to the relatively low model fits of the regression models between NDVIground and 

NDVISentinel with modelled and adjusted fluxes, carrying large error terms.  

4.4  Discussion 

4.4.1 NDVI as a Proxy for Ecosystem CO 2  Fluxes in Sub - arctic  

Grassland  

In this study, we asked to what extent ground-measured NDVI can substitute CO2 flux 

measurements during the growing season in sub-arctic grassland in Iceland and how this 

relation is influenced by differences in above-ground vegetation due to the cessation of 

grazing. Previous studies from northern ecosystems have found that NDVI can be applied as 

ground-truthing tool of C sink or source activity in low vegetation (Shaver et al. 2013, 

Karlsen et al. 2018, Jespersen et al. 2023). Consistent with these studies, our findings show 

that ground-based NDVI is an effective proxy for daytime gross (GPP) and net C uptake 

(NEE) in sub-arctic grassland during peak growing season conditions (July-August). NDVI 

correlates strongest with GPP, because NDVI reflects chlorophyll content (Del Grosso et al. 

2018, Badgley et al. 2019, Jespersen et al. 2023). This makes NDVI particularly useful for 

comparing photosynthetic activity under different management practices, such as continued 

grazing versus cessation of grazing (Petit Bon et al. 2025). However, directly measured CO2 

fluxes are strongly controlled by instantaneous environmental conditions, whereas NDVI is 

not (Appendix 3: Supplemental Figure 8-9 ï Supplemental Figure 8-11; Strimbeck et al. 

2019). Therefore, adjusting GPP to average incidental radiation (GPPadj) markedly improved 

the NDVI-based prediction, both per measurement day and as aggregates over the 

measurement period. In our study, NEEadj was more driven by GPPadj than by ecosystem 

respiration (ERadj; see correlations in Appendix 3: Supplemental Figure 8-14), enabling a 

prediction of daytime NEEadj from NDVI during the peak growing season with precision 

comparable to other arctic studies (Shaver et al. 2013, Jespersen et al. 2023, Petit Bon et 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 tundra (Street et al. 2007, Shaver et al. 2013). According to findings of See et al. (2024), 

the peak growing season net C balance is a strong predictor for the annual net C balance in 

northern non-permafrost ecosystems.  

The NDVIïER relationship was weaker and more variable compared to GPP, consistent with 

other arctic studies (Jespersen et al. 2023, Petit Bon et 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 

(Schmitt et al. 2010). In contrast, heterotrophic (microbial) respiration is less aligned with 

NDVI because microbial activity depends more on resource availability (e.g. litter), 

temperature and moisture (Sjögersten et al. 2012, Meyer et al. 2018, Jian et al. 2022). 

However, the moderate fit of the NDVI-ER regression in our study suggests a covariation of 

microbial activity, root respiration and plant productivity, possibly related to general soil 

fertility (Barneze et al. 2024, Maes et al. 2024). Conversely to C uptake, adjusting ER to 

average soil temperatures (ERadj) reduced 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 these sub-plots contributed to 

enhanced respiration, poorly  reflected in NDVI (Strimbeck et al. 2019, Wang et al. 2021).  

4.4.2  Grazing Cessation and NDVI ïCO2  Flux Dynamics  

Grazing cessation was associated with substantially reduced CO  fluxes (raw and adjusted), 

net ecosystem exchange and NDVI, consistent with previous results from the same study 

system, including more sites (Klopsch et al. 2026b) and from other high latitude studies 

(Falk et al. 2015, Lara et al. 2017, Fischer et al. 2022, Thorhallsdottir and Gudmundsson 

2023). Overall, NDVIïCO  flux relationships were equal in grazed and ungrazed land during 

the measurement period. NDVI differences (ȹNDVI) >0.1 reliably predicted proportional 

changes in CO2 fluxes and NEE600 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 active (i.e. high NDVI), but total 

photosynthetic biomass can be low (Miao et al. 2021, Vaieretti et al. 2021). Contrary, in 

ungrazed grassland litter is accumulating, reducing NDVI despite high photosynthetic 

biomass and GPP (Jespersen et al. 2023).  

Above-ground biomass composition and litter accumulation likely also influenced the 

ȹNDVI ï ȹER relationship (Parker et al. 2021). When sward height differences exceeded 

100 mm, ER was generally higher in exclosures and ȹER increased linearly with ȹSward. 

A positive ȹER was partly caused by relatively low ER under intensive grazing (low sward, 

low litter; Klopsch et al. 2026b; Li et al. 2024), and by increased ER in long-term exclosures 

with high litter accumulation (high sward, high litter; Wang et al. 2020, 2021), both not 

strongly reflected in NDVI (Huang et al. 2019). Smaller ȹSward (< 100 mm) had less 

influence on ȹER, and ER was generally higher grazed land and more linearly controlled by 

NDVI and thus plant productivity.  

Overall, our results show that NDVI is useful for estimating CO2 fluxes and grazing 

cessation-induced changes of CO2 fluxes in sub-arctic grassland, which could provide a basis 

for monitoring C sink responses to land use practices (Nevalainen et al. 2022). Predictions 

could be improved by better accounting for total photosynthetic biomass and litter, which 

are poorly reflected by ground-based NDVI (Jespersen et al. 2023) and by analysing ER 

components separately with NDVI and complementary remote-sensing indices (Ge et al. 

2017, Azevedo et al. 2021, Argenti et al. 2022). For example, emerging approaches such as 

Solar-Induced Chlorophyll Fluorescence (SIF) is directly linked to photosynthetic activity 

and could enhance GPP prediction accuracy (Sun et al. 2017, Chen et al. 2021, Zhao et al. 

2024). Including other indices could advance remote-sensed substitution of direct CO2 flux 

measurements further at scales relevant for land management (Argenti 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 over July-August. 

Overall, seasonally aggregated ground-based NDVIground and satellite-derived peak season 

NDVISentinel were linearly related, enabling upscaling of seasonal net C flux estimates 

(Nestola et al. 2016). In line with previous research, our results showed that the 10 m 
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resolution of NDVISentinel captured small-scale differences in above-ground vegetation 

between adjacent grazed and ungrazed grassland (Raynolds et al. 2015, Cicuéndez et al. 

2024, Kodl et al. 2024). However, two outliers (both from the same site óLLô) in our 

calibration model indicated that more rigorous calibration is needed to account for landscape 

heterogeneity (Nestola et al. 2016). For example, non-vegetated patches, such as surface 

rocks or bare soil, which were included in NDVISentinel, but avoided by NDVIground 

measurements. This probably caused overestimated NDVIground in rocky grasslands (as in 

the case of the two outliers), consistent with findings of (Siewert and Olofsson 2020) and 

(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, precipitation and grazing regime (Falk et al. 2015). 

Therefore, it is essential to further improve NDVI-NEE and ground-to-satellite-NDVI 

calibrations to extrapolate grassland C dynamics temporally and in response to changing 

land-use (Beer et al. 2010, Baldocchi et al. 2018).  

We estimated daytime net ecosystem exchange and nighttime respiration over the 62-day 

measurement period (July-August) as ï1.40 Mg C ha ĭ and +0.96 Mg C ha ĭ in grazed 

grassland and ï0.93 Mg C ha ĭ and +0.85 Mg C ha ĭ in ungrazed grassland, respectively 

(Table 4-3). Combined, the net flux indicated that grazed grassland was a net C sink (-0.44 

Ñ 0.14 Mg C ha ĭ) while grazer exclosures were net C neutral (-0.07 Ñ 0.14 Mg C ha ĭ).  

Seasonal dynamics beyond the measurement period were not considered in this study but 

will likely reduce annual C sink strength (See et al. 2024). Complementary soil analyses 

indicated a 0.15 Mg C ha ĭ yr ĭ lower sequestration rate in the top 10 cm of soil in exclosures 

since grazing ceased, cumulating to approximately 4 Mg C ha ĭ lower topsoil SOC stocks in 

ungrazed compared to grazed grassland (Chapter 5). This sequestration rate difference is 

slightly smaller than the calculated NEEJuly-August difference of 0.37 Mg C ha ĭ, suggesting 

that CO2 efflux outside the growing season reduce the C sink strength more in grazed than 

ungrazed grassland (Gong et al. 2014, Petit Bon et al. 2020). Root and microbial respiration 

persist far longer than above-ground activity in the Arctic (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 indicate that the C sink function of our sub-arctic 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 land-use related climate change 

mitigation of these ecosystems (Rizzuto et al. 2024, Ylänne and Stark 2025). 

Interestingly, NEE estimates for July-August, modelled from ground-based and Sentinel-2 

NDVI, resembled NEE calculated from measured fluxes, even though the NDVI-NEE 

relationship showed high variability on individual days and across the season, despite 

extensive ground measurements. For broader applications and time series, substituting 

extensive ground-based measurements with high-resolution airborne remote sensing would 

be preferable (Bazzo et al. 2023). Although NDVISentinel-2 estimates reproduced general C 

uptake and grazing effects on C uptake, the satellite-derived estimates were less accurate 

than NDVIground. A finer resolution than 10 m would improve detection of management 

impacts. For example, drone-based NDVI offers higher spatial detail and has proven 

effective in precision agriculture and vegetation monitoring (Assmann et al. 2019, Gargiulo 

et al. 2023, Qi et al. 2025). Drones can capture detail missed by satellites and still cover 
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large areas, making them highly suitable for small-scale differences such as grazed vs. 

ungrazed fence contrasts or heterogeneous vegetation mosaics (Assmann et al. 2020, Siewert 

and Olofsson 2020, Kodl et al. 2024).  

4.5  Conclusion 

Our results demonstrate that NDVI can serve as a rapid indicator of C balance differences 

between grazed versus ungrazed sub-arctic grassland. We found that the predictability of net 

ecosystem CO2 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 

relationship between both remained consistent. We developed a linear calibration curve 

linking ground-based NDVI to Sentinel-2 NDVI (10 m resolution) and successfully upscaled 

point-scale measurements to estimate the average July-August net C balance of Icelandic 

grasslands, comparable to (Del Grosso et al. 2018). Although our regression models often 

showed moderate fits and upscaled estimates carried large uncertainties, these findings 

reinforce the potential of NDVI as a substitute of CO  flux measurements (Jespersen et al. 

2023). Future work should focus on refining calibration models to more accurately predict 

C balances of high-latitude grasslands. Improved remote-sensing models could become 

powerful tools for assessing grassland C sequestration potential, guiding land-use policies 

that promote management practices to strengthen grasslands as nature-based solutions for 

climate change mitigation (Norderhaug et al. 2023, Guðmundsson et al. 2026). 
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5  Chapter V: Sustained Grazing 

enhances Soil Organic Carbon 

Storage in Sub-arctic Grassland 

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 below-ground, contributing to soil organic 

carbon (SOC) sequestration. Yet, longstanding grazing practices are increasingly being 

abandoned in sub-arctic regions with poorly understood consequences for SOC 

sequestration. Here, we examined the long-term consequences of abandonment of livestock 

grazing for SOC in sub-arctic grassland and heathland across 34 sites in Iceland, by 

comparing paired ungrazed exclosures (20 ï 83 years) with adjacent continuously grazed 

land. Our results show that the cessation of grazing was associated with 8% lower SOC 

stocks in the topsoil (0-10 cm), but without effect on SOC in deeper soil. Overall, SOC 

stocks (on average 130 Mg C ha-1 in 0-60 cm) were an order of magnitude larger than carbon 

in total plant biomass, including roots, shoots and litter. With 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 vegetation shifts 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 sustained extensive grazing is important for maintaining SOC 

stocks of sub-arctic grassland.3 

5.1  Introduction 

Land use is a major factor controlling carbon (C) uptake and emissions in terrestrial 

ecosystems (Sanderman et al. 2017). As a strategy to mitigate climate change, land use 

change has gained increasing attention, often under the banner of nature-based solutions 

(Buckley et al. 2024). Nature-based solutions have thus far largely focussed on afforestation. 

However, in northern high latitudes, such strategies are increasingly questioned (Briske et 

al. 2024, Kristensen et al. 2024, Aslaksen et al. 2025). Empirical evidence indicates a 

growing uncertainty of the boreal forest C sink (Virkkala, et al. 2025a) and soil C losses 

associated with afforestation of open ecosystems (Friggens et al. 2020, Tau Strand et al. 

2021, Joly et 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 long-term effects of grazing on SOC (Norderhaug et al. 

2023, Ylänne and Stark 2025, Pillar and Winck 2026).  

 

3 A version of this chapter is accepted for publication:  

Klopsch, C., Thorhallsdottir, A.G., Thorsteinsson, B., Bardgett, R., Van Der Wal, R., Geirsdóttir, A.: Sustained 

grazing enhances soil organic carbon storage in sub-arctic grassland, Global Change Biology Communications, 

in review. 
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Driven by recent grazing abandonment and climate change, grassland increasingly develops 

into shrub-dominated heathland or birch woodland in northern ecosystems, with uncertain 

consequences for SOC dynamics (Vowles and Björk 2019, Parker et 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 plant-soil system (Bardgett 

and Wardle 2003). Stimulated C cycling, together with organic material mixed 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 fractions (Bai and Cotrufo 2022). Further evidence suggests that grazing can stimulate 

the below-ground transfer of photosynthetically assimilated C via root exudation and root 

turnover (Hamilton III and Frank 2001, Roy and Bagchi 2022, Geremia et al. 2025, Zhang 

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

and microbial necromass, which is now recognised as the primary source of stable SOC 

bound to mineral surfacesðprovided sufficient silt and clay minerals are present (Angst et 

al. 2021, Bai and Cotrufo 2022, Georgiou et al. 2025). This ómicrobial carbon pumpô is 

regarded as a central mechanism for SOC sequestration in grazed grassland (Liang and Zhu 

2021, Kristensen et al. 2022).  

In northern ecosystems, herbivores typically promote grassland at the expense of woodland, 

heathland, and moss/lichen communities (Van der Wal 2006, Metcalfe and Olofsson 2015, 

Ylänne and Stark 2025). Long-lived above-ground plant biomass stored in woodland and 

heathland is less accessible to the soil food web, whereas grassland vegetation allocates more 

C below-ground, facilitating rapid turnover and transfer into soil due to compensatory 

regrowth of root and photosynthetic tissue following defoliation (Olofsson and Post 2018, 

Sarquis et al. 2019, Ottaviani et al. 2020, Penner and Frank 2021). Via defecation, herbivores 

return organic matter to the soil, thereby making nutrients (e.g. nitrogen) accessible to soil 

microorganisms (Van der Wal et al. 2004, Barthelemy et 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 sequestration (Heggenes et al. 2017, Egelkraut et al. 2020, 

Tuomi et al. 2021). Thus, grazing-mediated modifications of fine root turnover, soil nutrient 

return and microbial activity can influence photosynthetic and respiration activity and 

potentially enhance SOC formation and stabilisation (Wilson et al. 2018, Kristensen et 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 as SOCð

primarily in the main rooting zone (Lal 2018, Franzluebbers 2021). Responses of SOC to 

changes in grazing practices are small per annum and often inconsistent across studies 

(McSherry and Ritchie 2013, Abdalla et al. 2018). Thus, long-term data are essential to 

understand SOC dynamics and the sequestration potential of grazing systems (Smith et al. 

2020, Stanley et al. 2024, Encarnation et al. 2025, Zhou et al. 2026). In a space-for-time 

approach, SOC sequestration can be quantified as the additional SOC in the rooting zone 

exceeding basal SOC in deeper soil (Villarino et al. 2021, Franzluebbers et al. 2023). When 

applied to long-term contrasts of grazed and ungrazed grassland, this can be used to infer 

consequences for SOC sequestration with changing grazing practises (Franzluebbers 2022). 

In Iceland, continued extensive grazing and a well-known land use history enabled us to test 

how cessation of grazing influences SOC sequestration, potentially serving as a model for 

sub-arctic regions (Norderhaug et al. 2023, Stark et al. 2023). For persistent SOC 

sequestration, sufficient mineral surfaces to bind C are a key limiting factor (Cotrufo and 
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Lavallee 2022, Encarnation et al. 2025). Andosols, the dominant mineral soil type in Iceland 

developing on volcanic material (Arnalds 2015), have a high SOC accumulation capacity 

due to rapidly weathering clay minerals and replenishment of mineral material from volcanic 

eruptions (Óskarsson et al. 2012, Kögel-Knabner and Amelung 2021, Matus et al. 2024). 

This makes these soils particularly suitable to study land-use effects on SOC sequestration. 

The Icelandic lowlands, characterised by a mosaic of grassland and heathland, maintained 

through a millennium of traditional livestock grazing (Thorhallsdottir et al. 2013), are faced 

with increasing abandonment of livestock grazing and competing new land uses such as 

afforestation, similar to other sub-arctic regions (Herzon et al. 2021, Kristensen et al. 2024). 

Over the past century, fenced enclosures have been erected across the country within the 

grazed landscape, creating long-term contrasts between grazed and ungrazed land 

(Thorhallsdottir and Gudmundsson 2023). Using these contrasts, we have shown that grazed 

land had a larger net CO2 uptake than ungrazed land during the growing season (Klopsch et 

al. 2026b). Here, we advance on these findings by testing how SOC stocks, as the long-term 

accumulation of annual flux balances, are related to long-term cessation of grazing in 

grassland and heathland. Specifically, we addressed the following questions: 

(i) How does the long-term cessation of grazing affect SOC storage and sequestration 

in sub-arctic grassland and heathland? 

(ii)  How is SOC distributed through the soil profile of grazed and ungrazed sub-arctic 

grassland and heathland?  

(iii) How are nitrogen, root C and bulk density, as drivers of SOC accumulation, affected 

by the long-term cessation of grazing? 

5.2  Materials and Methods 

5.2.1  Sampling Site Selection  

To analyse how cessation of grazing affects SOC at a landscape scale, 34 sites were selected, 

clustered in four regions across the agriculturally relevant Icelandic lowlands (5 - 200 m 

a.s.l.; Figure 5-1). The climate of the Icelandic lowlands is sub-arctic (Köppen-Geiger 

classification). At our sampling sites, mean annual temperatures ranged between 2 - 4.5 ęC 

(summer 7.4 - 10.3 ęC) and mean annual precipitation ranged between 469.5 - 1234.4 mm 

(summer 95.4 - 274.3 mm; Appendix 4: Supplemental Table 8-5). All sites were on mineral 

soils and included a fenced contrast with a paired long-term grazer exclosure of 20 ï 83 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 grazing was 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 ungrazed plot, each with three sub-plots from which soil 

samples were collected (Appendix 4: Supplemental Figure 8-16). The sub-plots were 

randomly chosen within each exclosure and mirrored in the grazed plot in an equal terrain 

position and distance to the fence (see Klopsch et al. 2026b). Distances between sub-plots 

and between sub-plot and the fence were generally less than 20 m.  
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Figure 5-1: Overview map of the 34 soil sampling sites across Iceland. For analysis, the 

sites were clustered in four regions (eastern, northern, western and southern) and 

classified in three habitat groups. The background map is sourced from the Natural 

Science Institute of Iceland (natt.is).  

 

The 34 sites were classified into three vegetation types based on dominant vegetation (Figure 

5-1, Appendix 4: Supplemental Table 8-5): óGrasslandô, dominated by graminoid or other 

herbaceous vegetation (n = 17), óHeathlandô, dominated by deciduous or evergreen shrub 

and heath vegetation (n = 8), óSuccessionô, with shifts from herbaceous vegetation into heath 

vegetation (n = 7) or birch woodland (n = 2) following the cessation of grazing (total n = 9; 

Appendix 4: Supplemental Figure 8-17). At one site (óStori-Ásô), sub-plots were untypically 

far apart from another (> 100 m) and vegetation composition was inconsistent between sub-

plots. This site was divided into one sub-plot, classified as grassland and the two other sub-

plots classified 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 above-ground plant 

biomass was sampled using a 10 cm × 10 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 (hereafter óabove-ground samplesô).  

The boundary of the soil profile was defined as the upper limit consisting of mineral material, 

following WRB guidelines (IUSS Working Group WRB 2022). For each sub-plot, a soil 
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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 in Appendix 4: Supplemental Figure 8-18). Each soil profile was 

visually assessed to determine soil horizons of 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 density, carbon and 

nitrogen analysis (hereafter óC & N samplesô), and root analysis (hereafter óroot samplesô).  

Bulk density samples were collected from at least three depths between 0-10 cm, 10-30 cm 

and 30-60 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 density samples 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 soil 

conditions did not allow for a representative sampling with the cylinder (extensive 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. Horizon depths 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 and air-dried after sampling.   

Root samples were collected from each soil profile in four predetermined depth intervals: 0-

10 cm, 10-20 cm, 20-40 cm and 40-60 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 samples were cleaned manually from mineral soil particles and air-dried. 

Prior to biomass determination, all above-ground samples were additionally oven-dried 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 root samples of the 0-10 

cm soil layer were considered, which accounted on average for 72% of total root biomass in 

the 0-60 cm (Chapter 6). Root samples were oven-dried 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 derived from Ma et al. (2018). 

Specifically, we averaged the leaf and stem biomass values of Ma et al. (2018) as conversion 

factor for above-ground biomass (Cabove-ground) and the value for root biomass as conversion 

factor for roots (Croot 0-10). For herbaceous vegetation we used 0.436 as conversion factor for 

Cabove-ground and 0.425 as conversion factor for Croot 0-10. For shrub and heath vegetation we 

used 0.480 as conversion factor for Cabove-ground and 0.474 as conversion factor for Croot 0-10. 

Both biomass C stocks were converted into Mg ha-1. 
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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 sieved-out coarse fraction > 2 mm was 

determined to the nearest 0.1 g and the volume as the volume of water replaced by the course 

fraction in a measuring cylinder to the nearest 0.1 ml. After sieving, bulk density samples 

were additionally oven-dried at 40 °C until no further mass loss was recorded and weighted 

to the nearest 0.01 g. Using Eq. 5-1, bulk density of the fine earth fraction was calculated as 

BD [g cm-3] = Mfe / ( Vt ɀ VCF),          Eq. 5-1 

where BD is the bulk density of the fine earth fraction, Mfe is the dry mass of the fine earth 

fraction, Vt is the total sample volume (cm3) and VCF is the volume of coarse fraction 

(particle diameter > 2 mm) within the bulk density sample (McKenzie et 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 determined by dry 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 (Óskarsson et al. 2004). Bulk density and concentrations of SOC and N were 

standardised to 10-cm depth intervals (0-10, 10-20, 20-30, 30-40, 40-50, and 50-60 cm) to 

make profiles more comparable. Bulk density and the amount of course fraction varied 

substantially between samples (Appendix 4: Supplemental Figure 8-19). As such, C and N 

concentrations can be misleading. Therefore, total stocks of SOC and N per soil layer were 

calculated with Eq. 5-2 as 

SOC /  N stocki [Mg ha-1] =  OCi / Ni ×  BDi ×  (1 ɀ CFi) ×  i ×  0.1,    Eq. 5-2 

where i is the depth of the soil layer, OCi / Ni is the organic C or N content of the respective 

soil layer (mg g-1 fine earth), BDi is the bulk density of the respective soil layer, CFi is the 

coarse fraction, either derived from visual estimation in the field or from volume 

determination in bulk density samples (FAO 2020).  

SOC Sequestration  

To calculate SOC sequestration (Csequest), the approach of óroot-zone enrichmentô, described 

by Franzluebbers (2021), was adapted (Eq. 5-3). At our sites, 90% of all roots were 

distributed in the upper 0-20 cm (Chapter 6), thus we defined 0-20 cm as rooting zone where 

Csequest is related to current land cover and land use and the mean SOC of 20-60 cm as 

baseline C (×SOC20-60 / 4), driven by past processes unrelated to current land use and land 

cover. Csequest was then calculated as  

Csequest [Mg ha-1] = SOCi ɀ (ВSOC20-60 / 4),        Eq. 5-3 

where i is the respective soil layer, either 0-10 or 10-20 cm and Csequest returns 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 Csequest rates. Instead, the annual difference in Csequest since grazing ceased 

was calculated, assuming equal SOC prior to grazing cessation (ȹCsequest; Eq. 5-4), following 

Hu et al. (2016), as 
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ɝ#sequest i [Mg C ha-1 year-1] = ( Csequest (Exc) i ɀ Csequest (Gr) i) / years,     Eq. 5-4 

where Csequest (Exc) is the C sequestered in the exclosure plot, Csequest (Gr) is the C sequestered 

in the grazed plot, i is the respective depth layer (0-10 cm, 10-20 cm, 0-20 cm) and óyearsô 

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 density, Cabove-ground, Croot 0-10, 

and the proportion of Cabove-ground and Croot 0-10 in total C stock (Ctotal = SOC + Croot 0-10 + 

Cabove-ground) were tested using linear mixed effects models (LMM), accounting for the 

sampling design. When necessary, response variables were either log- or square-root-

transformed, óregionô, and ósub-plotô nested in ósiteô were consistently specified as random 

effects and ógrazing cessationô as fixed effect. To test if the effects of grazing cessation 

differed among vegetation types, óvegetation typeô and, if significant, the interaction 

between ógrazing cessationô and óvegetation typeô were included as fixed effects. For SOC, 

N, C:N ratio and bulk density responses, separate models were performed for the whole soil 

column (0-60 cm), the upper soil (0-30 cm), the lower soil (30-60 cm) and each of the six 10 

cm standardised soil layers. Four out of 200 whole profiles and 16 out of 1208 10-cm soil 

layers were excluded for models concerning the whole profile or the respective soil layer 

(Appendix 4: Supplemental Table 8-6). These profiles or soil layers were excluded because 

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

as avalanche deposit, suspiciously high subsoil organic matter, interpreted as historical 

human artefact or a shallow bedrock ï 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 effects (p < 0.05, Appendix 4: Supplemental Table 

8-7, Supplemental Table 8-8), differences between predictor categories were tested with 

least-squares means post-hoc tests. Differences in annual Csequest (ȹCsequest) between grazed 

and ungrazed land were tested using one-tailored t-tests, tested against µ = 0 (= no 

difference). Relationships between SOC and N, bulk density, coarse fraction or other C 

stocks were tested with Pearson correlation tests. The relationship between SOC 

concentration and bulk density was further analysed with a non-linear regression using an 

exponential decay function, applied to each depth interval. To analyse changes in C pools 

with increasing time since grazing ceased, a new óexclosure ageô category was created and 

all values from grazed land were pooled into one class óGrazedô and all data from ungrazed 

land into three successive exclosure age classes: ô20-30 yearsô, ô31-50 yearsô and ô51-83 

yearsô. The effect of óexclosure ageô was tested with óvegetation typeô and the interaction as 

additional fixed effects using a LMM structure as described above. Differences between 

exclosure age classes were tested with least-squares means post-hoc tests.  

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

version 4.3.3 (R Core Team 2024) with the packages lme4 (Bates et al. 2015), lmerTest 

(Kuznetsova et al. 2017), emmeans (Lenth 2023), multicomp (Hothorn et al. 2008). 
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Figure 5-2: Depth distribution of soil organic carbon (SOC) stocks. Depth profiles in 10 

cm soil layers for SOC stocks in response to grazing cessation (a) and in each vegetation 

type (b) for 0-60 cm soil depth and for SOC sequestration above baseline SOC (20-60 cm 

mean SOC) in 0-10 and 10-20 cm soil in response to grazing cessation (c) and in the three 

vegetation types (d), based on 201 soil profiles (n = number of soil profiles per vegetation 

type). For each soil layer an individual linear mixed effect model (LMM) was used, using 

the same model structure. Different letters in each soil layer indicate significant 

differences between grazing treatments or vegetation types per soil layer and different 

letters between soil layers in the y-axis in a) indicate significant differences with depth as 

derived from least squares means post-hoc-tests following LMM. Error bars represent 

standard errors 
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5.3  Results 

5.3.1  Effect of Grazing Cessation and Vegetation  Type on SOC 

Stocks, C Sequestration and N Stocks  

 Soil Organic Carbon  

Cessation of grazing had a significant influence on SOC of the uppermost 10 cm of soil, 

which comprised 32% of the total 0-60 cm SOC stock (Figure 5-2a, Table 5-1). Across sites, 

ungrazed plots stored less SOC in the 0-10 cm layer than grazed plots, showing an average 

difference of 8% (40.3 Ñ 1.2 vs. 43.9 Ñ 1.8 Mg ha ĭ, p = 0.002). Similarly, C sequestered in 

0-10 cm above the baseline C of the 20-60 cm subsoil (Csequest) was 15% lower in ungrazed 

plots than in adjacent grazed plots (26.1 Ñ 2.1 vs. 22.3 Ñ 2.0 Mg ha ĭ, p = 0.012; Figure 5-2c).  

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

cm, SOC stocks did not differ between grazed and ungrazed land and Csequest in 10-20 cm 

was indistinguishable between grazed and ungrazed land (10.2 Ñ 2.9 Mg ha ĭ; Figure 5-2a,c). 

Instead, SOC declined steadily with every deeper soil layer to 50 cm depth before levelling 

off in the two lowest soil layers. The subsoil layers (10-30 cm and 30-60 cm) accounted for 

36% and 32%, respectively, of the total SOC stock (Table 5-1).  

Vegetation type, regardless of grazed or ungrazed (= no interactive effects), exerted a 

stronger control over SOC distribution than cessation of grazing in the upper soil (0-30 cm) 

across our sampling sites (Appendix 4: Supplemental Table 8-7). Grassland maintained 

higher SOC in 0- 30 cm than heathland, +35% in 0-10 cm (p < 0.001), +50% in 10-20 cm (p 

= 0.002) and +43% in 20-30 cm (p = 0.021), respectively, while succession sites ï 

transitioning between grassland and heathland ï had 24% higher SOC in 0-10 cm than 

heathland (p = 0.011) but were intermediate between grassland and heathland in 10-30 cm 

(p > 0.05, Figure 5-2b). Grassland had also the highest Csequest above the subsoil baseline C 

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

20 cm relative to heathland, with succession sites intermediate (p > 0.05, Figure 5-2d). 

Two of the succession sites were unique; after more than 50 years without grazing, the 

vegetation had shifted from grassland to mature birch woodland (Appendix 4: Supplemental 

Figure 8-17). When analysed separately, these birch succession sites showed a marked 

difference in Csequest: the ungrazed birch woodland held 34% less Csequest in 0ï20 cm soil than 

the adjacent grazed grassland (21.7 ± 4.3 Mg ha-1 vs. 33.1 ± 4.3 Mg ha-1, p = 0.046; Figure 

5-3).  
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Table 5-1: Mean soil organic carbon and nitrogen stocks ± standard error (Mg ha-1). Data 

are presented in relation to cessation of grazing, summed up in four depth intervals and for 

the total soil column in grassland, heathland and succession. Lower-case letters indicate 

significant differences between grazed and ungrazed land and upper-case letters indicate 

significant differences between vegetation types as derived from pairwise least-square mean 

post-hoc tests. 
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Figure 5-3: Soil organic carbon (SOC) sequestration in 0-20 cm soil following birch 

woodland succession at two sites with grassland in the grazed land and > 50 years old 

birch woodland in the exclosures. The significance of the difference between grazed and 

ungrazed plots is shown by the p-value on top of the graph, as derived from pairwise least-

squares means post-hoc tests following a linear mixed effect model (F1,5 = 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 in Csequest in 0-10 cm between paired grazed and ungrazed land 

since grazing was ceased (Table 5-2). Ungrazed grassland soils accumulated 0.15 Mg ha ĭ 

yr ĭ less C each year without grazing compared to continued grazed grassland (p = 0.02). 

Heathland (p = 0.10) and all sites combined (p = 0.08) showed similar, though not 

significant, annual differences. Succession sites that shifted into heathland following the 

cessation of grazing showed no annual differences (p = 0.318); however, the two succession 

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

Mg ha ĭ yr ĭ less C than the adjacent grazed grassland (p = 0.022). 
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Table 5-2: Annual differences in soil carbon sequestration (ȹSOC sequestration) between 

grazed and ungrazed land. Data are shown as mean and 95 % confidence intervals in 

parentheses with results from one-tailored t-tests (µ = 0 Mg C ha-1 year-1) in the topsoil 

(0-10 cm) of all sites and of each vegetation type. 

Soil Nitrogen  

Soil nitrogen (N) stocks mirrored SOC to a large degree, as shown by a close correlation 

between the concentration of C and N (r = 0.97; Appendix 4: Supplemental Table 8-9) and 

were 9% lower in the uppermost soil layer of ungrazed plots than in adjacent grazed plots, 

independent of vegetation type (p = 0.002; Table 5-1). By contrast, in 10-20 cm, N was 10% 

higher in ungrazed grassland (p = 0.05), 15% lower in ungrazed succession (p = 0.07) and 

not different in heathland (p > 0.05) compared to adjacent grazed plots. Mirroring SOC, N 

varied more between vegetation types than with cessation of grazing. Overall, grassland 

maintained substantially larger N stocks than both heathland and succession in every soil 

layer in 0-30 cm (p < 0.05).  Below 30 cm, neither grazing nor vegetation type had a 

detectable effect on N. Summed up across the full 0-60 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 grazed land (p = 0.04; Table 5-1). 

C:N ratio  

Variations in SOC and N together shaped distinct C:N ratios across vegetation types (Figure 

5-4, Appendix 4: Supplemental Table 8-7). Heathland, with more woody, nutrient poor 

vegetation, maintained the highest C:N ratio (~18) in the upper soil. Grassland and 

succession showed substantially lower ratios, ranging between 13-15. In ungrazed 

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

vegetation transition from grassland into heathland. This transition was further sharpened in 

10-30 cm with grassland vegetation (grazed and ungrazed grassland, grazed succession) 

exhibited consistently lower C:N ratios (Ò 13) than heathland vegetation (grazed and 

ungrazed heathland, ungrazed succession; Ó 14). Below 30 cm, all distinctions faded and the 

C:N ratio converged around 14, reflecting a homogeneous deeper soil across vegetation 

types. 

 

Vegetation type 
ȹSOC sequestration between grazed 

and ungrazed land (Mg C ha-1 year -1) 

t-test  

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 successionÀ -0.09 (-0.13, -0.05) 1 -29.4 0.022 

ÀThe two birch succession sites were analysed separately from other succession sites.  
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Figure 5-4: Mean C:N ratio ± standard error along the soil profile in three separate soil 

sections: 0-10 cm (top), 10-30 cm (middle) and 30-60 cm (bottom) in the vegetation types 

(n = number of soil profiles included). For each section a separate linear mixed-effects 

model with ógrazing cessationô and óvegetation typeô as fixed effects was performed. 

Significant differences between grazing cessation and vegetation type in each section are 

indicated by different letters, as derived from least-squares means post-hoc tests. 

 

5.3.2  Carbon in Above - ground and Below - ground Biomass  

Above-ground carbon (Cabove-ground) responded strongly to the cessation of grazing 

(Appendix 4: Supplemental Table 8-7). As expected, Cabove-ground was higher in ungrazed 

plots compared to grazed plots (10.3 ± 0.4 Mg ha-1 vs. 7.1 ± 0.3 Mg ha-1, p < 0.001) of all 

sites combined and in each of the vegetation types, but without accounting for biomass 

removed by grazing over the season (Figure 5-5a). Across vegetation types, Cabove-ground was 

larger in heathland than grassland (p < 0.001) and succession (p = 0.003). Overall, Cabove-

ground accounted for < 10% of Ctotal (SOC0-60 + Croot + Cabove-ground) and held in each vegetation 

type a higher fraction of Ctotal in ungrazed plots compared to grazed plots (p < 0.05; Appendix 

4: Supplemental Figure 8-20a). In heathland-dominated vegetation, Cabove-ground was 

principally a larger fraction of Ctotal compared to grassland-dominated vegetation. 

0ī10

30ī60

10ī30

a ab bc c d d

aa a

a a ab bc cc

13 15 17
C:N ratio

S
o
i
l
 
d
e
p
t
h
 

(c
m)

Grazed

Exclosure

Grassland
n = 104
Heathland
n = 45
Succession
n = 52



84 

 

Figure 5-5: Mean carbon (C) in above-ground biomass (a) and in roots in the 0-10 cm 

soil (b). Data of all sites and each vegetation type are shown for grazed and ungrazed 

plots, derived from linear mixed effect models (n = number of samples included per 

category, one above-ground biomass sample was missing). Significant differences with 

grazing cessation in each of the vegetation types or at all sites are indicated by p-values 

above the bars, as derived from least-squares means post-hoc tests. Error bars represent 

standard errors. 

 

Root carbon in the topsoil (Croot 0-10) exhibited the opposite trend to Cabove-ground. Across all 

sites, ungrazed plots contained 29% less Croot 0-10 than grazed plots (4.7 ± 0.4 Mg ha-1 vs. 6.6 

± 0.5 Mg ha-1, p < 0.001), with grassland showing the strongest difference (-40%, p < 0.001) 

and heathland showing a tendency only (-19%, p = 0.101; Figure 5-5b). These differences 

translated into a smaller contribution of Croot 0-10 to Ctotal in ungrazed plots compared to 

grazed plots, particularly in grassland (p < 0.001) and marginally in heathland (p = 0.07; 

Appendix 4: Supplemental Figure 8-20b). Across vegetation types, heathland held larger 

Croot 0-10 than grassland (p < 0.001) and succession (p = 0.03). Overall, we found that in 

grassland Csequest in 0-10 cm was positively correlated with Croot 0-10, but negatively correlated 

with C above-ground, but not in other vegetation types (Appendix 4: Supplemental Table 8-9). 

Table 5-3: Diagnostics for exclosure age models. F statistics and degrees of freedom (df) 

are derived from linear mixed effects models (LMM) for óexclosure ageô, óvegetation typeô 

and their interaction as fixed effects and SOC0-10 cm, Croot 0-10 cm and Cabove-ground as responses. 

Random effects in each LMM were óSub-plotô nested in óSiteô and óRegionô. 

Response 
Exclosure age (A) Vegetation type (V) A × V 

dfnum,den F dfnum,den F dfnum,den F 

SOC0-10  3, 124 1.3 2, 113 11.5***  6, 126 1.6 

Croot 0-10 cm  3, 145 6.6***  2, 98 14.5***  6, 147 3.4** 

Cabove-ground 3, 142 22.2***  2, 108 10.3***  6, 148 2.4* 

Significance codes: ó***ô < 0.001; ó**ô < 0.01; ó*ô< 0.05; ó·ô < 0.1   
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5.3.3  Changes in C Pools with Exclosure Age  

As shown above, SOC0-10, Croot 0-10 and Cabove-ground were sensitive to cessation of grazing 

(Figure 5-2, Figure 5-5). We further tested how four levels of óexclosure ageô (Grazed, 20-

30, 31-50, 51-83 years) affected these C pools (Table 5-3). With longer exclosure age (> 30 

years) more exclosures were added to the succession category, indicating an increasing 

likelihood of vegetation shifts from grassland into heathland with exclosure age (Figure 5-6). 

SOC0-10 remained the largest C pool in each vegetation type and each exclosure age class, 

representing 56-80 % of all C in the topsoil and plant biomass combined, with an overall 

higher ratio of SOC0-10 to C in vegetation in grassland than heathland.   

 

In grassland, SOC0-10 was lower in up to 50 years old exclosures (p = 0.011) compared to 

the grazed reference (Figure 5-6). Exclosures that remained as grassland for more than 50 

years were as rich in SOC0-10 as grazed grassland (p = 0.95). Croot 0-10 halved relative to the 

 

Figure 5-6: Carbon (C) pool differences with exclosure age. C pools (Mg ha-1) of above-

ground biomass (green), root biomass in 0 -10 cm (brown) and soil organic carbon (SOC) 

in 0 - 10 cm (black) are shown for grassland, heathland and succession sites in grazed 

land and each of three exclosure age classes (20-30 years, 31-50 years, 51-83 years). 

Error bars represent standard error. Significant differences in each C pool between age 

classes are indicated by different letters, derived from least-squares means post-hoc tests. 

Note that on the y-axis positive values represent above-ground C and negative values 

represent below-ground C. Numbers above the x-axis represent number of soil profiles 

included in each category. The question marks above grazed above-ground bars indicate 

that biomass removed by grazing was not measured and is missing from this pool.  
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grazed reference in the 20-30 years old grassland exclosures, while C above-ground increased by 

50% in the same period and both C pools remained similar in older exclosures.  

By contrast, in heathland and succession, no differences in SOC0-10 cm between grazed and 

any of the three exclosure age classes were found (Figure 5-6). In heathland, both Croot 0-10 

(+42%) and Cabove-ground (+52%) peaked initially in 20-30 years old exclosures relative to the 

grazed reference but declined again in older exclosures until Croot 0-10 and Cabove-ground were 

indistinguishable from grazed values in the old exclosures. Succession sites followed a 

similar trajectory as heathland for Cabove-ground, that more than doubled (+111%) in the 20-30 

years old exclosures relative to the grazed reference. Croot 0-10 on the other hand, was lower 

than the grazed reference for 50 years following cessation. Interestingly, Cabove-ground and Croot 

0-10 in over 50 years old succession exclosures were again as high as the grazed reference, 

despite the vegetation shift.  

Table 5-4: Bulk density (g cm-3) ± standard error, in three soil depth intervals and the whole 

soil column. Bulk density differed marginally in 0-10 cm and 10-20 cm between grazed and 

ungrazed plots (p < 0.1) and in 0-10 cm significantly between vegetation types. In 20-60 cm, 

no differences between grazed and ungrazed and between vegetation types were found. For 

the whole soil column, bulk density was lower in heathland than in grassland and succession. 

Lower-case letters indicate significant differences between grazed and ungrazed land and 

upper-case letters indicate significant differences between vegetation types, derived from 

least-square mean post-hoc tests following LMM. 

Soil layer Grassland Heathland Succession All  

cm       grazed ungrazed 

  0 ï 10  0.53 ± 0.04AB 0.49 ± 0.04A 0.59 ± 0.04B 0.54 ± 0.03a 0.52 ± 0.03a 

10 ï 20  0.65 ± 0.06A 0.68 ± 0.07A 0.73 ± 0.07A 0.70 ± 0.06a 0.67 ± 0.06a 

20 ï 60  0.72 ± 0.03A 0.65 ± 0.05A 0.73 ± 0.05A 0.70 ± 0.03a 0.70 ± 0.03a 

  0 ï 60  0.68 ± 0.02B 0.60 ± 0.03A 0.69 ± 0.03 B 0.66 ± 0.03a 0.66 ± 0.03a 

Lower-case letters indicate significant differences between grazed and ungrazed land, 

upper-case letters indicate significant differences between vegetation types 

5.3.4  Bulk Density and Soil Properties  

Cessation of grazing affected bulk density in the 0-20 cm soil, with marginally less 

compacted soil in ungrazed plots compared to grazed plots in 0-10 cm (0.52 ± 0.03 vs. 0.54 

± 0.03 g cm-3, p = 0.094) and 10-20 cm (0.67 ± 0.06 vs. 0.70 ± 0.06 g cm-3, p = 0.089; Table 

5-4, Appendix 4: Supplemental Table 8-8). Below 20 cm, no effect of grazing cessation was 

found and the mean bulk density between 20-60 cm was 0.70 ± 0.03 g cm-3. Overall, topsoil 

bulk density was lower in heathland (0.49 ± 0.04 g cm-3) compared to succession (0.59 ± 

0.04 g cm-3, p = 0.011), but not different from grassland (0.53 ± 0.04 g cm-3; p = 0.406) and 

lower in 0-10 cm compared to deeper soil (p < 0.05). Bulk density and SOC concentration 

were inversely correlated (r1201 = -0.63, p < 0.001), following unique exponential decay 

functions for each soil layer (Appendix 4: Supplemental Figure 8-21): SOC-rich samples (> 

10%) had generally low bulk density (< 0.6 g cm-3) while samples with bulk density > 1 g 

cm-3 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 Table 8-5).  

5.4  Discussion 

Our study revealed that the cessation of grazing over multiple decades was associated with 

lower topsoil (0-10 cm) C sequestration in Icelandic grassland and heathland, with SOC 

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, these responses to 

cessation of grazing likely decrease plant productivity, below-ground transfer of 

photosynthetic assimilated C into soil, and SOC accumulation (Sokol, et al. 2019a, Villarino 

et al. 2021, Cotrufo and Lavallee 2022). By contrast, more C was found above-ground 20-

30 years after grazing ceased, but without additional effects of exclosure age, indicating 

inconsistent responses above- and below-ground to cessation of grazing (Vaieretti et al. 

2021). Together, our results highlight that the cessation of grazing is not a viable strategy to 

augment SOC accumulation in sub-arctic open 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 Iceland (Arnalds 2015). Across our sites, SOC in the 0-60 cm soil column 

averaged 130 Mg ha-1, ranging from 70 to 255 Mg ha-1, aligning well with the Icelandic 

national soil database average of 136 Mg ha ĭ to 60 cm depth (Óskarsson et al. 2004) and 

global andosol SOC values (Batjes 1996, Kögel-Knabner and Amelung 2021). Similarly, 

soil bulk density mostly ranged between 0.4 and 1.0 g cm į across soil layers and followed 

similar relations with C concentration as described previously for Icelandic and global 

andosols (Dahlgren et al. 2004, Arnalds 2015, Sanchez et al. 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 

(Matus et al. 2014).  

Our results provide empirical support for recent theoretical models on herbivore effects on 

C cycling (Kristensen et al. 2022, Rizzuto et al. 2024). For example, Rizzuto et 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 herbivore exclusion in 

temperate grassland, questioning the role of grazing in SOC dynamics (Medina-Roldán et 

al. 2012, Derner et al. 2019, Encarnation et al. 2025, but see Zhou et al. 2025). However, 

studies have shown that SOC stocks were maintained under grazing despite substantial 

biomass removal, interpreted as proportionally greater SOC storage per C input (Roy and 

Bagchi 2022, Encarnation et al. 2025). Moreover, it was recently shown across a network of 

British grassland sites, comparable to our sampling design, that while long-term grazer 

exclusion had no impact on total SOC, it is associated with lower mineral-associated organic 

C, i.e. the more persistent component of SOC (Zhou et al. 2026). In our study, we identified 

the topsoil (0ï10 cm) as sensitive to grazing, with lower SOC stocks in long-term exclosures 

compared to adjacent grazed land, consistent with findings from arctic-alpine long-term 

studies (Hewins et al. 2018, Bork et al. 2020, Wu et al. 2021, Windirsch et al. 2022, 
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Thorhallsdottir and Gudmundsson 2023). Although not directly measured, we suggest that 

in grazed soils larger below-ground C input and higher microbial activity contributed to 

greater SOC accumulation via mineral-bound microbial necromass, as posited by Geremia 

et al. (2025) and Wilson et al. (2018). 

We found that vegetation type had a stronger influence on total SOC stocks than the 

cessation of grazing. Grassland stored substantially more SOC (~97 Mg C ha ĭ) in the 0ï30 

cm soil layer than heathland (~79 Mg C ha ĭ) or mature birch woodland (~56 Mg C ha ĭ), 

with no differences below 30 cm, possibly reflecting varied historical grazing and C turnover 

rates over centuries (Parker et al. 2015, Egelkraut, et al. 2018a). These findings emphasise 

the need to better protect grassland from land use changes to maintain their long-term SOC 

storage function (Bardgett et al. 2021, Norderhaug et al. 2023, Pillar and Winck 2026). 

Notably, our birch succession sites accumulated over 10 Mg C ha ĭ less since grazing was 

ceased compared to adjacent grazed grassland, aligning with markedly lower SOC in 0-30 

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

our grassland soils (Hunziker et al. 2019, Sanchez et al. 2025). Similar SOC responses 

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

(Parker et al. 2015, Housego et al. 2025). Emerging evidence has linked shifting mycorrhizal 

associations to reduced SOC and particularly mineral-associated organic matter with 

colonising trees and ericaceous shrubs, although this requires further research (Lindahl et al. 

2021, Parker et al. 2021, Ylänne et al. 2025, Zhou et al. 2026).  

5.4.2  Soil Carbon Sequestration  

The non-linear decrease of SOC with depth supports our assumption of ongoing SOC 

sequestration within the rooting zone (Franzluebbers 2021). This is reinforced by CO2 flux 

measurements showing our sites acted as net C sinks during the growing season (Klopsch et 

al. 2026b). Using calculations adapted from Franzluebbers (2021), SOC sequestration in the 

0-20 cm rooting zone ranged between 1.6 to 91.8 Mg ha-1 above the 20-60 cm baseline C at 

our sites, likely representing C sequestered during the last centuries, comparable to 

centennial-scale SOC sequestration in the rooting zone of U.S. grassland (Franzluebbers 

2021). Since grazing had ceased, on average 0.15 Mg ha-1 year-1 more C was sequestered in 

the topsoil of grazed grassland than ungrazed grassland, matching Icelandic data, showing 

that grassland, N-enriched from bird guano, sequestered 0.14 Mg ha-1 year-1 more C than N-

limited grassland over a 40 years period (Leblans et al. 2017). In agreement with Leblans et 

al. (2017), grazed grassland was also N-enriched in 0-10 cm in our study, emphasising N as 

limiting factor of long-term SOC sequestration (Piñeiro et al. 2010, Schrama, Veen, et 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 changeða crucial gap for climate change mitigation schemes (Bossio et al. 

2020). Sequestration rates for sub-arctic grassland are scarce, but the Icelandic National 

Inventory Report estimated rates of 0.3-0.9 Mg C ha-1 yr-1 for eroded soils during restoration 

and 0.11 Mg C ha-1 yr-1 for mineral soils in grassland, based on expert judgements (Keller et 

al. 2026). Considering these estimates, we interpret a 0.15 Mg C ha-1 yr-1 difference in the 

unknown annual sequestration rate as substantial. Other studies estimated that birch 

woodland growing on barren or C-depleted land in Iceland sequesters 0.4-0.7 Mg C ha-1yr-1 

(Hunziker et al. 2019, Sanchez et 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 grassland (-0.09 Mg C ha-1 yr-1), providing empirical support 

for grazer-enhanced grassland SOC sequestration, as proposed by Rizzuto et al. (2024).  

5.4.3  Drivers of Change in SOC  

Nitrogen  

We identified differences in N stocks linked to grazing cessation and vegetation types 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:N ratio, thereby improving 

productivity (Peco et al. 2017, Sitters et al. 2020, Defourneaux et al. 2024). Grassland that 

persisted for decades after cessation of grazing was characterised by high N and low C:N 

ratios, particularly in the 10-30 cm soil, likely reflecting historical intensive grazing 

(Egelkraut, et al. 2018a). This high N, as high or higher compared to grazed grassland, 

maintained productivity in these ungrazed grasslands despite reduced N inputs (Barthelemy 

et al. 2015, Castaño et 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 developed into heathland, similar to findings from abandoned 

subalpine grassland (Gavrichkova et al. 2022). Although SOC stocks of succession sites 

were unaffected by grazing cessation in 10-30 cm soil, N stocks diminished, likely causing 

N-demanding grassland species to be outcompeted by slower- growing shrubs (Egelkraut, et 

al. 2018b, Sørensen, et al. 2018b). Generally, heathland exhibited the lowest N and highest 

C:N ratios in 0-30 cm soil, indicating long-term N limitation favouring heath species that 

produce nutrient-poor, slowly decomposing litter with a high C:N ratio and low 

accumulation of SOC (Weintraub and Schimel 2005, Mekonnen et al. 2021). Low N in both 

grazed and ungrazed heathland suggest their long-time persistence over centuries, contrasted 

with the more recent heathland establishment in ungrazed grassland (decades) with relatively 

higher N, possibly reflecting historically low grazing activity (Te Beest et al. 2016).  

Above -ground and Root Carbon  

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

C. We interpret this as a result of partitioning of photosynthetic-assimilated C in above-and 

below-ground plant biomass, mediated by grazing (Sarquis et al. 2019, Fossum et al. 2022). 

When released from grazing, more C stays above-ground as litter, taller-growing shoots and 

taller plant species e.g. shrubs (Mekonnen et al. 2021, Wang et al. 2021, Stark et al. 2023). 

With a larger portion of above-ground C as litter in 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 C input (Sokol, 

et al. 2019a, Su and Xu 2021, Jessen et al. 2023).  

Following offtake by grazing, grasses respond typically with compensatory regrowth (Frank 

and Fridley 2025). This likely enhanced photosynthetic C assimilation and below-ground 

transfer of C at our sites, which influences SOC sequestration more than total biomass 

(McNaughton 1983, Jackson et al. 2017, Ritchie and Penner 2020, Klopsch et al. 2026b). 

This is in line with the conclusion of Encarnation et al. (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 Franzluebbers et al. 

(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 above-ground biomass gains and likely changing plant-soil interactions 

(Villarino et al. 2021). As roots are the primary pathway for C into soil, likely more SOC 

accumulated under grazing (Sarquis et al. 2019, Yang et al. 2021). Grazed grassland, 

specifically, feature dense fibrous root systems with rapid turnover, releasing organic matter 

to soil microorganisms and thus promoting microbial-derived SOC sequestration (Chapter 

5; Sokol et al. 2019a; February et al. 2020; Malhotra et 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 

longer-lived, likely exuding less C and accumulating C mainly in labile particulate organic 

matter derived from root litter (Wang, et al. 2016b, Arndal et al. 2018, Angst et al. 2021). 

With succession from grassland to heathland, root C declined for 50 years after grazing 

ceased, likely reflecting reduced fibrous grassy root growth (Rodríguez et al. 2007, Ylänne 

et al. 2018). However, SOC only tended to decline in the oldest exclosures (50+ years), 

indicating a time-lagged response of SOC to changing grazing pressure, as long-term result 

of plant responses to grazing (Bardgett and Wardle 2003). 

Bulk density  

Grazing animals compact soil through trampling and thereby increase bulk density 

(Heggenes et 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 sites (Howison et al. 2017). Consistent with previous studies, 

bulk density was higher in grazed than ungrazed land within the 0-10 cm soil layer (Byrnes 

et al. 2018, Lai and Kumar 2020). However, within the range observed in our study, a 

slightly more compacted topsoil may even help stabilising soil, especially in very loose 

heathland topsoil with large amounts of unconsolidated particulate organic matter and 

improving N mineralisation by enhancing water retention in the topsoil (Schrama, Heijning, 

et al. 2013, Tuomi et al. 2021, Meyer and Leroux 2024). Together, we consider N recycling, 

root density and soil compaction in the topsoil, stimulated by grazing, trampling and 

defecation as key drivers contributing to higher SOC under grazing at our sites (Heggenes 

et al. 2017, Leblans et al. 2017, Malhotra et 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 subject (Bai and Cotrufo 2022, Stanley et al. 

2024, Bardgett 2025, Zhou et al. 2026). Yet, cessation of grazing is often regarded as cost-

efficient intervention to enhance C sequestration (Abdalla et al. 2018, Qu et al. 2024). 

Challenging this assumption, our results provide robust evidence that cessation of grazing 

over multiple decades is associated with less topsoil SOC in grassland and heathland across 

the Icelandic lowlands (together 35 % of land < 200 m a.s.l.). Several long-term studies and 

meta-analyses support our findings, indicating the need to factor in the treatment duration as 

SOC sequestration rates tend to shift from positive to neutral or negative with extended 

periods without grazing (McSherry and Ritchie 2013, Hu et al. 2016, Derner et 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 plotsðfrom permanent grazing to lightly grazed 

summer pasturesðadding variability across sites (Klopsch et al. 2026b). In line with Stanley 

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 capacity (Briske 

et al. 2020). Extensive grazing may therefore enhance SOC sequestration at scales 

meaningful for climate change mitigation, given the global extent of grazing land (Rumpel 

et al. 2020, Stevens et al. 2022, Pillar and Winck 2026). The potential for additional C 

storage above-ground on the other hand, is tightly limited in sub-arctic grassland and 

heathland. Our study showed that after 20-30 years without grazing, above-ground C stocks 

accumulated up to 5 Mg ha-1, but without further increases with exclosure age (Figure 5-6). 

Thus, it is unlikely that plant biomass gains of ungrazed heathland or woodland offset lower 

SOC sequestration in our context (Ylänne et al. 2018, Snorrason et al. 2019, Sanchez et 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 inputs and fine root 

growth, promoting a shift back from heathland to grassland and enhanced SOC sequestration 

(Te Beest et al. 2016, Stark et al. 2019, Fischer et al. 2022, Geremia et al. 2025). However, 

mycorrhizal associations at these sites have likely shifted from arbuscular to ericoid or 

ectomycorrhizal forms, altering nutrient and C cycling in ways that may sustain heathland 

(Clemmensen et al. 2015, Frey 2019, Castaño et al. 2023). Integrating mycorrhizal fungi 

into models of herbivoreïplantïsoil interactions will help to decipher soil C dynamics, 

particularly where vegetation composition shifts with changing grazing (Castaño et al. 2023, 

Zhou et al. 2026).  

5.5  Conclusion 

Our findings demonstrate that long-term grazed grassland stores more topsoil C than 

ungrazed grassland, heathland or birch woodland that formed under low or none grazing 

pressure. Enhanced soil N availability and greater production of fine roots under continued 

grazing likely underpin these higher SOC stocks (Kristensen et al. 2022). Given the limited 

protection of grasslands globally despite their large SOC stocks, our extensive spatial 

replication and paired grazed-vs.-exclosure comparison provide compelling evidence that 

extensive grazing represents an effective nature-based solution for maintaining existing SOC 

stocks and potentially increasing them in sub-arctic grassland, outperforming both cessation 

of grazing and heath and birch encroachment (Briske et al. 2024, Kristensen et al. 2024, 

Aslaksen et al. 2025, Ylänne and Stark 2025, Zhou et al. 2026). 
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6  Chapter VI: Cessation of Grazing in 

Iceland: Unearthing the Long-term 
Consequences for Root Biomass and 

Community-level Root Functional 

Traits 

Abstract: In northern grassland 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 

traditional 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 root-soil interactions, via stimulated root exudation and 

root turnover. However, less is known about how root systems of different vegetation types 

adjust structurally and functionally in the long-term when grazing is ceased. Here we show 

that after > 20 years after cessation of grazing fine root biomass was strongly reduced in 

grassland but not in heathland, based on community-level root distribution and functional 

traits data compiled from adjacent grazed and long-term ungrazed (> 20 years) land at 34 

sites in Iceland. Fine root biomass of our sites in 0-60 cm soil was on average 16.1 Mg ha-1 

in grazed and 12.7 Mg ha-1 in ungrazed land, with 72 % of all roots distributed in 0-10 cm. 

Despite these large differences in root biomass, community-level root functional traits were 

largely unrelated to cessation of grazing, suggesting that rooting strategy is more controlled 

by climate or soil properties than grazing or vegetation composition in sub-arctic ecosystems 

in Iceland. Our findings support the perspective that grazing cessation decreases overall 

rhizosphere activity and thus carbon inputs from roots into soil, but not root resource 

acquisition strategy. 4 

6.1  Introduction 

Roots play a central role in ecosystem processes, including nutrient and water uptake, 

anchoring plants, and driving the transfer of photosynthetically fixed carbon (C) into the soil 

(Bardgett et al. 2014, Barry et al. 2025). In northern ecosystems, the largest portion of the 

photosynthetically fixed C is allocated below-ground as an adaptation to short growing 

seasons and low average temperatures, where root-derived C dominates inputs to the stable 

soil C pool (Iversen et al. 2015, Jackson et al. 2017). Therefore, recognition of root dynamics 

has intensified, as soil C sequestration is increasingly viewed as a key nature-based solution 

for climate-change mitigation in northern ecosystems (Rasse et al. 2005, Sokol and Bradford 

2019, Buckley et al. 2024, Chari et al. 2024). 

 

4 A version of this chapter is accepted for publication: 

Klopsch, C., Thorhallsdottir, A.G., Thorsteinsson, B., Bardgett, R., Van Der Wal, R., Geirsdóttir, A.: Grazing 

abandonment in Iceland: unearthing the consequences for root biomass and community-level root functional 

traits, Plant and Soil, in review. 
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In northern ecosystems, mosaics of grassland and heathland are widely shaped by grazing of 

large mammalian herbivores (Maliniemi et al. 2018, Ylänne et al. 2018, Stark et al. 2023). 

Herbivore-mediated vegetation composition and nutrient dynamics also shape distribution 

and functioning of roots (Cai et al. 2024). Grazing influences plant C allocation by altering 

the balance between shoot regrowth and root investment: for example, defoliation can reduce 

root biomass but stimulate fine root turnover and exudation, thereby sustaining C fluxes to 

soil microorganisms (Bardgett and Wardle 2003, Hamilton III et al. 2008, Sarquis et al. 

2019). However, abandonment of traditional grazing practices is altering grazing regimes 

across northern ecosystems, such as in Scandinavia and Iceland (Stoessel et al. 2022, 

Defourneaux et al. 2024). As a consequence, cessation of grazing often triggers striking 

above-ground successional shifts from grazed grassland into heathland or birch woodland, 

potentially shifting interactions between fine roots and soil (Christie et al. 2015, Yu et al. 

2017, Parker et al. 2021). 

Under grazing, shallow, fibrous fine-root systems are typically promoted that maintain high 

labile soil C 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 of C in deeper soil (Franzluebbers 2022, Sierra et al. 

2024). Previous studies have shown that fine root growth in graminoids is more continuous 

over the growing season, while shrub root growth is more concentrated in the early growing 

season in the Arctic (Radville et al. 2016, Wang, et al. 2016b). Other studies found high 

inter-specific plasticity in fine-root morphology and phenology which maintained root-soil 

interactions despite species turnover above-ground (Ylänne et al. 2018, Wang et al. 2023, 

Yang and Russo 2024). Thus, understanding how community root systems reorganise 

structurally and functionally in the long-term in response to ceased grazing is crucial as 

alterations in the rhizosphere can have cascading effects for the ecosystem C storage function 

(Poirier et al. 2018, Wang, B. et al. 2024; Wang et al. 2025). 

Root functional traits are increasingly used to link functional variation in roots to ecosystem 

processes and to study how roots respond to above-ground disturbances such as changing 

grazing pressure (Weigelt et al. 2021, Matthus et al. 2025). In recent years, a two-

dimensional root economics space has been conceptualised along a resource conservation 

trade-off and a collaboration trade-off across a broad range of plant species (Bergmann et 

al. 2020). This concept has been widely applied to study root responses to global change 

factors (Matthus et al. 2025). Recent advances in root functional ecology have emphasised 

to extent functional traits from the species-level to the community-level to better understand 

interactions with ecosystem processes, including soil C storage (Wang et al. 2023, Barry et 

al. 2025). This is particularly relevant in northern ecosystems, where roots dominate plant 

biomass allocation and which are rapidly changing on the whole community-level in 

response to changing grazing pressure and a warming climate (Bråthen et al. 2017, Myers-

Smith and Hik 2018). 

This study focuses on sub-arctic grassland, heathland and successional transitions from 

grassland into heathland or birch woodland that represent major vegetation types across 

northern ecosystems. Using contrasts between grazed land and adjacent long term fenced 

exclosures in Iceland, we assess how root system characteristics at the 

vegetation community level respond to long-term changes in herbivory pressure and how 

these responses relate to soil C storage. Specifically, we address three research questions: 
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(i) How are roots distributed in contrasting sub-arctic ecosystems, and how does their 

distribution respond to grazing cessation in the long-term? 

(ii)  How do fine-root morphological traits respond to grazing cessation at the 

community-level? 

(iii) How are root traits linked to soil C concentration in grazed and ungrazed land?  

By analysing community-level root trait data between grazed and long-term ungrazed land, 

this research advances our understanding of how grazing management shapes root systems 

and their role in C dynamics in sub-arctic 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 soil C and ecosystem resilience. 

6.2  Materials and Methods 

6.2.1  Sampling Sites  

Responses of roots to grazing cessation were studied, using 34 fenced exclosures across 

Iceland. The exclosures were located within long-term grazed land (centuries) and hence 

constituted a fence contrast of adjacent grazed and ungrazed land with other environmental 

factors as equal as possible in a natural system. At each site, three sub-plots were defined for 

root sampling in the exclosure and mirrored in the same topography in the grazed part 

(Supplemental Figure 8-16). As the aim of the study was to analyse roots systems, developed 

under grazing and without grazing, only long-term exclosures (> 20 years) were used to 

ensure that the measured effects were not recovery effects of previous grazing. Each of the 

34 sampling sites was classified according to dominant above-ground vegetation types either 

as ógrasslandô, when both the grazed and ungrazed land was dominated by grasses (104 root 

profiles from 18 sites), óheathlandô, when both the grazed and ungrazed land were dominated 

by heath or shrubs (45 root profiles from 8 sites), óheath successionô, when the grazed part 

was dominated by grasses and the ungrazed part by heath or shrubs that developed after 

grazing cessation (40 root profiles from 7 sites), or óbirch successionô, when the grazed part 

was dominated by grasses and the ungrazed part by birch woodland, that developed after 

grazing cessation (12 root profiles from 2 sites; Appendix 5: Supplemental Table 8-10). At 

one site, vegetation was inconsistent between sub-plots, and one sub-plot 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 a sub-arctic climate with mean annual 

temperature ranging between 2 - 4.5 °C (summer 7.4 - 10.3 °C) and mean annual 

precipitation ranging between 470 - 1234 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 detail in Chapter 5. 

Briefly, land use history was confirmed by landowners, including the year when grazing was 

ceased in the exclosures. One soil profile was excavated per sub-plot to a soil depth of 60 

cm in August and September 2022 and 2023 (three soil profiles had a shallower soil depth 

than 60 cm until bedrock started). All soil profiles were in freely drained mineral soils. 

Above each soil profile, all above-ground biomass was collected, including standing living 
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and dead plant material and litter on the soil surface using a 10 cm×10 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 cm×5 cm surface area 

and the respective soil depth: 0-10 cm, 10-20 cm, 20-40 cm, 40-60 cm. After field sampling, 

root samples were stored in plastic bags at 4 °C. Above-ground biomass samples were air-

dried, followed by and dry biomass determination to the nearest 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 analysed in Chapter 5. For this study, we used the soil organic 

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 soil. 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 multiple washing 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 after carefully drying 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 clear acrylic glass tray with 2 cm height and carefully 

spread to minimise root overlap, using plastic tweezers. For most of the 0-10 cm depth root 

samples, a subsample was used for scanning, due to the large sample sizes. The subsample 

was generated by taking a random 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 oven-dried 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 

(Seethepalli et al. 2021) with analysis mode set to broken roots, conversion of pixels into 

physical units and filtering of non-root (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 

samples, image thresholding levels between 120-170 were applied to improve recognition 

of roots against non-root objects. In the feature extraction, five root diameter ranges were 

defined as 0-0.2, 0.2-0.5, 0.5-2, 2-5 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 (mm3) and root surface area (mm2) 

per diameter class and mean root diameter (mm) were extracted. For the 0-10 cm 

subsamples, root length, surface area and volume per diameter class were extrapolated from 

the subsample to the whole sample by dividing the trait value by the proportion of the 

subsample. 
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Table 6-1: Root functional traits used in the study. Calculation of the traits is based on fine 

root properties, following Freschet et al. (2021a). The functional expression of each trait 

(last column) is based on the cited literature. 

Root 

trait  
Explanation Unit  CalculationÀ 

Relatively higher values 

indicate: 

RLD 
Root length 

density 
m cm-3 

Fine root length / soil 

volume 

Greater ability to compete for 

resourcesc, greater structural 

stability of soilb, larger 

microbial activityd 

RD 
Mean fine 

root diameter 
mm - 

More collaboration with 

arbuscular mycorrhizal 

fungia, greater root life spanb 

SRL 
Specific root 

length 
cm g-1 

Fine root length / dry 

fine root mass 

Faster growth rate, more 

fibrous root systemc, more 

self-reliant rootsa 

SRA 
Specific root 

area 
m2 g-1 

Fine root surface area 

/ dry fine root mass 

Greater resource acquisition 

efficiencyb 

RTD 
Root tissue 

density 
g cm-3 

Dry fine root mass / 

fine root volume 

More conservative root 

growth, greater root life spanb 

ÀFine root = roots in diameter classes < 2 mm 
aWeigelt et al. (2021),  bFreschet et al. (2021b), cPoirier et al. (2018), dLange et al. (2015)  

With the data from the root image analysis, root biomass and soil volume, five functional 

root traits were calculated, summarised in Table 6-1ðall root traits were calculated for fine 

roots only, following recommendations in Freschet et al. (2021a). Root traits were calculated 

for each of the four depth intervals separately and summarised for the whole soil column 0-

60 by weighting the respective trait by the proportional dry root biomass of the soil layer 

(biomasssoil layer / biomass0-60 cm). Additionally, root mass fraction was calculated as total root 

biomass / (total root biomass + above-ground biomass). For the root traits in Table 6-1, we 

did not find significant differences between the 10-20, 20-40 and 40-60 cm soil layers and 

pooled these layers together to a mean trait value for the deeper soil of 10-60 cm.  

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 model structure, ósub-plotô nested in ósampling siteô were specified as 

random effects for all models and óScannerô additionally for layer-wise models of root 

functional traits. As fixed effects, ógrazing cessationô, óvegetation typeô and if applicable 

ósoil depthô were specified. Significance of differences between predictors was tested with 

least-squares means post-hoc tests (for significance of model predictors, see Appendix 5: 

Supplemental Table 8-11). Relationships between fine root biomass, root functional traits 

and SOC concentration were tested with Pearson correlation tests. If necessary, factors were 
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log-transformed to meet normality. Linear and non-linear regression was further used to 

analyse bivariate relationships between root functional traits, fine root biomass and SOC 

concentration. To visualise trade-offs 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 4.3.3 (R Core Team 2024) with the additional packages , lme4 (Bates et al. 2015), 

lmerTest (Kuznetsova et al. 2017), emmeans (Lenth 2023), multicomp (Hothorn et al. 2008) 

and vegan (Oksanen et al. 2025). 

6.3  Results 

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, respectively (p < 0.05). In grazed plots, total and fine root biomass 

amounted 18.8 ± 1.2 Mg ha-1 and 16.1 ± 1.0 Mg ha-1, respectively, while in exclosures it 

amounted 15.7 ± 1.0 Mg ha-1 and 12.7 ± 0.8 Mg ha-1, respectively (Table 6-2). In all four 

vegetation types, total root biomass was lower in the exclosures, although the difference was 

only significant in grassland (-27%, p < 0.001, Table 6-2). Total root biomass was larger in 

heathland than in grassland, but fine root biomass was larger in grazed grassland than in 

heathland (Table 6-2).  

Overall, 72% of all root biomass was found in the top 10 cm of soil (Table 6-2). Across all 

sites and in all vegetation types except birch succession, grazing cessation was associated 

with a lower proportion of root biomass in the top 10 cm (p < 0.05). In birch succession, no 

differences were found between grazed and ungrazed land (p > 0.05). 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 

vegetation types, except heathland (p < 0.05; Table 6-2). In heathland, the fine root 

proportion was lower in grazed relative to ungrazed plots (p = 0.007).  

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 0-10 cm was 45% lower in grassland (11.4 vs. 6.3 Mg ha-1; p < 0.001), 40% lower 

in birch succession (13.4 vs. 8.0 Mg ha-1; p = 0.087), 30% lower in heath succession (13.5 

vs. 9.5 Mg ha-1; p = 0.049) but without differences in heathland, averaging at 9.5 Mg ha-1 (p 

= 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 ha-1, p = 0.13) and 

grazed plots of birch and heath succession (Figure 6-1b). With cessation of grazing, coarse 

root biomass was larger in birch (0.3 vs. 2.0 Mg ha-1) and heath succession (0.3 vs. 0.7 Mg 

ha-1; p < 0.05). In heathland, coarse root biomass was overall higher than in other vegetation 

types and marginally higher in grazed than ungrazed plots (3.2 vs. 1.8 Mg ha-1; p = 0.087). 

In the deeper soil layers (10-20, 20-40,40-60 cm), we found only weak and occasional 

differences in fine or coarse root biomass between grazed and ungrazed plots (Figure 6-1c-

h). In general, fine root biomass decreased with every depth layer (p < 0.001), with < 4 % of 
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total fine root biomass found in the 40-60 cm soil layer. Notably, fine root biomass was 

slightly larger with cessation of grazing in 20-40 and 40-60 cm soil of the grassland sites (p 

< 0.05; Figure 6-1c,e). Coarse root biomass was overall low below 10 cm and did not differ 

between soil layers (p > 0.05). In heath succession, larger coarse root biomass was found in 

exclosures in the 10-20 cm soil layer (Figure 6-1d). In the birch succession, we found 

noticeably high coarse root biomass in the deeper soil layers (> 20 cm), compared to other 

vegetation types due to deep birch roots, but the total amount was still small (< 0.5 Mg ha-1; 

Figure 6-1f,h).   

Table 6-2: Root distribution of the whole root profile (0-60 cm). Total and fine root biomass, 

proportion of fine roots and proportion of roots in 0-10 cm soil for grazed land (G) and 

grazer exclosures (E) of all sites combined and the four vegetation types separately. The 

number of soil profiles per category is indicated by n. Different letters indicate significant 

differences with cessation of grazing (p < 0.05), retrieved from least squares mean post-hoc 

tests following linear mixed effect models. 
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Figure 6-1: Root biomass through the soil profile. Distribution of fine root biomass 

(a,c,e,g) and coarse root biomass (b,d,f,h) in 0-10, 10-20, 20-40  and 40-60 cm soil depth 

in grazed and ungrazed land of four vegetation types. Significant effects of grazing 

cessation are indicated by p-values retrieved from least-squares post hoc tests following 

linear mixed effect models. The central bars in the box-plots mark median values, while 

the open diamonds mark mean values. Note the broken y-axis in b,c,d,e, f and g and the 

different scale of the y-axis in each graph.   
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6.3.2  Above - ground versus Below - ground Biomass  

Living and dead above-ground plant biomass across all sites was higher in exclosures (21.5 

Mg ha-1) than in grazed plots (14.9 Mg ha-1), albeit without quantifying offtake from grazing 

in grazed plots (p < 0.001; Table 6-3). Within the vegetation types, above-ground vegetation 

was higher in exclosures of grassland (p < 0.001), heath succession (p < 0.001) and heathland 

(p = 0.05). In birch succession differences were not significant, although tree biomass was 

not accounted for in the birch woodland. Total vegetation biomass, including living and dead 

above-ground biomass, above-ground litter and root biomass, ranged between 12.2 and 75.0 

Mg ha-1 across our sampling sites. In contrast to above-ground vegetation alone, total 

vegetation biomass, averaged through all sites, did not differ between grazed (32.6 Mg ha-1) 

and ungrazed land (35.7 Mg ha-1), even though we did not account for above-ground offtake 

in grazed plots (p = 0.114; Table 6-3). 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 biomass (p = 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 succession; t = -5.6, p < 0.001). 

Table 6-3: Total biomass in vegetation types. Above-ground biomass, total vegetation 

biomass (above-ground + total root biomass) and root mass fraction for grazed land (G) 

and grazer exclosures (E) of all sites combined and the four vegetation types separately. The 

sample size per category is shown by n. Different letters indicate significant differences with 

cessation of grazing (p < 0.05), retrieved from least squares mean post-hoc tests following 

linear mixed effect models. 

Vegetation 

type 
  n 

Above-ground plant 

biomass (Mg ha-1) À 

Total vegetation  

biomass  (Mg ha-1) 

Root mass 

fraction (%)  

Grassland 
G 

E 

54 

55 

12.8 ± 0.8a 

20.0 ± 1.0b 

29.1 ± 1.3a 

31.5 ± 1.3a 

54.5 ± 1.9a 

37.0 ± 1.9b 

Heath 

succession 

G 

E 

17 

17 

14.8 ± 1.6a 

27.1 ± 2.2b 

35.1 ± 2.5b 

43.4 ± 2.8a 

55.1 ± 3.4a 

36.9 ± 3.4a 

Birch 

succession 

G 

E 

6 

6 

12.2 ± 2.5a 

14.7 ± 2.7a 

30.4 ± 4.0a 

27.3 ± 3.7a 

58.9 ± 5.7a 

44.9 ± 5.7a 

Heathland 
G 

E 

21 

24 

20.6 ± 1.7a 

25.4 ± 1.8b 

36.2 ± 2.3a 

32.6 ± 2.3a 

42.0 ± 3.1a 

37.8 ± 2.9a 

All  
G 

E 

98 

102 

14.9 ± 0.9a 

21.5 ± 1.1b 

32.6 ± 1.4a 

35.7 ± 1.4a 

52.6 ± 1.9a 

39.2 ± 1.9b 

ÀOfftake in grazed plots not accounted for, tree biomass in birch succession not included  

Different letters between G (Grazed) and E (Exclosure) indicate significant (p < 0.05) 

differences in each vegetation type, derived from least-squares mean post-hoc tests 

 

In vegetation 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 above-ground (p < 0.05). When grazed, root 

mass fraction of these sites was on average > 50 %, i.e. more biomass in roots than above-
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ground. In all ungrazed plots as well as the grazed heathland root mass fraction was < 50 % 

(Table 6-3).  

6.3.3  Community - level Root Functional Traits  

General Differences between Topsoil and Deeper Soil  

As an overall pattern, the magnitudes of all community-level root functional traits (all based 

on fine roots) were significantly different in the topsoil (0-10 cm) than in deeper soil (10-60 

cm; p < 0.001, Table 6-4). Root length density (RLD), as a metric for root-soil interaction, 

mirrored overall fine root biomass distribution and was of almost one magnitude larger in 

the topsoil (mean 1.15 m cm-3) than the average of the deeper soil between 10-60 cm (mean 

0.14 m cm-3). 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 for resource 

acquisition and rhizosphere activity, were 40% and 30.5% larger in 10-60 cm soil (mean 

SRL 179 cm g-1; mean SRA 0.11 m2 g-1) compared to 0-10 cm soil (mean SRL 128 cm g-1; 

mean SRA 0.08 m2 g-1), respectively. Root tissue density (RTD), as metric for resource 

conservation, was 13.3% larger in 0-10 cm roots (0.135 g cm-3) than 10-60 cm roots (0.12 g 

cm-3).  

Table 6-4: Differences in functional root traits between roots in 0-10 cm depth and roots in 

10-60 cm depth. F-statistics are derived from linear mixed effect models with óDepthô as 

fixed effect. Percentage differences refer to the change in trait values in 10-60 cm in relation 

to 0-10, based on values derived from least-squares mean post-hoc tests together with t-ratio 

an p-value. Root trait abbreviations are explained in Table 6-1. 

Root trait  Depth Comparison 0-10 vs. 10-60 
 0-10 cm 10-60 cm F p Difference t p 

RLD (m cm-3) 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 g-1) 128 179 194.2 <0.001 +40.0% -13.9 <0.001 

SRA (m2 g-1) 0.08 0.11 139.5 <0.001 +30.5% -11.8 <0.001 

RTD (g cm-3) 0.135 0.117 30.9 <0.001 -13.3% 5.6 <0.001 

 

The Response of Community - level Root Functional Traits to 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 soil (Figure 6-2). In grassland and in birch 

succession, RLD was 42% and 62% lower in exclosures, respectively (p < 0.01). In 

heathland and heath succession no differences were found with the cessation of grazing (p > 

0.05, Figure 6-2a). Below 10 cm soil depth, cessation of grazing did not affect RLD in any 

of the vegetation types (Figure 6-2b). 
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Figure 6-2: Root length density in grazed and ungrazed land. Root length density in 0-10 

cm (a) and 10-60 cm (b) in grazed land and exclosures in four vegetation types. Significant 

effects of grazing cessation are indicated by p-values retrieved from least-squares post-

hoc tests following linear mixed effect models. The central bars of the box-plots mark 

median values, while the open diamonds mark mean values. Note the different scale of the 

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 grassland (p < 0.001; 

Figure 6-3a). Below 10 cm, no significant differences in root diameter were found between 

grazed and ungrazed land (Figure 6-3b).  

The cessation of grazing had no effect on specific root length (SRL) in 0-10 cm and SRL 

was similar across vegetation types; for the roots below 10 cm, SRL tended to be lower in 

exclosures than in grazed plots, although the difference was only significant in grassland (p 

= 0.015, Figure 6-3c,d). Specific root area (SRA) responded overall like SRL to the cessation 

of grazing in the different vegetation types (Figure 6-3e,f). In 0-10 cm, SRA was not different 

between exclosures and grazed land. In 10-60 cm, 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 and heath succession, respectively (p < 0.05).  

Root tissue density (RTD) in 0-10 cm soil was 10% larger in grassland exclosures compared 

to grazed grassland (p = 0.006), but did not differ with grazing cessation in other vegetation 

types (Figure 6-3g). For roots in 10-60 cm soil depth, RTD tended to be larger in exclosures 

than in grazed land across all vegetation types, with a significant difference only in heath 

succession (p = 0.035; Figure 6-3h).  
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Figure 6-3: Root functional traits in grazed and ungrazed land. Mean root diameter (a, 

b), specific root length (c, d), specific root area (e, f) and root tissue density (g, h) in 0-10 

cm and 10-60 cm in grazed land and exclosures in four vegetation types. Significant effects 

of grazing cessation are indicated by p-values retrieved from least-squares post-hoc tests 

following linear mixed effect models. The central bars of the box-plots mark median 

values, while the open diamonds mark mean values. 
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6.3.4  PCA of Root Functional Traits  

We used a PCA to explore how our community-level root functional traits relate to each 

other in a multivariate space to identify trade-off axes of rooting strategy. We included all 

root functional traits listed in Table 6-4 in the PCA as mean trait values per 0-60 cm root 

profile (Figure 6-4). Despite the community-level root trait differences between 0-10 cm and 

10-60 cm revealed in Table 6-4, the assembly in the multivariate PCA space was similar in 

 

Figure 6-4: PCA biplot of root functional traits. Biplot of principal component analysis 

(PCA) for mean root functional trait values of 0-60 cm root depth along the first two 

principal component axes (PC1 and PC2). Each point represents one root profile of 0-60 

cm and each arrow a root functional trait. The length of the arrows of functional traits 

corresponds to the effect size of the respective trait. Arrows pointing into the same 

direction indicate positive correlation and arrows pointing in opposing directions indicate 

negative correlation. For an explanation of the abbreviations of the traits, see Table 6-1. 
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0-10 and 10-60 cm, thus we only show the PCA for the whole root system (Appendix 5: 

Supplemental Figure 8-22).  

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 trade-off axis between root tissue density (RTD) on the one side and specific root area 

(SRA) and root length density (RLD) on the other side, whereas PC2 displays a trade-off 

axis between specific root length (SRL) and mean root diameter (RD; Figure 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 in Figure 6-4). The four vegetation types were not separated along PC1 or 

PC2, meaning trade-offs in community-level rooting strategy were not associated with 

differences in vegetation types. Across vegetation types, we found the strongest trade-off 

axis along PC1 between SRA and RTD, following a negative power function without 

differences between grazed land and exclosures (R2 = 0.68, p < 0.001, Appendix 5: 

Supplemental Figure 8-23a). The trade-off axis along PC2 between SRL and RD followed a 

linear equation, but was substantially weaker (R2 = 0.12, p < 0.001, Appendix 5: 

Supplemental Figure 8-23b). Both trade-off axes were not influenced by the cessation of 

grazing.  

 

6.3.5  How are Roots and SOC related in Grazed and Ungrazed 

Land?  

In grazed grassland (i.e. grassland, succession birch and succession heath), except for the 

sites in southern Iceland, fine root biomass in 0-10 cm was positively related to SOC 

concentration in 0-10 cm, following a power regression with a model fit of R2 = 0.29 (p < 

0.001; Figure 6-5a). In southern Iceland sites, fine root biomass and SOC concentration were 

not related and they were excluded from the regression analysis. In the exclosures of 

 

Figure 6-5: Association between fine root biomass and soil carbon (SOC) concentration 

in the top 0-10 cm of soil. In grazed grassland sites (a), SOC concentration was positively 

associated with fine root biomass, following a power regression, except for the sites in 

southern Iceland. In ungrazed grassland, including birch and heath succession (b), no 

relation was found. In grazed and ungrazed heathland (c), SOC concentration and fine 

root biomass had a positive relation with a power regression, when sites in southern 

Iceland and two outliers were excluded.  
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grassland, heath succession and birch succession, fine root biomass was not related to SOC 

concentration (Figure 6-5b). In heathland, fine root biomass was positively related to SOC 

in 0-10 cm soil without differences between grazed land and exclosures, following a power 

regression with model fit of R2 = 0.17 (p = 0.016; Figure 6-5c).  

Again, heathland in southern Iceland were excluded from the analysis, as there was no 

relation found. In 0-10 cm, also root diameter had a weak positive (r = 0.18) and root tissue 

density a weak negative correlation (r = -0.16) with SOC concentration (p < 0.05, Appendix 

5: Supplemental Table 8-12). Like in 0-10 cm, SOC concentration was positively related to 

fine root biomass in 10-60 cm soil depth without effects of grazing cessation, when soil 

profiles from southern Iceland were excluded, both in grassland (R2 = 0.21, p < 0.001, 

Appendix 5: Supplemental Figure 8-24a) and in heathland (R2 = 0.22, p < 0.001, Appendix 

5: Supplemental Figure 8-24b). In contrast, above-ground biomass was not related to topsoil 

SOC concentration (Appendix 5: Supplemental Figure 8-25).  

6.4  Discussion 

Our study revealed that the cessation of grazing over multiple decades influenced vegetation 

structure below-ground in sub-arctic grassland and heathland that did not mirror above-

ground responses (Ma 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 below-ground in fine roots (< 

2 mm diameter), concentrated within the topsoil (0-10 cm) and positively associated with 

SOC concentration, which is similar to grasslands globally (McNaughton et al. 1998, 

Vaieretti et al. 2021, Liu, Yuzhen et 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 vegetation type remained grassland or shifted into heathland or 

birch woodland. Instead, plant biomass dominance shifted from below-ground to above-

ground, accompanied by an increased proportion of coarse roots (> 2 mm diameter) and a 

collapsed association between fine roots and SOC concentration.  

Although the cessation of grazing was associated with overall lower root biomass and root 

length density, morphological root functional traits were strikingly similar between grazed 

and long-term ungrazed land and between vegetation types. This indicates that resource 

acquisition and foraging strategies of fine roots are similar at the community-level between 

the vegetation types included in this study, regardless of the grazing pressure, as previously 

suggested by Wang et al. (2023). Community-level root functional traits differed mostly 

between roots in the topsoil and those located deeper than 10 cm, indicating that trait 

variation and rooting strategy are more driven by soil properties and climatic constraints than 

by vegetation type or grazing pressure (Bardgett et al. 2014, Cai et 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 globally (Jackson et al. 1996). Yet, the sharp 

decline of roots with increasing soil depth was more akin to tundra ecosystems than to 

temperate grassland (Radville et al. 2016, Wang, et al. 2016a). 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 particle fraction in nutrient-poor subsoil (Chapter 5; Li et al. 2011; Iversen et 

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 land (Figure 6-1). 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 in the late growing season (Garcia-Pausas et al. 2011, Wang, et al. 

2016b, Liu, Yuzhen et al. 2023). Coarse roots were considerable only in heathland and 

ungrazed birch woodland and were largely confined to the topsoil. This distribution likely 

reflects shrub root-growth phenology which is initiated early in the season while deeper soil 

layers are still frozen, as suggested by evidence from tundra ecosystems (Radville et al. 

2016, Wang, et al. 2016b). 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 heath cover multiple decades after grazing was ceased and heathland started to 

develop (Rodríguez et al. 2007, Gallois et al. 2025, Klopsch et al. 2026b).  

Total root biomass at our sites (mean 17.2 ± 1.1 Mg ha-1) was substantially higher then 

reported from less productive tundra (mean 8.5 ± 0.9 Mg ha-1; Wang et al. 2016a) or 

temperate grassland and heathland to comparable depths (3-10 Mg ha-1; Fiala et al. 2009; 

Arndal et al. 2018; Poeplau et al. 2019; Yang et al. 2021; Yang and Russo 2024) but in the 

range of mountain grassland globally (Pucheta et al. 2004, Fiala et al. 2009, Garcia-Pausas 

et al. 2011, Liu, Yuzhen et al. 2023). In cold climates, such as in alpine or arctic ecosystems, 

plants allocate more resources below-ground, as indicated by generally high root:shoot ratios 

in arctic and alpine plants (Iversen et al. 2015, Qi et al. 2019). The root mass fraction applied 

in our study does not directly reflect root-to-shoot 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 

above-ground that accumulated 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 vegetation type change 

occurred but rather shifted from below-ground dominance in grazed plots (root mass fraction 

> 50 %) to above-ground dominance in ungrazed plots (root mass fraction < 50 %), 

consistent with previous research (Ylänne et al. 2018, Wu et al. 2021). This shows that the 

below-ground perspective is crucial when evaluating vegetation responses to changing 

grazing practices in northern ecosystems (Oñatibia et al. 2017, Ylänne et al. 2018, Träger et 

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 grassland vegetation became 

dominated by few tall-growing grass species or the vegetation type shifted into heath or birch 

woodland. These above-ground changes were likely reflected below-ground with less 

vigorous growth of fibrous roots (Wang, et al. 2016b) and hampered fine root growth of 

low-statured and annual species (Frank et al. 2010, Wu et al. 2021). For example, in a large-

scale grassland experiment, root production decreased over time in species-poor 

communities compared to more diverse communities (Ravenek et al. 2016, Eisenhauer et al. 

2017), supporting our findings of lower root production in ungrazed grassland, which had, 
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on average, a lower small-scale plant diversity than grazed grassland (A.G. Þórhallsdóttir 

and B. Þorsteinsson, unpublished data). Over time, this may result in reduced inputs of C 

from plants into the soil (Jackson et al. 2017, Sokol, et al. 2019a). 

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 via C transferred from root exudates into mycorrhizal fungi or soil microorganisms 

(Jackson et al. 2017, Sokol, et al. 2019a, Chari et al. 2024). Indeed, we found that across 

most sites fine root biomass was positively related to SOC concentration under grazed 

conditions, both in the topsoil and the subsoil. This suggests that the high fine root biomass 

maintained under grazing contributes substantial C into soil that accumulates as SOC over 

time across our sites (Mikola et al. 2009, Fossum et al. 2022, Chavez et al. 2025). In the 

grassland exclosures, the relationship between fine root biomass and SOC concentration 

collapsed due to on average 45% lower fine root biomass, suggesting that markedly less root 

C is entering the SOC pool (Sokol, et al. 2019a). This is in line with a lower topsoil C 

sequestration rate after multiple decades of ceased grazing at our grassland sites (Chapter 5). 

In heathland, grazing pressure 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 and SOC concentration, regardless of grazing. This may be because graminoids 

typically exhibit faster roots growth and turnover than shrubs, making graminoid roots more 

sensitive to grazing (Klumpp et al. 2009, Wang, et al. 2016b, Gallois et al. 2025).  

Alternatively, in heath-dominated vegetation, much of the SOC accumulates in particulate 

organic matter derived from root litter, which could explain the positive relationship between 

roots and SOC concentration in our samples (Beier et al. 2009, Kopittke et al. 2013, 

Duddigan et al. 2024). We excluded the sites in southern Iceland sites from this analysis 

because SOC concentration there was largely unrelated to fine root biomass, especially in 

the topsoil (Figure 6-5). 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 redistribution (Gunnarsson et al. 

2015, Vilmundardóttir et al. 2018). Due to the young soil age, less C accumulated yet in 

these soils compared to the other regions (Chapter 5), despite vigorous root growth. This 

highlights that SOC accumulates slowly over time from the fraction of root and microbial C 

that is not rapidly respired back to the atmosphere (Bai and Cotrufo 2022, Bardgett 2025, 

Zhang et al. 2025). Accordingly, maintaining of large fine root biomass at these sites 

potentially drives continued SOC sequestration (Georgiou et al. 2025). 

6.4.3  Morphological Fine Root Traits are largely unaffected by  

the Cessation of Grazing  

Our analysis of community-level root functional traits revealed that morphological 

characteristics (RD, SRL, SRA, RTD) of fine roots were remarkable similar between grazed 

and ungrazed land and between different vegetation types, likely due to a high functional 

diversity in natural communities (Wang et al. 2023, Cai et al. 2024). As it was for root 

biomass, root functional traits varied mostly between the topsoil (0-10) and roots in deeper 

soil (10-60 cm). In the topsoil, roots occupied the soil more densely (higher 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 roots (Freschet, et al. 2021b, 

Matthus et al. 2025). This could be related to a high functional diversity in the topsoil at the 

community-level (Erktan et al. 2023, Barry et al. 2025). Both very thin short-lived roots for 

resource acquisition and larger, longer-lived roots collaborating with arbuscular mycorrhizal 

fungi (AMF) likely co-exist there, as indicated by the distribution of fine root diameter 

classes (Appendix 5: Supplemental Figure 8-26). The positive correlation between root 

diameter and topsoil SOC concentration, together with the negative correlation for root tissue 

density and topsoil SOC concentration, suggests that AMF association linked to thicker roots 

may enhance formation of SOC, whereas the lower turnover of dense, conservative roots 

contributes less to SOC formation (Guyonnet et al. 2018, Barceló et al. 2020, Sweeney et 

al. 2021). In the deeper soil thin, acquisitive roots (high SRL/SRA, low RTD) may prevail, 

likely serving mostly for exploration and nutrient and water uptake from deeper soil layers.  

The community-level 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 compared to grazed land. 

A high root length density is often associated with fast growing, acquisitive roots with high 

root exudation, turnover rates and rhizosphere activity (Barry et al. 2025). This implies a 

large allocation of photosynthetic accumulated C below-ground in grazed land to sustain 

dense root systems with enhanced transfer of organic C from plants into the soil (Wilson et 

al. 2018, Williams et al. 2022, Xu et al. 2025). Data on CO2 fluxes 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 

(Klopsch et al. 2026b). Grazing-mediated high root density probably also contributes to soil 

stability through increased binding of soil particles (Gould et al. 2016), effectively 

preventing soil and C losses due to wind of water erosion, which is particularly relevant in 

Iceland (Gunnarsson et al. 2015). In the roots below 10 cm, we also found a clear response 

in specific root area to the cessation of grazing across vegetation types: roots under grazing 

had higher SRA, indicating that deep roots of grazed vegetation are thinner, shorter-lived 

and more acquisitive than deep roots of ungrazed vegetation, possibly related to faster root 

turnover rates of grazed roots (Liu, Yan et al. 2023). 

Community-level root functional traits are different from traits measured on individual 

plants or as community-weighted means which are used in most studies (Matthus et al. 

2025). Our community-level traits represented average values of a natural community, likely 

including a high root functional diversity of co-existing roots. In contrast to species-specific 

traits, trait values in our samples were likely more controlled by environmental conditions 

rather than by individual plant resource acquisition strategies (Lachaise et al. 2022, 

Anderegg 2023). In natural communities, fine root morphology seems to be more controlled 

by climate and soil properties, indicated by the weak effects of cessation of grazing on 

functional traits, despite large effects on root biomass and above-ground vegetation 

(Bardgett et al. 2014, Iversen et al. 2015, Wang et al. 2023).  

Our multivariate trait space revealed two major trade-off axes along our community-level 

root functional traits, broadly aligning to the major trade-off axes postulated for the root 

economics space (Bergmann et al. 2020). We identified a conservation trade-off along PC1 

between communities with more fast growing, absorptive roots with short life-span, 

represented by high specific root area and low root tissue density and communities with 
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more slow-growing, conservative roots (high root tissue density, low specific root area, low 

root length density), aligning to previous studies based on community-level root traits (Wang 

et al. 2023, Cai et al. 2024, Yang and Russo 2024). The conservation trade-off is commonly 

defined between root tissue density and root N content (Weigelt et al. 2021). We did not 

measure root N in our samples. We, however, propose the strong relationship between 

specific root area and root tissue density in our samples as reasonable conservation gradient 

for root communities (Appendix 5: Supplemental Figure 8-23a). Notably, the conservation 

trade-off was both evident in the topsoil and the subsoil and unrelated to overall root density, 

supporting the generality of the relationship. Along the conservation trade-off, cessation of 

grazing did not select for a dominant rooting strategy, even with shifting dominant 

vegetation. This finding suggests that grazing was not a major driver of community-level 

resource use strategy in our samples (Weigelt et al. 2021, Wang et al. 2023, Yang and Russo 

2024).  

We identified a second trade-off axis along PC2 between root diameter (RD) and specific 

root length (SRL), although this trade-off was weaker than the conservation trade-off 

(Appendix 5: Supplemental Figure 8-23b). Previous studies associated this trade-off as a 

collaboration trade-off between roots collaborating with arbuscular mycorrhizal fungi 

(AMF), linked to relatively higher root diameter vs. self-reliant roots without collaboration, 

indicated by relatively higher specific root length (McCormack and Iversen 2019, Bergmann 

et al. 2020, Lachaise et al. 2022). In the grassland exclosures, we found that the topsoil roots 

were associated with a smaller community-level root diameter than in grazed grassland. This 

suggests a lower mycorrhizal cooperation and outsourcing of nutrient acquisition to AMF in 

ungrazed compared to grazed grassland (Matthus et al. 2025), potentially contributing to 

lower productivity and respiration that we measured at our ungrazed grassland plots 

(Klopsch et al. 2026b). 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 recently questioned by Yang 

and Russo (2024). Future studies on community-level functional traits should directly 

measure AMF colonisation rates in response to grazing or shifts in vegetation to elucidate 

how such perturbations affect mycorrhizal collaboration in natural communities (Barto and 

Rillig 2010, Kytöviita and and Olofsson 2021). This is particularly relevant for shifts in 

vegetation composition leading to changing mycorrhizal associations, such as succession 

from grassland, primarily associated with AMF, to heathland or woodland, associated with 

ericoid or ectomycorrhiza (Parker et al. 2021, Castaño et al. 2023). The roots below 10 cm 

were generally associated with more self-reliant roots, particularly in grazed land, 

characterised by higher specific root length, indicating that in deeper soil short-lived and 

explorative roots dominated (Yang and Russo 2024).  

6.5  Conclusion 

In this study, we examined how root systems respond in the long-term to the cessation of 

grazing across a broad range of sub-arctic grassland and heathland in Iceland, providing new 

insights into below-ground vegetation dynamics in this region. Overall, grassland root 

systems showed stronger contrasts between grazed and ungrazed land than those in 

heathland. The lower fine root biomass in ungrazed grassland likely diminished rhizosphere 

activity and limit further SOC accumulation due to lower root-derived C inputs, highlighting 

fine roots as a central driver of SOC formation (Sokol, et al. 2019a). Despite large 
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differences in root density, community-level 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 sub-arctic climate and soil conditions (Yang and Russo 

2024).  

In northern ecosystems, plant activity occurs predominantly below-ground, and our findings 

showed that below-ground responses to changing grazing practices diverge from above-

ground patterns, emphasising the importance to incorporate below-ground responses when 

studying ecosystem responses to the cessation of grazing (Bardgett 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 beyond morphology in future 

research to elucidate mechanisms driving community-level rooting strategies in relation to 

soil C dynamics.  
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7  Chapter VII: Conclusions 

7.1  Grazing as a Longterm Regulator of Carbon 

Cycling in Sub-arctic Grassland and 

Heathland 

In this dissertation, I aimed to evaluate how the long term cessation of grazing affects carbon 

(C) cycling in sub-arctic grassland and heathland, using a unique network of multi decadal 

(20-83 years) grazer exclosures with adjacent paired grazed land distributed across the 

Icelandic lowlands (below 200 m a.s.l.). By combining ecosystem CO  flux measurements, 

remote sensed NDVI, soil organic carbon (SOC) stock assessments and root analyses, I 

jointly addressed in four chapters in this dissertation how grazing animals influence 

ecosystem C dynamics from direct atmospheric exchange to below-ground C accumulation 

(Chapter 3 - Chapter 6). The reported findings are in agreement with recent ecological theory 

emphasising the role of large herbivores in the C cycle (Schmitz et al. 2018, Malhi et al. 

2022, Rizzuto et al. 2024). To my knowledge, the data compiled for the four papers in this 

thesis constitute the largest and most comprehensive assessment of CO2 fluxes, 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 most important agricultural activity 

in Iceland, the results presented in this thesis have important implications for climate change 

mitigation within the land use sector in Iceland (Keller et al. 2026). Together, the four 

chapters show that sustained grazing is associated with large ecosystem C turnover between 

gross primary production and ecosystem respiration (acceleration effect; Ritchie et al. 1998; 

Bardgett 2025), while maintaining growing season C sinks (negative net ecosystem 

exchange) and SOC storage, whereas the cessation of grazing weakens these processes in 

the long-term (deceleration effect). Multi-decadal cessation of grazing was also associated 

with an enhanced likelihood of successional shifts from grassland into heathland or birch 

woodland. These successional exclosures were associated 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 mutual beneficial (McNaughton 1985, Olofsson and Post 2018, 

Frank and Fridley 2025, Ylänne 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 atmospheric CO  despite low above-ground biomass (Chapter 3). However, the 

magnitude of this sink was substantially lower under long term cessation of grazing. Net 

ecosystem exchange, standardised to common light and temperature conditions (NEE600), 

was on average 37 % lower in grazer exclosures compared to adjacent grazed land (Figure 

3-2, Chapter 3). This difference was driven by lower gross primary productivity (GPP), 

while ecosystem respiration (ER) remained comparable, resulting in a markedly reduced 

CO2 uptake efficiency under long-term cessation of grazing (Table 3-2, Chapter 3). These 

effects were strongest in grassland and particularly pronounced at ósuccessionô sites where 

grassland on the grazed part transitioned to heathland inside exclosures. At these sites, 
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NEE600 declined by more than 70%, indicating that these vegetation shifts, following 

cessation of grazing, amplify the negative effects of ceased grazing on the C sink strength 

(Te Beest et al. 2016, Sørensen et al. 2019). Importantly, these patterns persisted or even 

augmented across the full exclosure age gradient of 20-83 years (Figure 3-6, Chapter 3), 

demonstrating that lower net C uptake is not a transient effect but a stable long term outcome 

of cessation of grazing in sub-arctic grassland (Lara et al. 2017, Fischer et al. 2022, 

Thorhallsdottir and Gudmundsson 2023). These findings directly address objective (i) of my 

dissertation and support the emerging view that herbivores act as long term regulators of 

ecosystem metabolism. Thereby they enhance C cycling through the ecosystem with a net 

strengthening of the C sink when kept within the ecological carrying capacity of the 

ecosystem (Briske et al. 2020, Rizzuto et al. 2024, Pillar and Winck 2026).  

7.1.2  Linking CO 2  Fluxes to NDVI as a fast Indicator of the C Sink 

Strength  

A key challenge in evaluating the climate change mitigation potential of land use practices 

is scaling local measurements to landscape relevant extents (Virkkala et al. 2021, 2024). 

Chapter 4 shows that ground based NDVI provides a solid proxy for growing season gross 

primary production (GPP600) and net ecosystem exchange (NEE600) in Icelandic grassland, 

regardless of grazed or ungrazed (R² up to 0.80 for seasonal aggregated GPP600; Figure 4-5, 

Chapter 4). Aggregation of NEE over July-August, 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 grassland (-0.44 ± 0.14 Mg C ha-1) 

in ungrazed grassland (-0.07 ± 0.14 Mg C ha-1; Table 4-3, Chapter 4). The calibration of 

ground based NDVI with Sentinel 2 NDVI enabled upscaling of growing season C sink 

estimates across Icelandic lowland grasslands (Figure 4-8; Chapter 4). Although 

satellite based estimates carried substantial uncertainty, the approach successfully captured 

differences in NDVI between grazed and ungrazed grassland, a crucial perquisite for using 

this approach in land management monitoring (Beamish et al. 2020). These results address 

objective (ii) of my dissertation and demonstrate that NDVI can serve as a rapid, scalable 

indicator of grazing mediated C uptake, especially when paired ground-based NDVI 

differences exceed the threshold of NDVIexclosure ï NDVIgrazed (ȹNDVI) > 0.1 (Juutinen et 

al. 2017). With further refinements of the calibration, such an indicator can be a powerful 

support for land-use policy aiming to evaluate the C sink strength of contrasting land use 

practices in sub-arctic grassland on spatial and temporal scales (Räsänen et al. 2019, 

Jespersen et al. 2023).  

7.1.3  Grazing is linked to SOC Sequestration  

While CO2 flux measurements indicate how much photosynthetically assimilated C is taken 

up or released in ecosystems annually or during the growing season, long term climate 

change mitigation depends on how effectively this C is stored (Pillar and Winck 2026). In 

grassland and heathland, most C is typically stored as SOC. Chapter 5 shows that grazer 

exclosures were associated with 8% lower SOC stocks in the top 10 cm of soil compared to 

continuously grazed land (Figure 5-2a, Chapter 5), with no detectable differences in deeper 

soil. Using a root zone enrichment approach, I calculated that grazed grassland sequestered 

on average 0.15 Mg ha ĭ year ĭ more SOC than ungrazed grassland (Table 5-2, Chapter 5). 

In heathland, the results were more variable and less associated with grazing, but relatively 
























































































































































































