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ARTICLE INFO ABSTRACT

Keywords: Afforestation of abandoned grasslands has been proposed as a global climate mitigation strategy, but the climate
Afforestation benefits of tree planting on grasslands remain contentious. Studies worldwide indicate that grassland soils have
Biodiversity

large potential for carbon storage, while semi-natural grasslands often support high biodiversity and provide
multiple ecosystem services, including grazing resources, pollinator habitats, and aesthetic landscape values. In
Grazing boreal and alpine regions of the Nordic countries, grasslands sustain extensive low intensity farming, contrib-
Semi-natural grasslands uting to milk and meat production and enhancing food self-sufficiency. Evaluating the impact of afforestation on
Soil carbon climate mitigation requires a comprehensive assessment that, in addition to the carbon balance, considers both
geophysical forcing (such as albedo and evapotranspiration) and the broader landscape-level effects on biodi-
versity in displaced ecosystems. The article postulates for policy to be inclusive of both biodiversity preservation
and climate change mitigation. Such an approach should be grounded in evidence-based assessments of the
ecological and climate-related impacts of afforestation on the biodiversity of semi-natural grasslands.

Carbon storage
Climate policy
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Introduction

The goals of the Paris Agreement on climate change (UNFCCC, 2015)
and the Global Biodiversity Framework (CBD, 2022) are often over-
lapping, not at least as climate change is a large driver of biodiversity
loss, and synergies in policy approaches are found e.g. in protecting and
restoring wetlands and natural forests. Yet sometimes two goals are
conflicting, as when climate mitigation involves land use change that
may exacerbate loss of habitats important for biodiversity. Achieving
climate goals requires carbon capture, with potential land use conflicts
that may impair the biodiversity goals that emphasize the preservation,
maintenance, and restoration of species-rich habitats. Afforestation,
intending to increase ecosystem carbon sequestration and storage, is a
component of the EU Green Deal (European Commission, 2019). In this
article, we discuss these conflicting objectives, in the context of affor-
estation on abandoned semi-natural grasslands, which are grasslands no
longer maintained by traditional management practices that preserve
their characteristic biodiversity. Here, afforestation refers to denote
policy-driven tree planting in semi-natural ecosystems (as opposed to
recently deforested areas) aimed at carbon sequestration. In this context,
afforestation adds further pressure on the unique and vulnerable
biodiversity of semi-natural grasslands, which are already threatened by
forest encroachment, defined as the increase in the abundance of
(native) woody plants. In the context of Nordic semi-natural grasslands,
encroachment occurs after abandonment of traditional management
practices, such as grazing or hay mowing.

Afforestation on grasslands is a suggested climate mitigation action
worldwide (Doelman et al., 2019), as trees capture carbon in biomass at
higher rates than grasslands. Fast-growing coniferous trees, such as
spruce, are often chosen (Bastin et al., 2019, 2020). However, affores-
tation can degrade the original open ecosystem (Parr et al., 2024) and
must be evaluated against existing belowground carbon storage in the
grasslands (Wieczorkowski and Lehmann, 2022, Veldman et al., 2019,
Seddon et al., 2020). In many cases, afforestation may convert
species-rich semi-natural ecosystems into monocultural production
forests (Parr et al., 2024), more easily monitored and verified for carbon
absorption (Stanley, 2024, Veldman et al., 2015). However, a
single-factor (carbon) commodification of ecosystems is warned against
(IPBES et al., 2022). Data-based, multiple-factor assessments for land
management choices need to be encouraged, in contrast to a
single-factor approach. Moreover, it is important to raise awareness of
the socio-economic context behind the push for afforestation, as it is
fundamentally connected to economy and politics (Hickel, 2018).
Afforestation as land conversion results in loss of semi-natural and “wild
areas” of natural ecosystems (Ellis et al., 2010).

Climate change and biodiversity loss are interconnected global cri-
ses, yet climate change has received more policy attention (Burrascano
et al., 2016, Legagneux et al., 2018, Luyssaert et al., 2018, Ward et al.,
2014). Both crises are deeply rooted in increasing resource extraction.
An update of the planetary boundaries framework finds that six of the
nine boundaries have been surpassed (Richardson et al., 2023). The UN
Biodiversity Conference (COP 15) (CBD, 2022) highlighted the role of
biodiversity in mitigating climate change. The Intergovernmental Panel
of Biodiversity and Ecosystem Services (IPBES, 2022) warned against
decision-making based on narrow sets of values, which prioritize market
values of nature. Afforestation on abandoned grasslands is an example,
with carbon treated as market commodity. To fulfill global goals of
restoring and protecting at least 30 % of ecosystem areas (CBD, 2022),
extensive management of semi-natural land is required. We suggest that
strategies for afforestation on abandoned semi-natural grasslands are
reconsidered and aligned with strategies for restoring semi-natural
grasslands (by clearing forest encroachment and resuming continued
extensive management).

This article draws on the scientific cooperation established through
the Nordic research project (CLIMATE-LAND), which explores the trade-
offs and synergies between biodiversity and climate mitigation in
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relation to proposed afforestation on abandoned semi-natural grass-
lands. The CLIMATE-LAND project included pilot studies in Iceland and
Norway (Fig. 1) and facilitated broad discussion on future research
needs, highlighting the ecological value of grassland and their potential
role in balancing climate mitigation with biodiversity conservation.
Grasslands’ biodiversity varies significantly, based on hydrology, soil
abiotic and biotic properties, and current and historical management
(Lindborg et al., 2008). It is crucial to account for these regional dif-
ferences when aligning land use strategies with multiple environmental
goals, with a particular focus on Nordic semi-natural grasslands in this
study.

In the Nordic countries, semi-natural grasslands comprise both
lowland and alpine (above the tree line) grasslands, with former hay
meadows and pastures grazed by sheep, cattle, reindeer, and other
grazers. In boreal and alpine grasslands, there is summer farming and/or
rangeland grazing. Unless managed by grazing, or other traditional
practices, semi-natural grasslands are subject to encroachment by forest
(below the tree line) or shrub (above the tree line). Current tree lines are
rising with warming climate, however, above the tree line, afforestation
is (by definition) impossible, and the proposed afforestation is on semi-
natural grasslands below the tree line.

There are relatively few studies of the soil carbon potential of Nordic
semi-natural grasslands, and moreover, few of these studies take a
comprehensive approach to both climate mitigation, biodiversity, food
security, and other ecosystem services of the semi-natural grasslands
(Rasse et al., 2019). We aim to explore how these aspects are interrelated
as background to a policy proposal inclusive of both the unique biodi-
versity and the carbon storage potential of semi-natural grasslands.

Nordic semi-natural grasslands: biodiversity, current status, and
challenges

Semi-natural grasslands are transitional ecosystems maintained in an
open successional stage by management practices such as grazing, hay
mowing, or fire (Scasta et al., 2016, Norderhaug et al., 1999). These
ecosystems can only survive if extensive (i.e. low intensity) land use is
upheld (Fig. 2). The European semi-natural grasslands have resulted
from a long history of extensive land use, originating in the Neolithic
period (Dengler et al., 2014). They often possess high biodiversity
(Dengler et al., 2014, Emanuelsson et al., 2024). Some semi-dry,
base-rich semi-natural grasslands in Europe hold the world record for
vascular plant-richness on a small scale (Wilson et al., 2012), and also
support high diversity in associated groups of animals, such as insect
pollinators (Ockinger and Smith, 2007, Ekroos et al., 2013). Many plant
species associated with semi-natural grasslands originated in natural
grasslands (Dengler et al., 2014). Most European plant species occur on
sunny or half-shady microhabitats (Ellenberg et al., 1991). The unique
biodiversity of semi-natural grasslands is often explained by grazing and
hay mowing, leading to reduced competition for light, reduced build-up
of biomass, a more open landscape (by preventing encroachment of
shrubs and trees), and low soil nutrient (N and P) levels (Pykala 2005).
Although the extent of openness in past European landscapes is debated,
Pearce et al. (2023) argue that, before anthropogenic impacts, large
herbivores maintained the open landscapes without dense forests.
Pearce et al. (2023) warn against nature restoration by tree planting
since increased shading and soil acidity may create unfavorable condi-
tions for biodiversity developed in heterogeneous landscapes.

In the Nordic countries, the area of semi-natural grasslands has
significantly decreased over the last century due to the intensification of
agriculture, land development, and abandonment of grazing and other
traditional practices (Aune et al., 2018), resulting in habitat loss and loss
of biodiversity (Emanuelsson et al., 2009). Red lists of endangered
plants, fungi, insects, birds, and other groups of organisms document the
status of species depending on semi-natural ecosystems. In Norway,
29 % of the threatened species depend on these ecosystems (Norwegian
Biodiversity Information Centre, 2021). In Sweden, semi-natural
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habitats are critical for 34 % of the red-listed species (SLU Swedish
Species Information Centre, 2020) and in Finland for 24 % (Finland’s
Environmental Administration, 2019). Afforestation results in the loss of
grassland habitats, with a low likelihood or slow rate of recovery
(Buisson et al., 2022). Plant species may persist long after abandonment,
implying a potential for grassland restoration by resumed traditional
management. However, persistence time is shorter after afforestation
due to abrupt and large changes in vegetation, soil conditions, and loss
of light (Lennartsson, 2016).

A pilot study of the CLIMATE-LAND project explored biodiversity
and conditions for biodiversity at three study sites in Norway (Fig. 1)
with different grazing pressures (Emanuelsson et al., 2024). Biodiversity
was highest in the semi-natural grassland with moderate grazing pres-
sure, lower with light grazing pressure, and the lowest in the abandoned
semi-natural grassland. Conditions for biodiversity were studied at
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landscape level, comparing the semi-natural grassland with planted
coniferous forest landscapes and abandoned pasture landscapes. The
results showed that conditions for biodiversity were best in the land-
scapes with semi-natural grassland and worst in the landscapes with
planted coniferous forests (Emanuelsson et al., 2024).

Nordic semi-natural grasslands: carbon

Grasslands store approximately one-third of global terrestrial carbon
stocks (Bai and Cotrufo, 2022). A key question is whether management
for biodiversity, by grazing, may also maintain already stored and
potentially increase soil carbon, and how large this benefit might be
compared to the potential climate benefit of afforestation. Evidence is
contrasting, depending on regional differences, and there are large un-
certainties in long term effects on soil carbon under land use change
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Fig. 1. Pilot study sites of semi-natural grasslands in Iceland and Norway in the CLIMATE-LAND project. The project examined carbon balance at three study sites in
Iceland (Thorhallsdottir and Gudmundsson, 2023) and biodiversity and environmental conditions at three study sites (and two supplementary areas) in Norway
(Emanuelsson et al. 2024), each site subjected to varying levels of grazing pressure.
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(Fig. 2). The potential for increased soil carbon in semi-natural grazing
land is uncertain, especially in mountain grasslands (De Wit et al.
(2015), yet studies point out that, in general, there are substantial effects
of grazing and of forest expansion on vegetation dynamics that affect the
soil carbon potential (Rasse et al., 2019). More knowledge is needed on
the interaction of grazing, soil carbon, and other grassland ecosystem
services (Austrheim et al., 2016), and whether soil carbon sequestration
in grazing land can offset methane emissions from ruminants and how
the effect of grazing on vegetation can affect albedo of grassland.
Although there is lack of evidence on soil carbon in Nordic semi-
natural grasslands, several studies have explored effects of grazing,
especially in mountain grazing areas, and estimated soil carbon in semi-
natural grazing land in Norway and how it is impacted by grazing in-
tensity. In a sheep grazing mountain area, Speed et al. (2014) estimated
soil organic carbon to about 13 kg/m? for high grazing intensity (soil
depth 22 cm) and about 21 kg/m? for long-term (50 years) grazing
exclusion (soil depth 29 cm), but the difference was not significant, and
carbon pools were more influenced by soil type than by sheep exclusion.
In another mountain area in Norway, with drier climate, Martinsen et al.
(2011) found that seven year of high grazing pressure reduced soil
organic carbon stocks compared to non-grazed areas, while moderate
grazing pressure increased the soil organic carbon stock. Soil carbon was
estimated to about 7.9 kg/rn2 (sum of O-horizon, mean depth 8.4 cm
and mineral horizon, mean depth 17.8 cm) (Martinsen, 2011).This is
comparable to estimates for soil carbon in European mountain grass-
land, reported to 8-10 kg/m? (to 30 cm depth) Sjdgersten et al., (2011)),
for tundra and boreal forest about 18 kg/m? and 12.5 kg/m? respec-
tively (to 3 m depth) (Jobbagy and Jackson, 2000). For comparison, soil
carbon in forest in Norway was estimated to 10.2-31.3 kg/m? (soil
depth 32-70 cm and some profiles to 1 m depth) (Strand et al., 2016),
with large variation between soil types, and average soil carbon stocks
for cultivated land in Norway were estimated to 15.5kg/m? (to

Maintained semi-natural grassland

ED? NP

Unique grassland biodiversity and other
ecosystem services, soil carbon, albedo

Abandoned semi-natural grassland,
no livestock grazing, forest encroachment

D7 N

Loss of unique grassland biodiversity and
other ecosystem services, some increase in
carbon in aboveground forest biomass,
uncertain effect on soil carbon, reduced albedo
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maximum 1 m depth) (Rasse 2019). The studies of grazing on
semi-natural mountain grasslands in Norway indicated that the effects
on soil carbon vary considerably and are sensitive to environmental and
climatic factors, and the estimates were both higher and lower than the
average for European mountain grasslands, as well as the average for
forest in Norway (summarized in Table 1). This variation across sites
underlines the need for carrying out large-scale studies of soil carbon in
Nordic semi-natural grasslands to obtain results that are applicable for
climate change mitigation strategies.

Grazing intensity is found to be a key factor for effects on soil carbon.
It is crucial to distinguish between semi-natural and intensively
managed grasslands. Intensively managed grasslands — and cropland -
do not retain soil organic carbon to the same extent as semi-natural
grasslands, although this varies depending on climate, soil type, and
management practices (Lindborg et al., 2023). Lindborg et al. (2023)
argue that soil carbon storage may be higher in semi-natural grasslands,
especially those with trees (wood pastures), compared to agronomically
improved grasslands. Martinsen et al. (2011) point out that small
changes in grazing pressure can have an effect on soil carbon, and that a
grazing pressure adapted to the productivity of the ecosystem can
stimulate plant growth and thus increase the amount of soil carbon.
These studies, highlighting the importance of grazing intensity, point to
the need for enhanced knowledge synthesis for supporting climate
change mitigation strategies aligned with agricultural practices.

New data from Iceland shed light on the effects of grazing manage-
ment and, moreover, the importance of continuity of grazing over time.
A pilot study of the CLIMATE-LAND project explored soil carbon fluxes
and stocks in semi-natural grasslands in Iceland and found higher CO4
uptake on grazed sites compared to non-grazed sites that were otherwise
similar (Thorhallsdottir and Gudmundsson, 2023). The annual change
over 50 years in soil carbon stock was 0.14 kgC/m? and 0.07 kgC/m? for
grazed sites and non-grazed sites, respectively (Thorhallsdottir and

Afforested semi-natural grassland

albedo

Goz_eq ? P,

Loss of unique grassland biodiversity and
other ecosystem services, large increase in
carbon in aboveground forest biomass,
uncertain effect on soil carbon, loss of albedo

Fig. 2. A schematic overview illustrating the discussion of trade-offs and potential synergies related to the climate change mitigation potential, biodiversity
maintenance and loss, and other ecosystem services in three stages of the semi-natural grasslands, i.e. maintained, abandoned and afforested. The comparison of
climate mitigation potential across the land use alternatives has focus on effects on soil carbon and albedo, and the effects on the atmospheric exchange of greenhouse
gas balances, in terms of CO,-equivalents, are not further hypothesized. With forest encroachment, there is loss of unique grassland biodiversity and other ecosystem
services, possibly loss of soil carbon, although increasing soil carbon over time, and reduced albedo. With afforestation, carbon in aboveground forest biomass
increases, while there is loss of soil carbon after tree planting and increasing soil carbon over time, loss of unique grassland biodiversity and other ecosystem services,

and loss of albedo.
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Table 1
Overview of soil carbon estimates comparing grazing land to other ecosystems.

Ecosystem Soil carbon Soil depth Comment Source

Mountain grazing land - 13 kg/m? 22 cm No significant difference high intensity and Speed et al. (2014)
Norway grazing exclusion
High grazing intensity

Mountain grazing land - 21 kg/m? 29 cm No significant difference high intensity and Speed et al. (2014)
Norway grazing exclusion
Long term grazing
exclusion

Mountain grazing land - 7.9 kg/rn2 Sum O-horizon (mean 8.4 cm) and mineral Drier climate Martinsen et al. (2011)
Norway horizon (mean 17.8 cm)

Mountain grasslands - 8-10 kg/m? 30 cm Sjogersten et al. (2011)
Europe

Tundra - regional average 18 kg/m? to3m Jobbagy and Jackson (2000)

Boreal forest - regional 12.5 kg/m? to3m Jobbagy and Jackson (2000)
average

Boreal forest - Norway 10.2-31.3 kg/ 32-70 cm, Strand et al. (2016)

m? some profiles to 1 m
Cultivated land - Norway 15.5 kg/m? to maximum 1 m Rasse (2019)

Gudmundsson, 2023). These numbers are of the same order of magni-
tude as land-use-related factors applied in greenhouse gas reporting for
Iceland to the UNFCCC and the Kyoto Protocol (Keller et al., 2019). The
grazed sites also had higher soil organic carbon levels, indicating that
grazing can contribute to increase or maintain soil organic carbon. The
results indicate a considerable reduction in soil organic carbon when
grazing is discontinued. Net ecosystem exchange over the growing
season is 3.72 tCOy/hectare and 2.16 tCOy/hectare for grazed sites and
non-grazed sites, respectively, thus grazing seems to nearly double
carbon sequestration per unit area (Thorhallsdottir and Gudmundsson,
2023). This study demonstrates the importance of a known timeline for
land use on the study sites and the long continuity of grazing, reflected in
the soil. Ongoing studies in Iceland, comparing 38 semi-natural grazed
sites with parallel long-term non-grazed sites, confirm the findings of
Thorhallsdottir and Gudmundsson (2023) and indicate that grazing in-
tensity is an important factor influencing soil carbon content (Tho-
rhallsdottir, unpublished data).

Other studies also found that grazing intensity significantly affects
soil organic carbon content. A global meta-study (based on 287 publi-
cations) of effects on soil organic carbon of grazing intensities, found
that light grazing intensity significantly increased soil organic carbon (to
10 cm), while heavy and moderate grazing intensity reduced soil
organic carbon (Lai and Kumar, 2020). Grazing intensity was not uni-
formly defined in the meta-study, as the grazing intensities (light,
moderate and heavy) were defined by each publication, with different
criteria, including the number of grazing animals per unit of area, as well
as environmental factors, defining grazing intensity differently in
different grazing lands (Lai and Kumar, 2020). In a study of grazing
exclusion, Roy and Bagchi (2022) found that grazing lead to increased
soil carbon and refer to empirical estimates from around the world
indicating that moderate grazing intensity can increase soil carbon,
compared to grazing exclusion. The results of Roy and Bagchi (2022)
indicate a linkage between herbivores and soil microbes that can
lengthen the residence time for soil carbon, and they point to the study
by Lundgren et al. (2020) that the influence of herbivores on grazing
ecosystems may be of high importance for soil carbon continuing to
provide climate change mitigation.

Considering belowground biota and processes is important for
improved assessments of the climate mitigation benefits of maintaining
semi-natural grasslands versus afforestation on abandoned semi-natural
grasslands. It has become clear that the mycorrhizal associations of the
vegetation are closely related to soil nutrient cycling and carbon storage
across ecosystem types and biomes (Read and Perez-Moreno, 2003,
Steidinger et al., 2019). Grassland vegetation typically forms arbuscular
mycorrhiza, while most boreal and subarctic trees form ectomycorrhiza.
Thus, any vegetation change will also involve immediate shifts in

mycorrhizal fungal communities. These mycorrhizal types are formed by
species-rich fungal communities that associate with plant roots and
possess contrasting mycelial growth patterns and capacities to decom-
pose and mobilize nutrients from the soil (Smith and Read, 2008). A
study in a Norwegian mountain area compared carbon pools in a
grassland, an Empetrum-dominated heath and a Salix-shrub community
and found that grasslands had the largest total ecosystem carbon pool as
compared to the other vegetation types (Sgrensen et al., 2018). The total
ecosystem carbon pool in the semi-natural grassland was twice that of
the shrub community due to more soil organic carbon. The heath com-
munity stored one and a half times more carbon than the shrub com-
munity. The large difference in carbon pools in the three habitats
indicate that shrub-dominated areas may be draining the carbon-rich
alpine soils because of high rates of decomposition (Sgrensen et al.,
2018). Other studies also suggest that soil carbon could be lost with
forest expansion into previously unforested mountain ecosystems, likely
due to a parallel shift in belowground biota (Clemmensen et al., 2021,
Tonjer et al., 2021). Overall, afforestation of grasslands (and heath-
lands) would promote ectomycorrhizal fungi at the expense of arbus-
cular (and ericoid) mycorrhizal fungi, which will likely lead to soil
carbon loss due to accelerated decomposition of soil organic matter in
the presence of trees and mycorrhiza fungi (Parker et al., 2021, Tonjer
et al., 2021, Clemmensen et al., 2021, Castano et al., 2022). The asso-
ciation of grassland plants with arbuscular mycorrhizal fungi likely has a
positive long-term effect on grassland soil carbon stocks through
mycelial growth, particularly in the subsoil (Sosa-Hernandez et al.,
2019). To summarize the evidence, the issue is to what extent the carbon
gains from aboveground biomass growth, often the main motivation for
afforestation, can offset the soil carbon loss due to changes in mycor-
rhizal communities resulting from afforestation. The evidence indicates
that this is only partly true, as trees only partly compensate for the soil
carbon loss from afforestation, and it takes time before forest soil carbon
is built up (Strand et al., 2021). However, if the reduced albedo is
considered, there may be loss of climate mitigation potential from
afforestation, and moreover, afforestation has a high cost in terms of loss
of unique biodiversity (Fig. 2).

Afforestation as climate policy: soil carbon, albedo, and
biodiversity

In Norway, afforestation was implemented as a climate policy mea-
sure in a pilot phase (Norwegian Environment Agency et al., 2013).
Afforestation was proposed for abandoned grasslands, defined as open
areas no longer under traditional management, i.e., areas under forest
encroachment that do not yet meet the forest definition (10 per cent
canopy cover) (Norwegian Environment Agency et al., 2013). Typically,
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abandoned semi-natural grassland in Nordic (boreal) regions undergo
succession to deciduous forest and further on to coniferous forest. An
aspect of the afforestation policy involved replacing deciduous forest
with coniferous trees.

In global studies, evidence is contrasting on the effect of afforestation
on soil carbon of semi-natural grasslands. Mayer et al. (2020) reviewed
meta-analyses at regional and global scales and found that while affor-
estation on cropland may result in a significant increase in soil carbon, in
contrast, afforestation of grasslands, soil carbon may in general remain
unchanged or decrease. Poeplau et al. (2011) found that 75 % of
grassland-to-forest conversions showed soil carbon loss, even after 100
years. Stocks of soil carbon differ under different tree species, with
coniferous species accumulating more carbon in the forest floor and
broadleaved species tending to store more carbon in the mineral soil.

For Nordic semi-natural grasslands, evidence on effects of affores-
tation on soil carbon is limited. We lack studies from Nordic environ-
mental conditions and can only to some extent infer from international
studies as effects on soil carbon are context-specific, depending both on
environmental condition and management regimes, that typically show
great variations in Nordic countries, spanning wide gradients of topog-
raphy. Summarizing the effects of the pilot afforestation in Norway,
drawing on several studies from Norway, Sggaard et al. (2023)
concluded that the impact of afforestation on soil carbon in abandoned
grazing land is not straightforward, and may potentially have a negative
effect on soil carbon. Moreover, the finding that afforestation on grazing
land may reduce soil carbon stocks is supported by a meta-study of ef-
fects on soil carbon of afforestation in Northern Europe (Barcena et al.,
2014). This result is consistent with the standard methodology used in
the national greenhouse gas emission inventory report under UNFCCC
(Norwegian Environment Agency et al., 2022), which indicates that
converting grazing land to forest results in a loss of soil carbon (Spgaard
et al., 2023). However, the effects on soil carbon of afforestation on
grazing land can vary considerably between sites, depending on soil
conditions and environmental factors. An example is a study of affor-
estation in Mid-Norway, by Strand et al. (2021), with a 50-year-old
plantation of Norway spruce (Picea abies L.) on former pasture land.
Their hypothesis was that the afforested site had reached a higher soil
carbon stock than the adjacent pasture site. Since no soil measurements
were taken 50 years ago, the effect of afforestation was explored by a
“space-for-time” approach, with the study site selected on a farmland
where part of the area was converted from agricultural use to plantation
forest. The study found no significant difference in soil carbon (down to
30 cm between the grassland and the afforested site, 50 years after
planting. Moreover, soil carbon stocks in the afforested plantation were
not significantly different from those in a nearby 80-year-old forested
area - suggesting that the potential for further increasing soil carbon
stocks in the upper 30 cm of the soil by afforestation is not large. The
study was done on fine-textured soil, and the agricultural site had high
bulk density, presumably from soil compaction from grazing cattle.
Thus, the similar soil carbon stocks in agricultural site and forest stands
might in part be a consequence of high soil compaction and lower soil
organic matter content in the agricultural site compared with the forest.
Although forest sequesters more carbon aboveground compared to
pasture, it is highly unlikely that forest planting on fine-textured soils
will lead to any significant increase in stable soil carbon. This should be
taken into account in the discussions of trade-offs of afforestation in a
climate perspective, where carbon sequestration must be balanced
against values of other ecosystem services (Strand et al., 2021).

The climate mitigation potential of afforestation strongly depends on
the forest harvest management. For afforestation as a climate policy, it is
suggested that the plantation forests are harvested after about 70 years
to initiate a new growth cycle and maintain high growth-rates and
sequestration rates. The large uncertainty in estimates of the carbon
balance recovery time after forest clear-cutting is emphasized by Peichl
et al. (2023). Increased carbon storage may be a result in the short term
while trees are growing (Kauppi et al., 2022). However, the long-term
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effects on climate mitigation are questioned (Peng et al., 2023). Forest
harvesting generally reduces soil carbon stocks, most evidently in the
organic horizon, although there are indications of losses in deeper soil
layers (60-100 + cm) (Mayer et al., 2020), and it takes several decades
for soil carbon to recover (James and Harrison, 2016). In the boreal
forests of Fennoscandia, coniferous forests typically mature within
70-120 years, with large areas harvested in a 70-100-year rotation cycle
(Maattanen et al., 2022). In Norway, forests are often harvested before
reaching mature age, resulting in reduced carbon uptake (Belbo and
Granhus, 2023), thereby creating a carbon debt (Holtsmark, 2012). A
recent study, based on the Norwegian national forest inventory, finds
that old boreal forests, more than 100 years older than recommended
rotation length, continue to sequester carbon for several decades and
maintain carbon in biomass and soil better than previously assumed
(Stokland, 2021). Thus, old forests contribute more to climate mitiga-
tion than generally assumed, a result that points to the importance of
managing existing natural forests for climate mitigation and other
ecosystem services provided by forests, in contrast to afforestation with
plantation forest and cutting in a 70-years cycle. Stokland (2021) em-
phasizes that from a climate mitigation perspective, it seems a good
strategy to extend the rotation length beyond what is currently recom-
mended (assuming that the old forest stand density is satisfactory).
Presumably, old, originally planted forests would show the same pattern
of carbon accumulation as found by Stokland (2021). However, the
policy of afforestation with plantation forest assumes that such planta-
tions are cut in the standard rotation cycle. The result that old forests
contribute more to climate mitigation than generally assumed, points to
the importance of managing existing natural forests for climate miti-
gation and other ecosystems provided by forests, in contrast to affores-
tation for climate purpose, with the condition to plant new forest and cut
in a 70-years cycle (or before). Moreover, single-species plantation
forest may have weaker conditions for reaching old age since they may
be more exposed to storm damage and insect pests than multi-species
forests with age-diverse stands. There is also less plant biodiversity
(Skarpaas, og Halvorsen, 2022) in planted forest stands and less plant
biodiversity in coniferous planted stands as compared to birch forest
(Kjgnaas et al., 2021).

Besides greenhouse gas balances, afforestation as a climate policy
must consider the influences on the geophysical components of the en-
ergy budget (Bonan, 2008). For example, afforestation of grassland de-
creases albedo, which is the proportion of solar radiation reflected from
the land surface back to the atmosphere. Tree cover often absorbs more
solar radiation than other land covers, due to darker surface and less
snow, thus partially counteracting the mitigation effect of afforestation.
While Mooney et al. (2020) suggested that albedo impacts cannot
definitively support or dismiss afforestation as a climate mitigation
policy, changes in albedo are considered a significant concern for miti-
gation efforts in the boreal region (Griscom et al., 2017, Hasler et al.,
2024, Lawrence et al., 2022). The importance of herbivores to reduce
the abundance of shrubs and maintain higher albedo is emphasized by
Olofsson and Post (2018) in their study of Arctic tundra. A study on the
expansion of mountain birch forest in Norway found that the reduced
albedo - when forest replaced open grasslands in mountain areas,
snow-covered in winter - outweighed the increase in carbon uptake from
forest expansion, leading to a net warming effect of birch expansion (De
Wit et al., 2014). On the other hand, substitution of coniferous forest
with birch forest by active forest management resulted in substantial
cooling compared to expansion of coniferous forest, since birch forest
has higher albedo than coniferous forest, especially during winter
(Bright et al., 2014). Thus, forest encroachment of open areas will lead
to climate warming while replacement of coniferous stands with birch
would lead to cooling.

Summarizing the evidence on climate change mitigation potential,
climate policy should prioritize enhancing carbon sequestration in areas
best suited to environmental conditions while also considering regional
and local perspectives to identify suitable areas. Integrated policy
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approaches and public acceptance are key in ensuring the effectiveness
of such strategies. In this context, public opinion on conservation and
environmental policy is particularly important, especially in contested
issues like afforestation. Simply providing more information available
does not guarantee that policy makers will make scientifically informed
decisions (Kahan, 2010). However, the legitimacy of conservation pol-
icies often hinges on the public support and exploring people’s prefer-
ences and the factors shaping their views, is essential for effective
communication and policy design (Kahan, 2010).

Considering the climate policy options, it is crucial to gain insight
into the public support for climate policies that are affecting the envi-
ronment and biodiversity. Official surveys, such as the EU survey
Eurobarometer on environmental attitudes, and the People and Nature
Surveys for England, conducted by the UK’s Department for Environ-
ment, Food & Rural Affairs and Natural England, provide valuable in-
sights into public preferences. Peoples’ preference for landscapes, in
particular, offer useful information for shaping policies on climate and
biodiversity. In the CLIMATE-LAND project, a choice experiment survey
conducted with a representative sample of the population in Norway
examined public preferences regarding afforestation and the restoration
of abandoned semi-natural grasslands. The survey revealed strong sup-
port for strategies that integrate climate mitigation with biodiversity
conservation (Iversen et al., 2021). Respondents evaluated different
scenarios, considering the impacts of afforestation and grassland resto-
ration on landscape aesthetics, biodiversity conservation, and climate
mitigation efforts. Two scenarios stood out as particularly popular: one
where 50 % of abandoned semi-natural grasslands are restored to pro-
tect biodiversity, and another where 50 % are restored while 25 % are
afforested. The results underscore support for balancing biodiversity
protection with afforestation efforts, highlighting the importance of
landscape and biodiversity values in shaping policies that aim to achieve
multiple objectives (Iversen et al., 2021). The preference for the second
scenario, where twice as much land is restored as is afforested, suggests a
public inclination toward restoration, two units of grassland for every
one unit afforested. As pointed out by Kahan (2010), in the communi-
cation from science to policy, to ensure a legitimate policy on nature
conservation, it is vital to ask questions about people’s preferences.

Nordic semi-natural grasslands: food self-sufficiency

Species-rich semi-natural grasslands provide multiple ecosystem
services, including grazing resources, habitats for pollinators and in situ
conservation of genetic resources from wild relatives of domesticated
plants (Bengtsson et al., 2019, Bratli et al., 2012). In Nordic and other
countries where crop cultivation is climatically constrained, livestock
grazing of semi-natural grasslands, especially in the north and in alpine
areas (rangeland), supports milk and meat production through extensive
(low-intensity), rather than high-intensity, farming. A study initiated by
Nordic Council of Ministers explored the potential for enhanced food
self-sufficiency while at the same time meeting climate targets (Nordic
Council of Ministers, 2017). They emphasized the importance of Nordic
countries to utilize their natural potential for food production, given the
climatic constraints, which calls for cultivating grain and vegetables on
the arable land, and using semi-natural grasslands for grazing to obtain
milk products and meat. The study found that especially in Norway
which has only small areas of arable land, it is especially important to
use the large areas of semi-natural grasslands land for grazing rumi-
nants, to obtain better food self-sufficiency and contribute to a sus-
tainable food future. The ruminants convert grass, that cannot be
consumed by humans, into high-protein food for humans. Moreover, the
grazing ruminants have an important role in maintaining open land-
scape and unique biodiversity (Nordic Council of Ministers, 2017).

Semi-natural grasslands provide food of high nutritional and
gastronomic value (Bele et al., 2018), reflecting the landscape and cul-
tural heritage (Bele et al., 2024). A study of grazing on semi-natural
alpine grasslands used for summer farming in Norway found high
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levels of antioxidants in mountain plants, contributing to the high
quality of milk produced from alpine ranges (Sickel et al., 2012). Eco-
nomic incentives are needed to encourage multifunctional agriculture
(Helfenstein et al., 2024), particularly targeting continued grazing of
semi-natural grasslands (lhse, 2017). In a pilot study of the
CLIMATE-LAND project, Hillestad (2018) interviewed farmers in areas
selected for afforestation in Norway and found that farmers preferred
agricultural support for grazing rather than for afforestation. A Swedish
study suggested that grazing in pasture-forest mosaics could be more
profitable than forestry (Kumm and Hessle, 2020), by creating large
grazing areas from wooded semi-natural pastures and previously grazed
forests (Kumm and Hessle, 2023). Further, when comparing afforesta-
tion and grazing of semi-natural grasslands, it is important to differen-
tiate between local, national, and global benefits in order to target the
environmental, economic, and social aspects of the global Sustainable
Development Goals. While grazing supports local and national food
self-sufficiency, the benefits of afforestation may accrue to stakeholders
involved in large-scale greenhouse gas emission accounting in the global
carbon market (Kolinjivadi et al., 2019, Stanley, 2024).

Conclusions

Semi-natural grasslands, often targeted for afforestation, play an
important role in storing soil carbon and should not be overlooked in
climate policy decisions. Given their unique biodiversity and the threat
of habitat loss, the impact of afforestation on these areas warrants
careful consideration (Fig. 2). Policymakers must focus on the man-
agement of both alpine and lowland grasslands, where extensive man-
agement practices, such as grazing, are essential to sustaining these
ecosystems. In weighing trade-offs involved in afforestation from a
climate perspective, carbon sequestration must be balanced against
other ecosystem services, such as biodiversity, the aesthetic value of
open landscapes, and the livelihoods and food production from small-
holder grazing on semi-natural grasslands.

To meet the obligations of the Global Biodiversity Framework (CBD,
2022), semi-natural grasslands must be preserved through extensive
management practices, within agricultural landscapes. We recommend
an inclusive policy approach, that integrates agricultural policies to
preserve the unique biodiversity of semi-natural grasslands while also
preserving their soil carbon stocks. A stronger knowledge base is needed
to assess trade-offs and synergies in land use (Polasky et al., 2008) to
achieve multiple environmental objectives (Olsson et al., 2012) within a
cohesive framework of a “climate and nature cure” (Rusch et al., 2022).
Here, accurate mapping of grassland ecosystems, accounting for man-
agement intensity, is essential to identify biodiversity hotspots and
promote more diverse agricultural landscapes. This aligns with the
recommendations of the international System of
Environmental-Economic Accounting-Ecosystem Accounting (United
Nations, 2021) and the Global Biodiversity Framework (CBD, 2022).
The wide variation and uncertainty in soil carbon estimates, as well as
the importance of factors such as albedo and evapotranspiration, illus-
trate the need for more knowledge. More research is needed to evaluate
how management practices impact the soil carbon potential of Nordic
semi-natural grasslands (Norderhaug et al., 2023), ensuring that policies
for climate mitigation, biodiversity conservation, and other ecosystem
services, including food self-sufficiency, are aligned effectively.
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