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Abstract

Forests are important carbon sinks and can help mitigate climate change. Sustainable
management of forests is needed to maximize the carbon storage potential. Land-use legacy
and management may affect the forests’ current carbon stocks and future storage, currently
this is little known. Therefore, knowledge about how factors like previous land-use and
management affect the ecosystems carbon stocks is important to understand how to best
manage the forestsin a climate mitigation perspective. This thesis investigates differences in
the major carbon stocks, i.e., soil, deadwood, litter, and vegetation in Danish deciduous
forests, and if these potential differences could be explained by different land-use history or
management. All the forest stands in this thesis were given either a land-use history category
(i.e., defined by land-use the forest stand had at the 17*" century, i.e., forest, fields, or plains,
and dominating tree species, beech (Fagus sylvatica) or oak (Quercus robur)) or a
management category (i.e., defined by harvest and other management measures). The results
showed no statistically significant differences between forest stands with different land-use
history or management in any of the major carbon pools, with an exception for some of the
land-use history categories in the shrub layer (i.e., ancient oak forest vs. beech forest on
previous plains, and ancient oak forest vs. oak forest on previous fields, where the ancient
oak stands were smallest) and the tree layer and below-ground vegetation (i.e., beech forest
on previous fields vs. ancient beech forest, and beech forest on previous fields vs. beech
forest on previous plains, where the beech stands on previous fields were smallest). For both
the wood litter, some of the land-use history categories were close to be statistically
significant different from each other. The above-ground carbon pools were statistically
significantly larger than below-ground carbon pools. As expected, the three different soil
depths showed a significant difference, with the soil carbon content decreasing with depth,
but this trend was only observed in the forest stands with different land-use history and not
management. No clear difference was found between the forest stands with different land-use
legacy and management. This could be linked to the small sample size in this project making
any small differences untenable, or because for the management comparison among the forest
stands no differences were found, this could be because managed forests were treated
similarly to the unmanaged during the last 25 years, or maybe no difference were found
because there is no difference between the stands. Overall, in conclusion, there are not any
clear differences in the major carbon pools between the forests with different land-use history

or management.
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Sammendrag

Skog er viktig karbonsluk, og bidrar med a hjelpe a dempe klimaendringene. Barekraftig
forvaltning av skogen er ngdvendig for a kunne maksimere effekten av karbonslukene.
Effekten av tidligere arealbruk, og navaerende forvaltning pa skogens karbonlagre er lite
kjent. For & kunne forvalte skogene gunstig i et karbon- og klimaperspektiv er det ngdvendig
med kunnskap om hvordan arealbruksendring og forvaltning pavirke skogen. | denne
avhandlingen undersgker jeg om det er noe forskjell i de viktigste karbonlagrene (dvs. jord,
ded ved, strg, og vegetasjon) i dansk lgvskog, og om denne forskjellen kan knyttes til
arealbruksendringshistorien og forvaltning. Alle skogbestand i denne oppgaven befinner seg i
Sjeelland, Danmark, og er gitt en arealbruks kategorien eller forvaltning kategori. Arealbruks
kategorien er definert av hvilken tresort som dominere, bgk (Fagus sylvatica) eller eik
(Quercus robur), og arealbruk i skogbestand pa 1600-tallet (dvs. skog, dyrka mark, eller
sletter/beitemark). Ved forvaltning kategorien er skogene definert som enten forvaltet (dvs.
hogst) eller ikke-forvaltet (dvs. urgrt, ingen hogst). Resultatet viste ingen statistisk signifikant
forskjell i karbonlagrene mellom skogbestander med ulik arealbrukshistorie eller forvaltning,
med unntak av noen av arealbrukskategoriene i busk-sjiktet, tre-sjiktet, og underjordisk
vegetasjon. For vedaktig strg tyder det pa at det kunne vert en forskjell mellom noen av
arealbrukshistorie kategorien. Som forventet avtok karbon innholdet med dybden i jorden
innad en arealbruksendring kategorien, men ingen tydelig forskjell mellom skogbestander
med ulik arealbruksendring kategori. Ingen klar forskjell ble funnet i gkosystem
karbonlagrene i bestander med ulik arealbruksendring og forvaltning, dette kan skyldes
begrenset datagrunnlag som er for lite til & oppdage mulige sma forskjeller. En annen mulig
forklaring er at de forvaltet skogene har de siste 25 arene blir behandlet som ikke forvaltet, og
har bygget opp karbon lagrene pa lik linje som det ikke-forvaltete. Eller rett og slett fordi det
ikke er noen forskjell mellom skogbestandene. Avslutningsvis, denne avhandling kunne ikke
bekrefte noen av hypotesene om at det er en forskjell i karbonlagrene i disse danske

Igvskogene som kan forklares av ulik arealbruksendring eller forvaltning.

Keywords/ngkkelord: Carbon stocks; ecosystem carbon; carbon storage; land-use change;
management; temperate forest; deciduous forests; Denmark; soil; litter; deadwood;
vegetation; shrub layer; tree layer; above-ground; below-ground vegetation; climate

mitigation
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1 Introduction

The global climate on Earth is undeniably changing, and human society has played a
significant role in causing this change. The impact of climate change on natural and human
systems has already been severe, and the damage may be irreversible if nothing is done.
Burning fossil fuels and the resulting emission of greenhouse gases are the primary
contributors to the current state of global warming (IPCC, 2022). It is crucial to address the
impact of climate change and prevent the many consequences that will occur if it continues
unabated. Climate mitigation is therefore essential, and many countries have signed
agreements and treaties to reduce carbon emissions and combat climate change through
agreements such as the Kyoto Protocol and the Paris Agreement. However, to meet the goals
set forth in the Paris Agreement (United Nations, 2015), we must not only reduce greenhouse
gas emissions but also increase the removal of carbon from the atmosphere. This is where
forests come in as a potential climate mitigation, as they have the ability to sequester large
amounts of carbon (IPCC, 2022). The role of forests in climate mitigation cannot be
understated, and understanding their potential is crucial for finding a sustainable solution to

climate change.

Carbon sequestration is an important process that could help mitigate climate change, and
forests play a crucial part in this by absorbing and storing carbon. Forests can act as either
carbon sinks (i.e., taking up more carbon than it releases) or as carbon source (i.e., taking up
less carbon than it releases) (Keenan & Williams, 2018). Initially trees take up the carbon and
storing it in the plant biomass. Then the carbon is transferred to the soil, either directly
through roots as exudates or indirectly from decomposition of plant biomass such as litter or
deadwood. The carbon stays in the soil until it is released through respiration or washed away
(Chapinet al., 2011a, 2011b, 2011c; Lorenz & Lal, 2010). Being a carbon sink, an ecosystem
has the potential to reduce the atmospheric CO,-concentration and contribute to cooling the

climate.

Sustainable forest management has been pointed out as a cost-effective method of climate
warming mitigation (Favero et al., 2017; Lal, 2013). Examples of sustainable forest
management is to increase forest area and current carbon stocks through reforestation and
afforestation, and reduce emission from forest degradation and deforestation (Canadell &
Raupach, 2008).
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Changes and disturbance to the forest ecosystem will change the flow of carbon (Lal, 2005).
For example, deforestation will reduce the carbon concentration in the ecosystem, were the
type of harvest determines how much carbon is lost (Jameset al., 2021). Removal of biomass
(i.e., harvest) will move carbon out of the ecosystem and decrease the input of new carbon
into the ecosystem (i.e., through photosynthesis), and disturbance of soil will cause emission
of stored carbon (Durigan et al., 2017; Zummo & Friedland, 2011). Land-use change is an
example of a type of change that may alter the carbon dynamic of an area. Conversion from
grassland and forest to cropland cause emission of soil organic carbon (Andrés et al., 2022),
while the carbon stocks stored in forests may be quickly lost when areas are converted into
crop fields or grassland (Ordofiez et al., 2008).

Denmark’s native forests consists of temperate deciduous trees like beech (Fagus sylvatica)
and oak (Quercus robur). Beech forests is often considered to be the natural forest type in
Denmark, even though most of this forest area today is semi-natural or planted. Similar with
beech, oak forests in Denmark today is mainly a result of planting (Lawesson, 2000). Despite
Denmark in early times being almost completely covered by forests and mires, by the
beginning of the 19" century Denmark had a forest cover of only 2-4% due to increasing
human population and exploitation of the land by the industrialization of agriculture
(Fritzbgger, 1992; Heilmann-Clausen et al., 2020; Mather et al., 1998; The Danish
Environmental Protection Agency, 2022). To protect the forest and increase the forest cover
the Danish Forest Act of 1805 (Fredskovordningen) was established (Fritzbgger, 1992).
Following this act, most of the remaining forest areas were protected, and harvest was limited
unless immediately replaced with new stands and protected from grazing by livestock, and
new forest were planted. The majority of the forests planted consisted of conifers like
Norway spruce (Picea abies) since this tree species grows fast and can thrive in harsher
environments, making it profitable for the forest owners (The Danish Environmental
Protection Agency, 2022). Therefore, the native deciduous forests in Denmark no longer
dominate the forest cover, with 50/50 distribution of the conifers and the deciduous forests.
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Temperate forests cover 25% of global forest area (Martin et al., 2001), and it is estimated
that 14% of all carbon in the world’s forests are in temperate forests (Pan et al., 2011).
Studies of ecosystem carbon stocks in Danish forests have shown that the distribution of the
ecosystem carbon between the above-ground and below-ground carbon stocks are around
50/50 (Nord-Larsen et al., 2019; Vesterdal & Christensen, 2007). Nord-Larsen et al. (2019)
found that the above-ground carbon pool is the largest with 58% of the whole ecosystem
carbon stock with 47% of the ecosystem carbon stock in the above-ground live standing
biomass, 9% in the deadwood, and 2% in the forest floor, and the below-ground carbon pool
being 42% of the whole ecosystem carbon stock with 31% in the top 75 cm of soil and 11%
in below-ground biomass, while Vesterdal and Christensen (2007) found that the above- and
below-ground biomass made up 59% of the ecosystem carbon stock, while the deadwood
made up 6% of the ecosystem carbon stock, 1% in the forest floor, and 34% in top 100 cm of

the soil.

Carbon sequestration by trees is thought to decrease with age to become carbon neutral after
the trees turn approximately 200 years (Gundersen et al., 2021). Other studies though
suggests that old-growth forests are an overlooked carbon sink and will sequester carbon
longer than first believed (Luyssaert, 2008; Luyssaert et al., 2021). A literature review by
Luyssaert (2008) suggests that forest up to 800 years old still acts as carbon sinks. The
potential of old-growth forests to be carbon sinks have caused debate as the interpretation of
the data differ. Old-growth forests have larger carbon stocks than younger forests, while
younger forests have a higher rate of carbon sequestration (Nord-Larsen et al., 2019;
Pregitzer & Euskirchen, 2004; Pugh et al., 2019; Wang & Huang, 2020; Zhu et al., 2019).
Hence, while younger forests take up more carbon day-to-day, the old-growth forests have
over long time accumulated much carbon making the carbon stocks large. How much and for
how long old-growth forests will sequester carbon depend on disturbance of the forests. Little
or non-disturbed forests will fix and store carbon longer than more disturbed forests (Martin-
Benito et al., 2021).

Harvest of wood lead to a decrease of the carbon stocks, were forest with high frequency and
intensity management had the least carbon. Sustainable management is thought be used to
increase the carbon sequestration, sustainable management is defined by the frequency,
intensity, and the retention of woody debris. Forest management with low frequency and high
structural retention (allow deadwood build up) can sequestrate up to 50% more carbon than

the opposite management (i.e., high frequency and low structural retention) (Nunery &
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Keeton, 2010). What type of harvest affects the ecosystems carbon stocks effect the carbon
stocks. A study of Swedish forests shown that harvest of stems only or stems and stubs gave
larger ecosystems carbon stocks, compared to harvest of stems, stubs, and slash (Stromgren et
al., 2013). A study that investigated forests 15 years following two different management
strategies (i.e.,1) thinning and planting of oak or 2) clear cut and plating of oak) of a Scots
pine (Pinus sylvestris) stand in Belgium did not find any difference in the ecosystem carbon
stock. Only difference found were variation in allocation of carbon between the carbon pools
(Van Damme et al., 2022).

Management of soil carbon pools can be done through management of litter production and
decomposition. Litter raking is a type of management (i.e., harvest for animal food), and the
effects of this could still be seen long after, both on soil carbon (Gimmi et al., 2013) and
diversity patterns (Vild et al., 2018). Investigation of Swiss forests showed that still 130 years
after litter raking were abandoned as a management strategy, the forest is still recovering,
with the soil carbon pools being reduced compared to similar forest without litter raking
(Gimmi et al., 2013). Therefore, by not removing the litter from the forest as positive effect

on the soil carbon pool could be observed.

Afforestation of agricultural soils will in general result in constant or increasing carbon
sequestration, and thus also carbon stocks (Barcena et al., 2014a; Mayer et al., 2020).
Ecosystem carbon stocks increases after afforestation on former agricultural land by
increasing the above-ground carbon pools (i.e., vegetation biomass, litter, and deadwood),
when the trees are mature the accumulation of carbon levels out and a new equilibrium
between carbon input and output is found (Jandl et al., 2007b). Afforestation on cropland and
grasslands will change the vegetation structure from annuals to perennials, this will increase
the biomass in the ecosystem and thus increase the accumulation of dead biomass (i.e.,
deadwood and litter), and in the end increase the carbon stocks (Vesterdal et al., 2007). Soil
nutrient-richness before afforestation and previous agricultural practices determine the
outcome of afforestation, for example, agricultural land that has been used for more than 50
years ago may give another outcome after afforestation compared to more recently used
agricultural land due to current agricultural practices of tilling and fertilization/liming (Jandl
et al., 2007b). Nutrient-poor and sandy soil will sequester more carbon after afforestation,
compared to more nutrient-rich and clayey soil (Vesterdal et al., 2007). Nitrogen rich soil will
enhance soil microbes, and this causes higher levels of respiration that releases carbon back

to the atmosphere (Begum et al., 2021). The quality of leaf litter is important for the rates of
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decomposition, leaf litter with high nitrogen content decomposes faster than low nitrogen
content leaf litter (Chapin et al., 2011b; Janssens et al., 2010). Nitrogen fertilization of forests
as a management treatment has been shown to increase soil carbon pools, mainly due to
reduced respiration as the microbial communities changes due to the changed nitrogen

deposition (Janssens et al., 2010).

In the EU, 31.7% of all soil organic carbon (SOC) is found in agricultural soils, with 9.3%
found in grassland and 21.4% in cropland. While most of the original forests in Europe have
been felled during the Roman age to make way for agricultural land, the most important
recent land-use change in Europe have been abandonment of cropland, and this causes an
increase of forest cover, and this have a general trend by resulting in increased carbon stocks
in Europe (Andrés et al., 2022).

After a disturbance, no matter how small or large, the ecosystem must restabilise. The
disturbance may cause a loss of carbon. The carbon stocks must be rebuilt, which takes some
time. Right after a disturbance like a fire, the carbon stocks will decline, apart from the
deadwood that will increase after a fire before declining. After around 35 years stocks will
begin to rise again. Up to 230 years may pass before the forest’s carbon stocks is fully
recovered (Kashian et al., 2006; McKinley et al., 2011). It takes 80-100 years after
agricultural abandonment for the soil carbon stocks to show an increase as the natural forest

succession starts (Foote & Grogan, 2010).

Old agricultural soils can lose up to half to two-thirds of their carbon stocks after having
turned into agricultural lands (Lal, 2004). How big of a positive effect afforestation has on
carbon stocks depends on several factors, like species of tree planted, soil properties, and
climate. Berthrong et al. (2009) found that when Pinus were planted there were a loss of
carbon, and Vesterdal et al. (2013) found that the tree species did have a significant influence
on the soil carbon, with deciduous forests having more soil carbon than conifers. For
deciduous tree species, Vesterdal et al. (2013) showed that beech and oak forests had higher
soil carbon stocks compared to other deciduous species. The tree species is mostly important
when looking at the stability of the forests, a resilient forest will handle disturbance better and

emit less carbon during these disturbances (Jandl et al., 2007b).
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In this thesis | will investigate the previous land-use effects on current carbon stocks, and
how management strategies impact the carbon stocks and the distribution of the carbon pools.
I have three hypothesise for this project, looking at the effect of management, the effect of
age, and the effect of land-use change on forest ecosystem carbon stocks.

First, I hypothesize that non-intervention forests with old trees will have had time to
accumulate more carbon, thus having larger carbon stocks compared to managed forests of
the same age due to not being harvested. Therefore, | expect to find a larger soil carbon stock
in these unmanaged forests, and because of the absent of harvest in the unmanaged forest, the

deadwood and litter carbon pool will be larger in the unmanaged compared to the managed.

Second, I hypothesize that ancient forests will have had the time to build up larger carbon
stocks, compared to younger forests with previously another land-use e.g., plains and fields.
Previous land-use of grazing or agricultural activity may have drained the ecosystem carbon

and the depletion is still visible in the soils.

Third, I hypothesize that due to high soil disturbance (e.g., tilling of soil) in the previous
fields, the soil carbon pools in forests on previous fields will have been lower than in forests
on previous plains. This difference may be seen even after centuries of forest occupation

when comparing forests on previous fields and forests on precious plains.
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2 Methods
2.1 Study sites

In this project 34 forests stands at Zealand, Denmark (55.355, 11.748) were visited, all the

forest stands included in this project have been studied before (Graae, 2000; Graae & Sunde,
2000; Graae et al., 2003; Jessen & Andersen, 1994).

Six of the 34 forests stands are in three locations in north-eastern Zealand (Fig. 1). Each

location consist of a pair of ancient forest stands, that is dominated by the same tree species

for more than 200 years, where one of the stands in the pair is managed (i.e., even-aged

monocultures and selective harvesting), and the other is unmanaged forest (i.e., without

significant management for at least 35 years to more than 130 years) (Graae & Heskjer,

1997; Jessen & Andersen, 1994). These forests pairs are Farum Lillevang, Narreskoven,

Bredvig Mose (Fig. 1).
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Figure 1: Management forests, 2) Bredvig Mose, 3) Farum Lillevang, and 4) Ngrreskoven. Shows the forests
stands with their assigned management strategy and transect line.
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The forests with different land-use history are all located in the Bidstrup forests, here 28 of
the 34 forests stands in this project. The Bidstrup forest is a large forest complex with an area
of 1900 ha, where 900 ha is state owned (Miljeministeriet Naturstyrelsen, 2022). Currently,
large parts (500 ha) of the Bidstrup forest is in the process of becoming a national park, as a
way of protecting important habitats and species (Miljgministeriet Naturstyrelsen, 2023b;
Nationalpark Skjoldungernes Land, 2021). Bidstrup forests play an important role in
Denmark, both because Bidstrup houses rare and threatened species, like the hazel dormouse
(Muscardinus avellanarius), and species that have some of their last known Danish
occurrence in Bidstrup, like the butterfly high brown fritillary (Fabriciana adippe) (Skorski
etal., 2014). But is also important because the Bidstrup forests are used much for recreational
use, with many roads and hiking trials in the forests, and lakes and camping sites that people
use. The aim of making parts of Bidstrup a national park is protecting and creating a variation

of habitat that is important for many species (Miljgministeriet Naturstyrelsen, 2022, 2023b).

In the Bidstrup forest there are many forests stands of different size. These forests stand have
different tree species as the dominant species, most of the forest stands have a deciduous tree
species as the dominated species. The two most common tree species in Bidstrup are beech
(Fagus sylvatica) and oak (Quercus robur), which respectively cover 46.5 % and 16.8% of
the forest in Bidstrup (Miljgministeriet Naturstyrelsen, 2023a). These forest stands in
Bidstrup have different forest history (Skorski et al., 2014), and the 28 sites in this project are
classified into one of five categories (Fig. 2) determined by the previous land-use and the
currently dominating tree species in the forest stand (i.e., beech or oak). The three land-use
categories are: ancient forests (i.e., established sites where there have been forests since the
late 17" century), plains (i.e., treeless landscape during 18" and 19" century), and fields (i.e.,
ploughed fields in the 18" century) (Graae et al., 2003). The forest stands with other previous
land-use were planted during late 1800s or early 1900s, while the ancient forest is assumed to
already have been a mature and established forest in the 17*" century. The 28 stands are hence
categorized into these categories, six ancient beech forest (BA), five beech forest on previous
fields (BF), six beech forest on previous plains (BP), six ancient oak forests (OA), and five
oak forests on previous fields (OF).
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Figure 2: Overview of the foreststands in Bidstrup, with their assigned forest history category and transect lines.
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2.2 Data collection and carbon analysis

The data collection was done in two rounds of fieldwork, May, and July 2022. All
measurements of deadwood were done in May, while in July, all sampling of the four carbon
pools in the forest (i.e., soil, deadwood, litter, and vegetation) was done. After sampling, all

samples were prepared for CN-analysis.

2.2.1 Transect

All the sampling and measurements were done along a 100 m long and 10 m wide transect in
the longest diagonal of the forest stand, with transect points at every 10 m (Fig 3a). Compass
bearing of the transect were noted to use as a reference when setting up the transect for the

next visit to the forest.

100 m
a) A
[ |
10m —e & = S @ @ *—@ @ L J
10m

c) 0.25m

5mi i 0.25m~[

@ >

Figure 3: a) Whole transect (10 x 100 m), with transect pointat every 10 m. The two sampling units b) big plots
(10 x 5 m), and c) microplot (0.25 x 0.25 m).

Within the transect there were two different sampling units: big plots, and microplots. The
big plotswere 10 x 5 m (Fig. 3b) and placed at the first, the middle, and the last transect point
(i.e., transect point 1, transect point 5, and transect point 10). The big plots were placed on
the left side of the transect and were marked up using measuring tape and levelling rods. The
microplots were 0.25 x 0.25 m and marked up using a wooden frame (Fig. 3c), and as the big

plots they were places in the first, middle, and the last transect point.
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2.2.2 Soil carbon pool

In the middle of the microplot (Fig. 3c) a soil sample was taken using a soil corer (split corer,
Eijkelkamp Agrisearch Equipment BV, Giesbeek, The Netherlands) with a diameter of 87
mm and length of 40 cm. Each soil sample was divided into tree soil depth; 0-10 cm, 10-25
cm, and 25-40 cm (Sampling method modified from Béarcena et al. (2014b)), and placed into
separate paper bags and later a plastic bag to prevent any spillage if the paper bag rupture due
to the soil moisture. While in Denmark, the bags were opened to allow the soil to air-dry

before returning to Trondheim.

With the results from the CN-analysis (see chapter 2.3.5 for more details) and the full weight

of each soil sample after sieving, the carbon content (kg) in each soil sample was determined
(Eq. 1).

weight (g) * C (%)
100

C (kg) = % 0.001 (kg)

Equation 1
The soil sample is shaped as a cylinder, the volume (cm?®) of the soil sample was calculated
(Eq. 2).

diameter (cm)

2
volume (cm3®) = w * ( ) * lenght (cm)

2
Equation 2
The volume (cm?) of the soil sample was so converted to area (m?) (Eg. 3).
(cm?) = volume (cm?3)
areatems) = length (cm)
Equation 3
Then the amount of carbon in kilogram pr. square meter was calculated (Eqg. 4).
C (kg)
2 —_——
C pr.area (kg/m?) area (m?)
Equation 4

For each transect the carbon content (kg) were calculated per m? for each plot, and then

pooled together to find the ecosystem carbon (kg/m?) on transect-level.
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2.2.3 Deadwood carbon pool

Deadwood, both laying and standing woody debris, were measured in the big plots (Fig. 3b).
Length and diameter were measured, and decay class (1-5 — see (Pfeifer et al., 2015))
subjectively determined (Table 1). Only deadwood with a diameter > 4 cm on the middle of
the log was included (Methods modified from Awuah et al. (2022)). For determining the
carbon content in the different decay classes, 10 samples consisting of smaller sticks from
each decay class were collected from all forests stands and brought to the lab for further

analysis (see chapter 2.3.5 for more details).

Table 1: Description of how to classify deadwood into different decay classes.

Decay class Description (Modified from Pfeifer et al. (2015))
1 No decay. Bark, leaves, and twigs are intact
2 Log still intact. Some bark is lost, all leaves and twigs are lost

The log is starting to fall apart, with a soft outer and hard inner wood, the log

3 still has some bark
4 The log is completely soft and is falling apart, all bark is lost
5 The log is falling apart, hard to identify what is deadwood and soil

The volume of the deadwood sample (Eqg. 2) and the weight-to-volume ratio (Eq. 5) were

calculated.

| . weight (g)
ratio (g/cm?) = volume (cm?3)

Equation 5
The volume of the deadwood logs measured in the field were calculated (Eq. 2). Using the
mean weight-to-volume ratio of each decay class calculated from the deadwood samples, the

weight of the deadwood measured in field were found (Eqg. 6).

weight deadwood (g) = volume deadwood (cm3) * mean ratio (g/cm?3)

Equation 6

Two samples of each decay class were analysed using CN-analysis. This gave the carbon
content (%) for each sample, and the mean carbon-content (%) in each decay class were
calculated from these two samples. With this | was able to find the amount of carbon in
kilograms in each deadwood piece measured in field (Eq. 1). The sampling plots for
deadwood were 10 x 5 m, giving the plot an area of 50 m2. Then the amount of carbon in
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kilogram pr. square meter was calculated (Eq. 5). For each transect the carbon content (kg)
were calculated per m? for each plot, and then pooled together to find the ecosystem carbon

(kg/m?) on transect-level.

2.2.4 Litter carbon pools
A wooden frame with inside measurements of 0.25 x 0.25 m marked up the microplots (Fig.
3c), and all litter (including small pieces of deadwood < 4 cm) within the frame were

collected and placed in bags.

Carbon content in leaf litter and wood litter was treated as distinct carbon pools and
calculated separately (see chapter 2.3.5 for more details). The carbon content in kilograms for
each leaf litter sample was determined by utilizing the average carbon percentage in leaf litter
and the weight of leaf litter (Eq. 1). The litter samples were collected from an area of 0.0625
m?2. Subsequently, the amount of carbon per square meter was calculated (Eq. 4). For each
transect the carbon content (kg) were calculated per m? for each plot, and then pooled
together to find the ecosystem carbon (kg/m?) on transect-level. The same procedure was
repeated for wood litter, but with the average wood carbon content being used instead, and

the same surface area of 0.0625 m?Z.
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2.2.5 Vegetation carbon pool
A wooden frame with inside measurements of 0.25 x 0.25 m marked up the microplots (Fig.
3c), and all herbaceous vegetation (<0.5 m) within the frame were collected and placed in

bags.

Using the carbon content (%) from the CN-analysis and the weight of the samples collected
(see chapter 2.3.5 for more details), the amount of carbon in kilograms in all shrub layer (i.e.,
herbaceous vegetation (< 0.5 m)) samples were calculated (Eg. 1). With the area of the plot,
0.0625 m?, the amount of carbon pr. square meter was calculated (Eq. 4). For each transect
the carbon content (kg) were calculated per m? for each plot, and then pooled together to find

the ecosystem carbon (kg/m?) on transect-level.

The rest of the tree layer (i.e., standing biomass (> 0.5 m)) in the forest is estimated using
Lidar-data (i.e., light detection and raging data, remote sensing data that uses lasers to
measure objects (Wandinger, 2005; Zalevsky et al., 2021)). With the help from Thomas
Nord-Larsen (University of Copenhagen) biomass maps of all forest stands were made
(Nord-Larsen et al., 2023). Using ArcGIS Pro, the above-ground biomass and below-ground
biomass for each forest stand were found by taking the mean of all biomass points (i.e., the
biomass points show the mean biomass within an area of 25 x 25 m) within a forest stand. As
50% of the biomass is carbon, the carbon content pr. square meter was calculated using (Eq.

7) with the biomass in the forest stand and the conversion factor of 0.5 (Joosten et al., 2004).
C (kg/m?) = biomass (kg/m?) = 0.5

Equation 7
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2.2.6 CN analysis
All samples were placed in paper bags in a furnace (Termkas TS 9135) and dried at 60°C

(Barcena et al., 2014b; Haukenes et al., 2019). The soil samples were dried for 48 hours,
while the vegetation, litter, and deadwood samples were dried for 24 hours.

The samples were weighed (Sartorius BP 4100), and using a 2 mm sieve the soil samples
were sieved (Barcena et al., 2014b; Haukenes et al., 2019). Roots and stones left behind were
weighed separately, and the sieved soil were weighed again (Haukenes et al., 2019). For the
litter samples, woody debris of a considerable size were sorted from the litter and weighed
separately, this gave two litter fractions: leaf litter and wood litter. After drying the deadwood

samples, the length, diameter, and weight of the samples were taken.

Vegetation, litter, and deadwood samples were grinded by hand to a powder before C/N-
analysis. Leaves and plants were grounded using a mortar and pestle, while woody material

was “grounded” using a knife.

Around 20 mg of the sieved soil and 10 mg of grounded plant material were weighted
(Sartorius BP 221 S) and placed in tin capsules (Santis analytical tin capsules for solids, 5 x 9
mm) for C/N-analysis. The tin capsules were tightly to closed avoid air being trapped in the
cups. The tin capsules were placed in the wells of the plastic plates (Thermo scientific Nuclon
Delta surface, 96-Well MicroWell Plate). The plates were taped shut and stored in a glass
desiccator with silicabefore all plates were prepared and the C/N-analysis could start. For all
298 soil, 10 vegetation, 10 leaf litter and 10 deadwood samples CN-analysis was performed

with standardised methods with a Vario EL cube from Elementar AS
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2.3 Statistical analysis

To test for differences in the ecosystem carbon stocks for the major carbon pools between
forest stands with different land-use history and management, the forest stands within the
same category were compared to other categories. Two datasets were made for each carbon
pools, one for Bidstrup forests and one for the management forests (i.e., managed, and
unmanaged forests).

For the Bidstrup forests, a linear model was made for each carbon pool, with amount of
carbon (kg/m?) as the response variable, and forest history group as predictor variable. For
the model for the soil carbon pool, a second variable were added, soil depth (i.e., the depth of
the soil sample) to check for difference for the three soil layers. Since this model has two
predictor variables, interaction between them was investigated. Using AIC, it was tested if the
model were a good fit for the data and ANOVA-test that the interaction between forest

history and depth was non-significant.

For the carbon pools in the management forests, a paired t-test were performed to test for any
differencesin means between these two management strategies. For the soil carbon pool, the
overall mean between the two management strategies were tested against each other, and the
means of each depth were tested against each other between and within management
strategies, by doing a paired t-test for all combinations of comparisons of soil depth and

management.

All statistical analysis were performed in R version 4.2.2. A significance level of p-value <

0.05 was chosen. All values are reported as the mean + SE, unless stated otherwise.
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3 Results

The above-ground carbon stocks (i.e., deadwood, litter, and above-ground vegetation) were
much larger (12.34 + 0.91 kg/m?) (72.46% of the whole ecosystem carbon) than the below-
ground carbon stocks (i.e., soil and below-ground vegetation) (4.64 + 0.23 kg/m?) (27.54% of
the whole ecosystem carbon) (p-value = <0.001, 95% confidence interval (CI) [5.98, 9.42])
within a land-use history or management group. There were not found any statistically
significant differences in the ecosystem carbon stock between the land-use history or
management groups (Fig. 4).

a b
5 n=3 n=3
a

a

Ecosystem carbon stock (kg C/m2)
Ecosystem carbon stock (kg C/m2)

BA BF 1] oA OF

i Managed Unmanaged
Forest history group

Forest history group

W e aver Leaf litter Deadwood [l 10-25 Below groundvegetation
Carbon pool
B shrubiaver wood itter [l 25-40 0-10

Figure 4: Ecosystem carbon (kg/m?) in a) Bidstrup forestand b) management forests. The black line shows the
separation of above-ground carbon stock and below-ground carbon stock. The letters show the significance
between the groups, the same letter show that they are not different, but different letter show that they are
different.
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Impact of management on carbon pools
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Figure 5: Carbon pool (kg/m2) (mean + SE) for the management forests, there are three forest stands pr.
management strategy, a) soil, b) leaf litter, ) wood litter, d) shrub layer, e) tree layer, e) below-ground
vegetation, g) deadwood. Significant differences are shown with asterisk or letters. The letters show the
significance between the groups, the same letter show thatthey are not different, but different letter show that
they are significantly different from each other.

3.1.1 Soil

The unmanaged forests tend to have a similar sizes overall soil carbon pool as the managed
(Appendix, Table A 1, Fig 6a). There were not found any difference between the managed
and unmanaged forests in the soil carbon pool for any of the soil depths, apart from the
second depth (10-25 cm) (p-value = 0.03, 95% CI [0.03, 0.27]) (Appendix Table A 2).

3.1.2 Deadwood

The unmanaged forests (3.57 + 1.81 kg/m?) showed a higher estimated deadwood carbon
stock than the managed (1.71 £ 0.77 kg/m?) (Fig. 6g), but this difference were found to not be
statistically significant (p-value = 0.30, 95% CI [-7.59, 3.87]).

3.1.3 Leaf litter

The leaf litter carbon stock was found to be the same in the managed forest (0.30 = 0.07
kg/m?) as for the unmanaged forest (0.25 + 0.04 kg/m?) (Fig. 6b), but this difference was
found to be not significant (p-value = 0.61, 95% CI [-0.26, 0.35]).
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3.1.4 Wood litter

The managed forests and the unmanaged forest had same sized wood litter carbon pool,
respectively, 0.19 + 0.08 kg/m? and 0.17 + 0.11 kg/m? (Fig. 6c), there was no significant
difference between the two management strategies (p-value = 0.74, 95% CI [-0.23, 0.27]).

3.1.5 Shrub layer

It was found that the shrub layer in the managed forests (0.009 + 0.009 kg/m?) were slightly
larger than the unmanaged forests (0.006 + 0.003 kg/m?) (Fig. 6d). It was shown that there
was no significant difference between the two management strategies in the shrub layer
carbon pool (p-value = 0.69, 95% CI [-0.030, 0.037]).

3.1.6 Tree layer

The managed forests were estimated to be the similar sized as the unmanaged forests in the
tree carbon pool, respectively, 12.20 + 2.55 kg/m? and 12.10 + 1.64 kg/m? (Fig. 6€). No
significant difference in the tree carbon pool between the managed and unmanaged forest
were found (p-value = 0.95, 95% CI [-5.72, 5.90]).

3.1.7 Below-ground vegetation

The managed forests (2.61 + 0.52 kg/m?) showed a same size estimated below-ground carbon
pool as the unmanaged forests (2.59 + 0.33 kg/m?) (Fig. 6f). No significant difference in the
below-ground vegetation carbon pool between the managed and unmanaged forest were
found p-value = 0.95, 95% CI [-1.18, 1.22]).
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3.2 Impact of land-use history on carbon pools
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Figure 6: Carbon pool (kg/m2) (mean £ SE) for the forest stands in the Bidstrup forests, a) soil, b) leaf litter, e)
wood litter, d) shrub layer, ) tree layer, e) below-ground vegetation, g) deadwood. The sample size is given in
the figure, BA =6, BF =6, BP =5, OA = 6, and OF = 5. Significant differences are shown with asterisk or
letters. The letters show the significance between the groups, the same letter show that they are not different, but
different letter show that they are significantly different from each other.

3.2.1 Soil

There were not found any significant differences in the overall soil carbon stock between the
forest stands with different former land-use (Appendix Table A 4). The estimates of mean
soil carbon stock were estimated to be largest in the upper soil depth (0-10 cm), and a
significant decrease in carbon within a forest group when soil depth increases (Appendix
Table A 3, Fig 7a).

3.2.2 Deadwood

| found no statistically significant difference between the forests with different forest history
group in the deadwood carbon stock (Appendix, Table A 4). Of the beech dominated forests,
ancient beech forest (0.70 + 0.45 kg/m?) and beech on previous fields (0.44 + 0.20 kg/m?) had
a larger deadwood carbon stock than beech on previous plains (0.34 + 0.06 kg/m?). While for
the oak dominated forests, it was estimated that oak forest on previous fields (0.55 + 0.09
kg/m?) had a larger deadwood carbon stock than ancient oak forest (0.37 + 0.09 kg/m?) (Fig.
79).
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3.2.3 Leaf litter

Again, | found no statistically significant difference between the forests with different forest
history in the leaf litter carbon stock (Appendix Table A 5). Beech forest on previous plains
was the beech dominated forest with largest estimated leaf litter carbon stock (0.41 + 0.06
kg/m?), followed by beech forest on previous fields (0.37 + 0.07 kg/m?) and the smallest leaf
litter carbon pool were in ancient beech forest (0.34 + 0.04 kg/m?). While for oak dominated
forests, ancient oak forests (0.40 + 0.06 kg/m?) had the largest leaf litter carbon stock

compared to oak forest on previous fields (0.35 + 0.07 kg/m?) (Fig. 7b).

3.2.4 Wood litter

No statistically significant difference between the forests with different forest history was
observed in the wood litter carbon stock, but ancient oak forest and oak forest on previous
fields, are close to having a significantly lower carbon stock than beech on previous fields (p-
value of 0.06) (Appendix Table A 6). Beech forest on previous fields (0.21 + 0.05 kg/m?) and
ancient beech forest (0.17 + 0.03 kg/m?) had a higher wood litter carbon pool than beech
forest on previous plains (0.15 + 0.05 kg/m?). Ancient oak forest (0.11 + 0.03 kg/m?) had the

same wood litter carbon as oak forest on previous fields (0.11 + 0.02 kg/m?) (Fig. 7c).

3.2.5 Shrub layer

Beech forest on previous plains (0.014 + 0.005 kg/m?) and oak forest on previous fields
(0.014 + 0.005 kg/m?) both had significantly higher shrub layer carbon stocks than ancient
oak forest (0.002 + 0.005 kg/m?), with a p-value of 0.03 for both. The other forest stands
were not significantly different from each other (Appendix Table A 7). Beech forest on
previous plains (0.014 + 0.005 kg/m?) and ancient beech forest (0.006 + 0.004 kg/m?) had a
larger shrub layer carbon pool than beech forest on previous plains (0.005 + 0.005 kg/m?), but

none of the beech stands did differ significantly. (Fig. 7d).

3.2.6 Tree layer

There were no observed differences between the beech stands and the oak stands, but beech
forest on former plains (11.88 + 1.58 kg/m?) and ancient beech forest (11.82 + 1.34 kg/m?)
tended to have larger (p-values of 0.06; Appendix Table A 8) tree carbon stock than beech
forest on previous fields (8.28 + 1.81 kg/m?), and ancient oak forest (9.50 + 0.41 kg/m?) and
oak forest on previous fields (9.34 + 0.26 kg/m?) (Fig. 7e) did not differ significantly.
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3.2.7 Below-ground vegetation

Beech stands and oak stands were not found to have a significant difference in the below-
ground carbon pool. A significant difference was observed within the beech stands, with the
below-ground vegetation carbon pool was largest in ancient beech forest (2.57 + 0.27 kg/m?)
and beech forest on previous plains (2.57 + 0.31 kg/m?) than beech forest on previous fields
(1.83 £ 0.37 kg/m?) both with a p-value of 0.05 (Appendix Table A 9). The ancient oak forest
(2.09 + 0.09 kg/m?) did not differ significantly from oak forest on previous fields (2.05 + 0.05
kg/m?) (Fig. 7f).
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4 Discussion

This study only demonstrated limited differences in ecosystem carbon when comparing forest
stands with different former land-use or different management. The unmanaged forests had
larger ecosystem carbon stocks than the managed, even though this difference were not
significant (Fig. 6), the managed forest and unmanaged forest had the same-sized estimated
means for all carbon pools apart from the deadwood carbon pool where the unmanaged had
the highest estimated mean (Fig. 6g). For the forests stands with different forms of former
land-use, the only significant difference observed were for the shrub layer, tree layer and
below-ground vegetation. For the shrub layer the difference was between ancient oak forests
and beech forests on previous plains, and between ancient oak forests and oak forests on
previous fields, where the ancient oak forests were considerable smaller (Fig. 7d), while for
the tree layer and the below-ground vegetation the difference were between ancient beech
forest and beech forest on previous fields, and between beech forest on previous plains and

beech forest on previous fields, with the beech on previous fields being the smallest (Fig. 7f).

As expected, we found a statistically significant difference in carbon content between the soil
depths, but only in the Bidstrup forests. Most carbon is stored in the upper layer of soil, and
as one move down in the soil the carbon content decreases (Keen et al., 2011), this is because
in the first layers the input of biomass from vegetation is highest, and as the carbon is moving

down it is respired away and/or washed away, thus decreasing the carbon content.

| found that the above-ground carbon pool was statistically significantly larger (2.7 times)
than the below-ground carbon pool. Studies of the Danish forest support my finding by also
having found the above-ground pool tend to be larger than the below-ground pool (Nord-
Larsen et al., 2019; Vesterdal & Christensen, 2007). My findings show that the soil carbon
pool contributing 13.74% of the ecosystem carbon stock, and the tree carbon pool being
almost 5 times larger than the soil carbon pool is also supported by Liski et al. (2002) for
finding that in northern European temperate forests, the soil carbon stock were estimated to
be 40% smaller than the tree carbon stock. | found the soil carbon pool to be almost 80%
smaller than the tree carbon pool (respectively 2.31 kg/m? and 10.73 kg/m?). Others have
found that the soil carbon stock should be larger than the tree carbon pool in European
temperate deciduous forest (de Vries et al., 2003), contradicting my results. A potential
explanation for this difference may be that geographical difference, where in central and

south Europe the soil carbon pool has been reported to often be larger than the tree carbon
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pool, but in northern Europe the contrary is found (Liski et al., 2002). As Denmark is a part
of northern Europe, all these results support my findings of having the tree carbon pools
being larger than all other carbon pools. The forests stand in this project are consists of many
old trees, these old trees are huge carbon pools. This could explain why I find the tree carbon
pool to be larger than the soil carbon pool. Especially in the management forests, the trees are
old and have over time accumulated large quantity of carbon in its biomass. In addition of
there being a spatial difference in carbon allocation in the ecosystem of European temperate
deciduous forests, there is also a temporal difference, with a shift from the soil carbon pool
being largest to the tree carbon pool being the largest, this is observed looking at forest
inventories from 1950s to 1990s, and simulating the future using this data (Liski et al., 2002).

4.1 The impact of forest management strategies on ecosystem carbon pools

As the unmanaged forests has had longer time accumulate carbon without disturbance, it is
expected that that would have larger carbon pools than the managed, especially the soil and
deadwood carbon pools should be larger. The unmanaged forests ecosystem carbon pool was
estimated to be larger than the managed, but the difference between the managed and
unmanaged forest were found to not be statistically different from each other for none of the
carbon pools. Unmanaged forests have shown to have larger overall carbon stocks compared
to managed forests (Nunery & Keeton, 2010). However, this is not what my data showed as
the managed forests had a similar sized carbon stocks for all carbon pools apart from the

deadwood were the unmanaged forest were estimated to be larger than the managed.

The soil carbon pool is the carbon pool mostly expected to see the differences between these
two management strategies because of the accumulation and decomposition of biomass.
There was no clear trend in the soil carbon stock between these two strategies, but second
depth (10-25 cm) were statistically different between the managed and unmanaged forests,
with the unmanaged forest being larger than the managed (respectively 1.23 + 0.17 kg/m? and
1.08 + 0.19 kg/m?). Soil type affects soil carbon stock, nutrient-rich mineral soil has been
found to have three times less carbon in the forest floor compared to poor and sandy soil
types (Vesterdal & Christensen, 2007). There was a noticeable variation in soil type between
the managed and unmanaged forests, ranging in many different colours, and differing in

being clay soil, or loamy soil (pers. Obs).

Forest sequestrates carbon and remove carbon from the atmosphere, but they also release
greenhouse gasses. Soil hydrology play an important role in the balance between uptake of
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carbon and greenhouse gas emission. A study of Danish temperate forest showed that poorly-
drained forests have significantly larger soil carbon pools, compared to the more well-drained
forests. The lack of oxygen in these poorly-drained soils are thought to be the reason for this,
as decomposition will go slower (Christiansen et al., 2012). The managed forests in Bredvig
Mose has been drained (Jessen & Andersen, 1994) and thus one would expect to find more
soil carbon in the unmanaged part of Bredvig Mose than the managed part, the overall soil
carbon stock was higher in the unmanaged than the managed, but this difference were not

significant.

Unmanaged forests were expected to have larger deadwood carbon pools than managed
forests, due to harvest of wood in the managed forests, and this were observed in this project
by the managed forests having less deadwood biomass and thus deadwood carbon. In the
managed forests only small twigs and sticks are left in the forests, while the large logs are
harvested. This causes large variation in deadwood content in forests with different
management (Christensen et al., 2005). Generally, in Danish managed forests and semi-
natural forests there is little deadwood, due to harvest and clear-cutting (Vesterdal &
Christensen, 2007), which is the management of the forests stands in this project (Graae &
Heskjeer, 1997; Jessen & Andersen, 1994). | found a larger deadwood carbon stock in the
unmanaged forests compared to the managed forests, even though the results were not

statistically significant.

The lack of larger differences between managed and unmanaged and the large woody
biomass pools in both of these forest types ay relate to increased focus on natural forests in
Denmark during the last decades. The managed forest stands that in the 90ies were selected
as managed references in this project have become more or less unmanaged, with decreased
harvest of wood, leaving deadwood behind to accumulate, often with the aim of protecting
biodiversity and climate (Heilmann-Clausen et al., 2020). This may also have caused an
accumulation of deadwood more similar to unmanaged forest for the forests included in this
study. Conservation of previous managed forests will build up the deadwood and soil carbon
pool (Krueger et al., 2017), since these managed forests in this project now are not harvests
the same as before, the carbon pools will start to reach the levels of the unmanaged. My
results show that the unmanaged have larger deadwood carbon pool and overall soil carbon
pool, thisis most likely because of the time the unmanaged forests have had to build up these

carbon stocks before and around the 90ies.
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4.2 Ancient forests and legacy effects of former land-use on ecosystem carbon

pools
In the Bidstrup forests there are many forests stands with different former land-use. Because
of the legacy effects these former land-uses may have on the ecosystem, it was expected to
see some difference in the carbon pools, especially the soil carbon pool. Because those
ancient forests stands are standing on ground that have been covered by forest longer than the
other forests, they were expected to have accumulated more carbon. Overall, the ancient
forests were not being significant different from the forest stands on previous fields or plains
for neither beech nor oak, apart from the vegetation carbon pools. The ancient oak stands had
a smaller shrub layer carbon pool than oak stands on previous fields and beech stands on
previous plains, and the beech stands on previous fields were smaller than the ancient beech
stands, and beech stands on previous plains for both the tree layer carbon pool and below-
ground carbon pool. There though seemed to be a trend of the previous fields to hold smaller
carbon stocks than the other forests, which could be explained by the former soil disturbance

from tilling or ploughing that they have released considerable amounts of carbon.

For the wood litter carbon pool in this project, the beech forests on previous fields were close
to be statistically significant different from both oak stands, with the beech forests on
previous fields being larger than both oak forests. The litter biomass input contributes to the
soil carbon pool as the litter is decomposed. The effect of afforestation on former agricultural
land and pastures have a larger effect on the forest floor than the soil, this comes from the
increased biomass production, thus litterfall (Jandl et al., 2007a) with litterfall pointed out to
be the source of 70-80% of the carbon input into soils (Liski et al., 2002), this could be a
potential explanation for why there seems to potentially be a trend of the previous fields or
plains to have more litter than the ancient forests. The non-ancient forests have a younger
vegetationand some of them also had smaller trees and hence production of litter is less than
the ancient forest stands with older and larger trees. Reduced litter input was shown to reduce
the soil carbon pools as there is less carbon input to the soil, but increased litter input did not
have a positive effect on soil carbon pool. Even with 20 years with increased litter input, the
soil carbon pool did not increase more than it increased under normal litter input.
Decomposition of the litter may have been the limited factor, high rates of litter
decomposition limited the possibility of storing the carbon in the soil (Bowden et al., 2014),
so even if the non-ancient forests do produce more litter by having younger vegetation, the

soil carbon does not increase at the same time. This is seen in my results by the non-ancient
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forests having higher estimated means in the litter carbon pools than the ancient forests, but
the ancient forests have higher soil carbon pools. Oak stands and beech stands have been
found to produce similar amounts of leaf litter, but since oak leaf litter decomposed faster
than beech leaf litter in the same environment, the forest floor in beech forest accumulated
faster (Jonard et al., 2008), my data did not find any difference in leaf litter between the oak
stands and beech stands, but the wood litter were found to be lower in both oak stands

compared to beech on previous fields.

These temperate deciduous forests that are a part of this project are thought to become carbon
neutral when the trees are hitting 200 years, and as they reach this age the productivity will
decrease (Gundersen et al., 2021), as the only the ancient forest stands have had a forest
cover close to 200 years, the non-ancient forests are still experiencing increased carbon
sequestration and the carbon pools are expected to still increase in the future. A study of
Hestehave, a beech dominated forest in Jutland, Denmark, showed that over a 50-year long
period that the biomass and productivity increased, even when the forest were close to 150
years, and it were concluded that the forest stand were still a carbon sink. This increase in
biomass caused an increase in litterfall, where around 50% of all litter were decomposed,
causing an accumulation of carbon in the above-ground carbon pools (Andersson, 2015). This
illustrates that one could expect that older forests (before hitting carbon neutrality) should
experience increased biomass and thus litterfall as they get older, having a positive effect on
the above-ground carbon pool, this could support that the forests in this project could still
have increasing carbon pools. It has been shown that Danish oak stands tend to have
increased litterfall the first 20 years after afforestation before it levels out, as this levels out
quickly the forest floor of old oak (200 years) stands are similar to younger oak stands (25-30
years). And therefore, when looking at the forest floor and litter carbon pool in these oak
stands one does not really see the effect of age (Vesterdal et al., 2007), and this could support

the findings | have of no clear difference between the two oak forests.

4.3 The impact of afforestation on ecosystem carbon pools and the role of
previous land-use

The forest stands that were not ancient forests, have experienced difference in disturbance

before afforestation. In the previous fields, the soil disturbance would be expected to have

been much higher than previous plains. This soil disturbance may have caused considerable

amount of carbon loss, therefore at the time of afforestation these previous fields would have
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smaller soil carbon pools than the previous plains. As these afforested stands move forward
in the forest succession, the above-ground carbon pools increase as live biomass, litter, and
deadwood accumulate as there is a shift from annuals to perennials in early afforestation
phase (Vesterdal et al., 2007). My data did not show any clear differences in any of the
carbon pools when comparing the forests stands on previous plains and previous fields in
none of the carbon pools apart from above-ground live standing vegetation and below-ground
vegetation, were the beech stands on previous plains are larger than the beech stands on
previous fields. Studies that have looked at the effect on soil carbon pools after afforestation
have found that the effect on the soil carbon pool differs depending on what previous land-
use were. Shi et al. (2013) found that the effect of soil organic carbon (SOC) differs between
afforestation on cropland and grassland, where afforestation of grassland reduces SOC, and
afforestation of cropland increases SOC, this is also supported by Barcena et al. (2014a) that
found a positive effect on SOC after afforestation on cropland, and a negative effect on SOC
after afforestation on grasslands. A meta-analysis showed that conversion of pasture and
cropland into forest had different results, where pasture to plantation conversion decreased
soil carbon and pasture to secondary forest conversion did not have a significant change,
while cropland to forest increased soil carbon. For cropland conversions, the effect was
largest when converted into secondary forest (i.e., natural process after land abandonment)
compared to plantation (i.e., human-made) (Guo & Gifford, 2002). These studies support the
trend that my results seem to indicate, with the stands on previous plains have more carbon
than stands on previous field in the vegetation carbon pools. But this trend of negative effect
following afforestation of grassland is not clear and there are contradicting results found. A
study from US showed that there in general is an increase in SOC after afforestation, but
previous land-use affects this, shrub encroachment of native grassland had a positive
significant effect on SOC, but afforestation on agricultural land did not have a significant
effect (Nave et al., 2013). Even after 100 years following afforestation, previous grasslands
showed reduced soil carbon in 75% of cases studied (Poeplau et al., 2011). This non-
significant results of afforestation of previous grasslands, could explain why I did not find
any differences in the carbon pools for my stands. In the review of Mayer et al. (2020) it were
made clear that afforestation of cropland increases soil carbon pools, and it were discussed
the different effect of afforestation of grasslands that are observed (i.e., small increase, stay
unchanged or decrease), here it were thought that the soil type played an effect, where the
negative changes were found on shallow and deep peat soils. Within the Bidstrup forest, the

soil type was more similar (pers. Obs), but still there were differences in soil type depending
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on moisture and nutrients (input) (pers. Obs), that could potentially explain the findings of no
difference between the different land-use, and it is expected that the forests with more
moisture will have higher levels of carbon stored (Christiansen et al., 2012). The differences
in these forest stands could potentially be because of different soil and forest hydrology, and
not land-use directly. In Bidstrup, the different forest stands are in many cases grouped with
forest stands of the same history. All the oak stands on previous fields are situated close to
each other, and all the beech stands on previous fields are situated close to each other and far
away from the oak stands on previous fields (Fig. 2). The places oak stands are situated are in
many ways different from where the beech stands are, the difference can be seen in the
landscape and the intensity of the management and harvest.

4.4 Limitations of the study

In this project no statistically significant differences were found, other than between the soil
depths as one expects. This could be because of the small sample size of the project. There
could be a small difference between these forests, but the sample size is too small to be able
to detect this difference. For the Bidstrup forest dataset, there are only five to six forest stands
in each forest history group, and for the management dataset the sample size is even smaller
with only three forests stands in each management group. By increasing the sample size, one

could be more certain if there are any difference or not.

For some of the plots the soil corer was not able to go deep enough to collect the three depths
fully because of stones and hard soil, this caused that for some plots the last (and sometimes
the second depth) were missing and not a part of the analysis and amplifying the small

sample size.
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5 Conclusion

There were not found any difference in ecosystem carbon between forests with different land-
use history or management, expect of the above-ground and below-ground where ancient
beech forest and beech forest on previous plains were found to be significantly larger than
beech forest on previous fields. In the shrub layer, the ancient oak forest was significant
smaller than oak fields and beech plains. Disproving the hypotheses for this thesis were 1) the
unmanaged forests would have more carbon than the managed due to harvest and removal of
biomass, and not fully supporting the hypotheses 2) ancient forest will have larger carbon
stocks than forest with previous land-use other than forest because of the time ancient forests
have had to accumulate carbon, and 3) the high levels of soil disturbance in forests on
previous fields, will cause smaller carbon stock in these forest in previous fields compared to
forests on previous plains. These resultsalso contradict much of the literature that are on this
topic, that state that unmanaged forests will be significantly larger than managed, and age of
the forest and levels of previous soil disturbance have an impact on the forest carbon pools
following afforestation. The small sample size of this project is pointed out to be one of the
reasons why a potential difference between the forests stands with different land-use history

and management were not detected.

Page 30 of 51



6 References

Andersson, F.O. (2015). Cycling of Carbon and Other Elements in a Beech Forest Hestehave,
Jutland, Denmark, in the Past 50 Years. Open Journal of Forestry, 5(03), 296.
Andrés, P., Doblas-Miranda, E., Rovira, P., Bonmati, A., Ribas, A., Mattana, S., & Romanya,

J. (2022). Research for AGRI Committee — Agricultural potential in carbon
sequestration-Humus content of land used for agriculture and CO2 storage. European
Parliament, Policy Department for Structural and Cohesion Policies, Brussels.

Awuah, J., Smith, S\W., Speed, J.D., & Graae, B.J. (2022). Can seasonal fire management
reduce the risk of carbon loss from wildfires in a protected Guinea savanna?
Ecosphere, 13(11), e4283.

Barcena, T., Kier, L., Vesterdal, L., Stefansdottir, H., Gundersen, P., & Sigurdsson, B.
(2014a). Soil carbon stock change following afforestation in Northern Europe: a meta-
analysis. Global Change Biology, 20(8), 2393-2405.

Barcena, T.G., Gundersen, P., & Vesterdal, L. (2014b). Afforestation effects on SOC in
former cropland: oak and spruce chronosequences resampled after 13 years. Glob
Change Biol, 20(9), 2938-2952. https://doi.org/10.1111/gcb.12608

Begum, R., Jahangir, M.M.R., Jahiruddin, M., Islam, M.R., Rahman, M.T., Rahman, M.L.,
Ali, M.Y., Hossain, M.B., & Islam, K.R. (2021). Nitrogen fertilization impact on soil
carbon pools and their stratification and lability in subtropical wheat-mungbean-rice
agroecosystems. PloS one, 16(10), e0256397-e0256397.
https://doi.org/10.1371/journal.pone.0256397

Berthrong, S.T., Jobbagy, E.G., & Jackson, R.B. (2009). A Global Meta-Analysis of Soil
Exchangeable Cations, pH, Carbon, and Nitrogen with Afforestation. Ecol Appl,
19(8), 2228-2241. https://doi.org/10.1890/08-1730.1

Bowden, R.D., Deem, L., Plante, A.F., Peltre, C., Nadelhoffer, K., & Lajtha, K. (2014). Litter
Input Controls on Soil Carbon in a Temperate Deciduous Forest. Soil Science Society
of America journal, 78(S1), S66-S75. https://doi.org/10.2136/sssaj2013.09.0413nafsc

Canadell, J.G., & Raupach, M.R. (2008). Managing Forests for Climate Change Mitigation.
Science, 320(5882), 1456-1457. https://doi.org/10.1126/science.1155458

Chapin, F.S., Matson, P.A., & Vitousek, P.M. (2011a). Carbon Inputs to Ecosystems. In
Principles of Terrestrial Ecosystem Ecology (pp. 123-156).
https://doi.org/10.1007/978-1-4419-9504-9 5

Chapin, F.S., Matson, P.A., & Vitousek, P.M. (2011b). Decomposition and Ecosystem
Carbon Budgets. In Principles of Terrestrial Ecosystem Ecology (pp. 183-228).
https://doi.org/10.1007/978-1-4419-9504-9 7

Chapin, F.S., Matson, P.A., & Vitousek, P.M. (2011c). Plant Carbon Budgets. In Principles
of Terrestrial Ecosystem Ecology (pp. 157-181). https://doi.org/10.1007/978-1-4419-
9504-9 6

Christensen, M., Hahn, K., Mountford, E.P., Odor, P., Standovar, T., Rozenbergar, D., Diaci,
J., Wijdeven, S., Meyer, P., Winter, S., & Vrska, T. (2005). Dead wood in European
beech ( Fagus sylvatica) forest reserves. Forest Ecology and Management, 210(1),
267-282. https://doi.org/10.1016/j.foreco.2005.02.032

Christiansen, J.R., Gundersen, P., Frederiksen, P., & Vesterdal, L. (2012). Influence of
hydromorphic soil conditions on greenhouse gas emissions and soil carbon stocks in
a Danish temperate forest [185-195]. [Amsterdam] :.

de Vries, W., Reinds, G.J., Posc, M., Sanz, M.J., Krause, G.H.M., Calatayud, V., Renaud,
J.P., Dupouey, J.L., Sterba, H., Vel, E.M., Dobbertin, M., Gundersen, P., & Voogd,
J.C.P. (2003). Intensive Monitoring of Forest Ecosystems in Europe

Page 31 of 51


https://doi.org/10.1111/gcb.12608
https://doi.org/10.1371/journal.pone.0256397
https://doi.org/10.1890/08-1730.1
https://doi.org/10.2136/sssaj2013.09.0413nafsc
https://doi.org/10.1126/science.1155458
https://doi.org/10.1007/978-1-4419-9504-9_5
https://doi.org/10.1007/978-1-4419-9504-9_7
https://doi.org/10.1007/978-1-4419-9504-9_6
https://doi.org/10.1007/978-1-4419-9504-9_6
https://doi.org/10.1016/j.foreco.2005.02.032

Durigan, M.R., Cherubin, M.R., De Camargo, P.B., Nunes Ferreira, J., Berenguer, E.,
Gardner, T.A., Barlow, J., dos Santos Dias, C.T., Signor, D., & de Oliveira Junior,
R.C. (2017). Soil organic matter responses to anthropogenic forest disturbance and
land use change in the Eastern Brazilian Amazon. Sustainability, 9(3), 379.

Favero, A., Mendelsohn, R., & Sohngen, B. (2017). Using forests for climate mitigation:
sequester carbon or produce woody biomass? Climatic change, 144(2), 195-206.
https://doi.org/10.1007/s10584-017-2034-9

Foote, R.L., & Grogan, P. (2010). Soil Carbon Accumulation During Temperate Forest
Succession on Abandoned Low Productivity Agricultural Lands. Ecosystems (New
York), 13(6), 795-812. https://doi.org/10.1007/s10021-010-9355-0

Fritzbgger, B. (1992). Danske skove 1500-1800 : en landskabshistorisk undersggelse.
Landbohistorisk Selskab.

Gimmi, U., Poulter, B., Wolf, A., Portner, H., Weber, P., & Birgi, M. (2013). Soil carbon
pools in Swiss forests show legacy effects from historic forest litter raking. Landscape
ecology, 28(5), 835-846. https://doi.org/10.1007/s10980-012-9778-4

Graae, B.J. (2000). The effect of landscape fragmentation and forest continuity on forest floor
species in two regions of Denmark. Journal of vegetation science, 11(6), 881-892.
https://doi.org/10.2307/3236558

Graae, B.J., & Heskjer, V.S. (1997). A comparison of understorey vegetation between
untouched and managed deciduous forest in Denmark. Forest Ecology and
Management, 96(1), 111-123. https://doi.org/10.1016/S0378-1127(97)00046-7

Graae, B.J., & Sunde, P.B. (2000). The Impact of Forest Continuity and Management on
Forest Floor Vegetation Evaluated by Species Traits. Ecography (Copenhagen),
23(6), 720-731. https://doi.org/10.1034/j.1600-0587.2000.t01-1-230509.x

Graae, B.J., Sunde, P.B., & Fritzbgger, B. (2003). Vegetation and soil differences in ancient
opposed to new forests. Forest Ecology and Management, 177(1), 179-190.
https://doi.org/10.1016/S0378-1127(02)00438-3

Gundersen, P., Thybring, E.E., Nord-Larsen, T., Vesterdal, L., Nadelhoffer, K.J., &
Johannsen, V.K. (2021). Old-growth forest carbon sinks overestimated. Nature,
591(7851), E21-E23. https://doi.org/10.1038/s41586-021-03266-z

Guo, L.B., & Gifford, R.M. (2002). Soil carbon stocks and land use change: a meta analysis.
Global Change Biology, 8(4), 345-360. https://doi.org/10.1046/j.1354-
1013.2002.00486.x

Haukenes, V.L., Speed, J.D.M., Graae, B.J., Smith, S.W., & Martinsen, V. (2019). Carbon
stocks across the Serengeti ecosystem: Impacts of climate, land-use and woody plant
cover. In: NTNU.

Heilmann-Clausen, J., Bruun, H.H., Peteresen, A.H., Riis-Hansen, R., & Rahbek, C. (2020).
Forvaltning af biodiversitet i dyrket skov. Makrogkologi, Evolution og Klima,
GLOBE Institute, Statens Naturhistoriske Museum.

IPCC. (2022). Climate Change 2022: Impacts, Adaptation and Vulnerability Working Group
I1 Contribution to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press.
https://doi.org/10.1017/9781009325844

James, J., Page-Dumroese, D., Busse, M., Palik, B., Zhang, J., Eaton, B., Slesak, R., Tirocke,
J., & Kwon, H. (2021). Effects of forest harvesting and biomass removal on soil
carbon and nitrogen: Two complementary meta-analyses. Forest Ecology and
Management, 485, 118935.

Jandl, R., Lindner, M., Vesterdal, L., Bauwens, B., Baritz, R., Hagedorn, F., Johnson, D.W.,
Minkkinen, K., & Byrne, K.A. (2007a). How strongly can forest management

Page 32 of 51


https://doi.org/10.1007/s10584-017-2034-9
https://doi.org/10.1007/s10021-010-9355-0
https://doi.org/10.1007/s10980-012-9778-4
https://doi.org/10.2307/3236558
https://doi.org/10.1016/S0378-1127(97)00046-7
https://doi.org/10.1034/j.1600-0587.2000.t01-1-230509.x
https://doi.org/10.1016/S0378-1127(02)00438-3
https://doi.org/10.1038/s41586-021-03266-z
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1017/9781009325844

influence soil carbon sequestration? Geoderma, 137(3), 253-268.
https://doi.org/10.1016/j.geoderma.2006.09.003

Jandl, R., Vesterdal, L., Olsson, M., Bens, O., Badeck, F., & Roc, J. (2007b). Carbon
sequestration and forest management (Vol. 2007). CABI International.
https://doi.org/10.1079/pavsnnr20072017

Janssens, LA, Dieleman, W., Law, B.E., Janssens, I.A., Dieleman, W., Luyssaert, S., Subke,
J.A., Reichstein, M., Ceulemans, R., Ciais, P., Dolman, A.J., Grace, J., Matteucci, G.,
Papale, D., Piao, S.L., Schulze, E.D., Tang, J., & Law, B.E. (2010). Reduction of
forest soil respiration in response to nitrogen deposition [315-322]. [New York] :.

Jessen, B., & Andersen, V.S. (1994). Skovbundsvegetation i urgrt og forstligt drevet skov
Kgbenhavens Universitet]. Kgbenhavn.

Jonard, M., Andre, F., & Ponette, Q. (2008). Tree species mediated effects on leaf litter
dynamics in pure and mixed stands of oak and beech. Revue canadienne de recherche
forestiere, 38(3), 528-538. https://doi.org/10.1139/X07-183

Joosten, R., Schumacher, J., Wirth, C., & Schulte, A. (2004). Evaluating tree carbon
predictions for beech (Fagus sylvatica L.) in western Germany [87-96]. Amsterdam.

Kashian, D.M., Romme, W.H., Tinker, D.B., Turner, M.G., & Ryan, M.G. (2006). Carbon
storage on landscapes with stand-replacing fires. Bioscience, 56(7), 598-606.

Keen, Y.C., Jalloh, M.B., Ahmed, O.H., Sudin, M., & Besar, N.A. (2011). Soil organic
matter and related soil properties in forest, grassland and cultivated land use types.
International journal of physical sciences, 6(32), 7410-7415.
https://doi.org/10.5897/1JPS11.427

Keenan, T., & Williams, C. (2018). The terrestrial carbon sink. Annual Review of
Environment and Resources, 43, 219-243.

Krueger, I., Schulz, C., & Borken, W. (2017). Stocks and dynamics of soil organic carbon
and coarse woody debris in three managed and unmanaged temperate forests.
European journal of forest research, 136(1), 123-137.
https://doi.org/10.1007/s10342-016-1013-4

Lal, R. (2004). Soil carbon sequestration to mitigate climate change. Geoderma, 123(1), 1-22.
https://doi.org/10.1016/j.geoderma.2004.01.032

Lal, R. (2005). Forest soils and carbon sequestration. Forest Ecology and Management,
220(1), 242-258. https://doi.org/10.1016/j.foreco.2005.08.015

Lal, R. (2013). Soil carbon management and climate change. Carbon Management, 4(4), 439-
462. https://doi.org/10.4155/cmt.13.31

Lawesson, J.E. (2000). Danish deciduous forest types [199-221]. Dordrecht :.

Liski, J., Perruchoud, D., & Karjalainen, T. (2002). Increasing carbon stocks in the forest
soils of western Europe. Forest Ecology and Management, 169(1), 159-175.
https://doi.org/10.1016/S0378-1127(02)00306-7

Lorenz, K., & Lal, R. (2010). The Natural Dynamic of Carbon in Forest Ecosystems. In
Carbon Sequestrationin Forest Ecosystems (pp. 23-101). https://doi.org/10.1007/978-
90-481-3266-9_2

Luyssaert, S. (2008). Old-growth forests as global carbon sinks.
https://doi.org/10.1038/nature07276

Luyssaert, S., Schulze, E.D., Knohl, A., Law, B.E., Ciais, P., & Grace, J. (2021). Reply to:
Old-growth forest carbon sinks overestimated. Nature, 591(7851), E24-E25.
https://doi.org/10.1038/s41586-021-03267-y

Martin-Benito, D., Pederson, N., Férriz, M., & Gea-lzquierdo, G. (2021). Old forests and old
carbon: A case study on the stand dynamics and longevity of aboveground carbon. Sci
Total Environ, 765, 142737-142737. https://doi.org/10.1016/j.scitotenv.2020.142737

Page 33 of 51


https://doi.org/10.1016/j.geoderma.2006.09.003
https://doi.org/10.1079/pavsnnr20072017
https://doi.org/10.1139/X07-183
https://doi.org/10.5897/IJPS11.427
https://doi.org/10.1007/s10342-016-1013-4
https://doi.org/10.1016/j.geoderma.2004.01.032
https://doi.org/10.1016/j.foreco.2005.08.015
https://doi.org/10.4155/cmt.13.31
https://doi.org/10.1016/S0378-1127(02)00306-7
https://doi.org/10.1007/978-90-481-3266-9_2
https://doi.org/10.1007/978-90-481-3266-9_2
https://doi.org/10.1038/nature07276
https://doi.org/10.1038/s41586-021-03267-y
https://doi.org/10.1016/j.scitotenv.2020.142737

Martin, P.H., Nabuurs, G.-J., Aubinet, M., Karjalainen, T., Vine, E.L., Kinsman, J., & Heath,
L.S. (2001). Carbon sinks in temperate forests Annual Review of Environment and
Resources, 23, 435-465. https://doi.org/10.1146/annurev.energy.26.1.435

Mather, A., Needle, C., & Coull, J. (1998). From resource crisis to sustainability: the forest
transition in Denmark. The International Journal of Sustainable Development &
World Ecology, 5(3), 182-193.

Mayer, M., Prescott, C.E., Abaker, W.E.A., Augusto, L., Cécillon, L., Ferreira, G.W.D.,
James, J., Jandl, R., Katzensteiner, K., Laclau, J.-P., Laganiere, J., Nouvellon, Y.,
Pare, D., Stanturf, J.A., Vanguelova, E.I., & Vesterdal, L. (2020). Tamm Review:
Influence of forest management activities on soil organic carbon stocks: A knowledge
synthesis. Forest Ecology and Management, 466, 118127.
https://doi.org/10.1016/j.foreco.2020.118127

McKinley, D.C., Ryan, M.G., Birdsey, R.A., Giardina, C.P., Harmon, M.E., Heath, L.S.,
Houghton, R.A., Jackson, R.B., Morrison, J.F., & Murray, B.C. (2011). A synthesis of
current knowledge on forests and carbon storage in the United States. Ecological
applications, 21(6), 1902-1924.

Miljeministeriet Naturstyrelsen. (2022). Bidstrup Skovene. Retrieved 06.02.2023 from
https://naturstyrelsen.dk/naturoplevelser/naturguider/bidstrup-skovene/

Miljeministeriet Naturstyrelsen. (2023a). Driftsplan Bidstrup. Retrieved 27.03.23 from
https://naturstyrelsen.dk/drift-og-
pleje/driftsplanlaegning/midtsjaelland/omraadeplaner/bidstrup/

Miljgministeriet Naturstyrelsen. (2023b). Naturnationalpark Bidstrupskovene. Retrieved
18.03.23 from
https://naturstyrelsen.dk/naturbeskyttelse/naturprojekter/naturnationalpark-
bidstrupskovene/

Nationalpark Skjoldungernes Land. (2021). Boserup Skov og Bidstrup Skovene skal veere
urgrt skov. Retrieved 18.03.23 from
https://nationalparkskjoldungernesland.dk/nyheder-skjoldungernes-
land/2021/boserup-skov-og-bidstrup-skovene-skal-vaere-uroert-skov/

Nave, L.E., Swanston, C.W., Mishra, U., & Nadelhoffer, K.J. (2013). Afforestation Effects
on Soil Carbon Storage in the United States: A Synthesis. Soil Science Society of
America journal, 77(3), 1035-1047. https://doi.org/10.2136/sssaj2012.0236

Nord-Larsen, T., Tsatsakis, M., Li, S., Avial, L.M., Brandt, M.S., Morueta-Holme, N.,
Davison, C., & Fensholt, R. (2023). Forest Plan - pilot project on mapping of forests
and forest resources. Institut for Geovidenskab og Naturforvaltning, Kevenhavns
Universitet, Frederiksberg.

Nord-Larsen, T., Vesterdal, L., Bentsen, N.S., & Larsen, J.B. (2019). Ecosystem carbon
stocks and their temporal resilience in a semi-natural beech-dominated forest. Forest
Ecology and Management, 447, 67-76. https://doi.org/10.1016/j.foreco.2019.05.038

Nunery, J.S., & Keeton, W.S. (2010). Forest carbon storage in the northeastern United States:
Net effects of harvesting frequency, post-harvest retention, and wood products. Forest
Ecology and Management, 259(8), 1363-1375.
https://doi.org/10.1016/j.foreco.2009.12.029

Ordéiiez, J.A.B., de Jong, B.H.J., Garcia-Oliva, F., Avifia, F.L., Pérez, J.V., Guerrero, G.,
Martinez, R., & Masera, O. (2008). Carbon content in vegetation, litter, and soil
under 10 different land-use and land-cover classes in the Central Highlands of
Michoacan, Mexico [2074-2084]. [Amsterdam] :.

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L.,
Shvidenko, A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W.,
McGuire, A.D., Piao, S., Rautiainen, A., Sitch, S., & Hayes, D. (2011). A Large and

Page 34 of 51


https://doi.org/10.1146/annurev.energy.26.1.435
https://doi.org/10.1016/j.foreco.2020.118127
https://naturstyrelsen.dk/naturoplevelser/naturguider/bidstrup-skovene/
https://naturstyrelsen.dk/drift-og-pleje/driftsplanlaegning/midtsjaelland/omraadeplaner/bidstrup/
https://naturstyrelsen.dk/drift-og-pleje/driftsplanlaegning/midtsjaelland/omraadeplaner/bidstrup/
https://naturstyrelsen.dk/naturbeskyttelse/naturprojekter/naturnationalpark-bidstrupskovene/
https://naturstyrelsen.dk/naturbeskyttelse/naturprojekter/naturnationalpark-bidstrupskovene/
https://nationalparkskjoldungernesland.dk/nyheder-skjoldungernes-land/2021/boserup-skov-og-bidstrup-skovene-skal-vaere-uroert-skov/
https://nationalparkskjoldungernesland.dk/nyheder-skjoldungernes-land/2021/boserup-skov-og-bidstrup-skovene-skal-vaere-uroert-skov/
https://doi.org/10.2136/sssaj2012.0236
https://doi.org/10.1016/j.foreco.2019.05.038
https://doi.org/10.1016/j.foreco.2009.12.029

Persistent Carbon Sink in the World's Forests. Science, 333(6045), 988-993.
https://doi.org/10.1126/science.1201609

Pfeifer, M., Lefebvre, V., Turner, E., Cusack, J., Khoo, M., Chey, V.K,, Peni, M., & Ewers,
R.M. (2015). Deadwood biomass: an underestimated carbon stock in degraded
tropical forests? Environ. Res. Lett, 10(4), 44019. https://doi.org/10.1088/1748-
9326/10/4/044019

Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., Van Wesemael, B.A.S., Schumacher, J., &
Gensior, A. (2011). Temporal dynamics of soil organic carbon after land-use change
in the temperate zone - carbon response functions as a model approach: SOIL
ORGANIC CARBON AND LAND-USE CHANGE. Global Change Biology, 17(7),
2415-2427. https://doi.org/10.1111/j.1365-2486.2011.02408.x

Pregitzer, K.S., & Euskirchen, E.S. (2004). Carbon cycling and storage in world forests:
biome patterns related to forest age. Global Change Biology, 10(12), 2052-2077.

Pugh, T.A.M., Arneth, A., Kautz, M., Poulter, B., & Smith, B. (2019). Important role of
forest disturbances in the global biomass turnover and carbon sinks. Nat Geosci,
12(9), 730-735. https://doi.org/10.1038/s41561-019-0427-2

Shi, S., Zhang, W., Zhang, P., Yu, Y., & Ding, F. (2013). A synthesis of change in deep soil
organic carbon stores with afforestation of agricultural soils. Forest Ecology and
Management, 296, 53-63. https://doi.org/10.1016/j.foreco.2013.01.026

Skorski, P.M., Morsing, J., Buttenschgn, R.M., Raulund-Rasmussen, K., & Rapport, .
(2014). Naturindhold i Naturstyrelsens skove pa enheden Vestsjalland. Institut for
Geovidenskab og Naturforvaltning, Kabenhavns Universitet.

Stromgren, M., Egnell, G., & Olsson, B.A. (2013). Carbon stocks in four forest stands in
Sweden 25 years after harvesting of slash and stumps. Forest Ecology and
Management, 290, 59-66. https://doi.org/10.1016/j.foreco.2012.06.052

The Danish Environmental Protection Agency. (2022). Forestry Retrieved 06.03.2022 from
https://eng.mst.dk/trade/forestry/

United Nations. (2015). Pairs Agreement. In. Paris, France.

Vesterdal, L., & Christensen, M. (2007). The Carbon Pools in a Danish Semi-Natural Forest.
Ecological bulletins(52), 113-121.

Vesterdal, L., Clarke, N., Sigurdsson, B.D., & Gundersen, P. (2013). Do tree species
influence soil carbon stocks in temperate and boreal forests?: Influence of tree species
on forest soils: New evidence from field studies. Forest Ecology and Management,
309, 4-18.

Vesterdal, L., Rosenqvist, L., Van der Salm, C., Hansen, K., Groenenberg, B.J., & Johansson,
M.B. (2007). Carbon Sequestration in Soil and Biomass Following Afforestation:
Experiences from Oak and Norway Spruce Chronosequences in Denmark, Sweden
and the Netherlands. In G. W. Heil, B. Muys, & K. Hansen (Eds.), Environmental
Effects of Afforestation in North-Western Europe (Vol. 1, pp. 19-52). Springer
Netherlands.

Vild, O., gipo§, J., Szabo, P., Macek, M., Chudomelova, M., Kopecky, M., Suchankova, S.,
Houska, J., Kotacka, M., Hédl, R., & Cousins, S. (2018). Legacy of historical litter
raking in temperate forest plant communities. Journal of vegetation science, 29(4),
596-606. https://doi.org/10.1111/jvs.12642

Wandinger, U. (2005). Introduction to Lidar. In C. Weitkamp (Ed.), Lidar: Range-Resolved
Optical Remote Sensing of the Atmosphere (pp. 1-18). Springer New York.
https://doi.org/10.1007/0-387-25101-4 1

Wang, S., & Huang, Y. (2020). Determinants of soil organic carbon sequestration and its
contribution to ecosystem carbon sinks of planted forests. Glob Chang Biol, 26(5),
3163-3173. https://doi.org/10.1111/gcb.15036

Page 35 of 51


https://doi.org/10.1126/science.1201609
https://doi.org/10.1088/1748-9326/10/4/044019
https://doi.org/10.1088/1748-9326/10/4/044019
https://doi.org/10.1111/j.1365-2486.2011.02408.x
https://doi.org/10.1038/s41561-019-0427-2
https://doi.org/10.1016/j.foreco.2013.01.026
https://doi.org/10.1016/j.foreco.2012.06.052
https://eng.mst.dk/trade/forestry/
https://doi.org/10.1111/jvs.12642
https://doi.org/10.1007/0-387-25101-4_1
https://doi.org/10.1111/gcb.15036

Zalevsky, Z., Buller, G.S., Chen, T., Cohen, M., & Barton-Grimley, R. (2021). Light
detectionand ranging (lidar): Introduction. Journal of the Optical Society of America.
A, Optics, image science, and vision, 38(11), LID1-LID2.
https://doi.org/10.1364/JOSAA.445792

Zhu, K., Song, Y., & Qin, C. (2019). Forest age improves understanding of the global carbon
sink. Proceedings of the National Academy of Sciences, 116(10), 3962-3964.

Zummo, L.M., & Friedland, A.J. (2011). Soil carbon release along a gradient of physical
disturbance in a harvested northern hardwood forest. Forest Ecology and
Management, 261(6), 1016-1026.

Page 36 of 51


https://doi.org/10.1364/JOSAA.445792

7 Appendix

Table A 1: Soil carbon stock in the management forest (mean and SE) for all management strategies and soil

depths.

Soil Mean (kg/m?) SE

0-10 1.14 0.12

Managed 10-25 1.08 0.19
25-40 0.49 0.12

0-10 1.21 0.14

Unmanaged 10-25 1.23 0.17
25-40 0.38 0.14
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Table A 2: Results from t-test for the soil-data in the management forests. Significant values are in bold, and
close to significant (p-value < 0.1) values are in italic.
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Table A 3: Soil carbon stock in Bidstrup forest (mean and SE) for all land-use history groups and soil depths.

Mean (kg/m?) SE

0-10 cm 1.03 0.18

BA 10-25cm 0.74 0.06
25-40 cm 0.29 0.02

0-10 cm 0.84 0.10

BF 10-25cm 0.71 0.07
25-40 cm 0.35 0.03

0-10cm 0.92 0.07

BP 10-25cm 0.85 0.12
25-40 cm 0.47 0.04

0-10cm 0.98 0.09

OA 10-25cm 0.88 0.09
25-40 cm 0.39 0.08

0-10cm 0.85 0.08

OF 10-25cm 0.93 0.07
25-40 cm 0.42 0.02

Table A 4: P-value for comparison between the forest history groups for the whole soil carbon pool. Significant
values are in bold, and close to significant (p-value < 0.1) values are in italic.

BA BF BP OA OF
BA 0.65 0.57 0.54 0.67
BF 0.32 0.297 0.4
BP 0.958 0.91
OA 0.87
OF
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Table A5: P-value for comparison between the forest history groups for the deadwood carbon pool. Significant
values are in bold, and close to significant (p-value < 0.1) values are in italic.

BA BF BP OA OF
BA 0.47 0.28 0.34 0.68
BF 0.76 0.84 0.76
BP 0.91 0.53
OA 0.61
OF

Table A 6: P-value for comparison between the forest history groups for the leaf litter carbon pool. Significant
values are in bold, and close to significant (p-value < 0.1) values are in italic.

BA BF BP OA OF
BA 0.66 0.33 0.42 0.97
BF 0.63 0.74 0.69
BP 0.87 0.37
OA 0.46
OF

Table A 7: P-value for comparison between the forest history groups for the wood litter carbon pool. Significant
values are in bold, and close to significant (p-value < 0.1) values are in italic.

BA BF BP OA OF
BA 0.47 0.71 0.21 0.21
BF 0.28 0.06 0.06
BP 0.37 0.36
OA 0.96
OF
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Table A 8: P-value for comparison between the forest history groups for the shrub layer carbon pool. Significant

values are in bold, and close to significant (p-value < 0.1) values are in italic.

BA BF BP OA OF
BA 0.88 0.15 0.41 0.13
BF 0.13 0.53 0.11
BP 0.03 0.89
OA 0.03
OF

Table A 9: P-value for comparison between the forest history groups for the tree layer carbon pool. Significant

values are in bold, and close to significant (p-value < 0.1) values are in italic.

BA BF BP OA OF
BA 0.06 0.97 0.19 0.18
BF 0.06 0.50 0.58
BP 0.18 0.17
OA 0.93
OF

Table A 10: P-value for comparison between the forest history groups for the below-ground vegetation carbon
pool. Significant values are in bold, and close to significant (p-value < 0.1) values are in italic.

BA BF BP OA OF
BA 0.05 0.99 0.17 0.16
BF 0.05 0.48 0.56
BP 0.18 0.17
OA 0.92
OF
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