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Summary

The historic large-scale forest conversion in the northern German lowlands resulted in a
man-made dominance of Scots pine, in a landscape that would naturally be dominated by
forests of European beech. Since drawbacks of pure pine forests such as their susceptibility
to calamities have become clear, re-conversion to mixed and broadleaf stands has been
promoted. Consequently, the share of pine is progressively declining in German forests.
Nevertheless, planting pine is still a popular option from a silvicultural perspective, due to
its rapid growth especially at young age, its ability to grow on nutrient-poor and dry sites,
and the high demand for its wood. In the face of accelerating climate change, the ability of
forests to store and sequester carbon (C) has become a focus in science, politics and forestry.
The aboveground biomass represents the largest biomass fraction in the forest and can be
modulated directly through management. Fine roots represent only a few percent of the tree’s
biomass, but due to their fast turnover as well as through root exudation to the surrounding
soil, they are the main source for soil organic carbon.

The presented study therefore compared the C pools and sequestration in the above- and
belowground (fine root) biomass in naturally developing, mostly European beech forests
(ND) and regularly thinned Scots pine forests (YP), respectively representing the dominant
natural and the dominant current forest type of the northern German lowlands. Aboveground
biomass C stocks were further determined in pine forests in transition to (mixed) broadleaf
stands (OP). The study was conducted in a network of 48 forests at 16 sites, distributed
throughout the northern German lowlands, covering a climate continentality gradient from
west to east. Aboveground biomass calculations were based on stand structural data and
species-specific allometric regressions (live trees, saplings) or volume calculations and
species-specific wood density (deadwood). Aboveground net primary production (ANPP)
was measured in three consecutive years using permanently attached dendrometer tapes for
wood increment, and litter traps for litter production. Two repetitive fine root inventories
were conducted, measuring fine root bio- and necromass in the organic layer and the top
20 cm of the mineral soil. Fine root productivity was determined with the ingrowth-core
approach in 0-20 cm soil depth, including the organic layer.

Above- and belowground biomass C stocks were significantly higher in beech than in
pine forests. A linear mixed-effects model revealed that the tree species was the most
important factor in explaining aboveground biomass C stocks. Variation in stand age, with
a range of roughly 100 years for both species, was surprisingly not influential. ANPP was
higher in beech than in pine forests as well, which was mostly a result of higher litter
production, while wood production was similar in the two forest types. Fine root productivity
was also higher in beech than in pine forests, but the difference was only significant in 10—
20 cm depth. The naturally dominant European beech forests thus have a considerably higher
climate change mitigation potential than the Scots pine forests replacing them, although the
high share of beech wood used for the production of bioenergy impairs their potential. By



estimating the extent of forest conversion in the northern German lowlands, the significant
loss in the C storage and sequestration potential on the landscape-scale was demonstrated.
The climatic gradient of the region had only little influence in this study, but performances
of beech and pine under future climatic conditions will certainly affect the functioning of the
investigated forests. Evidence exists that both tree species will suffer from climate change
in the study region, especially from more frequent climatic extremes. In combination with
additional negative effects of pine on groundwater recharge, microclimate and soil acidity,
the results of this study strongly suggest that Scots pine is not a suitable option in a
silviculture focusing on the mitigation of, and the resilience against climate change.
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Chapter 1

General Introduction

1.1 The role of forests in climate change mitigation

1.1.1 Climate change projections

Elevated atmospheric concentrations of carbon dioxide (CO2) and other green house
gases, resulting from human emissions, are the main cause for the global climate change that
we currently witness (IPCC 2021). Mean global surface temperature has already risen by
1.09°C in comparison to pre-industrial times, and it is projected to rise by the critical mark
of 1.5°C in comparison to pre-industrial times in the next few decades, even if CO2 emissions
would be strongly reduced (IPCC 2021). Summers in central Europe will likely become
warmer and drier. At the same time, climate variability is predicted to increase, resulting in
more frequent extreme precipitation events, heat waves and probably droughts (Schér et al.
2004, Lindner et al. 2014, IPCC 2021). This agrees with the recently high frequency of
severe heat waves and drought spells in Europe, occurring in years 2003, 2015 and 2018-
2020 (Buntgen et al. 2021), and which impressively demonstrate the impacts of climate
change in Europe that are reality by now.

1.1.2 Forest ecosystem services in a changing climate

Following Brockerhoff et al. (2017), ecosystem functions are defined as the ecological
mechanisms that support the integrity or maintenance of an ecosystem. Ecosystem services
are those functions with a direct or indirect benefit for human well-being and from which
ecosystem goods with direct market value can be obtained. Forests provide a variety of
ecosystem services that include, but are not limited to carbon (C) sequestration, water supply
and purification, provision of timber, nutritional plants and game, protection against storms,
soil formation and composition, pest control, provision of habitats, pollination, or simply the
enjoyment of wilderness (Haines-Young & Potschin 2018, Bowditch et al. 2020). While
some ecosystem services are positively related, there are trade-offs between others. For
example, timber is an important ecosystem good and its production is probably the most
acknowledged provisioning service of forests. In Europe, more than 2.6 million people are
employed in the forest sector and Europe’s forests produce roundwood with an annual
market value of about EUR 21,000 million (Forest Europe 2020). However, by increasing
the amount of wood extracted from the forests, remaining C stocks decrease, as well as the
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amount of deadwood serving as habitats and the recreational value of the forests (Verkerk et
al. 2014).

The forest carbon cycle and climate change

Forests cover about one third of the Earth’s land area, but they store about 45 % of
terrestrial carbon (Bonan 2008). Forests bind C through photosynthesis and store it in the
above- and belowground bio- and necromass and the soil. Through decomposition and fire
events, C is released from the forests into the atmosphere. Harvested wood and the products
made thereof represent an additional C pool, but the lifespan of these products is critical for
their influence on the C balance (WBAE & WBW 2016). Wood can furthermore substitute
fossil fuels and energy-intensive materials such as concrete or steel, thereby increasing the
climate change mitigation effect (Bosch et al. 2019). In the face of accelerating climate
change, the ability of forests to store and sequester C and thus their potential to mitigate
climate warming has become a key focus of scientists and policy-makers (e.g. Nabuurs et al.
2015). European forests annually sequester about 100 Tg C more than they release (1990 —
2005, Luyssaert et al. 2010), which makes them an important carbon sink. The forests of
Germany alone annually sequester ~15.8 Tg C. Additionally, the annual material substitution
effect accounts for ~8.2 Tg C, the annual energy substitution effect for ~9.8 Tg C and the
annual fixation in the wood product pool for ~0.8 Tg C, contributing to the positive carbon
balance of German forests (WBAE & WBW 2016).

In the temperate forest zone, the highest amount of C is stored in the soil, but the biomass
represents the largest carbon sink (Lal 2005, Luyssaert et al. 2010). With increasing stand
age, the biomass of a forest accumulates (Pregitzer & Euskirchen 2004), and thus in mature
temperate forests, the biomass generally represents the largest C pool (e.g. Knohl et al. 2003,
Seedre et al. 2015). The rate of C accumulation depends on site characteristics such as
climate or soil fertility and moisture (Oren et al. 2001, Babst et al. 2013, Gustafson et al.
2017). Further key factors for the forest biomass C storage and sequestration are the tree
species and the stand structure (Wordehoff et al. 2011, Leuschner & Ellenberg 2017,
Glatthorn et al. 2018), and in production forests, these are strongly determined by
management decisions.

The major part of the biomass C in forests is stored aboveground (e.g. Wordehoff et al.
2011), while fine roots (<2 mm in diameter) represent only a few percent of the tree’s
biomass (Vogt et al. 1996, Kalyn & Van Rees 2006). Nevertheless, it has been estimated
that fine roots contribute as much as 22 — 33 % to global terrestrial net primary production
(Jackson 1997, McCormack et al. 2015). Due to their fast turnover as well as through root
exudation to the surrounding soil, they represent the main source for soil organic carbon
(Ashton et al. 2012, Clemmensen et al. 2013). The study of fine roots and especially their
dynamics is labor-intensive and, despite much progress made in recent time, knowledge
about their functioning is scarce when compared to the aboveground parts of a tree
(Weemstra et al. 2016, Meier et al. 2019).
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Increasing atmospheric CO»-concentrations since the beginning of industrialization,
responsible for human-induced climate change, have positively affected gross primary
production, terrestrial ecosystem carbon stocks and water use efficiency of trees, but also
increased tree mortality due to climate change-induced droughts (Walker et al. 2020). Soil
C stocks could either rise as a consequence of increased plant-derived carbon input into the
soil, or decrease due to accelerated decomposition (Davidson & Janssens 2006, Walker et
al. 2020). Rising temperatures can stimulate tree growth where water and nutrients are not
limiting (Lindner et al. 2010). On the other hand, climate change already has and will further
promote the risk of wildfires and possibly storms, both causing large carbon releases into
the atmosphere (Lindroth et al. 2009, Vautard et al. 2019, Jones et al. 2020).

The forest hydrological cycle and climate change

The effect forests have on water yield is intensively debated (Ellison et al. 2012). While
some emphasize the role of trees as water consumers, others stress the importance of forests
as suppliers of water to the atmosphere through transpiration. In forests, precipitation reaches
the floor as direct throughfall, stemflow or crowndrip. The vegetation absorbs water that
infiltrates the soil, which subsequently is returned to the atmosphere through transpiration.
Evapotranspiration is defined as the sum of transpiration and water that evaporates either
after its interception from the crown and stem, or from litter and soil. The streamflow from
the forest and thus its water balance is determined by the precipitation amount, the loss
through evapotranspiration and the change in water storage (Roberts 2009, Creed & van
Noordwijk 2018).

Altering rainfall patterns and rising temperatures in the course of climate change will
affect the water regime of forests. Among the projected impacts are an increasing risk of
floods, lower soil moisture or reduced groundwater recharge and streamflow in summer
(Eckhardt & Ulrich 2003, Fuhrer et al. 2006, Luo et al. 2018). However, there are large
differences between individual sites, depending not only on current and projected climate,
but also on forest disturbance or management regimes (Creed & van Noordwijk 2018).

Further forest functions and services related to climate change

Besides carbon storage and sequestration, and the maintenance of hydrological cycles,
diverse other forest functions and services, partially related to these, are likely to be affected
by climate change. Some examples that are relevant in the context of this study will be
mentioned here.

Biodiversity has strongly decreased in the past decades and centuries, in response to a
variety of human-induced stressors, on which climate change adds up (Mooney et al. 2009).
Biodiversity is positively related to many ecosystem services, through mechanisms such as
niche and trait complementarity (Brockerhoff et al. 2017). Species distributions, including
that of trees, shift in response to climate change, moving to higher elevations and higher
latitudes where possible (Chen et al. 2011, Boisvert-Marsh et al. 2014). While some species
suffer from climate warming, other species benefit. For example, accelerated development
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and higher population sizes of insect herbivores, caused by warmer temperatures, could lead
to more frequent pest outbreaks (Westgarth-Smith et al. 2007), with subsequent higher tree
mortality and reduced C stocks.

Forest productivity and thus timber yield in the temperate European region are expected
to increase under future climatic conditions where water is not limited (Lindner et al. 2010,
Gutsch et al. 2016). Carbon and nutrient dynamics of soils depend on climate, because the
decomposition of organic matter is limited by temperature and water availability (Davidson
& Janssens 2006). Furthermore, soils will be affected in case of increased streamflow and
floodings that cause erosion (Fuhrer et al. 2006).

The microclimate under forest canopies is characterized by buffered extremes of
temperature and humidity compared to the macroclimate in open landscapes (von Arx et al.
2013, De Frenne et al. 2019). This buffering effect is probably an important factor for
determining the impact of climate warming on forest-dwelling biota and their distributions
(Lenoir et al. 2017). Microclimatic conditions in forests vary with tree species and the
canopy structure and affect ecosystem functions such as primary production or soil
decomposition (von Arx et al. 2013, De Frenne et al. 2021). There are complex
interrelationships between micro- and macroclimate, which are hitherto poorly understood
(De Frenne et al. 2021)

1.2 Forest management and ecosystems services

1.2.1 Primary forests and their ecological relevance

Primary forests are defined as "naturally regenerated forests of native tree species, where
there are no clearly visible indications of human activities and ecological processes are not
significantly disturbed" (FAO 2020). Due to growing impact by humans, primary forests
have become rare around the globe. While more undisturbed forest areas are left in the boreal
and tropical zones, temperate broadleaf forests are barely represented among them (Watson
et al. 2016, Potapov et al. 2017). In Europe, less than 1 % of the current forest area can be
attributed to primary forests and most of these remnants are small and fragmented (Sabatini
et al. 2018). This is alarming, considering the outstanding value that primary forests have
for biodiversity and ecosystem services (Watson et al. 2018).

Even though species numbers at a given location (a-diversity) in managed forests can
exceed those of primary forests, this picture seems to reverse when similarity between
locations (B-diversity) or diversity on the landscape-scale (y-diversity) are considered
(Kaufmann et al. 2017). It is not only via the positive relation between biodiversity and
ecosystem functioning, that primary forests have a high ability to provide numerous
ecosystem services (Brockerhoff et al. 2017, Watson et al. 2018). For instance, primary
forests store large amounts of carbon above- and belowground, and contrary to former
beliefs, old-growth forests remain carbon sinks, rather than reaching an equilibrium state
(Luyssaert et al. 2008, Glatthorn et al. 2018). Intact forests can stabilize the groundwater-
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table and reduce run-off, which can help to limit the impact of extreme precipitation events
(Watson et al. 2018). Last, but not least, primary forests are an irreplaceable opportunity to
understand and evaluate the human impact in managed forest ecosystems, as they allow us
to study their natural functioning in the absence of direct human intervention.

1.2.2 Multifunctional forestry

In Germany, more than 90 % of the forest area is used unrestrictedly for timber production
(T1 2014). The silvicultural management has great influence on the appearance of a forest,
most obviously through determination of the tree species composition and the age structure,
and it represents part of the local disturbance regime (Bartsch et al. 2020). Thereby, the
decisions of the forester strongly affect also the functioning of the forest ecosystem. One
simple example is the availability of habitats for species that depend on deadwood, which is
directly determined by the decision to extract or retain deadwood in the stand. Thinning
intensity can affect numerous ecosystem services, such as carbon storage, forest stability,
soil retention, downstream water quality or nutrient cycles (Blanco et al. 2005, Fukuyama et
al. 2010, Verkerk et al. 2014, Marchi et al. 2018).

Common clearcut systems that focused solely on timber production were increasingly
scrutinized, when ecological problems emerged in the forests in the second half of the 20"
century (Colak et al. 2003, Bauhus et al. 2013). As knowledge and awareness of the diverse
functions of the forest ecosystem have grown, societal demands on silviculture augmented
as well (Schmithusen 2007). In consequence, silvicultural concepts developed that focus not
only on a sustainable use of forests, but attempt to integrate various forest functions besides
productivity into the management concept (e.g. Gustafsson et al. 2012, Bauhus et al. 2013,
Brang et al. 2014). Under the impression of urgent need for climate action, climate-smart-
forestry (CSF) recently emerged, a sustainable management concept that focuses on the
ability of forests to adapt to, resist and mitigate climate change (Verkerk et al. 2020). CSF
aims to create forests that sustainably provide ecosystem goods and services in a changing
environment and that minimize the impact of climate change (Bowditch et al. 2020). Even
though the carbon storage and sequestration are key functions for climate change mitigation,
the multifunctionality of forests is an inherent and essential part of CSF (Bowditch et al.
2020).

1.3 Forests of the northern German lowlands

1.3.1 Soils and climate of the study region

The here presented study was conducted in the northern German lowlands that extent
from the Netherlands in the west to the Polish border in the east, and from the North Sea and
the Baltic Sea coasts to the lower mountain ranges of Central Germany in the south (Fig.
1.1). The northern German lowlands were mainly formed by glacial processes during the
Pleistocene, that shaped moraine landscapes with mostly flat or undulating reliefs (Bése et
al. 2018). Soils are characterized by sandy deposits, originating from the last (Saalian-) and
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the penultimate (Weichselian-) glacial periods. The climate in the study region is cool-
temperate, with a climate continentality gradient from west to east that manifests in lower
mean annual precipitation (MAP, range: 555-908 mm), slightly higher summer
temperatures (range: 16.6—18.0°C) but lower winter temperatures (range: 0.5-2.9°C) in the
east. Mean annual temperature (MAT) ranges from 8.6-10.3°C (multi-annual means 1981—
2010, DWD CDC 2019).
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Figure 1.1 Map of Germany with the 16 study sites in the northern German lowlands.

1.3.2 Natural and current vegetation

The landscape of Central Europe and Germany used to be almost completely covered
with temperate broadleaf forests, dominated in large areas by European beech (Fagus
sylvatica L., BfN 2010, Leuschner & Ellenberg 2017, Poschlod 2017). Since the beginning
of settlement in Neolithic times, humans have shaped the landscapes of Central Europe.
Forests had to give way for settlements and arable fields, and with increasing population
sizes, forest cover progressively declined until a minimum was reached during the Middle
ages and in the early modern era at around 1800 A.D. (Bork 2001, Poschlod 2017). The
forests were used as pastures, provided fuelwood, wood for construction or energy for early
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industries (Kaplan et al. 2009, Poschlod 2017). Continuously high timber demand resulted
in severe timber shortage, and in response, large areas were afforested. Since
overexploitation of forests and the replacing landscapes had left degraded soils and locally
even led to the formation of inland dunes, these soils could often be afforested only with
Scots pine (Pinus sylvestris L.), as this species has low water and nutrient demands (Milnik
2007, Leuschner & Immenroth 1994, Leuschner & Ellenberg 2017). Consequently, planted
pine forests are dominating the current forests of the northern German lowlands, while the
once dominating beech forests are reduced to less than 7 % (T1 2015, chapter 4).

Rethinking pine forest management

It has become more and more apparent that pure, typically managed pine forests are labile
forest ecosystems when compared to broadleaf or mixed forest stands. For example, they are
more frequently affected by mass outbreaks of pest species and more prone to windthrow
(Majunke et al. 2005, Knoke et al. 2006, Mdller et al. 2007). Furthermore, pine forests have
a comparably dry litter layer, which makes them vulnerable to wildfires, especially in the
northeast of Germany, where annual precipitation is low (Schlick & Méller 2007, Schunk et
al. 2017). These calamities could all become more frequent in the future due to climate
change (see section 1.1.2). Furthermore, pines can have an acidifying effect on the forest
soil and enhance podsolization, and can thus impair a sustainable forest growth (Riek et al.
2007, Leuschner et al. 2013).

As a consequence of these drawbacks, forest policy in Germany and neighboring
countries has changed towards the aim of reducing pure pine forests in favor of mixed and
broadleaf stands, and thus their share of the forest area is progressively declining (Lust et al.
2000, NLF 2016, Purkus et al. 2019). However, the presumable lower water availability in
the near future, and the high wood demand still provoke the call for a promotion of pine, as
this species can grow on dry soils, has high economic value and is used to a high share for
products with a long lifespan (Anders et al. 2005, NLF 2016, Purkus et al. 2019).

The WiNat project — Recreating wilderness on natural heritage sites

This study was embedded in a collaborative biodiversity research and implementation
project entitled “Wildnis Naturerbe’ (“WiNat’, https://www.wildnis-naturerbe.de). Natural
heritage sites in Germany are permanently reserved for nature conservation, and they are an
important contribution to the national strategy for biodiversity (BMU 2007). A majority of
these protected areas are owned and managed by the DBU Natural Heritage, and a large
proportion are forests or forest rich landscapes located in the northern German lowlands
(DBU 2021). In these forests, management has ceased or will cease with the goal of
obtaining natural forests with natural development, which will finally result in secondary
wilderness. However, many of the forests are planted pine forests, with hitherto regular
management and thus far from a natural state. The WiNat project created a monitoring
concept for the development of forests to a more natural state (Schneider et al. 2021a), that
integrates biodiversity, structure and functions of the forests. A renaturation experiment
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complemented the monitoring system. In a large forested area with a high number of stands
of similar soil and structural conditions, different measures, namely timber extraction,
creation of deadwood and planting of deciduous trees, were tested for their efficacy to
accelerate the development to a more natural state (Schneider et al. 2021b).

1.4 Study objectives and design

Primary objective of this thesis was an estimation of the carbon pools and sequestration
potential of the currently dominating versus the naturally dominating forest type (Scots pine
forests vs. mostly European beech forests) of the northern German lowlands, in order to
evaluate their prospective contribution to climate change mitigation. Since no true primary
forests are left in the lowland area of Germany or Central Europe, forests where management
has ceased served in the presented study as surrogates for the natural forests before human
impact. Therefore, a further aim of this thesis was to assess a potential effect of management
cessation on carbon pools and sequestration in forest.

To address these questions, three distinct forest categories were defined, differing in the
vegetation type, the stand age and the current management (Table 1.1). In forests with natural
development (ND), management ceased and the last thinning operations happened 6 to 41
years before data collection (18 years on average). These forests were primarily European
beech forests, but included as well two sessile oak (Quercus petraea (Matt.) Liebl.) and one
Scots pine forest in the more continental east. The young pine forests (YP) represent the
dominant current vegetation. Due to large-scale afforestation after the world-war-I1 epoch,
the age class of these forests (55 — 81 years, mean: 65) is currently frequent. The old pine
forests (OP) were at the end of their rotation period and represent a transitional stage to
(mixed) broadleaf forests.

Table 1.1. Selection criteria of the three distinct forest categories investigated in this study.

Forests with natural Young pine forests

Forest category development (ND) Old pine forests (OP) (YP)

Scots pine-dominated

Potential natural forest Pure, even aged, Scots

Vegetation type tVoe forests, with broadleaf ine forests
yp trees in the understory P
Stand age > 100 years > 90 years ~ 65 years

Released from

Management
management

Regularly thinned Regularly thinned

The presented study was conducted at 16 study sites, distributed throughout the northern
German lowlands, covering its climate continentality gradient from west to east (Fig. 1.1).
At each study site, three forests, i.e. one forest per category, on similar geological substrate
were selected for data collection, which was conducted at (6-)10 randomly distributed
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0.1-ha circular plots in the stands. All forests were located on acidic sandy soils with low to
medium fertility and without groundwater influence.

The study is divided into two separate parts, presented in chapters 2 and 3. Chapter 2
focuses on the carbon stocks and sequestration potential in the aboveground tree biomass,
which comprises the largest biomass carbon pool in forests (Wordehoff et al. 2011) and that
can be modulated directly by management decisions. This was complemented by an
investigation on the fine root systems of European beech (category ND) and Scots pine
(category YP) forests (chapter 3). Fine roots highly contribute to soil organic carbon
formation in the soil, and their biomass and morphology along environmental gradients may
give information about adaptation strategies of the trees. Specifically, | tested the following
hypotheses:

0] Carbon stocks in the aboveground biomass are higher in hardwood-dominated
forests with natural development than in managed pine forests and in the pine-
beech transitional stage (chapter 2).

(i) Fine root biomass is higher in beech forests with natural development than in
managed pine forests (chapter 3)

(i) Aboveground net primary productivity is higher in hardwood-dominated forests
with natural development than in managed pine forests (chapter 2)

(iv)  Fine root productivity is higher in beech forests with natural development than
in managed pine forests (chapter 3)

In both chapters, | analyzed the influence of stand characteristics such as tree species
identity, basal area, stand age or time elapsed since the last thinning operation, and of the
climatic gradient of the study region, on the biomass carbon pool and productivity.
Characteristics of the fine root systems were also related to the acidity and the carbon and
nutrient status of the forest soils.

A secondary aim of this thesis was to estimate the extent of historic forest conversion in
the northern German lowlands, in order to assess its consequences on a landscape-scale. |
compared the current with the potential natural distribution of beech and pine forests using
data from the third national forest inventory (BWI3, T1 2015) and the map of the potential
natural vegetation of Germany (BfN 2010). The gained knowledge on carbon pools and
sequestration of chapters 2 and 3 was integrated into a more holistic assessment of forest
conversion. Data on the forest water cycle, microclimate and soil carbon storage and acidity
were compiled and compared between pine and beech forests of northern Germany, in order
to evaluate their prospects in times of climate change (chapter 4).
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