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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
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 (Schär 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 (Büntgen 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 (Bösch 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 (Wördehoff 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. Wördehoff 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 CO2-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 (α-diversity) in managed forests can
exceed those of primary forests, this picture seems to reverse when similarity between
locations (β-diversity) or diversity on the landscape-scale (γ-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

(TI 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 20th

century (Çolak 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 (Schmithüsen 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 (Böse 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).

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



General Introduction

7

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 % (TI 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, Möller 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 & Möller 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-II 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.

Forest category Forests with natural
development (ND) Old pine forests (OP) Young pine forests

(YP)

Vegetation type Potential natural forest
type

Scots pine-dominated
forests, with broadleaf
trees in the understory

Pure, even aged, Scots
pine forests

Stand age > 100 years > 90 years ~ 65 years

Management Released from
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 (Wördehoff 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, I tested the following
hypotheses:

(i) 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).

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

(iii) 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, I 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. I
compared the current with the potential natural distribution of beech and pine forests using
data from the third national forest inventory (BWI3, TI 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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Chapter 2
2 Thinned northern German Scots pine
forests have a low carbon storage and

uptake potential in comparison to
naturally developing beech forests
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Abstract
In Europe, production forests with conifers widely replace native broadleaf trees. In the

Pleistocene lowlands of northern Germany, >1.7 million hectares of pine forests (Pinus spp.,
mostly P. sylvestris) have replaced natural broadleaf forests. We compared aboveground
biomass carbon (C) pools and net primary productivity (ANPP) of broadleaf forests with
natural development (ND; mostly Fagus sylvatica or Quercus petraea forests; 146 years old
on average) to nearby young pine forests (YP; 65 years old on average) and old pine forests
(OP; >90 years) in northern Germany. Study aims where (i) to estimate the aboveground
biomass C loss resulting from forest transformation, (ii) to compare the ANPP of broadleaf
and pine forests, and (iii) to identify the main factors causing differences in biomass C
storage and ANPP between forest types. YP forests stored only half of the biomass C of the
ND forests (means: 72 vs. 147 Mg C ha−1); OP stands exceeded YP stands only by ~20%
(87 vs. 72 Mg C ha−1). The main factor driving the biomass C pool differences was tree
species identity, while stand age was not influential. Mean ANPP was 1.1 Mg C ha−1 year−1

higher in ND forests than in YP stands due to higher litter production, while wood production
was similar. We conclude that large-scale forest conversion to Scots pine forests has
decreased the aboveground biomass carbon storage by half and the C sequestration potential
with aboveground productivity by ~25%; this effect must be assessed together with changes
in soil organic carbon stocks.

Keywords: Aboveground productivity, Biomass carbon storage, Climate change mitigation,
Fagus sylvatica, Forest conversion, Pinus sylvestris

https://doi.org/10.1016/j.foreco.2020.118575
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2.1 Introduction
Forests are an important part of the carbon (C) cycle. They store about 45% of terrestrial

C in above- and belowground biomass and the soil, and contribute about half of terrestrial
net primary production, even though they cover < 30% of the earth’s land surface area
(Bonan 2008). Europe’s forests annually sequester about 100 Tg C more than they release
and thus actually represent an important carbon sink (Bellassen and Luyssaert 2014). In the
face of global warming, forest management is increasingly confronted with the need to
increase the carbon storage and sequestration of forests through silvicultural measures, where
possible.

Forestry and wood industry can contribute to the goal of sequestering atmospheric carbon
dioxide through four pathways, (i) by increasing the long-term C storage in biomass and soil,
(ii) by increasing the amount of wood stored in long-lived products, (iii) by substituting
energy-intensive construction materials such as steel or concrete, and (iv) by substituting
fossil fuels that are burnt to generate energy or heat. The forests of Germany, which cover
32% of the country (~11 million ha, BMEL 2017), contribute to climate change mitigation
by annually fixing c. 58 million t CO2 (~15.8 Tg C), which is equivalent to 7.4% of the
nation’s net CO2 emissions in 2017 (Umweltbundesamt 2019). In addition, the annual
material substitution effect is c. 30 million t CO2-equivalent (~8.2 Tg C) and the annual
fixation in the wood product pool is c. 3 million t CO2-equivalent (~0.8 Tg C, WBAE and
WBW 2016). Many silvicultural decisions directly influence the biomass C store of forests
by the choice of tree species, the intensity of the thinning regime, and the length of the
rotation cycle (Carroll et al. 2012). McKinley et al. (2011) identify two alternative
management strategies to increase the carbon pool of existing forests, (1) by decreasing forest
harvesting intensity through longer rotation cycles or a decreased amount of timber
extraction, and (2) by increasing forest productivity through fertilization, irrigation, planting
of fast-growing trees and the control of weeds, diseases and pest insects. Planting more
productive, faster growing species and/or reducing the length of the rotation cycle will
increase timber yield, which can benefit mitigation pathways (ii) to (iv), but often at the cost
of (i), as average biomass stocks may decrease. Consequently, it is intensively debated
whether high-throughput (high yield) silvicultural systems with short rotation length or high
storage (high biomass) systems with longer rotation should be given priority in order to meet
climate change mitigation goals (e.g. Bellassen and Luyssaert 2014).

Tree species identity is one of the key factors determining the C storage in biomass and
soil, besides many other factors such as climate, elevation, soil chemistry and fertility, clay
content, soil moisture, and stand structure, age and forest history (Johnson and Curtis 2001,
Pregitzer and Euskirchen 2004, Jandl et al. 2007, Wördehoff et al. 2011, Seedre et al. 2015,
Grüneberg et al. 2019). The choice of tree species is therefore an important management
decision that can affect the forest C balance for decades and even centuries. While many
case studies have investigated the C sequestration and storage capacity of single tree species
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(e.g. Law et al. 2003, Xiao et al. 2003, Bruckman et al. 2011, Seedre et al. 2015), only few
studies exist about landscape-scale consequences of widely conducted species substitutions
(Vallet et al. 2009).

In Europe, where forests are only rarely left to their natural development (Parviainen
2005), the forest management regime generally controls the appearance of a forest and thus
also its carbon balance. The question of how forest management decisions affect the carbon
balance and how silviculture can help mitigating climate warming has been addressed in
greater depth in forest science only recently (Bellassen and Luyssaert 2014). The actual forest
cover of Central Europe consists largely of tree species that do not represent the natural forest
vegetation, which once was dominated by European beech (Fagus sylvatica L.) in many
regions (Leuschner and Ellenberg 2017). Before humans opened the forests, about two-third
of Germany’s forest area was covered by F. sylvatica forests (Bohn and Neuhäusl 2003).
Since Neolithic times, forest cover has been progressively reduced until a minimum
extension was reached in the Middle Ages and the early modern era. From the 19th century
onwards, systems of planned forestry have been implemented in Germany and other Central
European countries, and many deforested areas were planted preferentially with conifers,
notably Scots pine (Pinus sylvestris L.) in the lowlands and Norway spruce (Picea abies
Karst.) at higher elevations. Conifer forests were established on former arable land,
heathland, grassland and wasteland, but they also replaced part of the remaining natural
broadleaf forest cover, as conifers, in particular pine, are less demanding for nutrients and
water and grow faster at young age than the native broadleaf trees (Leuschner and Ellenberg
2017). Moreover, many of the degraded, once forest-bearing soils could in the first
generation of forest re-establishment only be planted with pine, which helped to stabilize the
soils and to provide fuelwood (e.g. Milnik 2007, NLF 2011).

Especially in the Pleistocene lowlands of the North of Poland, Germany, and the
Netherlands, where sandy, less fertile soils prevail, large parts of the woodlands are
nowadays dominated by monospecific, even-aged Scots pine forests. In the northern German
lowlands between the rivers Ems in the west and Oder in the east, 52.1% of the current forest
area is covered by pine forests, extending over > 1.7 million ha (analysis based on TI 2015).
Under current climatic and edaphic conditions, forests of Scots pine would naturally occur
on only 2.1% of the region’s area once covered by forests, while beech-dominated forest
would occur on 58.1% (BfN 2010, analysis conducted with ESRI ArcMap 10.1). Today,
beech forests have been reduced to 6.5% of the current forest area (analysis based on TI
2015). Only few regions on earth have experienced such a fundamental change in forest
cover from broadleaf to conifer forests (FAO 2016). A knowledge gap exists with respect to
the consequences for forest biogeochemistry and the carbon balance of this large-scale forest
transformation. Yet, replacing native hardwood trees by conifers on several million hectares
in Germany, Poland and the Netherlands must have had far-reaching consequences for
important ecosystem functions, notably ecosystem carbon cycling, groundwater recharge,
soil biological activity and nutrient supply, forest disturbance regimes, and the regulation of
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regional climates. While the consequences of such a transformation for soil carbon storage
have been studied in a number of case studies (e.g. Heinsdorf 2002, Schulp et al. 2008,
Leuschner et al. 2013, see also the meta-analysis by Guo and Gifford 2002), related effects
on biomass C storage and annual C sequestration have not been investigated in more detail.

Forest restoration can be an effective way to rehabilitate ecosystem services (Aerts and
Honnay 2011). The increasing awareness of the concurrent loss of biodiversity and
ecosystem services has raised political interest in ecosystem restoration (Aronson and
Alexander 2013), and in March 2019, the United Nations (UN) declared the UN Decade on
Ecosystem Restoration 2021 – 2030 (https://www. decadeonrestoration.org). During the last
decades, forest policy in Germany has gradually changed toward concepts that value
ecosystem services other than timber production as well, notably the provision of drinking
water, the protection of forest soils, carbon storage, and the conservation of habitats for
forest-specific biota (BMEL 2017). In various regions, forestry has declared the goal to
replace part of the monospecific conifer forests by more natural mixed and broadleaf forests
in order to increase stand resistance against pests, storm damage, fire and future climatic
hazards, and to increase biodiversity (Anders et al. 2005, MLUR Brandenburg 2004, NLF
2011, MLU Sachsen-Anhalt 2014). These shifts in opposite direction will also affect the
forest carbon balance. In many woodlands, altered management concepts have resulted in
stands that are currently passing through a transitional stage with broadleaf trees thriving
under a shelter of older pines (e.g. NLF 2011), while pine itself does not regenerate on the
dark forest floor. Nevertheless, pine forests still dominate the woodlands of the northern
German, Dutch and Polish lowlands to a large extent (Leuschner and Ellenberg 2017).

In a network of 48 forest plots from all over northern Germany along a gradient from sub-
oceanic to sub-continental climate, this study compares the carbon pools in the aboveground
biomass (live trees, deadwood and saplings) and annual C sequestration of naturally
developing broadleaf forests, with the currently dominating Scots pine forests and the
transitional stage to the natural forest vegetation with broadleaf trees under pine shelter.
Study aim was to supply data for carbon accounting of forestry in the northern German
lowlands and to assess the consequences for the aboveground biomass carbon stocks and C
sequestration of large-scale forest transformation from broadleaf to conifer forest, as it has
occurred in the past and may partially be reversed in the future. We hypothesize that (i)
aboveground biomass carbon stocks and (ii) aboveground net primary productivity are
higher in hardwood-dominated forests with natural development than in the managed pine
forests and the pine-beech transitional stage. Furthermore, we analyze which characteristics
of the compared forest types (tree species identity, tree age, forest management, and abiotic
factors) are influencing the biomass carbon stocks and sequestration most.

https://www.decadeonrestoration.org/
https://www.decadeonrestoration.org/
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2.2 Methods
2.2.1 Study region

The study was conducted at 16 study sites in the northern German Pleistocene lowlands
(North German Plain), extending from the North Sea and Baltic Sea coasts in the north to
the border of the central German low mountain ranges in the south and covering a
continentality and precipitation gradient from the Dutch border in the west to the Polish
border in the east (Fig. 2.1). The North German Plain was mainly formed by glacial processes
during the Pleistocene, in which moraine landscapes with mostly flat or undulating reliefs
were shaped (Böse et al. 2018). The study sites are located on moderately dry to fresh sandy
soils with low to medium fertility, which mainly originate from moraine deposits of the last
(Weichselian) or penultimate (Saalian) glacials. The climate of the North German Plain is
cool-temperate; the gradient from a sub-oceanic climate in the west to a sub-continental
climate in the east manifests in slightly higher summer temperatures but lower winter
temperatures and lower precipitation at the Polish border. Mean annual temperature at the
study sites ranges from 8.6 to 10.3 °C and mean annual precipitation from 555 to 908 mm
year−1 (means of 1981 – 2010, DWD CDC 2019). A list of the study sites with stand
characteristics and climatic conditions is given in supplemental Table A2.1.

Figure 2.1. Map of the North German Plain with the 16 study sites.
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2.2.2 Study design
At the 16 sites, we compared planted Scots pine forests with naturally developing forests,

in the large majority broadleaf forests, which represent the vegetation that was present before
forest transformation. Since true primary forests do no longer exist in Central Europe, we
investigated at 13 of the sites formerly managed beech forests (Fagus sylvatica L.), at two
sites formerly managed sessile oak forests (Quercus petraea Matt. Liebl.) and at one site in
the east a formerly managed pine forest (Pinus sylvestris L.) in a protected area. In these
forests, the last thinning operations happened 6 to 41 years ago and the forests are currently
developing without further forestry impact (forests with natural development, ND). Stand
age exceeded 100 years in all stands (104 – 230 years old, mean: 146). At all 16 sites, we
chose nearby planted Scots pine forests of two different age classes (young: YP, old: OP) for
comparison. At site 02, Pinus nigra J. F. Arnold forests instead of P. sylvestris were
investigated. We decided to include this site at a coastal location, to extend the geographic
and climatic gradient. The three forest stands at a site (ND, OP and YP) were located on
similar geological substrate to ensure comparable growing conditions. Young pine forests
(YP) are pure pine stands of about 65 years (55 – 81 years old, mean: 65), of even age and
managed by regular thinning. A large part of the pine forests in northern Germany are of this
age, as they were planted after clear-cut in the late 1940s in the post-WWII epoch (Milnik
2007). Old pine forests (OP) are pine-dominated forests with broadleaf trees in the understory
that approach the end of the rotation cycle, with a stand age of at least 90 years (90 – 155
years old, mean: 112). These stands are also managed; they represent a transitional stage to
more natural, mixed or broadleaf forests. In total, 48 stands with a minimum size of 6 ha
were investigated, i.e. each three (ND, OP, YP) at similar edaphic conditions at the 16 study
sites. In each stand, 10 randomly distributed circular plots with a size of 0.1 ha (r = 17.84 m)
and a minimum distance of 66 m to the next plot were established in the field. This resulted
in a total of 480 circular plots.

2.2.3 Stand inventory
In the 0.1 ha plots, all trees with a diameter at breast height (DBH) > 7 cm were recorded

with respect to species identity, DBH, vitality (living, dying, dead) and assigned to three
categories (intact crown, partial crown breakage, snag). The height of canopy trees was
measured for at least three living, intact trees per plot of each occurring species and also for
all dead and fragmented trees (partial crown breakage). The height of the remaining trees
was estimated with species-specific stand height curves using Petterson’s function (Schmidt
1967). Dead lying trunks with a diameter at the thicker end > 20 cm were also inventoried
(categories: crown, stem, root plate, or combination of these). For all dead trees, the decay
stage was determined according to Albrecht (1991). Saplings (living trees with a DBH < 7
cm) were recorded with respect to species identity and height class in the northeastern
quadrant (trees taller than 1.5 m) or in a transect of 25 m2 (trees smaller than 1.5 m). The root
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collar diameter was measured of up to 4 saplings per tree species and height class. In total,
19,218 living and 8,892 dead trees were measured in the 480 plots.

2.2.4 Carbon pool estimation
Aboveground biomass in the plots was calculated separately for three different

compartments. The biomass of live and dying intact trees (1) was calculated using species-
specific allometric regressions (see Table A2.2). These equations allow calculating the
biomass of individual trees (wood and leaves or needles, fruits not included) from DBH and,
in some cases, height. The volume of dead trees and tree fragments (2) was calculated with
the approach of Meyer (1999), using SAS-routines developed by Meyer et al. (2009).
According to the degree of wood decay, correction factors were applied (Meyer et al. 2009).
Biomass was then calculated by multiplying wood volume with species-specific values of
wood density, taken from the global wood density database (Chave et al. 2009, Zanne et al.
2009). The biomass of the saplings (3) was calculated using species-specific allometric
regressions developed for young temperate tree species by Annighöfer et al. (2016).

To calculate biomass carbon, recent studies encourage the use of tree species-specific
values of carbon concentrations, since the commonly used C concentration of 50% (e.g.
Penman et al. 2003, Wirth et al. 2004, Wördehoff et al. 2011) can lead to over- or
underestimation of carbon stocks (e.g. Bert and Danjon 2006, Zhang et al. 2009). However,
intraspecific variation exceeds interspecific variation (Wirth et al. 2004) and C
concentrations in the literature for European beech and Scots pine both vary around 50% in
the different tree tissues and study regions (e.g. Laiho and Laine 1997, Janssens et al. 1999,
Rademacher et al. 2009, Husmann et al. 2018). Hence, we decided to adopt a carbon
concentration of 50% for all biomass fractions.

2.2.5 Aboveground net primary productivity
Aboveground net primary productivity was measured on six randomly chosen circular

plots in the forests with natural development (ND) and young pine forests (YP). Dendrometer
tapes were attached at breast height to 15 representative trees (according to tree species and
DBH, minimum DBH = 7 cm) per plot. In plots with < 15 trees, all individuals were
measured. The diameters of the selected trees were recorded annually in autumn after the
growing season in the years 2015 to 2017 (study sites 01 and 16: 2016 – 2017). This resulted
in about 2,500 annual DBH-measurements. The diameter increase of trees that were not
measured was estimated from species-specific relationships between DBH and DBH
increase calculated for each year. Wood production was obtained as the difference in woody
biomass between subsequent years as calculated with allometric regressions (Table A2.2).
Litter production was measured in 2015 (no data for YP stands of study sites 02 and 11) and
2016 (no data for YP stands of study sites 02, 11 and 12) using one circular litter trap per
plot with a diameter of 0.6 m (beech and oak forests) or 0.2 m (pine forests). The traps were
emptied in autumn after litter fall and checked again in spring. In the pine stands, traps were
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additionally emptied in summer. The litter material was sorted for fruits and leaves or needles
of the main and admixed tree species, oven-dried at 70°C for 48 h and weighed. Since cone
production in the pine forests was not adequately recorded by the litter traps, it was
additionally measured in 2016 by removing all cones from the forest floor on one marked
square of 1 m2 area per plot and collecting all cones fallen into this square after 1 year. This
data was also applied to the 2015 data. The sum of wood production and litter production
adds up to give aboveground net primary productivity (ANPP).

2.2.6 Statistical analyses
All statistical analyses were conducted with R 3.4.0 software (R Core Team 2017). Since

each three forest stands of a site are clustered, our samples are partly dependent. For all
statistical analyses, we used mean values of the forest stands. Due to inhomogeneous
variances between groups, we tested for differences in stand characteristics and carbon stocks
between the three forest types and for differences in wood production between years with
Friedman rank sum tests (Hollander and Wolfe 1973). Post-hoc tests with Bonferroni
correction of p-values were applied (Eisinga et al. 2017, Pohlert 2018). To detect differences
in wood production, litter production and ANPP between forest types, and differences in
litter production and ANPP between years, Wilcoxon signed rank tests or paired t-tests were
applied, depending on the normality or non-normality of data distribution. When analyzing
only the ND forests and the YP forest, effects of the stand characteristics were difficult to
disentangle from the effect of the main tree species. Therefore, influences of the following
variables on ANPP were analyzed separately for the two forest types: stand age, time since
last timber extraction, the main tree species’ share of basal area, mean growing season (April
- October) precipitation and temperature. Correlations were tested with Spearman rank
correlation analysis due to non-normal data distribution of ANPP and most other variables.
A significance level of α = 0.05 was adopted for all analyses.

To identify the underlying causes of differences in the total aboveground biomass C pool
between forest types, a linear mixed-effects model was used (Pinheiro et al. 2017). The
following variables and their interactions were included as fixed effects: stand age, time since
last timber extraction, main tree species (Pinus sylvatica L. and P. nigra J. F. Arnold
summarized as Pine), the main tree species’ share of basal area, mean annual precipitation
and mean annual temperature. Study site was included as random intercept to account for the
study design. Since most explanatory variables are stand-level parameters, stand means of
C-pools were used in the model (n = 48). For comparison of effect sizes, all explanatory
variables were scaled and centered. Due to heteroscedasticity of residuals, we included
specified variance structures (Pinheiro et al. 2017). The starting model included all
explanatory variables and the maximum number of interactions and was fitted with
maximum likelihood. The model with the best variance structure was selected based on
small-sample AIC (AICc, Mazerolle 2017). Then, all variables with p > 0.05 were dropped
consecutively. The model with the lowest AICc (Δ > 2) and the lowest number of included
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variables was chosen as the final model. It was refitted with restricted maximum likelihood.
For model validation, (standardized) residuals of the final model were plotted and
generalized variance inflation factors were calculated.

2.3 Results
2.3.1 Stand structural characteristics

Stand characteristics of the three forest ecosystem types ND forests, YP forests and OP
forests are given in Table 2.1. Due to the study design, the time since last timber extraction
was higher in ND forests than in OP forests and YP forests, stand age was lower in YP forests
than in ND forests and OP forests, and the main tree species’ share of the basal area was
lower in OP forests than in YP forests. While quadratic mean diameter was higher and stem
density lower in ND forests than in OP forests and YP forests, stand basal area did not differ
between the three forest types.

Table 2.1. Some stand characteristics in the three forest types forests with natural development (ND), old pine
forests (OP), and young pine forests (YP) (means ± SE). χ2 and p-values of Friedman rank sum tests, df = 2 in
all cases. Different letters indicate significant differences between forest types.

ND OP YP χ² p-value

Time since last timber
extraction (year) 18 ± 11 a 6 ± 7 b 5 ± 5 b 17.5 < 0.001

Stand age (year) 146 ± 31 a 112 ± 20 a 65 ± 6 b 26.0 < 0.001
Main tree species’ share
of basal area (%) 88.3 ± 7.9 ab 65.7 ± 22.8 a 91.0 ± 12.6 b 15.1 < 0.001

Quadratic mean
diameter (cm) 41.8 ± 9.4 a 31.0 ± 4.4 b 26.4 ± 3.3 b 22.9 < 0.001

Stem density (n ha-1) 251.9 ± 94.3 a 405.8 ± 128.0 b 541.4 ± 133.0 b 20.4 < 0.001

Stand basal area (m² ha-1) 29.1 ± 6.4 a 27.5 ± 6.2 a 28.1 ± 4.8 a 0.4 0.829

2.3.2 Carbon stocks in the aboveground biomass
Carbon stocks in the aboveground biomass (live trees, deadwood, and saplings) were

higher in forests with natural development than in old and young pine forests (χ2 = 21.5,
df = 2, p < 0.001), with about double the amount of carbon stored in the ND stands
(147.2 ± 48.8 Mg C ha−1) than in the YP stands (72.0 ± 17.0 Mg C ha−1). Live trees
constituted by far the largest fraction of stored biomass C in all forest types; this pool was
greater in forests with natural development than in old and young pine stands (χ2 = 21.5,
df = 2, p < 0.001). C pools in deadwood mass were smaller in young pine forests than in the
two other forest types (χ2 = 15.9, df = 2, p < 0.001); this pool was smaller than 5 Mg C ha−1
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in all three groups. In the biomass of saplings, < 1 Mg C ha−1 was stored in all three forest
types, with no differences between groups (χ2 = 0.88, df = 2, p = 0.646). Variation in C pools
among sites was highest in the forests with natural development and lowest in the young pine
forests (except for the C pool in the saplings, Table 2.2). In the group of forests with natural
development, beech forests had larger carbon pools in the live tree biomass and in the
saplings than oak and pine forests, whereas the deadwood C pool was largest in the oak
forests. Not only the pine forests (YP and OP) had much smaller total biomass C pools than
the ND forests, but the studied naturally developing pine forest (ND group) as well (Table
2.2).

Table 2.2. Carbon pools in the different compartments and total aboveground biomass C pool in the three forest
types, in case of ND forests additionally given for the plots with the three main tree species. The value for ND
forests is the weighted mean of the three species. Different letters indicate significant differences between
forest types.

Forest type Live tree biomass
(Mg C ha-1)

Deadwood mass
(Mg C ha-1)

Biomass of saplings
(Mg C ha-1)

Total aboveground
biomass (Mg C ha-1)

ND 141.64 ± 48.97 a 4.56 ± 3.17 a 0.97 ± 2.24 a 147.17 ± 48.77 a

Fagus sylvatica 154.28 ± 43.03 4.08 ± 2.02 1.10 ± 2.48 159.45 ± 42.51

Quercus petraea 107.82 ± 7.27 9.35 ± 6.51 0.45 ± 0.63 117.62 ± 13.15

Pinus sylvestris 45.02 1.24 0.36 46.63

OP 83.16 ± 23.7 b 3.33 ± 1.92 a 0.31 ± 0.29 a 86.8 ± 24.58 b

YP
69.99 ± 16.77 b 1.64 ± 0.87 b 0.41 ± 0.47 a 72.04 ± 17.02 b

The final mixed-effects model to explain total aboveground biomass C pools from
possible biotic and abiotic factors contained the covariates main tree species, time since last
timber extraction and the main tree species’ share of basal area (Table 2.3). The main tree
species pine, in comparison to beech, had the strongest, negative effect on the carbon pool
in the aboveground biomass, whereas the negative effect of oak was not significant (Fig.
2.2a). Time since last timber extraction had a positive effect on the carbon stocks (Fig. 2.2b),
and the main tree species’ share of basal area had a negative effect. In contrast, the covariates
stand age, mean annual temperature and mean annual precipitation had no significant
influence and were thus not included in the final model (Fig. 2.2c-e). Plots of the
(standardized) residuals of the model and generalized inflation factors are given in
supplemental Fig. A2.1 and Table A2.3, respectively.
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Table 2.3. Estimated values of the scaled and centered covariates of the final model to explain aboveground
biomass C pools; given are the standard error, degrees of freedom, and t- and p-values.

Value Standard error df t-value p-value

Intercept 142.05523 8.213522 28 17.295288 < 0.001

Main tree species: Pine −58.43927 10.281453 28 −5.68395 < 0.001

Main tree species: Oak −16.58132 17.164018 28 −0.966051 0.342

Time since last timber extraction 12.97134 6.220711 28 2.085185 0.046

Main tree species’ share of basal area −14.71903 2.297965 28 −6.405244 < 0.001

Figure 2.2. Carbon stocks in the aboveground biomass in dependence on the variables main tree species (a),
time since last timber extraction (b), stand age (c), mean annual temperature (d) and mean annual precipitation
(e).

2.3.3 Aboveground net primary productivity
In the years 2015 and 2016, litter production was higher in forests with natural

development than in young pine forests (Fig. 2.3). The mean difference between the two
groups was larger in 2016 (1.36 Mg C ha−1 year−1) than in 2015 (0.55 Mg C ha−1 year−1), due
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to a higher litter production in ND forests in 2016 than in the year before (V = 2, p < 0.001).
In 2015, a trend to a higher wood production in ND forests than in YP forests existed, which
was absent in the following two years (Fig. 2.3). Wood production in ND forests differed
between years (χ2 = 9, df = 2, p = 0.011), with a higher production value in 2015 than in
2016. In the YP forests, wood production increased from 2015 to 2017, but the differences
between years were not significant (χ2 = 5.5, df = 2, p = 0.063). Aboveground net primary
productivity in ND forests was higher in 2016 than 2015 (V = 15, p = 0.017), but did not
differ between years in YP forests (V = 29, p = 0.764). In 2015 and 2016, ANPP was higher
in ND forests than in YP forests (2015: V = 75, p = 0.002; 2016: t = 4.96, p < 0.001), with a
larger difference in 2016 (1.35 Mg C ha−1 year−1) than in 2015 (0.99 Mg C ha−1 year−1). ANPP
averaged over the recorded years was also higher in ND forests than in YP forests (4.33 vs.
3.27 Mg C ha−1 year−1, Fig. 2.4a), with a mean difference of 1.07 Mg C ha−1 year−1. In the
group of forests with natural development, beech stands had higher ANPP than the two oak
stands; the lowest ANPP was measured in the pine forest with natural development (Fig.
2.4b).

In both, the ND and YP forests, ANPP did not correlate with any of the stand- or site-
related variables (Fig. 2.5), except for a negative correlation in YP forests between ANPP
and the main tree species’ share of basal area (rs = -0.69, p = 0.006).

Figure 2.3. Means and standard errors of litter and wood production in the years 2015 – 2017 in forests with
natural development (ND) and young pine forests (YP). The p-values of paired t-tests and Wilcoxon signed
rank tests are given for differences between forest types in litter production (upper values) and wood production
(lower values). No litter data were available for 2017.
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Figure 2.4. Means and standard errors of aboveground net primary productivity by forest type (a) and by main
tree species in forests with natural development (b). The p-value of a Wilcoxon signed rank test for the
difference in ANPP between the forest types is given.

2.4 Discussion
2.4.1 Consequences of historic forest conversion for

aboveground biomass carbon storage
For managed European beech forests with stand ages > 100 years, a wide range of

aboveground biomass carbon pool sizes has been reported (105 – 330 Mg C ha−1 in live trees,
Rademacher et al. 2009), reflecting differences in climate, soil moisture and soil fertility, but
also in thinning regimes and related stem density. With a mean of 154 Mg C ha−1 in live tree
biomass, the 13 unmanaged beech forests (ND) of our study are in the lower range of this
span. The YP and OP forests show similar biomass carbon pool sizes like other Scots pine
forests of comparable age in Central and Western Europe (~75 Mg C ha−1 in a 73-year-old
Belgian stand, Xiao et al. 2003; ~ 80 Mg C ha−1 in 60 – 80-year-old pine forests from
different regions of Germany, Burschel et al. 1993), but values also vary widely with soil
fertility (Heinsdorf 2007).
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Figure 2.5. Spearman rank correlation analysis for relations between aboveground net primary productivity
and time since last timber extraction (a,b), stand age (c,d), mean growing season precipitation 2015 – 2017
(e,f) and mean growing season temperature 2015 – 2017 (g,h) in young pine forests and forests with natural
development. Correlation coefficients (rs) and p-values are given. Note the different time scales for time since
last timber extraction and stand age in the two forest types.

With a mean of 72 Mg C ha−1, the aboveground biomass (live trees, deadwood and
saplings) of the young pine forests was about 45% of that of the beech ND forests and half
of the biomass of all ND forests (including oak and pine). Contrary to expectations, the large
biomass difference cannot be explained by the greater mean age of the ND forests (means of
ND and YP: 146 vs. 65 years). Our mixed model clearly reveals the dominant role of tree
species for biomass C storage in the studied forests, while stand age, which usually has a



Aboveground biomass carbon storage and uptake potential

29

large effect (e.g. Pregitzer and Euskirchen 2004), was not influential in our 48 stands. The
large influence of the species’ characteristic productivity is enhanced by species-specific
silvicultural practices applied to beech and pine stands. Inventory data from stands in the
north German lowlands show that the biomass accumulation rate (trunk, branches, coarse
roots) in Scots pine forests starts to level off at a stand age of about 60 – 80 years, while it
continues to increase until 120 – 140 years in beech stands (Burschel et al. 1993). As a
consequence, the old pine forests in transition to hardwood forest (OP) with nearly 50 years
higher stand age had an only 20% larger biomass C pool than the YP stands. That the beech
ND stands of our study have accumulated considerably more aboveground biomass carbon
than the pine forests (OP) at similar age, is not a consequence of basal area differences
between the two forest types, but only caused by the higher carbon gain of beech, which
leads to superior trunk and branch volume production rates of beech. In addition, F. sylvatica
has an about 39% higher wood density than P. sylvestris (0.59 vs. 0.42 g cm−3, Zanne et al.
2009), which results in a higher carbon accumulation rate, when volume growth is similar.

The absence of a stand age effect on the biomass carbon pool is surprising, as our stands
cover an age interval of ~100 years for both beech (103 – 195 years old) and pine stands (55
– 155 years old). One reason is forest management, i.e. the regular extraction of stems in the
course of stand thinning, which has reduced the slope of the biomass accumulation curve. In
particular in the old pine forests (OP), a considerable fraction of the standing wood volume
must already have been extracted in past decades. In the beech or oak forests with natural
development, thinning has been conducted in the more distant past as well, which also must
have reduced age-related differences in biomass C pools.

2.4.2 Carbon sequestration potential of naturally developing
broadleaf forests vs. thinned pine forests

Managed beech forests at maturity (80 – 120 years old) have an aboveground productivity
(ANPP) in the range of 2.85 – 6.25 Mg C ha−1 year−1 (Rademacher et al. 2009, Leuschner
and Ellenberg 2017); Leuschner and Ellenberg (2017) give a mean value for Central
European managed beech forests of  about 5.3 Mg C ha−1 year−1. These studies refer to beech
stands mostly at submontane to montane elevation, where productivity should be somewhat
lower than in the warmer lowlands. Yet, many of the studied sites are more fertile than our
studied stands on Pleistocene sands. This agrees well with the slightly lower mean ANPP of
4.5 Mg C ha−1 year−1 measured in the 13 beech ND forests in this study. With an ANPP of
about 3.3 Mg C ha−1 year−1 in the YP forests, productivities are smaller than in many other
Scots pine stands in Central and Western Europe. For example, Art and Marks (1971),
DeAngelis et al. (1981) and Cannell (1982) give ANPP values between 3.95 and
11.0 Mg C ha−1 year−1 for various pine stands of 35 – 55 years, and Hagemeier (2002) values
of 7.2 and 9.0 Mg C ha−1 year−1 for two 48- and 50-year-old pine forests, which are higher
than our values. Yet, Anders et al. (2005) measured only 3.2 Mg C ha−1 year−1 in an 84-year-
old pine stand in north-eastern Germany. Besides low soil fertility, one main driver of the
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relatively low productivity of our pine forests is the considerably smaller stem density and
basal area than in many other pine stands.

In confirmation of our second hypothesis, aboveground net primary productivity was
about 25% lower in the young pine forests than in the forests with natural development
(means of 3.27 vs. 4.33 Mg C ha−1 year−1), whereas basal area was very similar (28.1 vs.
29.1 m2 ha−1). The difference is mainly a consequence of the typically much lower leaf area
index of pine (about 1.8 – 3 in pine vs. 5 – 8.5 in beech; Leuschner and Ellenberg 2017),
which must result in a lower canopy carbon gain. The smaller leaf area is reflected in the
lower litter production of the pine stands. While wood production was roughly similar
between ND and YP stands (1.8 – 1.9 Mg C ha−1 year−1) despite different ages, litter
production was higher in the former. The difference existed in the years 2015 and 2016, but
was especially large in the year 2016, when fruit production increased at all beech stands
except for site 14, indicating a beech masting event. This masting event could also explain
the simultaneous decrease in wood production in beech (Müller-Haubold et al. 2015, Hacket-
Pain et al. 2018).

An unexpected result is the lack of climatic factors with a significant influence on ANPP
in our stand sample. Climate during the study period varied largely between years. In 2015,
growing season temperature and precipitation were similar to the multi-annual mean
(average values in the studied stands in 2015: 13.75 °C/ 393 mm; 1981 – 2010: 13.82 °C/
416 mm, DWD CDC 2019). Thus, the measured ANPP values in 2015 should be typical for
the forests under past climatic conditions. In contrast, the growing season of 2016 was very
warm and dry (14.65 °C and 351 mm). Under these conditions, which likely will become
more frequent in the future (IPCC 2014, Schär et al. 2004), ANPP increased in the beech
forests due to the high fruit production value, thus increasing the ANPP difference between
beech and pine compared to the year before. In contrast, wood production was similar in ND
and YP stands in 2016. In 2017, both growing season temperature and precipitation were
high compared to the multi-annual mean (14.22 °C and 547 mm), which had no significant
influence on wood production, when compared to the typical year of 2015. The restoration
of non-structural carbohydrate reserves that have been used for fruit production in the
preceding beech mast is probably one reason for the relatively low wood production in ND
forests in 2017 (Hoch et al. 2003). Furthermore, wide variation in mean growing season
precipitation 2015 – 2017 (~375 – 550 mm year−1) across the climate continentality gradient
from the North Sea coast to the Polish border apparently had no significant effect on the
aboveground productivity of beech (and oak) and pine. A similar pattern has been observed
in a precipitation transect study of beech forests in the north-west German lowlands, where
wood and leaf production decreased but fruit production and belowground productivity
increased, and total ANPP remained unchanged from moist to dry sites (Hertel et al. 2013,
Müller-Haubold et al. 2013). This may suggest that reduced precipitation acts mainly on tree-
internal allocation of carbohydrates, while canopy carbon gain and total NPP seem to be
affected relatively little by the precipitation regime. If the production of a large fruit crop in
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beech turns out to be the main driver of the ANPP difference between beech and pine, then
it is possible that this difference will increase in future due to the recently observed growing
frequency of beech masting in parts of Europe (Schmidt 2006, Övergaard et al. 2007).
Productivity measurements over a longer time period would help to verify the ANPP
differences between beech and pine under varying climatic conditions.

In the young pine forests, as in the ND forests, variation in stand age and time since
management abandonment did not significantly influence ANPP. The relative uniformity of
ANPP with time could partly be caused by the regular stand thinning activities, which may
adjust stand leaf area and thus photosynthetic carbon gain to a relatively constant level.

Understory vegetation was not considered in our data and is often neglected in studies
investigating the net primary productivity of forests. While the relative contribution of
understory plants to aboveground biomass is typically < 1% in Northern Hemispheric forests,
its relative contribution to net primary productivity is estimated at c. 4% (Gilliam 2007).

2.4.3 Comparing our forests with natural development with true
primary forests

In Central Europe, true primeval forests without human influence since many centuries
(except for atmospheric deposition) are virtually absent in the lowlands and restricted to very
small patches in the Alps and Carpathians (Parviainen 2005, Sabatini et al. 2018). Due to the
lack of a good primeval forest reference, we compare the biomass and productivity data of
the ND forests to true beech primeval forests in the Slovakian Carpathians, from where
comparable data are available. Clearly, these forests are at montane instead of lowland
elevation, which limits comparability, but they may indicate the magnitude of natural C pools
and fluxes.

The possible end point of aboveground biomass carbon accumulation in a development
toward a natural forest, which is indicated by the biomass C pools in live trees of the three
Slovakian beech primeval forests (~193 Mg C ha−1, Glatthorn et al. 2018), is only 25% larger
than the mean of our formerly managed beech forests. Our beech forests showed a tendency
of increasing total aboveground biomass C pools since management abandonment by
roughly 16 Mg C ha−1 year−1 during the first 40 years. Yet, certain ND stands currently have
even greater aboveground C pools in live trees (up to 225 Mg C ha−1) than the primeval forest
average. High biomass C values in managed beech forests can result from the stand’s cohort
structure, when the bulk of stems are contributed by mature trees with relatively high stem
volume. This is reflected in the quadratic mean diameters of the 13 beech ND forests, which
are relatively high for mature Fagus sylvatica forests (34.3 – 38.9 cm, Burrascano et al.
2013), while the stand basal areas are relatively low in comparison to other German mature
beech production forests (32.7 m2 ha−1, von Oheimb et al. 2005; 24.4 – 44.9 m2 ha−1, mean:
31.9 m2 ha−1, Müller-Haubold et al. 2013). The difference between the north German
unmanaged beech forests and the Carpathian primeval forests was much greater for the
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deadwood C pool, which was about 9 times larger in the primeval forests (35 Mg C ha−1,
Glatthorn et al. 2018) than in the ND beech forests 6 – 41 years after management
abandonment (about 4 Mg C ha−1). Our aboveground net primary production value (4.5 Mg
C ha−1 year−1) also compares well with the ANPP measured in the Slovakian primeval beech
forests (5.0 Mg C ha−1 year−1, Glatthorn et al., 2018). Thus, beech primeval and ND forests
mainly differ in the population structure of the living stand, the deadwood pool and the total
aboveground C pool (159 Mg C ha−1 in ND beech forests vs. 228 Mg C ha−1 in Slovakian
beech primeval forests), but much less in terms of aboveground biomass in live trees.

Mature oak forests without forestry impact are rare in the temperate forest biome of
Europe and therefore are much less studied than beech primeval forests (Petritan et al. 2012).
Oak-dominated forests seem to have a lower wood volume, but typically a larger deadwood
volume, than beech forests (Burschel et al. 1993, Petritan et al. 2012), which agrees with the
findings of our study. No good reference for the biomass of natural Scots pine forests does
exist for Central Europe. In two protected old-growth Scots pine-dominated forest stands in
Poland, basal area ranged between 28.9 m2 ha−1 and 36.4 m2 ha−1 and increased over time
(Brzeziecki et al. 2020). The basal area in our pine forest with natural development was only
21.8 m2 ha−1 and did not exceed the basal area in the young and old pine stand at the same
site. The very small biomass C pool therefore seems to be a result of past management and
of poor growing conditions at the study site on dry Pleistocene sandy substrates. This is also
reflected in low quadratic mean diameters of all three stands at this site.

To conclude, management cessation, as it is foreseen for 5% of the forest area in Germany
(BMU 2007), will increase biomass C pools, especially in the deadwood pool. However, low
intensity management can also help to accumulate more biomass carbon in German forests.
This is indicated by the significant effect of time since last timber extraction on the
aboveground biomass C pool, even though the last timber extraction occurred on average
only 18 years ago in our ND forests.

2.4.4 Conclusions
This landscape-scale assessment shows that the clearing of the native beech and oak

forests centuries ago and their eventual replacement by Scots pine forests was associated
with a biomass carbon loss in the magnitude of 70 Mg C ha−1, when averaged data from the
YP and OP stands are used for calculation. A rough extrapolation to the > 1.7 million ha of
current pine forests in the northern German lowlands yields a reduction in aboveground
biomass C in a magnitude of ~120 Tg C, which likely had been accumulated in the primeval
forests of the past in excess of the recent biomass storage. This is more than the recent annual
carbon sequestration of all European forests.

Clearly, this is a rough estimation with many uncertainties. The age classes of the pine
forests studied here are representative of about half of the pine forest area in the northern
German lowlands (~54% > 60 years old, analysis based on TI 2015). For younger forest
stands, the biomass carbon difference to the former natural broadleaf forests in the region
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should be even larger. The comparison with the three Slovakian primeval forests, where
different development stages are included, and the relatively short period since management
abandonment of our forests with natural development, also suggest that this might be an
under- rather than an overestimation. Our conclusions are valid for sandy soils, which
dominate large parts of the northern German lowlands and are the sites, were most pine
stands have been established. If the carbon pools and C sequestration of the pine forests
would be compared to beech forests that are still managed, the difference between the two
stand types would likely be smaller, as thinning operations reduce the aboveground biomass
carbon pool. Furthermore, about 49% of the beech forests in the northern German lowlands
are younger than 100 years (analysis based on TI 2015) and biomass carbon differences
between beech and pine forests at young ages will be smaller than the values found in our
study, as the period available for biomass accumulation is shorter. In any case, our rough
extrapolation to the landscape scale demonstrates the immense impact of past forest
conversion practices on the carbon storage in temperate forests.

The superior biomass carbon accumulation of European beech is clearly reflected in our
study by the 1.1 Mg C ha−1 year−1 higher ANPP of the hardwood compared to the conifer
stands. Even though European beech is often characterized as a drought-sensitive species
(Geßler et al. 2007), the ANPP of the ND stands increased in the warm and dry growing
season of 2016. In the beech stands, the decrease in wood production was more than
compensated by the high fruit production, indicating no drought-induced decrease of carbon
gain.

For assessing the climate change mitigation potential of beech and pine forests, carbon
pools in the belowground biomass, the soil, and in durable wood products need to be taken
into account as well. Root/ shoot ratios seem to be somewhat smaller in European beech
(Bolte et al. 2004) than in Scots pine (Xiao et al. 2003), suggesting slightly smaller
differences in belowground biomass than found aboveground. Planting beech in Scots pine
forests has been found to decrease soil C stocks slightly (Prietzel 2004), and SOC inventories
in our forest stands found an on average 45% greater soil carbon pool under pine than beech
(130.0 vs. 88.8 Mg C ha−1 in 0 – 100 cm and organic layer; Diers et al., unpubl.). This
balances the lower biomass carbon pool partly. In addition, coniferous species are used to a
higher proportion for longlived wood products than broadleaf tree species (WBAE and
WBW 2016). Yet, when assessing this difference, it must be kept in mind that the long-term
storage of carbon in long-lived wood products still accounts for only a few percent of the
biomass C stored in the world’s forests (c. 4 – 20 Pg C vs. 280 – 363 Pg C, Pan et al. 2011,
Larson et al. 2012, Chen et al. 2019).

Further research on the carbon balance of beech and pine forests under a changing climate
is required to evaluate whether the restoration of beech forests (or other hardwood forests)
on current pine forest area represents a viable option with respect to the goal of mitigating
climate warming, especially in the moister western part of the north German lowlands, where
forests are less threatened by summer droughts and future climate warming. It is perhaps
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more relevant, that converting part of the existing Scots pine forest area into beech (or oak)
forests would be favorable for other ecosystem services as well, notably biodiversity
conservation, and fire and pest damage control. Equally relevant is groundwater recharge,
which is significantly higher under beech than pine stands in the Pleistocene lowlands
(Leuschner 2001, Leuschner 2002, Müller 2001, Anders et al. 2005), and may become a key
ecosystem service of forests in regions with a future decrease in summer rainfall. Thus, the
carbon storage potential in biomass (and soil) must be carefully weighed against other
consequences of largescale forest conversion.
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Table A2.3. Generalized inflation factor (GVIF) of the included variables of the final mixed effects model for
C pools in total aboveground biomass.

GVIF df GVIF^(1/(2*df))

Main tree species 1.593073 2 1.123463

Time since last timber extraction 1.559686 1 1.248874

Main tree species’ share of basal area 1.074578 1 1.036618

Figure A2.1. Model diagnostics of the final mixed effects model for C pools in aboveground biomass:
Standardized model residuals plotted against the fitted values (a), and histogram (b) and qqPlot (c) of the
model residuals.
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Abstract
Planted forests of Scots pine (P. sylvestris L.) and other Pinus species extend over

>1.7 million hectares in the Pleistocene lowlands of northern Germany, replacing former
broadleaf forests (primarily European beech, Fagus sylvatica L.). This transformation
belongs to the world’s largest broadleaf-conifer forest conversions; yet, the belowground
consequences of this species shift are poorly studied. Based on root coring, an ingrowth core
study and root morphological analyses, we compared (i) the bio- and necromass,
productivity and morphology of fine roots in pairs of beech and pine stands and (ii) analyzed
the species’ fine root system response to variation in soil properties and climatic conditions
across a climate continentality gradient. Fine root biomass was on average 6.5 times higher
(237 vs. 37 g m− 2) and fine root productivity 1.9 times greater (147 vs. 77 g m− 2 yr− 1,
difference not significant) in beech than pine stands. Beech responded with considerable
plasticity in fine root system size and fine root morphology to variation in soil acidity and
soil fertility and to the contrasting growing conditions in organic layer and mineral soil, but
was not responsive to the climatic gradient. In contrast, pine modified fine root biomass and
root morphology in response to precipitation and temperature, but did not respond to soil
chemistry and fertility. Pine had a somewhat higher mean fine root diameter and also higher
specific fine root surface area than beech, while its fine root tip abundance and mean fine
root lifespan were lower than in beech (4 vs. 13 months). We conclude that the conversion
of broadleaf (beech) to coniferous (pine) forest is accompanied by marked root system
changes, notably the reduction of standing fine root biomass and productivity and an
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apparently contrasting belowground responsiveness to climatic and edaphic changes, with
possible consequences for the trees’ susceptibility to climate-warming and drought.

Keywords: Fine root biomass, Fagus sylvatica, Forest conversion, Fine root trait plasticity,
Fine root productivity, Pinus sylvestris

3.1 Introduction
Since the establishment of the earliest permanent settlements in Neolithic times, humans

have shaped the landscapes of Central Europe, which once were nearly completely covered
with temperate broadleaf forests (Leuschner & Ellenberg 2017, Poschlod 2017). With the
expansion of arable fields and increasing timber extraction, forest cover has progressively
decreased in most Central European regions, reaching forest cover minima during the Middle
Ages and in the early modern era at around 1800 A.D. (Bork 2001). Forest loss was
particularly large in the Pleistocene lowlands of the Netherlands, northern Germany and
northern Poland, while more forest remained in the mountainous landscapes more in the
south of Central Europe. Century-long forest destruction on the mostly nutrient-poor soils
of the lowlands led to the expansion of heathlands on large areas and locally also to the
formation of inland dunes (Leuschner & Immenroth 1994). With further increase in human
population size and the beginning of industrialization, timber shortage increased, and
heathlands, sand dunes as well as abandoned arable land was increasingly afforested to meet
the timber demand and halt land devastation. As soils were mostly infertile and often had
lost part of their soil organic carbon (SOC) stock, fast-growing conifers, mostly Scots pine
(Pinus sylvestris L.) and subsequently also Norway spruce (Picea abies Karst.), were
preferably planted (Kremser 1990, Milnik 2007). In the Pleistocene lowlands of northern
Germany and Poland and in the Netherlands, large monospecific Scots pine forests have
been established, in most cases on soils that were once covered by forests of native European
beech (Fagus sylvatica L.) or other broadleaf trees. The century-long history of human
impact is still visible in many forest soils in form of enhanced podzolization and reduced
SOC pools (Riek et al. 2007, Leuschner et al. 2013), in contrast to soils that have kept their
forest cover continuously.

Even though forestry in Germany and neighboring countries has seen initiatives to
increase the proportion of natural broadleaf trees in the production forests in recent time (e.g.
Lust et al. 2000, MLUR Brandenburg 2004, NLF 2011), pine forests (Pinus spp., mostly P.
sylvestris) still cover 53% (>1.7 million ha) of the current forest area in the northern German
lowlands, while the share of European beech is only 7% (analysis based on TI 2015, slightly
different area reference than depicted in Fig. 3.1). This contrasts with a natural share of pine
of only 2% of the potential forest area, while beech would potentially cover 51% (BfN 2010,
analysis conducted with ESRI ArcMap 10.1). This demonstrates the dimension of change
that has happened in the woodlands of the northern German lowlands during the last
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250 years, transforming a former temperate broadleaf forest landscape to woodlands widely
dominated by planted conifers. Few regions in the world have experienced such a
fundamental change in forest structure and composition, which comes close to a man-made
biome shift from temperate broadleaf to temperate (or boreal) coniferous. This must have
had consequences for the forest-dwelling biota, biogeochemical cycles and forest-related
ecosystem services, especially for the local and regional climate, the soil moisture regime,
evapotranspiration and groundwater recharge, above- and belowground carbon (C) cycling,
and soil chemistry and biology and nutrient supply (Leuschner & Rode 1999, Majunke et al.
2005, Anders et al. 2005, Förster et al. 2021, Diers et al., submitted). Here, we investigate
the consequences of a shift from broadleaf to conifer forest for fine root system structure and
dynamics, comparing broadleaf (beech) stands with conifer (pine) stands on the same soil.

Tree fine roots (≤2 mm in diameter) represent only a few percent of the trees’ biomass
(Vogt et al. 1996, Kalyn & Van Rees 2006), but their consumption of assimilates is
disproportionately high. McCormack et al. (2015) estimated that fine root productivity (FRP)
accounts for 22% of global terrestrial net primary production. Fine roots may also contribute
largely to the transfer of plant carbon to the SOC pool (Tefs & Gleixner 2012, Clemmensen
et al. 2013). Root exudates can stimulate microbial activity in the rhizosphere and thereby
may have a profound influence on soil nutrient availability (Bardgett et al. 2014). Despite
considerable progress in our understanding in recent time (Meier et al. 2019), we still know
much less about the functioning of root systems and its variation among species than about
aboveground tree organs (Leuschner & Hertel 2003, McCormack et al. 2015, Weemstra et
al. 2016, Fuchs et al. 2020).

Comparing tree species with respect to fine root system size and dynamics has to consider
that fine root biomass (FRB) and fine root dynamics vary with soil properties, notably soil
pH and soil fertility, and climate, but may also depend on stand structural characteristics
such as basal area and tree age (e.g. Leuschner & Hertel 2003, Helmisaari et al. 2007, Hertel
et al. 2013, Weemstra et al. 2017, Brunner et al. 2019). As the belowground response to
environmental change appears to be species-specific, generalization across species is
difficult (e.g. Leuschner & Hertel 2003, Finér et al. 2011a, b, Fuchs et al. 2020). Studying
the changes in fine root system size and dynamics of different tree species along climatic
and edaphic gradients could help to compare different species with respect to
above/belowground allocation strategies and in terms of root system sensitivity to drought
and soil chemical stress.

With the adoption of a more functional perspective of the fine root system, research has
increasingly focused on root trait variation and its relation to plant and ecosystem
functioning (Freschet et al. 2021). Among the more easily measured fine root morphological
traits, specific root length (SRL, root length per root dry weight), specific root area (SRA,
root surface area per root dry weight) and, less often, root tip frequency (RTF, root tip
number per root dry weight) have been used as proxies to characterize the putative efficiency
of fine root resource uptake, as they relate the C cost of root production to a benefit



Fine root biomass and productivity

49

(Eissenstat & Yanai 1997, Lõhmus et al. 2006, Ostonen et al. 2007, Weemstra et al. 2017,
Hertel et al. 2013). Other widely measured fine root morphological traits are root tissue
density (RTD, root dry weight per root volume) and average fine root diameter, which both
influence SRL and SRA and are related to fine root longevity (McCormack et al. 2012,
Eissenstat et al. 2000). Two strategies to cope with low resource availability in the soil have
been distinguished, an ‘intensive strategy’ and an ‘extensive strategy’ (Lõhmus et al. 2006,
Ostonen et al. 2007). In the first strategy, plants increase the efficiency of soil resource
exploitation through root morphological modifications, while the extensive strategy consists
of an absolute increase in total fine root biomass, surface area and length.

In a paired-plot study at eight study sites in the Pleistocene lowlands of northern
Germany, we compared the fine root systems of naturally developing beech forests and
managed pine forests on similar soil across a gradient from a more oceanic to a more
continental climate. Study aim was to elucidate the belowground consequences of the large-
scale forest conversion in the study area, i.e. to understand changes in the fine root systems
resulting from the conversion of broadleaf to conifer forest on infertile sandy parent material.
We hypothesized that fine root biomass (i) and fine root productivity (ii) are higher in the
naturally occurring beech forests than in planted pine forests replacing them. We further
analyzed differences in fine root morphological traits between European beech and Scots
pine, and compared the response of the species’ fine root systems to variation in soil
properties and climatic conditions in order to reveal adaptive belowground strategies of
European beech and Scots pine to stressful environmental conditions.

3.2 Methods
3.2.1 Study area

The study was conducted at eight study sites, distributed over large parts of the North
German Pleistocene lowlands between the Dutch and the Polish borders (Fig. 3.1). The study
sites are located on acidic sandy soils with low to medium silt content and thus low to
moderate fertility, which mainly originate from moraine deposits of the penultimate
(Saalian) or last (Weichselian) glacial. Soil types are spodo-dystric Cambisols and Podzols.
None of the study sites is influenced by groundwater. The cool- temperate climate in the
study area shows a continentality gradient from west to east with decreasing mean annual
precipitation (MAP, range: 822–555 mm year− 1), and slightly increasing summer, but
decreasing winter, temperatures. Mean annual temperature (MAT) ranges from 8.7 to 9.4 ◦C
(means of 1981–2010, DWD CDC, 2019).
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Figure 3.1. Map of Germany with the eight study sites in the North German Lowlands.

3.2.2 Study design
At each of the eight study sites, we compared a naturally developing European beech

(Fagus sylvatica L.) forest, with a management history in the past, with a nearby planted
Scots pine (Pinus sylvestris L.) stand on similar geological substrate. The beech forests had
a minimum stand age of 100 years (138 years on average), and the last thinning operations
happened between 6 and 41 years ago (19 years on average). These forests represent the
natural vegetation of the study area before forest conversion. The planted pine forests, which
represent the dominant current vegetation, were regularly thinned and between 62 and 68
years old (65 years on average). This age class is widespread in the study region, since many
clear-cuts were afforested after World War II. All 16 forest stands had a minimum size of
6 ha. In each stand, six circular 0.1 ha-plots (r = 17.84 m) were established at random
positions and at a minimum distance of 66 m to each other.

3.2.3 Fine root mass and morphology
We conducted two root inventories at the beginning of the growing season in the 96 plots,

one in February/ March 2015, and a second one in March/ April 2017. During each inventory,
we took in every circular plot one fine root sample at random location with a minimum
distance of 1 m to the next tree, resulting in 192 fine root samples in total. The organic layer
and upper 20 cm of the mineral soil profile were extracted with a soil corer of 3.5 cm in
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diameter. The samples were transferred to plastic bags and stored at 4◦C until being
processed. To extract the roots from the soil, samples were soaked with tap water and sieved
at a mesh size of 0.2 mm. All tree fine root segments with >1 mm length and diameter ≤2 mm
were considered for analysis. Large rootlets (>10 mm length) were picked out by hand with
tweezers. Fine roots were sorted into living and dead fractions through the inspection of the
degree of cohesion of stele and periderm, root elasticity and color under a stereomicroscope
(e.g. Hertel & Leuschner 2002). Furthermore, we separated tree fine roots by species (beech,
pine and some admixed species) based on root cortex color and surface structure,
ramification patterns, and root elasticity (Table A3.1).

While most of the living fine roots in a soil sample can be detected by this method, a large
part of the dead fine root fraction (fine root necromass, FRN), mostly composed of very
small root fragments, would be missed. Therefore, 20 randomly selected samples per forest
type of the root inventory of 2015 were additionally analyzed with an approach developed
by van Praag et al. (1988) and adapted by Hertel (1999). These samples were sieved with a
mesh size of 0.063 mm. Larger fine root segments were extracted as described above. The
remaining sample was evenly spread on a sheet of filter paper (730 cm2), which was divided
into 36 squares of even size. On six randomly chosen squares, all remaining root fragments
were picked out by hand with tweezers under a stereomicroscope, dried and weighed. The
proportion of the FRN fraction determined by the rough method in comparison to that
retrieved with the precise method was analyzed with linear regression analysis. The resulting
equations (Table A3.2) were used to estimate total FRN for the remaining samples without
precise determination.

Live fine roots of beech and pine were scanned with a flat-bed scanner and fine root
diameter, length, surface area, volume and root tip abundance were determined with
WinRhizo software (Regent In´ struments Inc., Quebec, Canada). All root fractions were
dried at 70 ◦C for 48 h and subsequently weighed. We calculated SRL, SRA and RTF as the
fine root length, surface area or root tip number of a sample divided by its dry weight. RTD
was obtained by dividing fine root dry weight by root volume. Root area index (RAI) was
calculated as cumulative fine root surface area divided by the ground area (9.62 cm2) of a
sample. To enable better comparison with other studies, we extrapolated our FRB data to
60 cm soil depth using FRB-depth functions for beech and pine, that were established for
sandy Pleistocene soils in northern Germany (after data in Scherfose 1990, Meier et al.
2018). An overview of all investigated root-related variables is given in Table 3.1.
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Table 3.1. List of all investigated root-related variables. Given are the abbreviations, units and definitions.

Variable Abbreviation  Unit Definition

Fine root biomass FRB g m− 2 Dry weight of live fine roots of the main tree species
(Fagus sylvatica or Pinus sylvestris)

Fine root necromass FRN g m− 2 Dry weight of dead fine roots of the main tree species
(Fagus sylvatica or Pinus sylvestris)

Fine root productivity FRP g m− 2 yr− 1 Dry weight of fine roots of the main tree species (Fagus
sylvatica or Pinus sylvestris) measured in ingrowth-cores

Root area index RAI m2 m− 2 Cumulative root surface area per ground area

Root tip abundance  – n m− 2 Absolute root tip number per ground area

Root tip frequency RTF n g− 1 Root tip number per root dry weight

Root tissue density  RTD g cm− 3  Root dry weight per root volume

Specific root area  SRA cm2 g− 1  Root surface area per root dry weight

Specific root length SRL cm g− 1 Root length per root dry weight

3.2.4 Fine root productivity
We measured the annual production of fine roots by an adapted ingrowth core approach

(Persson 1980, Majdi 1996), in which the re-growth of fine roots into root-free soil after an
initial root cut-off is measured. Soil cores of the upper 20 cm of the soil, including the organic
layer, were extracted with a soil corer with a diameter of 3.5 cm. We sieved the extracted
soil and picked out remaining roots by hand with tweezers. Additional root-free soil was
obtained from a second soil core taken from a location inside the plot. Three plastic sticks
were pushed into the walls of the hole to ensure exact relocation of the core. The hole was
then refilled with the root-free material by inserting the soil layer by layer and attempting to
reproduce the texture of the extracted soil. We did not use a mesh bag in order to reduce the
penetration resistance for ingrowing roots as much as possible.

We installed two ingrowth cores in each plot, both at 10 m distance from the center of the
plot, but in opposite directions. In total, 192 ingrowth cores were installed in May and June
2015. Sampling of three test cores in April 2016 demonstrated that fine root growth into the
cores had started at this time. We harvested all intact ingrowth cores at the end of March and
April 2017, i.e. after about 22 months, and assumed a 12-month period with root growth.
The samples from the study site ‘Süsing’ were excluded from the analysis due to low number
of intact (non-disturbed) cores. From the remaining study sites, 112 intact ingrowth cores
were retrieved, i.e. on average 7 (range: 5–11) samples per forest stand from on average 5
(range: 4–6) different plots. The samples were analyzed with the same protocol as the FRB
samples, but live and dead root fractions were not separated and root morphology was not
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studied. The fine root mass detected in the ingrowth cores was interpreted as the fine root
production of one year. As a rough estimate of fine root turnover, we divided the plot-level
FRP (0–20 cm incl. organic layer) by the FRB (0–20 cm plus organic layer) of the root
inventory in spring 2017 (Aber et al. 1985).

3.2.5 Climatic data, stand inventory and soil analyses
Climatic data were derived from the German Weather Service (DWD CDC, 2019). For

all plots, we extracted 30-year means (1981–2010) of annual, summer (JJA) and winter
(DJF) precipitation and temperature. In addition, we retrieved precipitation and mean
temperature data of the calendar year, and of the summer and winter before recollecting of
the ingrowth cores.

For all trees in the circular plots with a diameter at breast height (DBH) > 7 cm, species
identity, DBH and vitality (living, dying, dead) were recorded. Species identity and height
class of young trees (DBH < 7 cm) were recorded in a subplot. Aboveground live tree
biomass was calculated with allometric regressions. Wood production was obtained by
annual DBH measurements with dendrometer tapes and calculation of woody biomass
increment between years. Litter production was determined with 6 litter traps per forest
stand. Aboveground net primary productivity (ANPP) was calculated as the sum of wood
and litter production. A detailed description of biomass calculation methods and ANPP
measurements is given in Förster et al. (2021).

In each plot, three samples of the mineral soil (0–10 cm) were taken and combined to a
composite sample for chemical analysis. pH(H2O), soil organic carbon (SOC), nitrogen (N),
and phosphor (P) concentrations, the effective cation exchange capacity (CECe), the BaCl2-
exchangeable base cation concentration (Ca2+, Mg2+, K+), and base saturation were
determined. Details of soil sampling design and soil chemical analyses are given in Diers et
al. (submitted). Climatic data, stand structural and top soil characteristics of the forest stands
are given in Table A3.3.

3.2.6 Statistical analyses
All statistical analyses were conducted with R 3.4.0 software (R core team 2017). Fine

root mass and morphological traits were averaged over the two sampling years (2015, 2017).
We conducted a principal component analysis (PCA) with the function ‘prcomp’ and used
scaled and centered data of all plots, including FRB, FRN and FRP, and a selection of
climatic, structural and topsoil characteristics. For FRP, we used mean values of the plots.
Missing values of FRP were replaced by the mean of the respective forest stand (in case of
study site ‘Süsing’: overall mean of the respective tree species).

For all other statistical tests, we used mean values of the forest stands. Due to the sample
size of eight stands per species (seven stands in case of FRP), we used non-parametric
Wilcoxon signed rank tests for paired samples to test for differences between tree species
and soil layers. We tested for correlations between FRB, FRP and root morphological traits,
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and local climatic, stand structural and soil characteristics using Spearman rank correlation.
A significance level of p = 0.05 was used throughout. p values > 0.05 and < 0.1 are
interpreted as tendencies.

3.3 Results
3.3.1 Fine root mass and fine root productivity in beech and pine

stands
Fine root biomass in the organic layer and the 0–20 cm mineral soil layer ranged between

121.5 and 355.9 g m− 2 in naturally developing beech forests and between 16.2 and
58.1 g m− 2 in managed pine forests. The profile means were on average about 6.5 times
higher in beech than in pine stands (236.9 ± 33.2 g m− 2 vs. 36.5 ±5.2 g m− 2, Fig. 3.2a). When
extrapolated to 60 cm depth (including the organic layer), this factor increases to 8.2
(399.5 g m− 2 for beech vs. 48.5 g m− 2 for pine). Admixed tree species contributed with only
small amounts to FRB (11.7 ± 3.6 vs. 19.8 ± 10.2 in beech and pine forests, respectively;
difference not significant).

Fine root necromass in the organic layer and the 0–20 cm mineral soil layer ranged
between 208.3 and 645.7 g m− 2 in the beech and between 87.8 and 451.9 g m− 2 in the pine
stands, yielding on average about 2.4 times larger profile totals under beech than pine
(420.3 ± 55.1 g m− 2 vs. 174.7 ±43.9 g m− 2, Fig. 3.2b). FRB and FRN were higher in the
mineral soil (0–20 cm) than in the organic layer in both beech and pine forests. Fine root
biomass/necromass ratio was twice as high in the beech than in the pine forests (total profile),
and in the beech forests higher in the organic layer than in the mineral soil, which was not
the case in the pine forests (Table 3.2).

Fine root productivity to 20 cm soil depth (incl. the organic layer) ranged between 65.7
and 239.8 g m− 2 yr− 1 in the beech forests and between 26.6 and 194.7 g m− 2 yr− 1 in the pine
forests, with the average being 1.9 times higher in the beech than the pine stands
(147.2 ± 22.0 g m− 2 yr− 1 vs. 76.6 ± 24.6 g m− 2 yr−1); the difference was significant only in
10–20 cm depth. In both forest types, FRP was not different between the two horizons
studied, i.e. the 0–10 cm and the 10–20 cm layer (Fig. 3.3a). Fine root turnover, i.e. FRP per
standing FRB, was about 3 times higher in the pine than in the beech forests
(2.79 ± 0.80 yr− 1 vs. 0.94 ± 0.16 yr− 1, Fig. 3.3b). This corresponds to a mean fine root
lifespan of 4 month for pine and of 13 month for beech.
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Figure 3.2. Means and standard errors of fine root biomass (a) and fine root necromass (b) in beech and pine
stands in the organic layer and the mineral soil (0–20 cm). Different capital letters indicate significant
differences between tree species in the organic layer, the mineral soil and the total profile; different Greek
letters indicate significant differences between organic layer and mineral soil (p < 0.05).

Figure 3.3. Means and standard errors of fine root productivity in 0–10 cm (including the organic layer) and
10–20 cm soil depth (a) and fine root turnover (b) in beech and pine stands. Different capital letters indicate
significant differences between tree species in 0–10 cm soil depth, 10–20 cm soil depth and profile total;
different Greek letters indicate significant differences between soil depths (p < 0.05).
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3.3.2 Fine root morphological differences between beech and
pine

Beech fine roots in the organic layer were thinner and had a lower RTD, but a higher
SRA, SRL and RTF compared to beech fine roots in the mineral soil. Beech reached similar
cumulative root surface areas (RAI) and root tip abundances in the organic layer and the
mineral soil to 20 cm depth. Pine fine roots in the organic layer were also thinner than in the
mineral soil, but had a lower RAI and a lower root tip abundance than in the mineral soil.
Other morphological traits did not differ between organic layer and mineral soil. Compared
to pine, fine roots of beech had smaller average diameters and a higher RTD (difference in
RTD not significant in the organic layer), whereas SRL and RTF did not differ between the
tree species (Fig. 3.4). Fine roots of pine had a higher SRA in the mineral soil than fine roots
of beech. Across the whole profile, beech maintained a fivefold higher RAI and an almost
ninefold higher root tip abundance than pine (Table 3.2).

3.3.3 The fine root systems of beech and pine in relation to
environmental variation

The profile totals of FRB in the eight beech forests did not correlate with any climatic or
stand structural characteristics (except for non- significant negative correlations with basal
area and aboveground tree biomass), but it was negatively related to pH(H2O) and base
saturation, and positively to the SOC concentration and soil C/N ratio (Table 3.3). From the
sites with lowest pH and base saturation and highest soil C/N to the sites with highest pH
and base saturation and lowest C/N (pH range: 4.5–3.7, base saturation range: 5.5–33.8%,
C/N ratio range: 14.5–26.1 g g− 1), beech FRB almost tripled (122 vs. 356 g m− 2).

The profile totals of pine FRB correlated negatively with mean annual and summer
precipitation and positively with summer temperature. From the sites with the highest to the
lowest summer precipitation (range: 180–239 mm), FRB increased by 184% (20 vs.
58 g m− 2). From the two sites with the lowest to the site with the highest summer temperature
(range: 16.7–17.6 ◦C), biomass almost doubled (27 vs. 52 g m− 2). Pine FRB further correlated
negatively with stand age and ANPP, but did not correlate with any of the soil chemical
variables (Table 3.3).

FRP of beech correlated positively with soil C/N ratio and tended to correlate negatively
with pH(H2O). FRP of pine correlated negatively with base saturation and the concentration
of exchangeable base cations in the mineral soil (Table 3.3).
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Table 3.2. Means and standard errors of fine root biomass/necromass ratio, specific root area, root area index
and root tip abundance in beech and pine stands in the organic layer, the mineral soil (0–20 cm) and the profile
total. Different capital letters indicate significant differences between tree species; different Greek letters
indicate significant differences between layers (p < 0.05).

Layer Beech Pine

Fine root biomass/necromass ratio (g g-1)

org 1.55 ± 0.32 A α 0.33 ± 0.07 B α

min 0.59 ± 0.08 A β 0.30 ± 0.06 B α

total 0.66 ± 0.07 A 0.29 ± 0.06 B

Specific root area (cm2 g-1)

org 390.3 ± 53.2 A α 441.1 ± 49.7 A α

min 194.2 ± 13.5 A β 401.5 ± 123.3 B α

total 205.6 ± 10.1 A 336.8 ± 56.4 A

Root area index (m2 m-2)

org 1.6 ± 0.4 A α 0.3 ± 0.04 B α

min 3.1 ± 0.5 A α 0.6 ± 0.1 B β

total 4.7 ± 0.6 A 0.9 ± 0.1 B

Root tip abundance (103 n m-2)

org 758 ± 181 A α 97 ± 9 B α

min 1365 ± 308 A α 140 ± 12 B β

total 2139 ± 320 A 243 ± 13 B

Fine root morphological traits of beech depended on none of the climatic and stand
structural variables investigated. Only beech RAI tended to correlate negatively with stand
basal area and aboveground tree biomass. Average fine root diameter and RAI of beech
correlated negatively with pH(H2O) and base saturation and positively with soil C/ N ratio
(p < 0.1 for correlation of RAI with base saturation and C/N ratio). The average fine root
diameter of beech increased by almost 50% (0.35 vs. 0.52 mm) from the sites with lowest to
highest pH(H2O) and base saturation, and highest to lowest C/N ratio, respectively. Soil Nt

concentration and CECe correlated negatively with beech SRA, SRL and RTF (p < 0.1 for
the relation between Nt and RTF, Table 3.4). From the sites with the lowest to the highest
soil Nt concentration (0.88–5.11 mg g− 1) and CECe (25.2–126.7 µmolc g− 1), beech SRL
increased by 64%, SRA by 34% and RTF by 68%.

The fine root morphological traits of pine did not correlate with any of the soil chemical
variables (except for a tendency of a negative correlation between the CECe and RTD). Mean
annual and mean summer precipitation correlated negatively with pine RTD (p < 0.1 for
mean summer precipitation). Consequently, mean annual and mean summer precipitation
were positively related to RTF and tended to do so in case of SRA. From the pine forest sites
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with highest to lowest summer precipitation, RTF and SRA decreased by 68% and 67%,
respectively. Mean summer temperature tended to correlate positively with RTD and
correlated negatively with SRA, SRL and RTF (p < 0.1 for SRL), with decreases by 63%,
62% and 58%, respectively, from the sites with lowest to the site with highest summer
temperature. ANPP was positively related to SRL and SRA (p < 0.1 for SRA) and correlated
negatively with RTD (Table 3.5).

Figure 3.4. Means and standard errors of average fine root diameter (a), root tissue density (b), specific root
length (c) and root tip frequency (d) in beech and pine stands in the organic layer and the mineral soil. Different
capital letters indicate significant differences between tree species in the organic layer, the mineral soil and
total; different Greek letters indicate significant differences between layers (p < 0.05).
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Table 3.3. Spearman rank correlations of fine root biomass and fine root productivity with stand climatic,
structural and topsoil characteristics in beech and pine stands. For correlations with fine root biomass, climatic
variables refer to the multi-annual means (1981 – 2010). For correlations with fine root productivity, climatic
variables refer to the calendar year, summer and winter before harvesting of the ingrowth cores. Given are
correlation coefficients (rho) and p values. Significant correlations (p < 0.05) are printed in bold, tendencies
(0.05 < p < 0.1) are printed in italics.

Fine root biomass (n = 8) Fine root productivity (n = 7)

Beech Pine Beech Pine

rho p
value rho p

value rho p
value rho p

value

Climate

Annual precipitation 0.19 0.651 -0.71 0.047 -0.04 0.939 -0.64 0.119

Summer precipitation 0.10 0.823 -0.76 0.028 0.09 0.848 -0.61 0.148

Winter precipitation 0.19 0.651 -0.64 0.086 0.14 0.760 -0.39 0.383

Annual temperature -0.61 0.108 -0.20 0.641 -0.04 0.937 0.20 0.667

Summer temperature -0.60 0.120 0.73 0.041 -0.46 0.294 0.32 0.478

Winter temperature -0.24 0.570 -0.43 0.286 0.11 0.819 -0.38 0.403

Stand structure

Stand age 0.05 0.911 -0.78 0.022 -0.46 0.294 -0.62 0.139
Time since last thinning
operation 0.13 0.756 -0.11 0.799 -0.21 0.645 0.29 0.535

Mean DBH -0.29 0.493 -0.02 0.955 -0.64 0.119 -0.43 0.337

Stem density -0.17 0.693 -0.14 0.736 0.00 1.000 0.36 0.432

Basal area -0.69 0.058 -0.24 0.570 -0.57 0.180 0.18 0.702

Proportion of beech/pine 0.31 0.456 0.19 0.651 0.00 1.000 -0.14 0.760

Aboveground live tree biomass -0.67 0.071 -0.48 0.233 -0.61 0.148 -0.07 0.879

ANPP (Mean 2015-2017) -0.50 0.207 -0.74 0.037 -0.14 0.760 -0.57 0.180

ANPP (2016) -0.46 0.294 -0.64 0.119
Fine root biomass
(Mean 2015/2017) 0.61 0.148 0.50 0.253

Topsoil characteristics

pH(H2O) -0.90 0.002 -0.12 0.778 -0.71 0.071 -0.43 0.337

Base saturation -0.83 0.010 -0.07 0.867 -0.50 0.253 -0.82 0.023

C/N 0.81 0.015 0.29 0.493 0.79 0.036 0.46 0.294

SOC 0.79 0.021 0.12 0.779 0.46 0.294 -0.54 0.215

Nt 0.60 0.120 0.00 1.000 0.29 0.535 -0.64 0.119

CECe 0.40 0.320 -0.17 0.693 -0.04 0.939 -0.54 0.215

Exch. base cation concentration -0.26 0.531 -0.14 0.736 0.04 0.939 -0.89 0.007
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Table 3.4. Spearman rank correlations between fine root morphological traits of beech and stand climatic,
structural and topsoil characteristics. Climatic variables refer to the multi-annual means (1981 – 2010). Given
are correlation coefficients (rho) and p values. Significant correlations (p < 0.05) are printed in bold, tendencies
(0.05 < p < 0.1) are printed in italics.

Average fine
root
diameter

Root area
index

Specific root
area

Specific root
length

Root tip
frequency

Root tissue
density

rho p
value rho p

value rho p
value rho p

value rho p
value rho p

value

Climate
Mean annual
precipitation 0.21 0.610 -0.05 0.911 -0.38 0.352 -0.29 0.493 -0.14 0.736 -0.14 0.736

Mean summer
precipitation 0.21 0.610 -0.10 0.823 -0.19 0.651 -0.14 0.736 0.05 0.911 -0.24 0.570

Mean winter
precipitation 0.21 0.610 -0.05 0.911 -0.38 0.352 -0.29 0.493 -0.14 0.736 -0.14 0.736

Mean annual
temperature -0.56 0.146 -0.49 0.217 -0.02 0.955 0.13 0.756 -0.12 0.778 0.54 0.168

Mean summer
temperature -0.26 0.531 -0.43 0.289 0.00 1.000 -0.05 0.911 -0.33 0.420 0.62 0.102

Mean winter
temperature -0.31 0.456 -0.19 0.651 0.00 1.000 0.14 0.736 0.14 0.736 0.19 0.651

Stand structure

Stand age 0.40 0.320 -0.21 0.610 -0.19 0.651 -0.26 0.531 -0.14 0.736 -0.40 0.320
Time since last
thinning operation 0.16 0.713 -0.10 0.821 -0.38 0.349 -0.29 0.490 -0.23 0.588 -0.12 0.778

Mean DBH 0.05 0.911 -0.43 0.289 0.21 0.610 0.14 0.736 0.10 0.823 -0.50 0.207

Stem density -0.43 0.289 0.00 1.000 -0.19 0.651 -0.05 0.911 -0.29 0.493 0.62 0.102

Basal area -0.48 0.233 -0.69 0.058 -0.10 0.823 0.02 0.955 -0.31 0.456 0.36 0.385
Proportion of main
tree species 0.38 0.352 0.24 0.570 -0.12 0.779 -0.19 0.651 0.07 0.867 -0.12 0.779

Aboveground live
tree biomass -0.40 0.320 -0.67 0.071 -0.05 0.911 0.05 0.911 -0.21 0.610 0.29 0.493

ANPP (Mean
2015 – 2017) -0.36 0.385 -0.40 0.320 0.55 0.160 0.55 0.160 0.55 0.160 -0.19 0.651

Top soil
characteristics
pH(H2O) -0.76 0.028 -0.79 0.021 0.48 0.233 0.55 0.160 0.12 0.779 0.07 0.867

Base saturation -0.74 0.037 -0.69 0.058 0.36 0.385 0.45 0.260 0.05 0.911 0.19 0.651

C/N ratio 0.79 0.021 0.67 0.071 -0.55 0.160 -0.62 0.102 -0.19 0.651 0.02 0.955

SOC 0.57 0.139 0.64 0.086 -0.67 0.071 -0.64 0.086 -0.36 0.385 0.17 0.693

Nt 0.50 0.207 0.43 0.289 -0.86 0.007 -0.81 0.015 -0.67 0.071 0.43 0.289

CECe 0.26 0.531 0.24 0.570 -0.81 0.015 -0.71 0.047 -0.76 0.028 0.48 0.233
Exch. base cation
concentration -0.14 0.736 -0.38 0.352 -0.57 0.139 -0.43 0.289 -0.67 0.071 0.52 0.183
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Table 3.5. Spearman rank correlations between fine root morphological traits of pine and stand climatic,
structural and topsoil characteristics. Climatic variables refer to the multi-annual means (1981 – 2010). Given
are correlation coefficients (rho) and p values. Significant correlations (p < 0.05) are printed in bold, tendencies
(0.05 < p < 0.1) are printed in italics.

Average fine
root
diameter

Root area
index

Specific root
area

Specific root
length

Root tip
frequency

Root tissue
density

rho p
value rho p

value rho p
value rho p

value rho p
value rho p

value

Climate
Mean annual
precipitation 0.21 0.610 -0.50 0.207 0.69 0.058 0.62 0.102 0.83 0.010 -0.71 0.047

Mean summer
precipitation 0.14 0.736 -0.64 0.086 0.67 0.071 0.62 0.102 0.83 0.010 -0.64 0.086

Mean winter
precipitation 0.29 0.493 -0.45 0.260 0.60 0.120 0.50 0.207 0.74 0.037 -0.62 0.102

Mean annual
temperature -0.33 0.423 -0.28 0.498 0.00 1.000 0.10 0.817 -0.01 0.977 -0.14 0.750

Mean summer
temperature -0.12 0.775 0.50 0.210 -0.73 0.041 -0.65 0.078 -0.86 0.006 0.69 0.058

Mean winter
temperature -0.25 0.548 -0.37 0.365 0.32 0.435 0.36 0.382 0.32 0.435 -0.47 0.243

Stand structure

Stand age -0.10 0.820 -0.54 0.165 0.63 0.096 0.66 0.073 0.73 0.038 -0.69 0.060
Time since last
thinning operation 0.00 1.000 -0.49 0.217 -0.44 0.272 -0.35 0.399 -0.20 0.629 0.50 0.204

Mean DBH 0.05 0.911 0.05 0.911 -0.24 0.570 -0.31 0.456 -0.05 0.911 0.21 0.610

Stem density -0.21 0.610 -0.24 0.570 0.26 0.531 0.38 0.352 0.10 0.823 -0.21 0.610

Basal area -0.07 0.867 -0.29 0.493 0.38 0.352 0.48 0.233 0.24 0.570 -0.33 0.420
Proportion of main
tree species 0.45 0.260 0.10 0.823 -0.38 0.352 -0.43 0.289 -0.14 0.736 0.52 0.183

Aboveground live
tree biomass -0.24 0.570 -0.48 0.233 0.55 0.160 0.67 0.071 0.43 0.289 -0.50 0.207

ANPP (Mean
2015 – 2017) -0.62 0.102 -0.60 0.120 0.64 0.086 0.74 0.037 0.55 0.160 -0.74 0.037

Top soil
characteristics
pH(H2O) 0.34 0.417 -0.23 0.588 -0.26 0.528 -0.31 0.453 -0.04 0.933 0.22 0.608

Base saturation 0.40 0.320 0.02 0.955 0.00 1.000 -0.07 0.867 0.07 0.867 -0.14 0.736

C/N ratio -0.12 0.779 0.36 0.385 0.21 0.610 0.19 0.651 -0.02 0.955 -0.19 0.651

SOC 0.43 0.289 0.40 0.320 0.38 0.352 0.31 0.456 0.21 0.610 -0.45 0.260

Nt 0.38 0.352 0.21 0.610 0.26 0.531 0.24 0.570 0.17 0.693 -0.33 0.420

CECe 0.24 0.570 0.12 0.779 0.60 0.120 0.55 0.160 0.40 0.320 -0.69 0.058
Exch. base cation
concentration 0.38 0.352 0.02 0.955 0.10 0.823 0.05 0.911 0.17 0.693 -0.24 0.570
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3.3.4 Grouping of beech and pine forests according to stand
structure and soil chemistry

The naturally developing beech forests were characterized by a higher mean DBH and
aboveground tree biomass, but lower stem density, and a higher ANPP than the managed
pine forests, whereas basal area did not differ between the forest types. The beech forests
were also older than the pine stands, and the time elapsed since last thinning operation was
on average greater than in the pine stands, which are still managed. Soil chemical properties
did not differ significantly between the neighboring beech and pine stands, except for a
higher topsoil N/P ratio in the pine forests. Pine forests also tended to have a wider topsoil
C/N ratio than the beech forests (Table 3.6).

The first principal component of the PCA separated the two forest types into distinct
groups. The first axis correlated positively with stand age, aboveground tree biomass, the
time since the last thinning operation and FRB, and correlated negatively with stem density.
This axis thus mainly represents stand structural differences, but also a difference in FRB.
The second principal component correlated positively with FRN, and correlated negatively
with MAT, base saturation, basal area and pH(H2O) (Fig. 3.5, Table A3.4). On this axis, the
eight sites per forest type showed similar variation. The precipitation gradient of the study
sites from west to east was not reflected in their alignment along the first two principal
components.

3.4 Discussion
3.4.1 Changes in fine root biomass and productivity with the

conversion of beech to pine forests
The PCA results clearly demonstrate that broadleaf (beech) and coniferous forests (pine)

differ not only in terms of aboveground stand structural properties but also in the size of the
fine root system. In confirmation of our first hypothesis, FRB was 6.5 times higher in the
naturally developing beech forests than in the planted pine forests on similar soil. With on
average 237 g m− 2 in the organic layer and the top 20 cm of the mineral soil (extrapolated to
60 cm depth: 400 g m− 2), FRB in the beech forests is in the lower range of values found in
other studies. The meta-analysis by Leuschner & Hertel (2003) gives a mean FRB for beech
forests of 470 g m− 2 (range: 118–960 g m− 2) at a mean sampling depth of 49 cm. The FRB
of pine was with an average of 36.5 g m− 2 (extrapolated to 60 cm depth: 49 g m− 2) much
lower than values reported in other studies for Central European Scots pine stands. At a mean
sampling depth of 74 cm, Leuschner & Hertel (2003) give a mean FRB of 399 g m− 2 (range:
237–725 g m− 2) for Scots pine. Thus, the surprisingly large difference in FRB is mainly a
result of the low FRB values found in our pine stands.
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Table 3.6. Stand structural and topsoil (0-10 cm) characteristics of the studied beech and pine forests. Test
statistics and p-values of Wilcoxon signed rank tests for differences between forest types are given.

Mean (range) Wilcoxon
test

Main tree species Beech Pine V p value

Stand structure

Stand age (yr) 138 (104 - 195) 65 (62 - 68) 36 0.008

Time since last thinning operation (yr) 19 (6 - 41) 5 (0 - 12) 36 0.012

Mean diameter at breast height (cm) 39.8 (28.8 - 55.7) 25.8 (22.9 - 31.2) 36 0.008

Stem density (n ha-1) 230 (103 - 348) 475 (295 - 715) 0 0.008

Basal area (m2 ha-1) 29.5 (20.8 - 39.6) 26.7 (23.4 - 30.8) 26 0.313
Proportion of beech/pine
(% basal area) 92 (87 - 96) 92 (73 - 100) 17 0.945

Aboveground live tree biomass
(Mg dry mass ha-1) 300 (163 - 422) 135 (114 - 155) 36 0.008

Aboveground net primary production
(Mean 2015 – 2017, Mg dry mass ha-1 yr-1) 8.5 (5.9 - 10.3) 6.2 (5.1 - 7.6) 35 0.016

Top soil characteristics

pH(H2O) 4.1 (3.7 - 4.5) 4.0 (3.7 - 4.4) 28 0.195

Soil organic carbon (mg g-1) 41.0 (15.6 - 135.5) 50.3 (28.0 - 76.2) 12 0.461

Nt (mg g-1) 1.87 (0.88 - 5.11) 2.10 (1.24 - 3.21) 13 0.547

Presin (µg g-1) 4.69 (1.64 - 9.59) 3.82 (1.24 - 10.28) 25 0.383

C/N ratio (g g-1) 19.8 (14.5 - 26.1) 24.1 (20.6 - 29.6) 4 0.055

N/P ratio (g g-1) 633 (198 - 1375) 1047 (221 - 1886) 0 0.008

Effective cation exchange capacity (µmolc g-1) 58.0 (25.2 - 126.7) 64.4 (45.1 - 102.3) 13 0.547
Exchangeable base cation concentration
(µmolc g-1) 9.5 (3.3 - 33.2) 13.9 (3.1 - 36.4) 8 0.195

Base saturation (%) 15.4 (5.5 - 33.8) 17.4 (4.6 - 36.3) 15 0.742

Organic layer depth (cm) 4.8 (2.9 - 6.2) 6.2 (4.8 - 7.9) 6.5 0.107
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Figure 3.5. Results of the Principal Component Analysis of fine root biomass, necromass and productivity,
MAP, and some stand structural and soil chemical properties of the plots in naturally developing beech forests
(filled circles) and managed pine forests (open circles). The first and second principal components (PC) are
shown. Point labels refer to the study sites from west to east: 1 = Weichel, 2 = Lüßberg, 3 = Süsing, 4 = Ewige
Route, 5 = Nievoldhagen, 6 = Kaarzer Holz, 7 = Eggesiner Forst, 8 = Ueckermünder Heide. N = 96 plots.
Variable abbreviations: ABM = Aboveground live tree biomass, ANPP = Aboveground net primary
productivity, Age = Stand age, BA = Basal area, BS = Base saturation, C.N = C/N ratio, FRB = Fine root
biomass, FRN = Fine root necromass, FRP = Fine root productivity, MAP = Mean annual precipitation, MAT
= Mean annual temperature, pH.H20 = pH(H2O), Stem dens = Stem density, Thinning = Time since last
thinning operation.

One reason for the rather low biomass in both forest types could be underestimation of FRB
due to the relatively shallow sampling depth. Yet, we applied FRB-soil depth functions that
were established on the basis of quite large field data sets collected in our study region, which
makes us confident that the extrapolated values to 60 cm are reliable. These data from the
acid soils of the study region suggest that approximately 50% of the FRB profile total has
been covered by our sampling in the beech forests (Meier et al. 2018, sampling depth: 3 m)
and more than 70% in the pine forests (Scherfose 1990, sampling depth: 1 m). Similarly,
Janssens et al. (2002) found 76% of total FRB in the organic layer and the top 15 cm of the
mineral soil (sampling depth: 90 cm) in Belgian Scots pine forests. Deeper sampling may
have led to slightly different profile totals, but the main picture of FRB variation across the
beech and pine stands must be valid.
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Another possible cause for relatively low FRB values in our study is seasonal variation.
Seasonal FRB patterns are not well understood and they seem to be species-specific (Meinen
et al 2009). Beech FRB usually increases after leaf-out until a peak is reached in mid or late
summer. Scots pine fine root growth seems to start in Central European pine forests earlier
in spring than that of the broadleaf trees, reaching a FRB peak usually also in mid summer.
In both species, summer drought may lead to decreases in FRB (MacQueen 1968, Hertel
1999, Konôpka et al. 2005, Mainiero & Kazda 2006, Meinen et al. 2009, Železnik et al.
2016). We sampled in spring at the start of the growing season under conditions of moist
soil, in order to avoid the period with soil drying in summer, which varies considerably from
year to year and between sites. Due to this sampling design, it is possible that we have missed
the annual FRB peak. However, this would be an unlikely explanation for the six- to seven-
fold higher FRB in the beech stands, as sampling was conducted simultaneously in pine and
beech, and the published work suggests that seasonal fine root dynamics do not differ
substantially between the two species.

A more likely explanation of the species difference in FRB is the presence of roots of the
understory vegetation, which compete with the trees for space and resources. While in
mature beech forests on acidic sandy soils, the understory vegetation is typically sparse, a
dense herbaceous and dwarf shrub layer is the rule in pine forests with high canopy
transmissivity (Leuschner & Ellenberg 2017). It has been found that the understory of pine
forests with abundant dwarf shrubs can account for a high proportion of FRB in the humus
layer and the uppermost mineral soil (Makkonen and Helmisaari 2001, Anders et al. 2005,
Helmisaari et al. 2007). In contrast, the contribution to FRB seems to be relatively low, when
grasses dominate the understory layer (Kalhoff 2000). Some of our managed pine stands
indeed are characterized by a high coverage of dwarf shrubs on the forest floor, which makes
it probable that intense competition between tree and dwarf shrub roots has contributed to
the low pine FRB values at least in certain stands. Thus, including understory FRB in the
analysis most likely would have reduced the FRB difference between beech and pine forests.
Further, it is possible that a relatively low stem density in our pine stands (mean: 475 ha− 1)
compared to Scots pine stands investigated in other studies has contributed to the low FRB
values in our stands.

FRB may also depend on stand age. In meta-analyses of a large number of field studies,
FRB decreased with stand age in beech forests, whereas it increased with stand age in pine
forests (Leuschner & Hertel 2003, Finér et al. 2007). In our study, the age hardly varied in
the studied pine forests (range: 62–68 years), but was more variable in the beech forests
(104–195 years). Nevertheless, we found an age effect on FRB in pine (negative), but no
effect in beech. We explain the unexpected age effect in pine with the fact that pine stand
age was correlated with MAP in our dataset (rho = 0.71, p = 0.048), which may have
simulated a negative age effect, where in reality a negative influence of precipitation on FRB
may have been effective. In the beech forests, no age effect on FRB was detectable. This
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allows the conclusion that pine and beech FRB values are unlikely to converge, if the beech
and pine forests were of more similar age.

We found no effect of time since management cessation on FRB, even though the period
varied considerably in the beech (but not in the pine) forests. This result is in line with a
study in Slovakian beech forests that found no difference in FRB between primeval and
production forests (Klingenberg & Leuschner 2018). This does not rule out that
management, together with stand age, are influencing FRB in our sample, and that their
effects are masked by a more prominent factor.
FRN is more difficult to compare to literature data, as we employed a more precise analysis
than done in most other studies by including even the smallest dead root fragments in the
analysis. Small root necromass fragments (<5 mm length) can account for 5.3 times the
amount of larger dead fragments (Bauhus & Bartsch 1996). To our knowledge, no studies
using the same detailed method are available for pine. From this perspective, our mean
necromass total for the pine forests (175 g m− 2) appears to be relatively low compared to the
mean necromass value of 183 g m− 2 reported for pine (mean sampling depth: 74 cm) by
Leuschner & Hertel (2003) in a meta-analysis. In beech forests, FRN has been investigated
with our detailed method earlier, yielding means between 192 g m− 2 and 2955 g m− 2 (Bauhus
& Bartsch 1996, van Praag et al. 1988, Hertel 1999, Meier & Leuschner 2008). Our mean
necromass value of 420 g m− 2 (sampling depth: 20 cm) for the beech forests is relatively low
in comparison to literature data, in agreement with our FRB values.

Even though FRP in the beech forests was almost twice as high as in the pine forests, the
difference was only significant in 10–20 cm soil depth but not in the topsoil (0–10 cm). Thus,
our second hypothesis could only partly be confirmed. This result was strongly influenced
by some very high values in 0–10 cm in the ‘Ueckermünder Heide’ pine forest (stand mean
in 0–10 cm: 125 g m− 2 yr− 1). FRP estimated with the ingrowth core method generally gives
rather conservative values in comparison to other methods (Hertel & Leuschner 2002, Finér
et al. 2011b). For beech on base-rich soil, Meinen et al. (2009) give a FRP value of
72 g m− 2 yr− 1 for the top 20 cm of the soil (ingrowth core study), which is only about half
the value found in our study on acid soil. Janssens et al. (2002) observed a FRP of
210 g m− 2 yr− 1 in a temperate Scots pine forest in the organic layer and the top 15 cm of the
mineral soil, which is more than 2.5 times higher than in our study. While Finér et al. (2011b)
found FRP to be closest related to standing FRB among different influencing factors, we
could not find a direct correlation between FRB and FRP in either of the two forest types.

FRP differed less between the species than FRB, and fine root turnover thus was much
higher in the pine than the beech stands. The shorter average fine root longevity of pine on
the acid sandy soils is associated with a lower fine root biomass/necromass ratio in the pine
as compared to the beech forests (0.29 vs. 0.66 in the whole profile for pine and beech), even
though dead fine roots of pine are decomposed twice as fast (Anders et al. 2005). Fine root
turnover in our study was considerably higher than reported in other studies for both, beech
(Meinen et al. 2009: 0.26 y− 1) and pine (Janssens et al. 2002: 0.74 y− 1). It remains an open
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question whether the short average lifespan of both species at these acidic and nutrient-poor
sites is a consequence of nutrient deficiency, or is caused by other factors such as summer
drought. That fine root turnover is higher in conifer than broadleaf stands, as found in our
study, contrasts with findings from the boreal zone, where broadleaf forests had higher root
turnover rates than coniferous forests (Yuan & Chen 2010).

The about 1.9 fold higher fine root production of the beech than pine stands matches a
higher ANPP, which exceeds that of the pine stands by 2.1 Mg ha− 1 y− 1 (Förster et al. 2021).
Even though pine fine roots are turned over nearly three times faster, the beech fine root
system consumes more C (and nutrients) in absolute terms and thus transfers more C to the
SOC pool upon root death. While a shorter mean lifespan requires a higher C investment per
unit fine root mass, such a strategy could pay off in terms of a higher nutrient and water
uptake per root mass, as younger roots generally are more active (Eissenstat & Yanai 1997).

3.4.2 Fine root morphology of beech and pine
Beech fine roots in the organic layer were characterized by lower RTD but higher SRA,

SRL and RTF than roots in the mineral soil. This had the consequence that cumulative root
surface area (RAI) and total root tip abundance were relatively large in the organic layer
despite a much lower FRB in this layer. This was not the case in the pine stands, where fine
roots exhibited a similar morphology in both layers, even though average root diameter was
smaller in the organic layer. These results point at a lower morphological plasticity of pine
fine roots in comparison to beech in response to the vertical resource and soil density
gradient in the profile. Alternatively, the findings might indicate that the soil moisture and
nutrient conditions in the organic layer of the pine forests are less favorable for root foraging
than in the beech organic layer due to higher hydrophobicity and stronger desiccation of the
pine needle litter in summer droughts (Leuschner 2002). Whatsoever the reason, beech
seems to exploit the organic layer more intensively for the readily available N and P pools
and water, than does pine. This is as well suggested by earlier studies in beech forests that
also found fine roots with higher SRA, SRL and RTF in the organic layer than in the mineral
soil (Kirfel et al. 2019). It is likely that beech develops fine roots with higher specific uptake
capacity in the organic layer, where nutrient supply is highest, while average root lifespan is
shorter, as suggested by the smaller diameters and lower RTD of these roots (McCormack
et al. 2012, Eissenstat et al. 2000).

For pine, that had somewhat thicker fine roots, yet with a lower tissue density than beech,
the organic layer is less important for nutrient and water uptake, and the uppermost mineral
soil (0–20 cm) is the favored layer for root foraging. This has also been found in boreal pine
forests (Makkonen and Helmisaari 1998).

The beech stands maintained an about five times higher cumulative fine root surface area
(RAI) in the topsoil than the pine stands. This difference in absorbing surface is only partly
matched by a higher leaf area index of beech compared to pine forests (5.0–8.5 vs. 1.5–3.0;
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Leuschner & Ellenberg 2017), suggesting that pine fine roots should be more efficient in
water uptake. In situ water flux measurements with miniature sap flow gauges in small-
diameter roots of beech and pine trees indeed revealed a higher mean specific water uptake
rate in pine roots than in beech roots (Burk 2006).

3.4.3 Plasticity in the fine root systems of beech and pine in
response to environmental variation

Our FRB data suggest that beech and pine adjusted their standing FRB differently in
response to the climatic and edaphic gradients encountered in the study region. The fine root
system of beech responded to a decrease in pH and base saturation, and increase in soil C/N
ratio, with an increase in FRB and FRP. Similar responses of beech to soil acidity and fertility
have been reported earlier (e.g. Leuschner & Hertel 2003, Finér et al. 2007, Kirfel et al.
2019). This can be interpreted as the extensive strategy, and a flexible response of resource
allocation patterns to nutrient deficiency, stimulating fine root growth to increase the
absorptive capacity for nutrients (and water) at sites with poor availability of N, base cations
and other nutrients. Increasing SRL and SRA upon nutrient deficiency is characterized as
the ‘intensive strategy’ to promote nutrient and water uptake (Lõhmus et al. 2006, Ostonen
et al. 2007), for which some evidence is provided by our study, as SRL and SRA increased
in beech with a decrease in topsoil Nt content. Yet, we have no data on N mineralization rate
and thus N supply, and mean fine root diameter increased, and not decreased, with a
reduction in pH and base saturation.

It comes as a surprise that none of the investigated climatic and stand structural variables
were found to influence FRB, in stark contrast to the soil chemical factors. Earlier studies in
beech forests along precipitation gradients found either increases with decreasing mean
annual precipitation (Hertel et al. 2013, Meier et al. 2018), or decreases (Leuschner & Hertel
2003, Meier & Leuschner 2008), or no dependence on precipitation (Finér et al. 2007),
suggesting that the FRB – precipitation relation depends largely on site conditions, notably
nutrient availability. In our beech forests, a FRB increase with increasing precipitation might
have been masked by a possible negative effect of stand age on FRB (Leuschner & Hertel
2003, Finér et al. 2007), as MAP and stand age were weakly related to each other (rho =
0.62, P = 0.102). Mean annual temperature has been found to correlate negatively with beech
FRB (Leuschner & Hertel 2003, Meier & Leuschner 2008), which is not visible in our data.
The lacking dependence of beech FRB and FRP on tree age (variation among sites: 104–195
y), time since last thinning (6–41 y), stem density (103–348 ha− 1), basal area (20.8–39.6 m2

ha− 1) and aboveground productivity (5.9–10.3 Mg dry mass ha− 1 y− 1) is remarkable, as it
indicates that the by far most important determinant of FRB and FRP on these nutrient-poor
sandy soils is deprivation of soil N and/or base cations, which may have masked the influence
of other environmental and stand structural factors.
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The fine root system of pine, in contrast, appears to be more strongly dependent on
climatic and stand structural factors, while soil chemistry seems to be of minor importance,
matching earlier observations (Finér et al. 2007, Ostonen et al. 2007). We found a FRB
increase with decreasing mean annual or summer precipitation, which is opposite to findings
of Leuschner & Hertel (2003), Vanguelova et al. (2005) and Brunner et al. (2019). The
negative effect of summer precipitation and positive influence of summer temperature on
FRB (but not FRP) in our study may be interpreted as an acclimative response of the pine
root system to cope with drier summers by increasing standing FRB to meet the higher
evaporative demand. This would be in accordance with the prediction of optimal partitioning
theory that plants allocate more C to root growth when soil resources are short in supply
(Bloom et al. 1985), which is characterized as the ‘extensive strategy’. FRP in pine was
apparently stimulated by deprivation of base cations in the soil, while N deficiency seemed
not to be influential. In correspondence to the observed low morphological plasticity of pine
fine roots between organic layer and mineral soil, we found pine root morphology to be
relatively unaffected by edaphic and stand structural factors. In contrast, RTD decreased and
consequently RTF, SRA and SRL increased with precipitation and decreased with summer
temperature, indicating that pine may form more robust fine roots with smaller absorptive
surface area upon climate warming and drying. This is opposite to what would be expected
for the intensive root adaptation strategy.

Conifer fine roots have repeatedly been characterized as having a lower SRL than
broadleaf tree fine roots (Reich et al. 1998, Pregitzer et al. 2002, Ostonen et al. 2007,
Alvarez-Uria & Körner 2011). In correspondence, Bauhus & Messier (1999) found a larger
mean fine root diameter in boreal conifers than in broadleaf tree species, which was
interpreted as a more conservative root growth strategy. This is also valid for our beech-pine
comparison, but the SRL difference was insignificant and SRA was greater in pine than
beech (significant in the mineral soil), contradicting this picture.

The contrasting belowground response to environmental variation of beech and pine
raises the question, how the plasticity of the fine root systems may affect the overall
performance of the trees. Both species grow in Central Europe on soils varying from alkaline
base-rich to acidic base-poor and in climates varying from moist to moderately dry,
suggesting that the species must be able to adapt or acclimate to variation in soil chemical
conditions and soil moisture regimes. That beech adjusted neither FRB nor fine root
morphology in response to a precipitation decrease from 813 to 567 mm y− 1 in our study,
might point at lacking flexibility in allocation patterns and root morphology. However, beech
is well capable of modifying FRB and fine root morphology in response to unfavorable soil
chemical conditions to increase resource uptake capacity, as is demonstrated by the increase
in SRA and root tip abundance with a decrease in soil Nt content and base cation
concentration (or CECe) in our study. One thus might conclude from the root data that
nutrient shortage (N, basic cations) is more critical for beech on these Pleistocene soils than
water deficiency. However, a more plausible explanation is that a relatively drought-
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sensitive tree species such as beech (Leuschner 2020) will not increase its drought tolerance
by increasing FRB in the upper soil and/or developing finer roots to increase water uptake
in dry soil, while a corresponding response may well be advantageous to cope with nutrient
shortage. In contrast, Scots pine is assumed to be more drought-tolerant than beech
(Niinemets & Valladares 2006, Leuschner & Ellenberg 2017), as it usually develops a few
deep-reaching taproots that may access soil water also in dry periods (Polomski & Kuhn
1998). According to our data, pine seems to acclimate to a drier and warmer climate by
increasing FRB, while forming more robust roots with fewer root tips and thus reduced
uptake capacity. On the other hand, undemanding pine seems to endure nutrient deprivation
quite well, rendering root system modification less advantageous in this case. Nevertheless,
it appears that Scots pine is sensitive to heat and it is questionable whether this predominantly
boreal species is well adapted to a hotter and drier climate in the temperate zone. Droughts
have caused widespread Scots pine dieback in Spain and central Switzerland (Rigling et al.
2013, Guada et al. 2016) and during the 2018/2019 drought also in Germany and elsewhere
(Schuldt et al. 2020). In direct comparison to beech, Anders et al. (2005) found a faster
growth decline in pine than in beech upon drought in northeastern Germany, which they
attributed to the rather shallow fine root system of pine.

We have no information on shifts in the community composition of the mycorrhizal
assemblages of beech and pine along the studied environmental gradients. Root
morphological changes in response to soil chemical gradients, as observed in beech, or as a
reaction to climate gradients, as in pine, might lead to shifts in the mycorrhizal assemblages
and related changes in root nutrient acquisition (Teissier du Cros 1981, Leberecht et al. 2016,
Valverde-Barrantes et al. 2016). Analyzing changes in root functioning along the climatic
and edaphic gradients of our study would require investigating the fungal partners as well.

While the pairwise comparison of beech and pine forests on similar parent material is a
strength of our study, we emphasize that we compared different forest types with specific
management history and not the tree species per se. Even though we did not detect effects of
management or stand age on FRB, FRP and root morphology, such effects cannot be fully
ruled out. Further, our results are valid for sandy soils, which dominate the northern German
lowlands and are the typical sites on which pine forests have been established. Other parent
materials may lead to different outcomes.

3.4.4 Conclusion
Our comparison of beech forests and nearby planted pine forests on similar parent

material contributes to a better understanding of the belowground consequences of a
conversion of natural beech to pine forests. We demonstrate large species differences in
FRB, and in the responsiveness of FRB and FRP to variation in climate, soil and stand
structure. Species differences in fine root morphology were only moderate, as beech fine
root morphology varied more between the soil horizons than it differed from pine. The fine
root system of beech responded with considerable plasticity to variation in soil acidity and
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soil fertility and to the contrasting growing conditions in organic layer and mineral soil, but
was not responsive to the climatic gradient. In contrast, pine modified FRB and root
morphology in response to precipitation and temperature, but did not respond to soil
chemistry and fertility. These differences, together with a much higher FRB of beech,
indicate contrasting belowground resource foraging strategies of beech and pine. Further
investigations are needed to better understand species- specific belowground adaptations to
soil chemical and climatic variation and their relatedness to the aboveground performance
of the trees. This will help to predict tree species responses to climatic and soil chemical
stresses and contribute to better-informed silvicultural decisions.
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Appendix
Table A3.1. Fine root characteristics of beech and pine used for the differentiation between fine roots of
different tree species (Hertel 1999, Hölscher et al. 2002, Becker 1997, complemented by own observations).

Fagus sylvatica L. Pinus sylvestris L.

Color Brown-red to dark red, seldom
orange-red White to yellow(-brown)

Surface structure Rough, with winding longitudinal
furrows

Rough, with longitudinal
furrows; root tips often flaky,
shiny, covered with grey resin

Ramification

Second-order branches evenly
ramified into numerous first-
order branches, with many root
tips

Often long parts of the main
branches without ramification,
short first-order branches

Elasticity High Low

Table A3.2. Results of the linear regression analysis on the relation between fine root necromass from standard
analysis and additional analysis. Given are the parameter estimates (a,b), the sample size (N), the correlation
coefficient (r) and the p value for the regression equation (y = a + bx).

Forest type Soil layer a b N r p value

NB Organic layer 0.0038 3.6193 22 0.8301 <0.0001

NB Mineral soil 0.127 2.3866 20 0.478 <0.05

PP Organic layer 0.008 3.021 17 0.9092 <0.0001

PP Mineral soil 0.031 1.3525 18 0.6707 <0.01
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Table A3.4. Results of the Principal Component Analysis of the circle plots in beech and pine forests (n = 96).
Given are the Eigenvalues, the (cumulative) proportion of variance explained and the loadings of the variables
of the first three principal components. The most important variables of the principal components according to
their loadings (> 0.3) are printed in bold.

PC1 PC2 PC3

Eigenvalues 4.561 3.032 1.510

Proportion of Variance 0.326 0.217 0.108

Cumulative Proportion 0.326 0.542 0.650

Fine root biomass 0.335 0.253 -0.046

Fine root necromass 0.254 0.386 -0.123

Fine root productivity 0.171 0.286 -0.210

Mean annual precipitation 0.087 -0.093 0.563

Mean annual temperature -0.004 -0.366 0.217

Stand age 0.437 0.111 0.094

Stem density -0.339 -0.079 0.093

Basal area 0.172 -0.353 0.232

Time since last thinning operation 0.371 0.066 0.308

Aboveground live tree biomass 0.394 -0.219 0.102

Aboveground net primary productivity 0.295 -0.210 -0.055

pH(H20) 0.135 -0.326 -0.476

C/N ratio -0.230 0.292 0.383

Base saturation 0.012 -0.363 -0.146
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Abstract
Increasing temperatures and rising atmospheric vapor pressure deficits are exposing

forests around the globe to increasing drought and heat stress, demanding a shift to climate-
smart forestry for increasing the stress resistance and resilience of production forests and to
enhance their climate change mitigation potential. Based on measurements in paired pine
and beech forests and the review of literature data, we analyse the biophysical consequences
and the carbon cycle impact of large-scale Scots pine (Pinus sylvestris L.) plantations in
northern Germany in the face of a warming and aridifying climate. We quantified canopy
surface albedo and surface temperature, evapotranspiration and deep seepage, carbon (C)
storage in biomass and soil and annual C sequestration, and soil acidification of pine
plantations in comparison to beech forests (Fagus sylvatica L.), the natural forest vegetation.
We find that near-infrared (NIR, 700–3000 nm) canopy surface albedo is higher by 5.2
percentage points during summer over beech as compared to pine forest, resulting in a 9 %
higher net radiation and a 0.6 K higher surface temperature of the pine canopy. Deep seepage
is on average by 68 mm yr− 1 smaller under pine than beech forest (66 mm yr− 1 vs. 134 mm
yr− 1) due to the higher evapotranspiration of pine. C storage in biomass and soil is by ~ 48
Mg C ha− 1 higher in beech than pine forests, reflecting the higher productivity of beech,
demonstrating an unfavorably low C sequestration potential of Scots pine plantations. We
conclude that the large-scale Scots pine plantations in northern Germany (>1.7 million ha)
are neither environmental-friendly nor climate smart, given their enhancement of climate-
warming, low climate change mitigation potential, and negative effect on groundwater
recharge. Replacing pine plantations by beech (or other hardwood) forests in northern
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Germany and adjacent regions is urgently needed for achieving the goals of climate-smart
forestry.

Keywords: Canopy albedo, Canopy temperature, Carbon sequestration, Deep seepage,
Evapotranspiration, Fagus sylvatica, Paired plots, Pinus sylvestris, Soil
acidification, Soil moisture

4.1 Introduction
Climate-smart forestry (CSF) is a forest management concept developed in the face of

climate change with the objectives (i) to adapt forests to upcoming climate-related stresses
and increase tree resistance and resilience, (ii) to secure (or even increase) forest productivity
and incomes, and (iii) to reduce or remove greenhouse gas emissions (Yousefpour et al.
2018, Verkerk et al. 2020, FAO 2021). With rapidly increasing temperatures and
atmospheric saturation deficits and regionally decreasing summer precipitation, many
forests have been exposed to increasing drought and heat stress in the last decades (Allen et
al. 2010), which requires management decisions and often a shift in tree species composition
in production forests in order to meet the three objectives outlined above. The urgency for
action has recently been demonstrated by the severe 2018–2020 drought episode in Central
Europe, probably the worst for 2000 years (Büntgen et al. 2021), which left large areas of
planted conifer forest, but also some broadleaf forests, damaged or dead (Braun et al. 2020,
Schuldt et al. 2020). One consequence of this increasing pressure on forests is that
silvicultural concepts and tree species selection have to be scrutinized in the context of
current and expected climatic conditions, but also in order to meet changing societal demand
for roundwood and other environmental services provided by forests. Due to their large
influence on the carbon cycle, forests have been placed at the forefront of action to mitigate
climate warming, either through carbon sequestration and storage in biomass and soil, or
through the use of wood products for material and energy substitution (Harmon 2019,
Hudiburg et al. 2019). This is why CSF concepts mostly focus on enhancing the climate
change mitigation role of forests and seek to increase timber production, while other
environmental services are less often addressed, even though they should by definition also
be targeted by CSF strategies (Bowditch et al. 2020).

In a warming and aridifying climate, the impact of forests on the water cycle is crucial,
as surface flow and groundwater recharge depend on tree species and forest structure (Chang
2012). In many industrialized regions, water scarcity is a problem even in humid climates,
when the demand for agriculture, industries and public use is high (European Commission
2012). It may be necessary to opt for tree species with lower water consumption, when
competition for water is fierce among different users.

Large parts of the lowlands of northern Germany and Poland, and of the Netherlands are
covered by planted Scots pine (Pinus sylvestris L.) forests that stock on Pleistocene
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unconsolidated substrates and replace the former temperate broadleaf forests mostly of
European beech (Fagus sylvatica L.) and oak species (Quercus petraea (Matt.) Liebl and Q.
robur L.). After the original broadleaf forest had widely been cleared for agriculture or was
devastated through wood pasturing and litter raking during the Middle Ages or in earlier
times, Scots pine was introduced from the 18th century onwards to tackle severe timber
shortages. Pine was a suitable choice for reafforestation, as the species is undemanding and
thus copes well with the mostly nutrient-poor soils, and is easy to establish through seeding
or planting on bare soil. In many regions of this former broadleaf forest landscape, pine is
nowadays the dominant tree species with a share of up to 75 % of total forest cover (e.g. in
Brandenburg in eastern Germany and in western Poland; Hofmann et al. 2000). In many
regions of the northern German and Polish lowlands, wood industries based on pine are
important elements of the local economy, producing wood for construction and pulp (Bilke
& Noack 2007). In 2017 (the last year before the severe 2018–2020 drought), about 7.2
million m3 of pine roundwood (without bark) have been harvested in the North German
lowlands (including a small fraction of larch wood; DESTATIS 2017), which is roughly 10
percent of Germany’s annual wood harvest.

Large-scale replacement of temperate broadleaf forest by conifer plantations may have
consequences for many ecosystem properties and functions, notably the carbon, water and
nutrient cycles, soil chemistry, microclimate, and biodiversity, as the phenology, foliar
stoichiometry and stand structure of this mainly boreal conifer species is largely different to
that of temperate broadleaf trees. While much information exists about the occurrence of
pest organisms and the fire regime of Central European pine plantations (Ebert 1968, Schlick
& Möller 2007, BLE 2020), only few studies have directly compared Central European Scots
pine to broadleaf forests for differences in microclimate and biogeochemical cycles. Some
comprehensive studies have been conducted in adjacent pine and beech stands on sandy soil
in north-eastern Germany examining microclimate, soil chemistry, productivity, rooting
patterns, and water turnover (e.g. Anders et al. 2004, Müller 2009, Müller & Bolte 2009). A
few studies exist that systematically compared soil carbon pools under pine and broadleaf
(mostly beech) stands in the Pleistocene lowlands of northern Germany and the Netherlands
(Fischer et al. 2002, Heinsdorf 2002, Schulp et al. 2008, Leuschner et al. 2013, Diers et al.
2021). Anders et al. (2004) and Förster et al. (2021a) compared the biomass and net primary
productivity of matching pine and beech stands on similar soil, and Anders et al. (2005) and
Förster et al. (2021b) studied fine root biomass and productivity. However, a comprehensive
assessment of the biogeochemical and biophysical consequences of replacing beech by Scots
pine on sandy soils is lacking. Given the vast extension of Scots pine plantations in northern
Central Europe (>1.7 million ha in the northern German lowlands alone) and the velocity of
recent climate warming, a critical assessment of the impact of current silvicultural schemes
on climate, soils and biogeochemical cycles in this region is needed.

Here, we present a review of empirical data on the microclimate, soil acidity, soil and
biomass carbon storage, productivity, soil moisture regimes, and water consumption of
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paired Scots pine and European beech stands on Pleistocene sandy to sandy-loamy soil in
various regions of northern Germany with the objective to assess the effects of replacing
broadleaf by conifer forests in a cool-temperate climate. A focus is on ecosystem services
that likely will play a crucial role in future silvicultural and landscape management schemes
in a warmer and drier climate. These services must be a key element of climate-smart
forestry, notably carbon sequestration in biomass and soil, groundwater recharge, and the
feedback of forests on the regional climate. Our analysis bases on three data sets from pine
and beech stands on similar soil, the first covering 13 sites spread over a large part of
northern Germany, the second referring to 9 sites in the Prignitz region (western
Brandenburg, NE Germany), and the third consisting of a detailed comparison of the
biogeochemistry of a pine and a beech stand in the Lüneburg Heath region (Lower Saxony,
NW Germany). In addition, published data from pine and beech stands on Pleistocene sandy
to sandy-loamy soils in northern Germany are included in the analysis, notably several
studies on paired pine-beech stands in NE Germany (near Eberswalde, Brandenburg).

4.2 Materials and methods
4.2.1 Determining the Scots pine plantation area

For our analysis, we considered the entire North German lowland area between the Dutch
border in the west and river Oder in the east, covering the federal states (or part of) North
Rhine-Westphalia, Lower Saxony, Schleswig-Holstein, Saxony-Anhalt, Mecklenburg-
Western Pomerania, Brandenburg, Saxony, and the city-states Bremen, Hamburg and Berlin
(Fig. A4.1). Seven forest growth regions were distinguished in the lowlands according to
climate (oceanic to sub- continental) and age of the glacial substrate (last and penultimate
Ice Age), summarizing forest growth areas as defined by Gauer and Kroiher (2012). We first
mapped the potential natural forest vegetation for the time prior to human colonization
according to the reconstruction by BfN (2010) for the lowland area (data basis: Thünen-
Institut) using the software ArcGIS (ESRI Inc.). We subsequently determined the natural
extension of (1) beech and beech-oak forest (phytosociological alliance Fagion sylvaticae),
(2) natural Scots pine forests (Dicrano-Pinion alliance), and (3) other natural forest
communities (‘Other’, which includes, amongst others, the alliances Carpinion betuli [oak-
hornbeam forests] and Quercion roboris [oak forests on acid soils], and floodplain and
swamp forests).

For determining the recent extension of Scots pine plantations in northern Germany, we
analyzed data provided by the third German National Forest Inventory 2011–2012 (BWI3,
TI 2015), adopting the methodology described in Riedel et al. (2017). Data collection in the
frame of BWI3 was conducted in sampling grids of 16 km2 mesh width (Hamburg, Lower
Saxony, Bremen, North Rhine-Westphalia, Berlin, Brandenburg), 8 km2 width (Lower
Saxony, Saxony), or 4 km2 width (Schleswig-Holstein, Mecklenburg-Western Pomerania,
Saxony-Anhalt). We estimated the forest area (‘real forest area’ as derived from the share of
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forested tract corners in the total number of tract corners) in the North German lowlands,
based on stocked and accessible forest land, excluding gaps in the main stand. In a first step,
we determined the natural extension of the different forest types (beech and beech-oak
forests, Scots pine forest, ‘Other’) in the recent forest area. In a second step, estimated forest
areas once covered by a given natural vegetation type in the North German lowlands were
linked to the recent stocking type (pure and mixed stands dominated by (1) beech (Fagus
sylvatica L.), (2) pine (Pinus spp., mainly P. sylvestris), or (3) other tree species) in these
areas.

4.2.2 Study sites
The forests investigated for microclimatic, hydrological and biogeochemical

characteristics were mature Scots pine and European beech stands stocking on
unconsolidated sandy to sandy-loamy fluvio- glacial deposits or moraine material of the
penultimate (Saalian) or last (Weichselian) glaciation in northern Germany between Cologne
in the west and river Oder in the east (federal states of Lower Saxony, Mecklenburg-Western
Pomerania, Brandenburg and North Rhine- Westphalia). Data from the following three field
studies were included in the analysis: (1) A paired-plot study at 13 sites (of which subsets
were used for the different analyses) located between Cologne in the west and river Oder in
the east (soil and biomass carbon stocks, productivity, soil acidity), (2) a comparative study
in 9 pine stands and 9 beech stands on similar soil in NE Germany (Prignitz region in the
state of Brandenburg) (soil carbon stocks, soil acidity), and (3) an in-depth study of a pine
and a nearby beech stand in NW Germany (Unterlüss/Eimke, Lüneburg Heath, state of
Lower Saxony) (microclimate, water fluxes). In addition, published data on water fluxes in
beech and pine stands on Pleistocene substrates in other regions of northern Germany were
considered for comparison, notably the study of a pine and a nearby beech stand in
Kahlenberg near Eberswalde (NE Germany, state of Brandenburg; Müller & Bolte 2009).

The climate in the study region is cool-temperate with mean annual temperatures (MAT)
between 8.6 and 10.3 ◦C and mean annual precipitation (MAP) varying between 555 and
884 mm. MAP and climate oceanity decrease from the west to the east across the study
region (DWD CDC 2019). The natural forest vegetation is in most of the region beech or
beech-oak forest on acid soil, in the east locally also oak-pine forest (BfN 2010). The studied
pine and beech stands developed from seed or were planted and thus represent age cohorts,
as is characteristic for most of the managed forests in northern Germany. All stands have
been subjected to regular thinning operations according to local silvicultural schemes. Some
of the beech forests have recently been taken out of management for nature conservation
purposes, but the forest structure clearly mirrors management history. As pine is harvested
at somewhat younger age (typically at 80–120 years in the study region) than beech
(120–140 years; Beinhofer & Knoke 2009), the selected pine stands were in most cases
(40)60–80 years and the beech stands 100–140 years old. Correspondingly, tree height was
greater (25–33 m) in the beech than the pine stands (12–28 m), and stem density higher in
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the pine stands, while stand basal area was more or less similar. Stand structural data for data
set (1) are given in Förster et al. (2021a), for data set (2) in Leuschner et al. (2013), and for
data set (3) in Leuschner (2002).

4.2.3 Soil chemical analyses
In each nine paired pine and beech stands of study (1) (i.e. a subset of the 13 sites) with

usually not>5 km distance to each other, each ten soil pits were dug to 60 cm depth at random
positions in the stand. Soil samples of 100 cm3 volume were extracted with a steel corer at
0–10 cm, 10–20 cm, 20–40 cm, and 40–60 cm depth and in the organic layer on the forest
floor (each three replicate samples that were mixed in the analysis). In study (2), each nine
pine and beech stands on similar soil were sampled in a comparable manner, but with five
(instead of 10) pits per stand. In the ground and dried soil material, C concentrations were
determined by gas chromatography (vario EL III, elementar, Hanau, Germany). While all C
in the organic layer was assumed to be organic C, inorganic C was determined in the mineral
soil as the difference between gas chromatographic C analyses before (total C) and after
combustion at 640 ◦C (inorganic C). For obtaining the SOC pool for a standard 1-m soil
profile, we fitted a Michaelis-Menten curve to the SOC pools of the 0–10, 10–20, 20–40,
and 40–60 cm layers and extrapolated the pools down to a depth of 1 m based on the obtained
concentration-depth curve fitted for each soil plot.

The pH was measured in a suspension of 10 g fresh sieved soil (or 2.5 g of organic layer
material) in 25 ml deionized water (pH(H2O)) or in 1 M KCl (pH(KCl)). We report only
pH (KCl) values here, which represent the potential acidity of the soil.

4.2.4 Biomass and productivity measurements
Coarse wood biomass (live trees >7 cm diameter at breast height, saplings and deadwood)

was computed in the paired pine and beech stands at 13 sites of study (1) from inventory
data collected in each ten 0.1 ha-plots using allometric regressions for pine and beech
(Förster et al. 2021a). Aboveground net primary productivity (ANPP) was measured in
2015–2017 at 11 sites of study (1) in the paired pine and beech stands with each six
0.1 ha-plots investigated. Coarse wood production was derived from repeated reading of
dendrometer tapes mounted at 15 trees per plot, and litter production was measured with one
litter trap per plot (i.e. 6 replicate traps per stand; for details see Förster et al. 2021a). We
further conducted two fine root inventories in spring 2015 and 2017 at eight sites of study
(1) in the paired pine and beech stands with six plots per stand investigated. Pine and beech
fine root bio- and necromass were determined in the organic layer and the top 20 cm of the
mineral soil from 10 replicate samples per stand (one sample per plot; for details see Förster
et al. 2021b).
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4.2.5 Microclimatological and hydrological measurements
Microclimatological and water flux measurements in a pine and a nearby beech stand

were conducted in 1991 and 1992 from scaffolding towers in the frame of study (3) at the
Unterlüss/Eimke sites in the Lüneburger Heath region (NW Germany). Net radiation above
the canopy was measured continuously with ventilated Schulze-type net radiation sensors
(Fa. Lange, Berlin, Germany), downward and upward short-wave radiation (300–3000 nm)
with CM5 and CM7 solarimeters (Kipp & Zonen, Delft, The Netherlands), and downward
and upward fluxes of photosynthetically-active radiation (PAR, 300–700 nm) with
LI-190SA quantum sensors (LICOR, Lincoln, NE, USA) at 1–2 m height above the beech
and pine canopies. Near-infrared radiation (NIR, 700–3000 nm) was obtained as the
difference between short-wave radiation and PAR. Canopy surface temperature was
computed from the flux density of upward long-wave terrestrial radiation, obtained by
subtracting reflected short-wave radiation from outgoing total radiation.

Soil moisture variation was determined gravimetrically at weekly intervals in 1991 and
1992 in the Unterlüss/Eimke stands by soil coring at 0–5 cm, 10–15 cm and 55–60 cm depth
and in the organic layer (3–5 replicate samples). The data was used to calculate the variation
in water storage in the profile to a depth of 70 cm. The amount of plant-available water
(water held between –300 hPa and −1.5 MPa) was computed for different mineral soil depths
and the organic layer material from water retention curves established in intact 250 cm3-soil
cores through desorption in the laboratory.

The water vapour flux with transpiration (dry canopy) and evapotranspiration (ET, wet
canopy) was determined for the beech forest of study (3) with the Bowen ratio energy
balance approach from continuously measured temperature and air humidity gradients
above the canopy (Leuschner 2002). In case of the pine forest, the fetch did not allow
gradient measurements above the canopy, and ET was estimated with the big leaf
formulation of the Penman-Monteith equation based on continuous net radiation,
temperature and air humidity measurements above the canopy. Canopy and aerodynamic
resistances (rc and ra) were derived from micrometeorological profile measurements
conducted above a nearby pine forest of similar structure (Fuhrberg site, Flüggen 1991). To
estimate deep seepage under the beech and pine forests, simple water balance calculations
at the ecosystem level were conducted for the year 1991 using precipitation and ET data and
seasonal change in soil water storage. For measuring details see Leuschner (2002).
Literature data on stand transpiration and evapotranspiration of beech and pine stands on
Pleistocene substrates in northern Germany measured either with the microclimatological
gradient approach, the ecosystem water balance approach or stem sapflux sensors were
compiled in order to compare the two species on a broader data basis.

The hydrological fluxes in mature beech and pine forests near Eberswalde (state of
Brandenburg) were approximated from above- and below-canopy precipitation
measurements, continuous soil moisture measurements, and estimation of
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evapotranspiration based on local climate data (Lützke & Simon 1972; Lützke 1991). Deep
seepage data were checked against measurements with small and large weighable/non-
weighable lysimeters planted with pine or beech (Müller & Bolte 2009).

4.2.6 Statistical analyses
Data analysis was conducted with R software, version 3.6.3 (R Core Team 2020). In the

paired plot studies, we tested for significantly different pine and beech forest means of
aboveground biomass carbon stocks (n = 13), ANPP (n = 11) and fine root mass (n = 8) with
Wilcoxon signed-rank tests for paired samples. To test for differences between tree species
in SOC stocks and soil acidity (pH KCl), we applied ANOVAs (F-test) and included study
site (9 sites), soil depth level and the interaction between tree species and soil depth as
additional model variables. Soil depth level(s) with a significant effect of tree species were
identified with Tukey’s HSD tests. We pooled our own transpiration, evapotranspiration and
seepage data of study (3) with published data on canopy T, ET and seepage and tested for
normal distribution of the data with a Shapiro-wilk test and analysed differences between
beech and pine forest means with two-sided or one-sided t tests. In case of the
microclimatological data, testing for significantly different means was not possible due to
n = 1. Linear regressions of stand transpiration and evapotranspiration on precipitation were
calculated with the software Xact (SciLab, Hamburg, Germany). A significance level of
α = 0.05 was used throughout the study.

4.3 Results
4.3.1 Extent of pine plantation area

While Scots pine forests likely contributed with only 2.3 % to the natural forest area of
the North German lowlands before anthropogenic forest destruction, mostly in the more
continental east, 53.2 % of the recent forest area refers to pine stands (which includes a small
proportion of other introduced pine species such as P. nigra) (Table 4.1). Beech forests,
which once potentially contributed 48.6 % of the natural forest area, are currently found on
only 6.6 % of the recent forest area (Table 4.1). Across the North German lowlands, pine
plantations today extend over 1.75 million ha, while beech occurs on only 0.22 million ha
(Table 4.2). The large-scale replacement of potential natural beech forests by Scots pine
plantations is also evident, when tracking the forest conversion in the area that would
naturally be stocked with beech: Of the 1.72 million ha of current forest stocking on former
beech forest soils, only 10.5 % (0.18 million ha) are today beech forest, while 50 % refers to
pine stands and another 39.5 % to other planted forests, notably Norway spruce, oak, larch
and other species. Even larger is the species replacement in the area that was once covered
by ‘Other forest communities’, i.e. mostly oak-hornbeam forests and oak forests on acid soil,
where 54 % of the area is now covered by Scots pine with an area of 0.78 million ha
(Table 4.2). The pine dominance is highest in the Saalian moraine region (east) with a share
of 75.4 % in the current forest area, but is also high in the Weichselian moraine region
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(50.1 %), the Saalian moraine region (west) (48.6 %), and the eastern coastal region (42.4 %,
Table 4.1).

4.3.2 Microclimate
Neighboring pine and beech forests at the Lüneburg Heath site (Eimke/Unterlüss; study

(3)) differed largely in their canopy short-wave reflectivity during summer (May 15 –
September 15). In the 300–3000 nm wave-length range, the beech forest canopy had a by
3.7 percentage points higher reflectivity than the pine forest (13.9 % vs. 10.2 %, average of
two summers; Table 4.3). This difference was even larger in the NIR range (700–3000 nm)
with 5.2 percentage points (20.4 vs. 15.2 %). While beech and pine canopies differed
substantially in the leafy period of beech, reflectivities were more similar in the leafless
period (Fig. 4.1). Consequently, above-canopy net radiation between May and September
was on average by 17 W m− 2 (+9 %) higher over pine than beech (average of two summers;
Fig. 4.2). This corresponded to a mean canopy surface temperature that is by 0.6 K higher
in the pine forest during summer (18.60 vs. 17.96 ◦C; Table 4.3).

Table 4.1. Potential natural forest cover (all forest types), and potential cover of natural European beech and
natural Scots pine forest (in percent of potential natural forest area) prior to human forest destruction, and
recent forest cover (all forest types), and recent extent of beech and pine forests (in percent of recent stocked
and accessible forest area) in the seven climatically and geologically defined sub-regions of the North German
lowlands. The figures for the total lowland area are also given (in bold). Numbers in brackets refer to the
stocked and accessible forest area, which is somewhat less than total forest area. Based on a GIS analysis of
the map of the natural vegetation of Germany after BfN (2010), assigned to forest growth regions adapted from
Gauer and Kroiher (2012), and on data on recent forest area after TI (2015).

Region

Natural
forest
cover
(%)

Area
naturally
covered by
beech forests
(%)

Area
naturally
covered by
pine forests
(%)

Recent forest
cover (%)

Recent
beech
forest cover
(%)

Recent pine
forest cover
(%)

Western coastal
region 95.4 13.0 0.0 9.8 (9.1) 5.9 16.5

Central coastal region 94.2 61.8 0.0 10.8 (10.3) 22.4 6.4
Eastern coastal
region 97.1 81.6 1.0 25.4 (23.4) 12.1 42.4

Weichselian moraine
region 96.5 74.6 0.7 27.0 (25.4) 11.5 50.1

Lower Rhine and
Westphalian Bay 99.6 54.8 0.0 15.4 (14.7) 15.3 17.8

Saalian moraine
region (west) 99.4 46.4 0.0 28.1 (26.6) 2.8 48.6

Saalian moraine
region (east) 95.6 30.5 8.2 37.4 (35.0) 1.7 75.4

Total: North
German lowlands 96.8 48.6 2.3 24.9 (23.4) 6.6 53.2
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Table 4.2. Extension of current beech forests, pine forests, and other forest types on area assignable to former
natural beech (or beech-oak) forest, natural pine forest, or other natural forest types, given in their absolute size
(ha) and in % of the area of that natural forest category extension in the lowlands. In the last column, the
extension of current beech forests, pine forests and other forests assignable to the three different natural forest
categories is expressed in percent of the total current forest area in the North German lowlands. The lowermost
four rows give the extension of beech, pine and other forest types in the whole N German lowland region. For
forest area, the standard error (SE) of the size estimate is additionally given, as caused by the grid size of forest
data from BWI3.

Area assignable to
natural forest
category:

Current
stocking type

Size of current forest
area (ha)

Share of current
forest area (%)
in natural forest
category

Share of current
forest area (%) in
the North German
lowlands

Natural beech (and
beech-oak) forests

Beech forests 181,188 ± 8,898 10.5 5.5

Pine forests 860,820 ± 23,957 50.0 26.2

Other 679,126 ± 17,029 39.5 20.7

Sum 1,721,332 ± 32,373 100 52.4

Natural pine forests

Beech forests 199 ± 141 0.2 0

Pine forests 108,756 ± 10,076 88.7 3.3

Other 13,675 ± 2,993 11.2 0.4

Sum 122,630 ± 10,848 100 3.7

Other natural forest
types

Beech forests 36,684 ± 4,007 2.5 1.1

Pine forests 781,268 ± 24,897 54.1 23.8

Other 626,270 ± 17,931 43.4 19.0

Sum 1,444,322 ± 31,925 100 43.9

Current forest area in
the N German
lowlands

Beech forests 218,072 ± 9,832 - 6.6

Pine forests 1,750,843 ± 3,3715 - 53.2

Other 1,319,070 ± 24,668 - 40.1

Sum 3,287,985 - 100
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Table 4.3. Canopy reflectivity for short-wave radiation (300–3000 nm) and NIR (700–3000 nm), net radiation
above the canopy, and canopy surface temperature as calculated from long-wave radiation flux density for the
pine forest BP3 and the beech forest OB5 in the Lüneburg Heath region (study (3)) during the summer period
(May 15 – September 15), averaged over 1991 and 1992.

Unit Pine forest  Beech forest

Short-wave reflectivity % 10.2 13.9

NIR reflectivity % 15.2 20.4

Net radiation W m-2  215 198

Canopy surface temperature  °C 18.60 17.96

Figure 4.1. Canopy reflectivity in the NIR range (700–3000 nm) of the beech forest OB5 and the pine forest
BP3 in the Lüneburg Heath region (study (3)) during the year 1992. Only values recorded at highest sun angles
(10 a.m. – 2p.m.) are considered.
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Figure 4.2. Seasonal course of net radiation above the canopy of the beech forest OB5 and the pine forest BP3
in the Lüneburg Heath region (study (3)) over the year 1992.

4.3.3 Soil moisture regime
Both the mineral soil profile to 70 cm depth and the organic layer were moister under the

beech forest than the pine forest at the Lüneburg Heath site (study (3)) throughout the two
study years. Volumetric soil water content (θ) was in all investigated horizons generally 30–
70 % higher in the beech forest soil than under pine (Table 4.4) and approached the lower
moisture levels of the pine forest soil only during short periods, e.g. in September/October
1991 and 1992 (Figs. 4.3 and 4.4). In correspondence, the storage of plant-available soil
water was on average during summer by 20 mm larger under the beech forest than the pine
forest (Table 4.4, Fig. 4.5); this difference was smaller (about 10 mm) in the winter months.
During periods of highest drought intensity as in September 1991 and July 1992, soil
moisture was more depleted under the pine than the beech stand (Fig. 4.5). Even though
organic layer depth was similar in both forest types (85 and 80 mm under pine and beech,
respectively), the beech layer contained much more plant-available water than the pine layer
(1.7 vs. 10.1 mm for pine and beech during summer on average, Table 4.4). In
correspondence, the water potential-water content curve of organic layer material was
shifted toward lower θ values for pine litter, indicating a smaller capacity to adsorb and store
water as compared to beech litter (Fig. A4.3).
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Table 4.4. Mean volumetric soil water content and mean storage of plant-available water in the organic layer
and mineral soil of the pine forest BP3 and the beech forest OB5 at Eimke/Unterlüss (Lüneburg Heath region,
study (3)) in the summers (May 15 – September 20) and full years of 1991 and 1992. Pine forest – normal
fonts, beech forest – fonts in italics. The storage is given for water held in the potential range −300 hPa to
−1.5 MPa.

1991 1992
Summer Year Summer Year

SOIL WATER CONTENT (vol. %)

Organic layer Pine 15.5 - 9.0 14.1

Beech 28.1 - 17.8 23.6

0-5 cm Pine 10.3 15.2 15.1 22.4

Beech 18.9 23.4 24.7 28.1

10-15 cm Pine 8.7 12.5 8.7 16.0

Beech 13.5 17.5 13.5 22.5

55-60 cm Pine 3.3 4.3 3.7 6.3

Beech 5.0 6.9 5.3 8.8

WATER STORAGE (mm)

Organic layer Pine 1.6 - 1.8 5.7

Beech 12.1 - 8.2 9.7

Mineral soil (0-70 cm) Pine 23.3 39.7 37.8 76.8

Beech 33.0 50.7 52.1 84.6

Total profile Pine 24.6 - 39.6 82.5

Beech 45.1 - 60.3 94.3

Figure 4.3. Seasonal course of soil water content in the mineral topsoil (0-5 cm) under the beech forest OB5
and the pine forest BP3 in the Lüneburg Heath region (study (3)) in the years 1991 and 1992.
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Figure 4.4. Seasonal course of water storage in the organic layer (L, F and O layers) of beech forest OB5 and
pine forest BP3 in the Lüneburg Heath region (study (3)) from May 1991 to December 1992.

Figure 4.5. Seasonal course of soil water storage in the soil profile to 70 cm depth under pine forest BP3 (upper
panel) and beech forest OB5 (lower panel) in the Lüneburg Heath region (study (3)) in 1991 and 1992.
Indicated are non-available water (held at ψsoil <-1.5 MPa) and plant-available water (PAW, −300 hPa >PAW
>-1.5 MPa), and the storage in the mineral soil and in the organic layer. Note that organic layer data are lacking
for the period January – April 1991. The dotted line at 150 mm is depicted to facilitate comparison.
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4.3.4 Water consumption and seepage
Evapotranspiration data from six northern German pine and beech sites on Pleistocene

substrates (including our study (3)) gave a mean annual canopy transpiration rate for the pine
and beech stands of 320 mm and 304 mm, respectively (species difference not significant;
t test: t = 0.32, p = 0.76, Table 4.5). However, direct comparison of the neighboring
pine/beech stands at the Eimke/Unterlüss site showed a by 30–80 mm higher annual
transpiration of pine than beech (Table 4.6). The species difference was larger for mean
annual evapotranspiration (ET, transpiration and canopy interception), which averaged at
582 mm in the pine stands compared to 496 mm in the beech stands (difference significant;
t test: t = 2.55, p = 0.04, Fig. 4.6). In correspondence, annual ET was markedly higher in the
pine as compared to the beech stands in the paired-plot studies at Eimke/Unterlüss (NW
Germany) and Kahlenberg (NE Germany).

The annual amount of deep seepage ranged from 15 to 88 mm under the pine stands (mean
66 mm), and from 100 to 273 mm (mean 134 mm) under the beech stands (difference
significant; t test: t = -2.07, p = 0.04), which equals 2–13 % and 15–31 % of precipitation in
the pine and beech stands, respectively (Table 4.5).

4.3.5 Carbon stocks in biomass and soil
The 13 beech forests of study (1) stored more than twice as much C in aboveground live

tree biomass (including young trees) than the nearby pine forests (155.4 vs. 69.7 Mg C ha−1;
Wilcoxon test, V = 91, p<0.001). In contrast, the pine stands had larger SOC stores in both
the organic layer (52.0 vs. 28.6 Mg C ha−1) and the mineral soil to 1 m (89.1 vs.
70.4 Mg C ha−1 in pine and beech, respectively; ANOVA, p<0.05). The C storage in
deadwood (1.8 vs. 4.1 Mg C ha−1; Wilcoxon test, V = 84, p<0.01) and fine root mass (1.1
vs. 3.3 Mg C ha−1; Wilcoxon test, V = 36, p<0.01) was marginal, but larger in the beech
forests (Fig. 4.7). The ecosystem C pool (biomass and soil but without coarse root biomass)
amounted to 213.6 Mg C ha−1 in the pine forests and to 261.7 Mg C ha−1 in the beech forests
of study (1), i.e. the beech stands exceeded the pine stands by 48.2 Mg C ha−1 (+22.5 %).

4.3.6 C sequestration with productivity
Mean aboveground productivity (ANPP; coarse wood production and aboveground litter

production) was 3.30 Mg C ha−1 yr−1 in the pine and 4.49 Mg C ha−1 yr−1 in the beech forests
of study (1), which is an on average 1.19 Mg C ha−1 yr−1 greater ANPP value in the beech
stands (Wilcoxon test, V = 66, p<0.001). The higher beech ANPP resulted mainly from a
higher litter (foliage, fruits) production, while coarse wood production did not differ
significantly between the species.
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Table 4.6. Water fluxes (in mm) in neighboring Scots pine and beech stands in Eimke/Unterlüss in the
Lüneburg Heath region (study (3)) in the growing season and the full years of 1991 and 1992.

1991 1992

Growing
season Year Growing

season Year

Precipitation Pine 392 638 413 815

Beech 393 669 422 883

Canopy interception Pine 123 198 134 245

Beech 122 187 124 226

Canopy transpiration Pine 321 325 404 409

Beech 288 288 331 331

Soil evaporation Pine 52 65 72 84

Beech 44 64 34 52

Total evapotranspiration Pine 496 588 610 738

Beech 454 639 489 609

Change in soil water
storage

Pine -104 +35 -197 -11

Beech -61 +30 -67 +1

Deep seepage Pine 0 15 0 88

Beech 0 100 0 273

Seepage in % of
precipitation

Pine 0 2 0 11

Beech 0 15 0 31

4.3.7 Soil acidification
Soil acidity differed between the nine paired pine and beech stands of study (1) only in

the organic layer, while the pH in the mineral soil was largely similar (Fig. A4.4). Pine litter
led to a by 0.5 units lower pH (measured in KCl) in the organic layer as compared to beech
(3.1 vs. 3.6; ANOVA, p<0.05). Soil acidity was slightly (but not significantly) higher in the
subsoil (50 cm depth) under beech than under pine. A similar result was obtained in the each
nine pine and beech stands of the Prignitz region (NE Germany; study (2)).
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Figure 4.6. Dependence of annual transpiration (circles) and evapotranspiration (triangles) of North German
pine (open symbols) and beech forests (filled symbols) on annual precipitation. While transpiration differs only
slightly between the forest types (and the data are pooled in the analysis), evapotranspiration was higher in the
pine stands (dotted line) than the beech stands (continuous line). Transpiration pine &
beech: y = 5.83 + 0.43 x, p = 0.03, r = 0.69; ET pine: y = 227 + 0.53 x, p = 0.03, r = 0.94;
ET beech: y = 240 + 0.36 x, p = 0.07, r = 0.86. For data sources see Table 4.5.

Figure 4.7. Ecosystem carbon storage in the beech and pine forests of study (1) (mean of each 9 stands; in
Mg C ha-1). Given is also the difference in C storage in beech relative to the pine forests.
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4.4 Discussion
The establishment of about 1.75 million ha of pine plantations in the North German

lowlands in a natural broadleaf forest landscape represents one of the world’s largest forest
conversions to conifer plantations, the dimension of which comes close to a biome shift from
temperate broadleaf to temperate (or boreal) coniferous. The consequences of this man-made
transformation are far-reaching, ranging from biophysical to socio-economic impacts, and
include effects on regional climate, soil, forest biota, fire and pest/pathogen infection risks,
and the recreational value of the forest. Our analysis focuses on several key ecosystem
services, notably climate regulation, carbon sequestration, the provision of groundwater, and
soil fertility, while ignoring other aspects.

4.4.1 Feedback on climate
The lower short-wave albedo of conifer forests compared to temperate broadleaf forest

canopies by about 4–6 percentage points is well recognized (Gates 1980, Stewart 1971,
Stoutjesdijk & Barkman 2015). Our comparison of a pine and a beech stand in the Lüneburg
Heath region yielded a by 4 percentage points lower reflectance of the pine canopy in
summer, which seems to be caused by both differences in foliage optical properties and
canopy roughness. The brighter pigments of beech leaves, the more level leaf orientation,
and the usually lower canopy roughness of the concave beech crown surfaces all tend to
increase the short-wave albedo and thus reduce the radiation load to the canopy. Our data
show that the species difference is even larger in the NIR range (20 vs. 15 % reflectance in
the beech and pine stands, respectively), causing more pronounced heating of the pine
canopy during summer, as net radiation input was 9 % greater and mean canopy surface
temperature 0.6 K higher than in the beech canopy. Elevated canopy temperatures may
stimulate leaf physiological activity in the cool boreal environment, the core region of Scots
pine distribution, but pine stands in the warmer Central European climate might well
experience heat stress during summer periods, especially when it is coupled to drought stress
(Rehschuh & Ruehr 2021). If not consumed by evapotranspiration, the excess energy
available in the heated canopy will increase the heating of the well-mixed atmospheric
boundary layer through enhanced fluxes of sensible heat and long-wave upward radiation
(Teuling et al. 2017), thereby amplifying regional climate warming. The warming effect of
forest on the atmospheric boundery layer is particularly strong during heat waves due to the
sensible stomatal response of trees to the atmospheric vapour pressure deficit (Teuling et al.
2010; Lansu et al. 2020). Our microclimate data suggest that the establishment of large-scale
Scots pine plantations has reinforced regional climate warming through the elevated net
radiation input to pine canopies compared to beech canopies, the natural forest vegetation in
most of the study region. The higher canopy temperatures of the pine canopy in summer
develop despite a somewhat higher evapotranspiration, which counteracts the heating
through evaporative cooling.
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4.4.2 Effects on the water cycle
Soil moisture content was higher under beech than pine from the organic layer to the

subsoil at 60 cm depth, and moisture reserves were exhausted to a greater extent under beech
than pine in the Lüneburger Heath stands, matching observations in other pine/beech
comparisons on sandy to sandy/loamy soil (Anders et al. 2004). Various factors are
contributing to the greater soil moisture depletion under pine, notably the higher canopy
interception loss under evergreen pine (in our stands + 10–20 mm), which reduces
throughfall and infiltration into the soil. A slightly higher canopy transpiration of pine, as
observed in the Lüneburg Heath stands, may enhance this effect. Further, the higher light
transmissivity of the pine canopy increases net radiation at the forest floor, which enhances
soil evaporation and the transpiration of the usually dense herb layer. Finally, laboratory
measurements show that organic layer and mineral soil material under pine is less wettable
than soil under beech with larger contact angles of the liquid phase to the mineral surfaces
(J. Bachmann, unpubl.), which is reflected in the shift of the water content-matric potential
relationship of pine litter material to lower moisture contents (Fig. A4.3). Thus, less rainfall
infiltrates into the soil and more water is extracted under pine, with the consequence that, in
the Lüneburg Heath stands, seepage to groundwater layers was on average by 135 mm yr−1

lower under the pine than the beech stand.
This in line with results from another study on pine and beech forests near Eberswalde

(NE Germany), where a mean difference of 93 mm yr−1 was found between pine
(mean: 47 mm yr−1, range: 0 – 120 mm yr−1) and beech (mean: 140 mm yr−1, range:
100–180 mm yr−1) (Anders et al. 2005). Müller & Bolte (2009) reported in the Kahlenberg
pine and beech forests (also near Eberswalde) averaged over five years a 51 mm yr−1 higher
seepage under beech than pine. For the eastern German state of Brandenburg, Riek & Müller
(2007) gave an average groundwater recharge under pine of only 30 mm yr−1, with many
pine stands having no seepage at all. Averaged over all studies compiled in Table 4.5, we
found a mean difference of 68 mm yr−1 in annual seepage between pine (mean: 66 mm yr−1)
and beech stands (134 mm yr−1). A simple extrapolation to the 1.75 million ha of pine forest
area in northern Germany gives ~ 1.2 billion m3 of groundwater recharge lost, which equals
20 % of the annual groundwater volume used in Germany (5.95 billion m3, BGR 2021). It
should be noted that this rough calculation considers mature forests; the seepage difference
between pine and beech forests is certainly smaller in younger forests (Teuling & Hoek van
Dijke 2020).

Given that large parts of the eastern German lowlands receive <600 mm yr−1 of
precipitation, it is obvious that the large pine plantations in this region are an important driver
of water scarcity in summer, as they reduce groundwater recharge by 50–90 mm yr−1 on
average compared to beech forests. Water shortages will increase in future with climate
warming and the rise in atmorpheric evaporative demand. Morover, parts of eastern
Germany have experienced reductions in summer precipitation during the 20th century
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(Schönwiese & Janoschitz 2008; Banzragch et al., submitted), increasing the threat of
summer droughts especially in the state of Brandenburg, and partly also in Saxony-Anhalt,
Saxony, Mecklenburg-Western Pomerania and eastern Lower Saxony. Modelling studies
predict that much of the arable land on sandy soils in this region will require irrigation with
advancing climate warming (Anter et al. 2009, Riediger et al. 2014, Gutzler et al. 2015, UBA
2021), increasingly competing with public water use and demand for industries. It is
especially the negative impact on groundwater recharge that is disqualifying the future
establishment and maintenance of large Scots pine plantations in northern German regions
with water scarcity.

Enhanced topsoil drying under pine is a major reason for the high fire risk in Scots pine
plantations especially in the more continental east of Germany, a threat that will increase
with ongoing warming (Schlick & Möller 2007). Fires are promoted in pine stands by the
hydrophobicity of the rapidly drying pine litter and the warmer soil in the stand interior in
comparison to beech and other hardwood stands. Further, pine stands with their small leaf
area index (2–3 vs. 5–8 in beech forests; Leuschner & Ellenberg 2017) facilitate the influx
of drier and warmer air masses into the stand interior, while beech stands are characterized
by relatively cool and moist air underneath the canopy, which effectively reduces the risk of
ignition. Haesen et al. (2021) compiled a data base that may allow quantifying the thermal
insulation capacity of forest canopies across Europe, which obviously is larger in beech and
than pine stands. In correspondence, fires are very rare events in beech forests (Maringer et
al. 2020), even in the more continental climate of eastern Germany.

4.4.3 Carbon sequestration potential
Forestry and wood industry can contribute to the goal of carbon dioxide sequestration

through four pathways, (1) by increasing the long- term storage of C in biomass and soil, (2)
by increasing the storage of long-lived wood products, (3) by producing wood that
substitutes energy-intensive construction materials such as concrete and steel, or (4) by
substituting fossile fuels by wood that is burnt to produce heat and/or energy (Taroe et al.
2017, Harmon 2019, Hudiburg et al. 2019). While it is feasible to compare the C
accumulation in biomass and soil (pathway (1)) using the inventory data of mature pine and
beech stands, quantifying the other three pathways is much more difficult and subject to
dispute. Controversial positions exist especially with respect to the validity of greenhouse
gas displacement factors of harvested wood products, which relate the emission reduction to
the carbon mass contained in the wood, the longevity of wood products, and the climate
change mitigation potential of using forest biomass for bioenergy (Harmon 2019, Leturcq
2020, Pomponi et al. 2020).

Due to the uncertainties in calculating the pathways (2) – (4), we focus on the biomass
and soil C stores of pine and beech forests on sandy to sandy-loamy soils. The much larger
aboveground live tree biomass C storage found in the beech forests of study (1) (difference
85.7 Mg C ha−1; +123 %) matches the prediction of pine and beech yield tables for NE
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Germany, which give a by 50–61 % higher aboveground coarse wood mass production at
the age of 100 years for closed stands of beech as compared to pine on poor to moderately
fertile soils (yield classes 2 to 3.5, Table A4.1; Dittmar et al. 1986, Lembcke et al. 2000).
The difference is smaller when wood production is calculated on a volume basis (493 –
752 m3 ha−1 and 622 – 875 m3 ha−1 for pine and beech at age 100 years in the yield classes
2 to 3.5, respectively; cf. also BWI3). The yield table calculations were made for managed
pine and beech age-class stands that are thinned at regular intervals according to
conventional management schemes, with 48–49 % (pine) and 45–48 % (beech) of total
aboveground biomass production being harvested until the age of 100 years (Dittmar et al.
1986, Lembcke et al. 2000). The higher biomass accumulation in the beech stands
corresponds to a higher net primary productivity and thus actual carbon sequestration rate,
with beech ANPP exceeding that of pine by 36.4 % at maturity according to the study (1)
results.

The ecosystem carbon pool (live and dead biomass plus soil) was by 48.2 Mg C ha−1

larger in the beech than the pine forests. This difference rose to about 65 Mg C ha−1, when
the aboveground live tree biomass estimate was increased by 20 % to account for coarse root
biomass. Since both the amount of cumulative harvested wood (+144 to + 163 % in the yield
classes 2 to 3.5) and the size of the remaining biomass stock (+161 to + 186 %) were
considerably larger in the beech than in the pine forests, the northern German Scots pine
plantations have a much smaller climate change mitigation potential than beech forests, in
case the harvested wood were primarly used for product substitution and the fabrication of
long-lived wood products. Replacing pine forests by beech (or other hardwoods) would thus
be an important step toward the creation of climate-smart forests in northern Germany, as
both the harvestable amount of roundwood and the standing stock of biomass carbon are
higher in beech stands over a 100-yr time horizon, which is critical for tackling climate
warming.

Large-scale conversion of pine stands to broadleaf forests is primarily hindered by the
structure of wood markets that actually face a much higher demand for conifer wood than
for hardwood timber. Currently, about 64 % of the hardwood timber harvest in Germany is
burnt, with the largest part being beech wood (FNR 2019). This is not effective with respect
to climate change mitigation, as forest biomass burning for bioenergy is far from being
carbon–neutral (Ter-Mikaelian et al. 2015, Norton et al. 2019). Thus, a massive shift from
conifer wood to hardwood timber in the construction sector and the wood composite
products industry would be needed in order to increase the demand for durable hardwood
timbers and to reduce the consumption of conifer wood.

4.4.4 Soil acidification
Even though soil acidification by conifer litter is a well understood phenomenon

(Bublinec 1974, Hornung 2007), the acidifying potential of Scots pine on soils developed
from Pleistocene substrates in northern Germany is more difficult to assess. Centuries to
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millenia of forest destruction and litter raking until the mid 20th century in combination with
atmospheric deposition of nitrogen compounds and strong acids, but locally also of basic
dusts, have impacted on the soil chemistry in this region, modifying and overlaying the
acidifying effect of pine litter (Riek et al. 2007). Direct comparison of soil profiles under
nearby pine and beech stands on similar geological substrate may allow at least a relative
assessment of the acidifying potential of pine in comparison to the natural forest vegetation
in this region. In our study (1) of nine paired pine/beech stands, a significantly higher acidity
(pH(KCl)) under pine as compared to beech was only found in the organic layer and the
mineral topsoil to 10 cm depth, while deeper horizons exhibited similar acidity under the
two tree species. Similar results were reported in the comparison of each nine pine and beech
stands in the Prignitz region (Brandenburg, northern Germany; study (2)) and in a paired
pine/beech forest study near Eberswalde (NE Germany, Anders et al. 2005). However, in a
common garden study with 22-yr old planted beech and Scots pine stands on sandy glacial
soil in central Poland, pine caused lower pH(H2O) values than under beech not only in the
organic layer and the mineral topsoil (difference 0.13 to 0.45 units), but also in deeper layers
(20–40 cm; difference 0.26 units; Hobbie et al. 2006). It appears that, other than beech, Scots
pine is unable to mobilize base cations, in particular Ca, from the subsoil, which increases
soil biological activity (Anders et al. 2005, Reich et al. 2005) and may counteract the
acidifying effect of pine litter. In addition, Scots pine appears to inhibit larger earthworms
such as Lumbricus terrestris (Meentemeyer & Berg 1986), thereby reducing bioturbation.
Thus, the low pH, base saturation and soil biological activity in the topsoil of Scots pine
stands on glacial deposits in northern Germany are partly a consequence of the litter
chemistry of this species, but are certainly enhanced by widespread base cation extraction
with litter raking in the past and the deposition of acidifying substances in more recent time.

4.5 Conclusions
The rationale behind planting Scots pine in large areas of the lowlands of northern

Germany, Poland and beyond is mainly economic, driven by an expanding market for conifer
wood in Central Europe and globally (Mantau 2012). Pine wood is the most important timber
by volume in the study region with most of it used for construction and as industrial wood
(Weimar 2018). Even though productivity is lower than of beech, Norway spruce and other
timbers, it is widely preferred by foresters due to its tolerance of infertile and drought-prone
sites and because of relatively low costs of planting, stand maintenance and harvesting. In
fact, Scots pine plantations are usually profitable in Central Europe (Kroth 1983), except for
very infertile sites and for episodes, when stands are destabilized by extreme biotic and
climatic hazards as during the 2018–2020 drought. Pine forestry thus represents an important
source of income in many rural areas of northern Germany, as in Brandenburg (eastern
Germany) (Bilke & Noack 2007).

On the other hand, if the negative effects of pine plantations on groundwater yield, soil
fertility and acidity, and the regional climate would be monetarized, the balance sheet of
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economic costs and benefits will certainly be highly negative, with the costs of deteriorated
ecosystem services loaded onto society. Since our evaluation does not quantify the higher
risk of fire and insect/pathogen infestation of pine stands (Möller et al. 2007 ), the costs are
likely even higher. Thus, Scots pine plantations are in this region neither environmental-
friendly nor climate-smart, given their low climate change mitigation potential relative to
that of natural beech forests. Our compilation of environmental effects and climate feedbacks
of Scots pine plantations urges forestry planning to speed-up transformation of pine
plantations to broadleaf forests on sites that are suitable for growing beech, oak or other
more drought-tolerant hardwoods. In fact, if maximizing CO2 sequestration is to become a
main goal of forest policy, the relatively unproductive Scots pine plantations should be
replaced by beech (or other hardwood) forests, wherever possible. Establishing mixed pine-
beech stands has been found to be a promising option in certain regions of NE Germany
(Anders et al. 2004), as it may allow combining positive effects of beech on carbon
sequestration and hydrology with the option to continue harvesting pine wood.

A shift in forest management from conifer-dominated to hardwood-dominated
silvicultural systems will only be successful, if the utilization of durable hardwood products
can be greatly increased in Central Europe and elsewhere. This requires policy incentives to
foster the use of hardwood timbers in the construction sector, to promote the development
of a broader spectrum of engineered hardwood timber products, and to support forest owners
in the establishment of broadleaf forests. Our analysis of important biophysical
consequences of plantation forestry further suggests that the concept of climate-smart
forestry, which most often addresses only the climate change mitigation potential and timber
production, needs broadening to address other important ecosystem services as well, notably
biophysical feedbacks on climate and the water cycle.
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Appendix

Figure A4.1. Map of the North German lowlands with the seven subregions recognized here, and the location
of study sites in the studies (1, black dots), (2, encircled area) and (3, open triangels: site Unterlüss/Eimke).
Based on a map provided by Thünen-Institut.

Figure A4.2. Cumulative temperatures in the litter layer of the pine and the beech stand in Eimke/Unterlüss
(Lüneburg Heath region, study (3)) in the growing season 1992 (April – October). The daily temperature means
are cumulated to display the heating up of the organic layers.
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Figure A4.3. Relationship between volumetric water content and matric potential of organic layer material
under beech and pine at the sites Eimke/Unterlüss (Lüneburg Heath region, study (3)) in comparison to the
corresponding relationship in the mineral topsoil.

Figure A4.4. Soil depth dependence of pH measured in 1 M KCl (potential acidity) in soil profiles under paired
beech and pine forests on Pleistocene substrates in northern Germany according to two studies with each 9
stand pairs (study (1): entire northern Germany, and study (2): Prignitz region, NE Germany). Significant
differences between pine and beech existed only in the organic layers.
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Table A4.1. Production of coarse wood volume (total volume production) and total aboveground biomass
(coarse wood, branches, foliage) in closed monospecific pine and beech stands at age 100 years, and cumulative
wood harvest and remaining coarse wood at age 100 years according to the pine and beech yield tables for
north-east Germany (Dittmar et al. 1986, Lembcke et al. 2000). The productivity classes (‘Höhenbonität’,
classes after Kraft) refer to soils of decreasing fertility (2.0 moderately fertile, 3.5 poor). Wood mass was
calculated from wood volume with the density values given in the Global wood density data base (Scots pine:
0.422 g cm-3, beech 0.585 g cm-3). Total biomass was derived from Pretzsch (2019, p. 443) who gives a factor
of F = 0.78 for transforming standing wood volume (in m3) into total tree biomass (including branches, foliage
and roots; in Mg ha-1) for pine, and of F = 1.004 for beech.

Total volume
production

Total biomass
production

Cumulative
harvested wood until
age 100

Remaining wood
biomass at age 100

Productivity
class m3 ha-1 Mg ha-1 Mg ha-1 Mg ha-1

Pine Beech % Pine Beech % Pine Beech % Pine Beech %

2.0 752 875 116 587 879 150 171 246 144 165 266 161

2.5 661 790 120 516 793 154 137 219 160 142 243 171

3.0 575 707 123 449 710 158 119 192 161 119 222 187

3.5 493 622 126 385 625 161 100 163 163 108 201 186
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Chapter 5
5 Synopsis

Scots pine stands currently dominate the forests of the northern German lowlands, which
is the result of a long history of forest degradation or deforestation and subsequent
afforestation in the region (TI 2015, Leuschner & Ellenberg 2017, Poschlod 2017). The
mostly pure and even-aged pine forests replace a natural vegetation that consisted mainly of
broadleaf beech or beech-oak forests (BfN 2010, Leuschner & Ellenberg 2017). This shift
from temperate broadleaf forests to a predominantly boreal coniferous tree species represents
a strong interference with the forest ecosystem as a whole and affects its biodiversity,
structure and functioning (Meyer et al. 2020).

Forests play a key role in the efforts to mitigate climate warming due to their ability to
store and sequester carbon from the atmosphere (Ashton et al. 2012). This thesis therefore
aimed to evaluate the climate change mitigation potential of Scots pine in comparison to
European beech forests, by determining the above- and belowground (fine root) biomass C
pools and sequestration. The study was conducted at 16 sites distributed throughout the
northern German lowlands, covering a climate continentality gradient from west to east. This
was complemented by an estimation of the extent of forest conversion in the study area,
combined with a comparative analysis of forest functioning (ecosystem C pool, hydrology,
microclimate, soil acidity) in beech and pine forests. The following section summarizes the
main findings of this thesis and elucidates the prospects for climate change mitigation of
Scots pine and European beech forests in the northern German lowlands.

5.1 Functional differences between Scots pine and
European beech forests

5.1.1 Carbon pools and sequestration
Carbon stocks in the aboveground biomass were determined at 16 study sites in forests

of the potential natural vegetation type (mostly beech forests) and with natural development
(ND), in planted, monospecific, young pine forests (YP) and in the transitional stage of pine
forests to (mixed) broadleaf stands (OP). In a subset of eight sites, tree fine root biomass was
determined in paired naturally developing beech (ND) and YP forests. In confirmation of
hypotheses (i) and (ii), carbon stocks in both, the aboveground and belowground (fine root)
tree biomass were higher in the investigated ND forests than in YP forests.
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With on average 147 Mg C ha-1, the naturally developing (mostly) broadleaf forests (ND)
stored about double the amount of carbon in the aboveground biomass than the young pine
forests (YP), which stored on average 72 Mg C ha-1 (chapter 2). Carbon stocks in the OP
stands (86.8 Mg C ha-1 on average) did not significantly exceed the ones in YP stands. A
linear mixed-effects model clearly revealed that the tree species was the most important
factor for explaining the differences in aboveground biomass carbon stocks between forest
types, while stand age was not influential. This is surprising, as the stands covered an age
span of roughly 100 years for both, beech (103 – 195 years old) and pine forests (55 – 155
years old). The regular biomass extraction through thinning is certainly one reason, and
especially in the OP stands, a considerable biomass fraction must have been already
removed. For both, beech and pine forests, the here determined carbon stocks are within the
range reported from other stands of similar age (Burschel et al. 1993, Xiao et al. 2003,
Rademacher et al. 2009).

Correspondingly, fine root biomass was 6.5 times higher and necromass was 2.4 times
higher in the naturally developing beech forests than in the managed pine forests (biomass:
237 vs. 37 g m-2, necromass: 420 vs. 175 g m-2, respectively; chapter 3). Due to the relatively
shallow sampling in this study (organic layer plus the top 20 cm of the mineral soil),
differences in depth distributions between species would have been missed. Therefore, fine
root biomass was extrapolated to 60 cm soil depth, based on fine root biomass-soil depth
functions that were established from large data sets of our study region (Scherfose 1990,
Meier et al. 2018). These extrapolations suggest that differences between species would have
even increased with deeper sampling. While fine root biomass in the here studied beech
forests was in the lower range of values reported elsewhere (range: 118–960 g m-2 at a mean
sampling depth of 49 cm, Leuschner & Hertel 2003), fine root biomass in pine forests was
particularly low compared to other studies (range: 237–725 g m-2 at a mean sampling depth
of 74 cm, Leuschner & Hertel 2003). The relation between fine root biomass and stand age
for both species observed in this and other studies (Leuschner & Hertel 2003, Finér et al.
2007) does not suggest that values would have converged in stands of more similar age. The
main reason for the low fine root biomass in the here investigated YP stands, and thus for
the large beech-pine difference, is probably the often dense herbaceous and dwarf shrub
layer in pine forests (Leuschner & Ellenberg 2017), that competes for space and resources
in the soil.

The lower biomass accumulation of YP stands was also demonstrated by their about 25 %
lower ANPP compared to ND stands (3.27 vs. 4.33 Mg C ha-1 yr-1, chapter 2) averaged over
the recorded years (2015-2017), supporting hypothesis (iii). The average ANPP of
4.5 Mg C ha-1 yr-1 measured in the 13 beech forests of this study was slightly lower than the
average of 5.3 Mg C ha-1 yr-1 for beech forests in Central Europe reported by Leuschner &
Ellenberg (2017), which agrees with the relatively low fertility at our study sites. For pine
forests, values reported in other studies range between 3.95 and 11.0 Mg C ha-1 yr-1 from
stands somewhat younger than in this study (35 – 55 years) and with comparably high stem
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density and basal area. Since the biomass accumulation curve of pine levels off at an age of
60-80 years (Burschel et al. 1993), stand age is likely a contributing factor for the relatively
low values measured in the here studied pine forests (65 years old on average), besides low
stem density and basal area. In line with this, Anders et al. (2005) measured only
3.2 Mg C ha-1 yr-1 in an 84-year-old pine stand in northeastern Germany. The higher ANPP
in ND compared to YP forests does not result from differences in basal area, which was
similar in the two forest types (28.1 vs. 29.1 m2 ha-1 in YP and ND stands, respectively). It
is rather evidence of the superior carbon gain of beech, resulting from its generally much
higher leaf area index (5 – 8.5 m2 m-2) compared to pine (1.8 – 3 m2 m-2, Leuschner &
Ellenberg 2017).

Fine root productivity was 1.9 times higher in beech than in pine forests (147 vs.
77 g m-2 yr-1, respectively), but the difference was only significant in 10-20 cm depth. Thus,
hypothesis (iv) could only partly be confirmed. Even though the estimated lifespan for pine
fine roots was much shorter than for beech fine roots (4 vs. 13 months), absolute carbon
consumption and thus carbon input upon fine root death in beech forests still exceeded the
one in pine forests.

It is remarkable that the higher input of aboveground litter and fine roots in the beech
stands, which are the most important SOC sources in forests (Davidson & Janssens 2006,
Ashton et al. 2012), is not reflected in the SOC pools of these stands, which were in turn
higher in the pine stands (Diers et al. 2021). Possible reasons include the species-specific
litter quality and the influence of forest management and history (Diers et al. 2021).
Nevertheless, the ecosystem C pool (biomass and soil, but without coarse root biomass) of
beech forests exceeded the one in pine plantations by 22.5 % (chapter 4).

5.1.2 Microclimate, hydrology and soil acidity
Direct comparisons between neighboring beech and pine forests of northern Germany

demonstrated that beech canopies have a higher shortwave and NIR reflectivity than the
canopies of pine. Correspondingly, above-canopy net radiation averaged over two summers
was 9 % higher, and mean canopy surface temperature was 0.6 K higher over pine than over
beech (chapter 4). A literature survey revealed a significantly higher annual
evapotranspiration in pine than in beech forests, while the difference in annual transpiration
was lower and only significant in direct comparison of the neighboring stands in northern
Germany. In the same stands, volumetric soil water content and plant-available soil water
were generally lower under pine than under beech, with larger differences in summer than
in winter (chapter 4). Deep seepage was more than twice as high in beech as in pine forest
(134 vs. 66 mm, respectively). It seems that more severe soil drying under pine than under
beech results from a combination of higher canopy interception losses and higher
transpiration of the evergreen tree species pine, higher soil evaporation due to higher
transmissivity of the pine canopy, and more hydrophobic litter and soil material in pine
stands (chapter 4).
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The acidifying effect of coniferous tree species is well established (Hornung 1985,
Augusto et al. 1998). The effect is however difficult to quantify in the study region, where
other factors, namely past litter raking and the deposition of acidifying substances act in
synergy. In a direct comparison of the here studied beech and pine forests, soil acidity
differed between tree species only in the organic layer (3.1 vs. 3.6 in pine and beech stands,
respectively), but was similar in the mineral soil (Diers et al. 2021, chapter 4). The ability of
beech to act as a base pump, i.e. to take up base cations from deeper soil horizons in exchange
of H+ and assimilating them into biomass, can well explain this pattern (Anders et al. 2005,
Achilles et al. 2021).

5.1.3 Landscape-scale consequences of forest conversion in the
northern German lowlands

Beech forests represent the potential natural vegetation at about half of both the potential
(48.6 %), and the current forest area (52.4 %) of the northern German lowlands, while pine
forests would naturally occur on only a few percent of the forest area (2.3 % and 3.7 % of
the potential and current forest area, respectively; chapter 4). The current dominance of pine
forests on more than 1.75 million ha (53.2 % of the current forest area), and the small current
beech forests area of only 0.22 million ha (6.6 %), clearly demonstrate the extent of historic
forest conversion that has happened in the northern German lowlands.

The here presented study provides evidence for the superior above- and belowground
carbon storage and sequestration potential of beech forests with natural development
compared to pine forests. If we extrapolate the by 48 Mg C ha-1 larger ecosystem carbon
pools (chapter 4) in native beech forests (ND stands) compared to pine plantations (YP
stands) to the more than 1.75 million ha of mostly non-native, planted pine forests of the
northern German lowlands, we get an idea of the landscape-scale consequences of past forest
conversion. The simple extrapolation suggests that more than 80 Tg C has been lost in the
course of forest conversion, which is about 5 times the amount annually sequestered by all
German forests (15.8 Tg C, WBAE & WBW 2016). Correspondingly, the average rate of
carbon sequestration was higher in beech than in pine forests in all measured compartments,
with the largest difference found in litter (1.0 Mg C ha-1 yr-1, chapter 2), followed by fine
roots (0.4 Mg C ha-1 yr-1, chapter 3), while the difference in wood production was not
significant (0.1 Mg C ha-1 yr-1, chapter 2). This adds up to a by 1.5 Mg C ha-1 higher annual
productivity in beech than in pine forests. Extrapolated to the current pine forest area, this is
more than 2.6 Tg C annually and almost 17 % of the amount annually sequestered by all
German forests. Analogously, an extrapolation of the beech-pine difference in deep seepage
(68 mm yr-1 higher in beech than in pine forests) suggests, that deep seepage is reduced
annually by almost 1.2 billion m³ of water (chapter 4). This is 20 % of the annual
groundwater volume used in Germany (BGR 2021). Clearly, these are only rough
extrapolations with many uncertainties, such as the representativeness of the here studied
stands in terms of stand age (see chapter 2.4.4) and structure, soil conditions at the studied



Synopsis

117

locations or climatic conditions during the study period. Nevertheless, they give an idea of
the magnitude of the landscape-scale effects of the historic forest conversion on ecosystem
functioning.

The microclimate data presented in chapter 4 furthermore suggest negative feedbacks on
the regional climate by Scots pine plantations established to the above described extent, as
above canopy temperatures were higher over pine than over beech, despite lower
evapotranspiration of the latter.

5.2 Effects of management cessation on carbon pools
and sequestration in European beech forests

European beech trees can reach a natural age of 350 years and more, while the age of
beech trees at harvesting is in Germany usually around 140 years (Sperber & Hatzfeldt 2007,
Glatthorn et al. 2017). Thus, old-growth stages and their characteristic structures are widely
lacking in typically managed beech forests (Brunet et al. 2010, Meyer et al. 2021a). In the
here investigated 13 beech forests with natural development, management ceased, but the
last thinning operations happened 6 to 41 years before data collection (20 years on average).
This is only a relatively short period considering the high natural lifespan of the trees, and
thus the structure of the investigated stands strongly reflects past management. Accordingly,
ANPP, fine root biomass and fine root productivity were unrelated to the time elapsed since
the last timber extraction in the here investigated naturally developing beech forests
(chapters 2 and 3). Some studies have reported enhanced growth after thinning in beech
forests (e.g. Boncina et al. 2007, Bouriaud et al. 2019). However, the results of this thesis
agree with observations from direct comparisons between true primary beech and beech
production forests in Slovakia, where no significant differences in ANPP or the fine root
systems were detected (Glatthorn et al. 2018, Klingenberg & Leuschner 2018).

In contrast, a mixed-effects model revealed a significant positive effect of the time since
the last timber extraction on the aboveground biomass carbon pool across all investigated
forests (chapter 2). The possible end point of carbon accumulation was estimated by a
comparison with three true primary forests in the Slovakian Carpathians, from where
comparable data are available (Glatthorn et al. 2018). Aboveground biomass carbon stocks
in live trees (including saplings) in the three primary forests exceeded the amounts in the
here studied naturally developing beech forests by only 25 % (193 vs. 155 Mg C ha-1,
respectively). Furthermore, some of our beech ND stands had even greater carbon stocks in
the aboveground biomass of live trees (up to 225 Mg C ha-1) than the primary forest average,
while the carbon stocks in coarse deadwood were almost 9 times higher in the primeval
forests compared to the beech ND stands (35 vs. 4 Mg C ha-1, respectively). Similarly, Meyer
et al. 2021b described biomass C stocks of almost 240 Mg C ha-1 in beech forests 50 years
after management cessation, which continued to increase linearly.
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Thus, management in beech forests seems to affect mostly the aboveground biomass
carbon storage, since the otherwise extracted biomass remains in the stand, while
aboveground productivity and the fine root system are less affected. It should however be
noted that management effects on ANPP and the fine root system in this study cannot be
ruled out completely, as these could be masked by other factors with stronger impact.
Furthermore, the time elapsed since the last timber extraction gives only restricted
information on past management of the forests, as for instance thinning intensity is not
considered.

5.3 Climate change mitigation potential of Scots pine
and European beech forests

The large differences in carbon stocks and sequestration summarized in section 5.1.1 are
clear evidence for an inferior climate change mitigation potential of pine forests compared
to the natural beech forests they replace, with additional negative effects on groundwater
recharge, the regional climate and soil fertility (section 5.1.2). Yet, for a complete evaluation,
the wood products C pool and substitution effects need to be considered as well.

The wood products pool represents only a few percent of the world´s forests biomass C
pool, but it is constantly growing and the rate can be influenced by forest management (Pan
et al. 2011, Wördehoff et al. 2011, Ashton et al. 2012, Chen et al. 2019). The direct utilization
of wood for bioenergy production can substitute fossil fuels. However, positive mitigation
effects can lag more than a century, while the initial C balance is usually negative (Ter-
Mikaelian et al. 2015). The material substitution effect is generally positive and increases
with the lifespan of the product (WBAE & WBW 2016, Leskinen et al. 2018). Cascading
use with burning as a last step can considerably enhance the climate change mitigation
potential of wood (Bais-Moleman et al. 2018) In Germany, almost two thirds (64 %) of the
harvested hardwood is used thermally, while the share of coniferous wood is only 14 %
(Purkus et al. 2019). Moreover, coniferous wood is used to a higher share for products with
long lifespan than hardwood (WBAE & WBW 2016). Even though quantifying substitution
effects is complex and involves many uncertainties (Leskinen et al. 2018, Ter-Mikaelian et
al. 2015), the mostly thermal use of beech wood clearly impairs the high climate change
mitigation potential of beech in comparison to pine forests. A quantification of these effects
would give a more accurate picture on the beech-pine difference in mitigation potential. Still,
considering the additional negative effects of pine forests on further forest functions, this
would not affect the overall conclusion. It rather stresses the need for changes in the
woodworking industry that is focused on the utilization of coniferous wood, especially in
the building sector (e.g. Ehrhart et al. 2021, Pečnik et al. 2021). The consequently thigh
demand for coniferous wood on the market hinders the successful transition to more
broadleaf forests.
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The performance of the tree species under future climatic conditions has to be considered
as well, when evaluating its relevance for coming management decisions. Surprisingly, the
climatic gradient of the study region had only little influence on the results of this study.
ANPP of beech and pine did not correlate with precipitation or temperature of the growing
season, and similarly, fine root productivity of both tree species was not related to climatic
variables either. Similarly, Müller-Haubold et al. (2013) and Hertel et al. (2013) observed
only little influence of a precipitation gradient on total net primary productivity (above- and
belowground) in beech forests, but rather a shift in allocation with higher fruit and fine root
production but lower wood and leaf production towards drier sites. As one exception, the
fine root system of pine responded in this study to warmer and drier climatic conditions with
increasing fine root biomass and the formation of more robust roots, presumably with a lower
uptake capacity. In contrast, the beech fine root system did not respond to climatic variation
in our study, but was more responsive to variation in soil acidity and fertility.

Climatic conditions across all study sites varied considerably between years in the study
period (2015-2017). Temperature and precipitation of the growing season of 2015 were
similar to the multi-annual mean (1981-2010), and therefore the ANPP difference between
beech and pine measured in that year is presumably representative for past decades. In the
warm and dry growing season of 2016, a beech masting event occurred in most of the
investigated beech forests. The high fruit production resulted in an even higher ANPP
difference between beech and pine than the year before, even though wood production in
beech forests slightly decreased in 2016. In view of increasing frequency of beech masting
events in parts of Europe (Nussbaumer et al. 2016), a high fruit production of beech might
become the main driver of aboveground carbon sequestration differences between beech and
pine. It remains to be verified if these ANPP differences persist under varying climatic
conditions.

European beech is known as a relatively drought-sensitive tree species that reduces radial
growth in response to dry and warm summers of previous or current years (Leuschner 2020).
While beech is well able to recover from moderate drought spells, drought-induced mortality
was observed during severe drought events such as the recent dry spell 2018-2020, which
are predicted to increase in the future (Schär et al. 2004, Leuschner 2020, Schuldt et al.
2020). The sensitivity of beech to drought and heat impairs its future prospects in
silviculture, and modelling approaches have shown that it might not be able to remain vital
in part of its current distribution range (Kramer et al. 2010, Walentowski et al. 2017). Scots
pine is a predominantly boreal tree species, but it has an extremely wide natural distribution
range and also grows in relatively dry Mediterranean regions (Meusel 1965, Leuschner &
Ellenberg 2017). Even though it is generally more drought-tolerant than beech (Michelot et
al. 2012), tree death in response to drought was recently described not only for dry sites in
Spain or inner-alpine valleys, but unexpectedly also on less water-limited sites in Central
Europe (Sánchez-Salguero et al. 2012, Rigling et al. 2013, Schuldt et al. 2020). Reich &
Oleksyn (2008) demonstrated reduced growth and survival rate of Scots pine in response to



Chapter 5

120

temperature increases in Europe, except for the far North. Accordingly, a modelling
approach indicated severe distribution range reductions in Western Europe due to climate
warming (Cheaib et al. 2012). Furthermore, pure pine forests are prone to calamities that are
likely to increase in the course of climate change (see chapter 1). The surprising tree death
of both beech and pine in the severe drought spell of 2018-2020 suggests that the impact of
climatic extremes might have been underestimated, with unknown consequences for the
species’ future performances and viability in the study region (Fuhrer et al. 2006, Schuldt et
al. 2020).

The here investigated forests were mostly pure stands (main tree species’ share of the
basal area: 88 % and 91 % in ND and YP stands, respectively). There is increasing scientific
evidence that mixed forests generally are not only more productive, but also provide a higher
variety of ecosystem services and are less prone to calamities than pure stands (Ammer et
al. 2019, del Río et al. 2021). This might also be valid for forests of European beech, a tree
species that naturally forms forests with very low tree species diversity (e.g. Meyer et al.
2021a). For instance, Mölder & Leuschner (2014) observed a lower drought-sensitivity of
beech in mixed than in pure stands. Thus, mixed stands will certainly be of great significance
in the future, which is already apparent from the increasing dominance of mixed stands in
German forests (BMEL 2021). The climate change mitigation potential of forests of
European beech and other, less heat and drought-sensitive tree species, especially in mixture,
needs to be investigated in future studies, in order to enable well-founded management
decisions in the sense of a climate-smart forestry.

5.4 Conclusions
The presented study provides clear evidence that historic forest conversion in the northern

German lowlands has resulted in a significant loss of the C storage and sequestration
potential in the above- and belowground biomass of the region´s forests. The naturally
dominant European beech forests 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. In addition, the planted pine
forests led to reduced groundwater recharge, higher soil acidity and higher canopy surface
temperatures, suggesting warming effects on the regional climate. Our forest types did not
only differ in their dominant tree species, but also in terms of stand age and management.
Disentangling the effects was only possible for carbon stocks in the aboveground biomass,
for which pine forests in transition to mixed broadleaf stands were studied as well. Here, the
effect of past thinning was small and stand age was not influential. Comparisons with other
studies support the view that the tree species is the most important factor in explaining the
observed differences between forest types. The results presented are valid for sandy soils,
which dominate the northern German lowlands and on which pine forests were preferably
established. The results further reflect past and current climatic conditions, and even though
the climatic gradient of the region had only little influence in this study, the performances of
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beech and pine under future climatic conditions will certainly affect the functioning of both
forest types. The recent severe drought spell in Europe 2018-2020 has demonstrated that
both species will suffer from climate change more than previously expected (Schuldt et al.
2020). This further stresses the importance of management decisions that promote forests
with a high potential to mitigate climate warming. The results of this thesis therefore strongly
suggest that Scots pine is not a suitable choice in a silviculture focusing on the mitigation
of, and the resilience against climate change. Wherever climate projections do not argue
against it, European beech should be preferred.
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