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1 Introduction
1.1 Motivation
Based on reports from the United Nations (2017), global population is expected to exceed
9 billion by the middle of the 21st century. This profound population growth, accompanied with
the resource-consuming welfare of developed countries, is expected to impose a significant
increase in the demand for resources (Godfray et al., 2010). At the same time, the need to
mitigate global and climate change imposes additional restrictions to the exploitation and
management of natural ecosystems (IPCC, 2014; Vitousek, 1994). Thus, the necessity to ensure
ecosystem services and functions, through sustainable management, is more imperative than
ever.
Global change in terrestrial ecosystems can be described as a shift in core characteristics
of ecosystems at large scales due to human activities. Land-use change and management
intensification are main causes of global change, which lead to less natural and more
intensively managed ecosystems. Conversion of forested areas to grasslands or croplands, and
selection of tree species with high financial value are common examples of land-use change
and management intensification in the silvicultural sector. Similarly, increased nutrient inputs
via fertilization and increased grazing per land area are common examples of management
intensification in grasslands. These changes can provide financial benefits, at least, in the shortterm. However, they are also linked to changes in biodiversity and element cycling, which can
potentially impose severe impacts on ecosystems in the long-term. To this end, investigating
the causes and effects of global change is tightly linked with sustainable development.
Terrestrial ecosystems support important services that can be separated into four
categories, namely, the provisioning, regulating, supporting and cultural services (HainesYoung and Potschin, 2018). These services include, for instance, biomass production
(provisioning),

climate

regulation,

and

energy,

water

and

element

cycling

(regulating/supporting). Interestingly, all of these services interact directly and/or indirectly
with soils and soil functions, rendering soils an integral component of ecosystems, and of
pivotal importance for ecosystem services. This study investigates the effects of land-use and
management intensity on two major and interrelated soil functions in temperate forests and
grasslands: the soil respiration and the nutrient leaching.

Introduction

1.1.1

Importance of soil respiration
Soil respiration, i.e. the CO2 efflux from soil surface, is an indication of the metabolic

activity of all living organisms in the soil, and it consists of a heterotrophic component that
originates from soil fauna and microorganisms, and autotrophic component that originates from
roots, mycorrhiza and rhizospheric microorganism (Bond-Lamberty et al., 2004; Hanson et al.,
2000; Subke et al., 2006). It is one of the largest carbon fluxes in terrestrial ecosystems, second
only to the gross primary production (Luo and Zhou et al., 2006). Thus, soil respiration
represents the main pathway of organic carbon losses in soils, and, in some ecosystems, it might
determine whether soils will act as a C sink or source (ecosystem service: C cycling). Apart
from C cycling, the heterotrophic component of soil respiration is an indicator of microbial
activity and of plant litter and soil organic matter decomposition, through which nutrients
become available for acquisition by plant and microbes, or for leaching. Especially in
unfertilized ecosystems, heterotrophic soil respiration controls nutrient dynamics and
availability in soils and thus plant growth (ecosystem service: nutrient cycling and biomass
production).
Temperate forests and grasslands store large amounts of C as soil organic matter
(SOM), the fate of which is however uncertain due to global and climate change (Achat et al.,
2015; Jobbagy and Jackson, 2000; Melillo et al., 2017). For instance, silvicultural and grassland
management can influence organic C losses from soils via soil respiration through their effects
on soil, plant and soil organism properties, as well as via their effects on climatic conditions
(Rodeghiero et al., 2005; Conant et al., 2017). In addition, climate change might result in more
frequent and/or severe droughts with important implications for C cycle and soil respiration
(Allen et al., 2010; Bastos et al., 2020; Trenberth et al., 2014). As a result, understanding the
interactions between ecosystem management, biotic drivers and soil respiration, while
accounting for environmental (i.e. climate and soil) conditions, can provide important insights
for sustainable ecosystem management and climate change mitigation (ecosystem service:
climate regulation, FAO, 2010).
1.1.2 Importance of nutrient leaching
Leaching is defined as the downward flux of nutrients in soils with the percolating
water. In unfertilized ecosystems, nutrient leaching represents the net balance between nutrient
inputs to the soil solution (e.g. by organic matter mineralization or dissolution) and outputs
from the soil solution (e.g. due to uptake by plants, or immobilization in microbial biomass),
as well as nutrient exchange with the soil matrix (i.e. via (de)sorption to minerals). Nutrients
leached below the rooting zone are lost from the ecosystem, and represent losses of important
2
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agricultural resources with considerable monetary value (ESF, 2011). At the same time,
nutrient leaching, especially in the case of nitrate and phosphate, is a potential threat to public
health and aquatic ecosystems (ecosystem services: water quality control and biomass
production, EEA, 2018; EU-Nitrate Directive, 2018; WHO, 2011).
Management intensification places temperate ecosystems at considerable risk of
nutrient losses via leaching (Christiansen et al., 2010; Gundersen et al., 2006; Klaus et al.,
2018). While several studies investigate the effects of management on (mostly inorganic)
nitrogen (N) leaching, management effects on the leaching of other elements, like phosphorus
(P) and sulphur (S), are less studied, despite their agricultural and environmental importance
(Eriksen, 2009; Withers et al., 2014; Gallejones et al., 2012). In addition, studies that focus
simultaneously on multiple nutrients are, in general, scarce (Klaus et al., 2018). Understanding
the relationships between ecosystem management, biotic drivers and nutrient leaching, while
accounting for environmental (i.e. climate and edaphic) conditions, can provide important
insights for sustainable grassland management, and can help secure associated ecosystem
services.

1.2 State of the art
1.2.1 Research gaps in land-use, management intensity and biodiversity research
Land-use and management intensity exert strong effects on soil biogeochemical cycles
in temperate regions. In forests, management choices (such as the selection of tree species and
the timing and intensity of harvest) shape forest properties, like the stand age, density and
canopy openness, as well as the tree species richness and functional diversity of the stand.
These forest properties influence the environmental conditions and soil properties of the forest
stand, by determining, among others, forest and soil climate, understory plant biomass and
diversity, and the production and quality of above and belowground plant litter (Berg and
McClaugherty, 2003; Ehbrecht et al., 2019; Felipe-Lucia et al., 2018; Finér et al., 2011; Hobbie
et al., 2007; Jewell et al., 2017; Solly et al., 2014; Figure 1.1). Thus, silvicultural management
has important implications for biogeochemical cycling in soils.
Grassland management, which is mainly expressed by the intensity of fertilization,
mowing and grazing (Blüthgen et al., 2012), influences soils and plants that in turn influence
soil biogeochemical cycles. For example, intensively managed grasslands have higher plant
productivity, lower plant species richness and more exploitative plant community traits
compared to extensively managed grasslands (Allan et al., 2015; Blüthgen et al., 2012; Busch
et al., 2018; Socher et al., 2012). This differentiation between intensively and extensively
3
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managed grasslands affects carbon and nutrient cycling in grassland soils. This is because a
higher plant productivity is associated with higher plant litter inputs in the soil and higher
nutrient outputs (e.g. harvest) from the ecosystem, but, at the same time, plant species-poor
grasslands are linked to lower C storage, increased C losses and lower soil N retention (Lange
et al., 2015; Leimer et al., 2016; Steinbeiss et al., 2008). Thus, similar to silvicultural
management, grassland management has also important implications for biogeochemical
cycling in soils.

Figure 1.1 A coniferous (left, SEW21) and a deciduous (right, SEW36) forest stand in
Schorfheide-Chorin that are part of the German Biodiversity Exploratories project. These two
forest stands are located approximately 6 km apart. The two photos were taken on 2019-06-25
and, more specifically, at 08:48 in SEW21 and at 09:07 in SEW36 (by A. Apostolakis). The
forest properties of the two stands, as shaped by silvicultural management, promote differences
in the light conditions under the canopy (climatic conditions), in the understory biomass and
richness (plant properties), and in the accumulation of the organic layer (soil properties).

Different land-use types, like forests and grasslands, have distinct vegetation,
environmental conditions and soil properties, which can lead to divergent drivers of soil
biogeochemical cycles. For instance, temperate grasslands have often higher soil pH, fine root
biomass, and microbial biomass than forests and lower soil C:N ratio than forests, which favour
microbial activity and lead to higher decomposition rates of above- and belowground plant
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litter, and higher mineralization rates of soil organic carbon (SOC) (Gan, 2019; Solly et al.,
2014; Zhang et al., 2008). Furthermore, silvicultural management happens at longer time scales
compared to grassland management that usually happens annually. Grassland ecosystems
experience biomass removal, due to harvest or grazing, multiple times per year, which reduces
C inputs in the soil and increases nutrient outputs from the ecosystem. However, temperate
grasslands also receive high amounts of fertilization (Blüthgen et al., 2012; Gilhaus et al.,
2017), while, typically, silvicultural management dispenses with fertilization in temperate
regions such as those of central Europe. Studies that investigate and compare the drivers of soil
functions in different land-use types of a landscape under a common sampling protocol can
provide interesting insights for landscape management, and identify opportunities for global
and climate change mitigation.
Land-use, management intensity and biotic effects on soil biogeochemical cycles
depend, to some extent, on environmental (i.e. climatic and edaphic) conditions. To date,
several studies have investigated these effects in common garden experiments to minimize
environmental effects that might mask other drivers of soil biogeochemical cycles
(Christiansen et al., 2010; Vogel et al., 2019; Vesterdal et al., 2012). Yet, to gain knowledge
transferable to sustainable ecosystem management, we need to investigate ecosystems along
broad environmental gradients (Manning et al., 2019). This can be achieved by simultaneously
studying a large number of sites with different conditions at the regional scale of multiple study
regions.
Biotic effects, e.g. plant and microbial effects, on biogeochemical cycles are frequently
investigated through experimental studies. Such studies are useful to gain mechanistic insights
in biogeochemical processes, but they often do not consider realistic management intensity
gradients, even though management is a main determinant of biotic communities. For instance,
nitrogen fertilization is a dominant driver of plant species loss in grasslands (Blüthgen et al.,
2012; Midolo et al., 2018) and, thus, it can contribute to nitrate leaching risk directly (i.e.
increased inputs) and indirectly, because plant species-poor grasslands are associated with high
nitrate leaching risk (Klaus et al., 2018; Leimer et al., 2016). Studies that do not include
management intensity gradients often consider plant community assemblages created
randomly based on a given seed bank (Klaus et al., 2020a), and therefore they might fail to
capture the interactions developed in the real world. Thus, their results do not provide the
necessary information for the stakeholders and policy makers in terms of sustainable ecosystem
management. For these reasons, studies that investigate biotic effects on soil functions under
broad management intensity gradients are needed.
5
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Silvicultural and grassland management can influence soil functions both directly and
indirectly. For instance, in intensively managed grasslands, fertilization directly increases
nutrient concentration in soil solution leading to increased leaching risk, but it also increases
the decomposability of plant litter which increases available nutrients for leaching compared
to extensively managed grasslands (de Vries and Bardgett, 2016; Klaus et al., 2018). Therefore,
responses of soil functions to management intensity should not be reported only as direct
effects, but, following a holistic approach, also through the changes that management
intensification causes in soils, plants and soil organisms (Koncz et al., 2015; Pommier et al.,
2017).
To summarize, the complex interactions between land-use, management intensity,
biodiversity and environmental conditions, demand for studies that i) investigate the drivers of
soil functions in real-world ecosystems, ii) cover both broad management intensities and iii)
involve broad environmental (both climatic and soil) gradients. To fulfil these criteria, future
research attempts should study a high number of broadly managed ecosystems under different
land-use types in multiple study regions. However, obtaining forest and grassland inventory
data, while accounting for a high spatial scale, leads to considerable logistical constraints,
especially if seasonal monitoring is needed. For this reason, such studies are generally scarce.
1.2.2 Innovation of the Thesis
To address the aforementioned research gaps, this Thesis investigates two major soil
functions i) in a large number of real-world ecosystems, ii) including two land-use types and a
range of different management intensities, and iii) in multiple study regions. In more detail,
this Thesis focuses on in-situ soil respiration and nutrient leaching in forests and grasslands,
and involves 300 managed ecosystems that cover broad management intensity gradients in
three German regions with distinct environmental conditions. As part of the German
Biodiversity Exploratories project (Fischer et al., 2010), information related to management
intensity, climatic conditions, and soil, plant and soil organisms for all 300 ecosystems were
available. Therefore, I had the unique opportunity to investigate the drivers of soil respiration
and nutrient leaching, including both management intensity and soil, plant and soil organism
effects, in a well-established framework that alleviated the logistical constraints associated with
large-scale studies on multiple land-use types and study regions (Figure 1.2).
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Figure 1.2 Interdisciplinary scope of the Thesis. Investigation of land-use and biodiversity
effects on major soil functions. Land-use types include forests and grasslands, each covering
broad management intensity gradients representative of each study region. Biodiversity refers
mainly to plant diversity and is examined with species richness, functional groups and/or
community traits. Soil functions included the early-summer soil respiration (measured as total
soil CO2 efflux) and annual nutrient leaching risk (measured as downward nutrient flux at
10 cm depth).

However, both soil respiration and nutrient leaching, as most biogeochemical
processes, depend on the seasonal variation of climate, and, for this reason, they are
traditionally monitored with high temporal resolution at few sites. In this Thesis, the conflict
between space and time was resolved by employing methodologies and sampling protocols that
estimate soil respiration and nutrient leaching as cumulative fluxes over time, and, in the case
of soil respiration, by assuming that its spatial patterns remain relatively stable over the
growing season (Søe and Buchmann, 2005). For soil respiration, the soda-lime absorption
method was used to determine soil CO2 efflux (Keith and Wong, 2006; Janssens and
Ceulemans, 1998). In this application, the soda-lime method integrated soil respiration over
time periods ranging from three to six days, depending on the land-use type. In-situ soil
respiration measurements were taken in early summer, when soil respiration peaks in temperate
ecosystems. For nutrient leaching, a resin method, namely the Self-Integrating Accumulators,
was used to estimate the leaching of four nutrients (i.e. nitrate, ammonium, phosphate and
sulphate) over the course of a year (Bischoff, 2009). These methods integrate the climatic
variability in the measurements over the application periods, and allow the investigation of
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drivers that emphasize other causes of variability (Grogan, 1998; Klaus et al., 2018; Klaus et
al., 2020b).
This Thesis involves 150 forests (Chapter 2) and 150 grasslands (Chapters 3 and 4) in
an attempt to explain soil respiration (single-in-time measurements obtained in 2018 and 2019)
and nutrient leaching (annual fluxes from spring 2018 to spring 2019) in the landscape scale.
Investigating the drivers of soil functions in a high number of sites imposes considerable
logistical constraints. This is especially true when multiple drivers are considered. In this
Thesis, data on forest and grassland inventory, soil properties and microbial properties were
not always measured on the same year(s) as the soil respiration and nutrient leaching. For
instance, forest inventory data in the 150 forests of the Biodiversity Exploratories were
collected from 2014 to 2018 (Schall et al., 2018). In contrast, grassland inventory data were
collected once per year in late spring time. Most soil and microbial properties were determined
from soil samples collected in 2017 during an extensive field campaign in all 300 sites of the
Biodiversity Exploratories. The only exceptions were: i) the soil texture and fine root biomass
which were determined in composite samples collected in 2011 (Solly et al., 2014) and ii) the
soil bulk density, soil oxalate extractable aluminum and soil inorganic (Olsen) P which were
determined in 2014 (Sorkau et al., 2018) always with the same sampling procedure. To this
end, similar to previous studies (Felipe-Lucia et al., 2018; Klaus et al., 2018, Le Provost et al.,
2021), I assumed that the intra- and inter-annual variability of the aforementioned variables
will not obscure their effects on soil respiration and nutrient leaching when focusing at the
landscape scale.

1.3 Aims and objectives
To address the aforementioned research gaps, this Thesis aims to identify the main
drivers of soil respiration and nutrient leaching in temperate forests and grasslands. Emphasis
is given on the effects of management and management intensification on these two soil
functions. Apart from direct management effects, the effects of management-driven changes in
soils, plants and/or microbes on soil functions are investigated. Silvicultural and grassland
management follow distinct practices, and, for this reason, the two ecosystem types are mostly
investigated separately. However, a comparison of the drivers of the two soil functions between
temperate forests and grasslands is given as a synthesis at the end of the Thesis. The main
objectives of this Thesis are:
1.

To determine in-situ soil respiration in a high number of forest ecosystems over multiple
regions, and to identify the main drivers of soil respiration under different silvicultural
8
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practices (from natural to intensively exploited forests) and under broad climatic and soil
conditions.
2.

To determine in-situ soil respiration in a high number of managed grassland ecosystems
over multiple regions, and to identify the main drivers of soil respiration under a broad
management intensity gradient (from unfertilized pastures to intensively fertilized
meadows) and under broad climatic and soil conditions.

3.

To determine the leaching of nitrate, ammonium, phosphate and sulphate in a high number
of managed grassland ecosystems over multiple regions, and to identify the main drivers
of leaching risk over a management gradient ranging from extensively managed and plant
species-rich grasslands to intensively managed and plant species-poor grasslands.
In this Thesis, an observational approach was followed, which allowed the investigation

of a large number of forest and grassland ecosystems, at the landscape scale in three regions.
More specifically, this Thesis is part of the German Biodiversity Exploratories project (Fischer
et al., 2010), a long-term and large-scale project that investigates the effects of land-use and
management on biodiversity and ecosystem services and functions. The German Biodiversity
Exploratories project is globally one of the largest biodiversity projects, and includes 300 sites
in Germany that have been intensively and continuously studied since 2008. It involves three
study regions in Germany (Figure 1.3) that are the Biosphere Reserve Schwäbische-Alb in the
state of Baden-Württemberg, the National Park Hainich and the surrounding of Hainich-Dün
in the state of Thüringen, and the Biosphere Reserve Schorfheide-Chorin in the state of
Brandenburg. Each of the three study regions has distinct climatic, geological and edaphic
conditions. Within each region, 50 forest and 50 grassland sites were established in 2008. These
sites are located within larger ecosystems and are managed by stakeholders and land owners.
Management practices in these sites are representative of the common practices within each
study region.

9

Introduction

Figure 1.3 The three study regions of the Biodiversity Exploratories project in Germany.

1.4 Outline of the Thesis
This Thesis includes five main chapters. The current, first Chapter introduces the main
concepts of the Thesis, the research gaps that the Thesis addresses, and the objectives of the
Thesis. Chapters 2 to 4 address the main objectives of the Thesis. In more detail, Chapter 2
examines the importance of forest properties, as shaped by silvicultural management, for insitu soil respiration over multiple regions, and identifies the main drivers of soil respiration in
temperate forests. Similarly, Chapter 3 examines the effects of grassland management on insitu soil respiration over multiple regions, and, in addition, investigates how managementdriven changes in soils, plants and soil microbial properties alter in-situ soil respiration in
temperate grasslands. Chapter 4 examines the importance of grassland management for the
leaching risk of multiple nutrients (i.e. nitrate, ammonium, phosphate and sulphate), not only
through the effects of management on nutrient inputs and outputs (i.e. fertilization and biomass
removal via harvest or grazing) in an ecosystem, but, similar to Chapter 3, also through
management-driven changes in soil, plant and soil microbial properties in temperate grasslands.
Finally, Chapter 5 provides a synthesis on silvicultural and grassland management effects on
soil respiration and nutrient leaching in order to determine common drivers of the two soil
functions within and between the two land-use types.
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Abstract
Forest soil respiration is a major pathway for soil carbon losses but rarely evaluated
spatially at the regional scale, where forest and soil properties can influence soil CO2 emissions.
The importance of forest and soil properties for soil respiration can only be assessed with high
spatial coverage of forest sites at the regional scale and for multiple study regions.
We measured the in-situ soil respiration with the soda-lime method along with an open,
static chamber in 150 temperate forest stands in three German regions in early summer 2018
and 2019. Both years were affected by successive naturally occurring droughts. Results from
the field were compared to soil respiration from lab incubations under optimal soil moisture
(60% water holding capacity) of topsoil samples from the same sites collected in 2011. The
impact of silvicultural management on soil respiration was studied with forest structural and
compositional properties, as well as with physico-chemical soil properties.
Forest properties explained a large portion (>30%) of the soil respiration, highlighting
their importance as soil respiration drivers at the regional scale. While soil organic carbon
concentration was the most important predictor of soil respiration in the incubations, organic
carbon stocks were not important for explaining variations in the in-situ respiration
measurements, which were best explained by fine root biomass. Comparing in-situ soil
respiration measurements with and without the organic layer revealed that the organic layer did
not contribute significantly to total soil respiration during the studied dry periods. Taken
together, our results indicate that autotrophic respiration was possibly the main contributor to
total in-situ soil respiration during the dry periods of our study. Of six examined forest
properties, mean diameter at breast height and conifer share were the most important drivers
of soil respiration. A persistent positive effect of mean diameter at breast height on in-situ soil
respiration revealed higher fluxes in older stands with thicker trees and small percentage of
conifers under dry conditions. In contrast, under non-limiting water conditions (lab incubation),
stands with low mean diameter at breast height and high conifer share had increased
heterotrophic respiration.
Forest properties, and especially mean diameter at breast height and conifer share, can
influence autotrophic and heterotrophic soil respiration and should be considered when
predicting the spatial variation of soil respiration at the regional scale.

Drivers of soil respiration in temperate forests under drought

2.1 Introduction
Temperate forests store about 14% of the global forest carbon stock with the bigger part
being stabilized in the soil (Pan et al., 2011). Forest soils have a high potential for carbon
storage but uncertainties arise due to intensive silvicultural management (Achat et al., 2015),
that can increase soil carbon losses through increased decomposition, leading to higher
respiration losses. Forest properties can influence soil respiration, since they control multiple
ecosystem services and functions. For instance, they control above and belowground litter
quantity, quality and decomposition and forest microclimate (Berg and McClaugherty, 2003;
Ehbrecht et al., 2019; Felipe-Lucia et al., 2018; Finér et al., 2011), which can be especially
important under extreme climatic events, like droughts that affect ecosystem productivity and
carbon fluxes (Bastos et al., 2020). Understanding the direct and indirect effects of different
forest properties on soil respiration is therefore necessary for appropriate management
recommendations to reduce greenhouse gas emission in the land-use, land-use change and
forestry sectors.
Forest soil respiration depends on climatic conditions and forest and soil properties
(Rodeghiero et al., 2005). Several studies have investigated the effects of forest type and tree
species on soil respiration, but often came to inconsistent conclusions (Gan et al., 2020; Jewell
et al., 2017; Vesterdal et al., 2013). Tree species can influence soil carbon fluxes by
determining the amount and chemistry of litter inputs, that further can affect soil properties,
like soil pH, cation composition and nutrient content, and, thus, the fate of organic carbon in
forest floors and soils (Angst et al., 2019; Berg and McClaugherty, 2003; Hobbie et al., 2007).
Moreover, tree species differences in root morphology and exudation (August et al., 2002),
microbial community (Purahong et al., 2015), and forest microclimate are also important
factors. In addition, Raich and Tufekciogul (2000) suggested that differences in carbon
allocation patterns and/or autotrophic soil respiration could explain tree species influences on
soil respiration. Many studies point out that broadleaf species lead to higher soil respiration
rates based on the higher nutrient status of their leaf litter compared to coniferous species
(Borken et al., 2002; Raich and Tufekciogul, 2000). In contrast, other studies did not observe
differences between soil respiration fluxes of deciduous and coniferous forests (Borken and
Beese, 2005; Subke et al., 2006; Vesterdal et al., 2012). Vesterdal et al. (2012) attributed the
discrepancy between different studies to the effect of multiple and interacting factors
controlling soil respiration. This is supported by a study of Berger et al. (2010), who measured
soil respiration in pure spruce, mixed and pure beech forests in two regions and reported
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different results depending on the bedrock. Accordingly, larger regions with different parent
material and soil types should be considered before generalizing tree species or management
effects for soil carbon storage.
At present, most studies relating forest properties to soil respiration mainly focus on
single or dual forest properties. The most commonly investigated forest structural properties
are stand basal area and diameter at breast height, and many studies have investigated soil
respiration across an age gradient (Kukumagi et al., 2017; Zhao et al., 2016). Forest
compositional effects on soil respiration have been investigated as single species effects
(Borken et al., 2002; Vesterdal et al., 2012) or along a gradient from pure deciduous to pure
evergreen forests (Berger et al., 2010). Tree species diversity, however, is not frequently
considered in soil respiration studies (Chen and Chen, 2019). Forest inventory data are in
general limited due to the large amount of effort required, and the soil respiration literature that
includes forest inventory data is even more restricted. A holistic approach, considering multiple
forest properties (Schall et al., 2018), can therefore provide useful insights on the importance
of different aspects of silvicultural management for soil carbon losses.
Temporal monitoring of soil respiration while maintaining a high spatial coverage at
the regional scale requires a large amount of effort. For this reason, most field studies on soil
respiration temporal variability are conducted in single regions and include only a small
number of replicated plots. Similarly, studies addressing the spatial heterogeneity of soil
respiration are often limited in the time of observations. However, forest and physicochemical
soil properties, like soil texture, pH and organic carbon stocks, change in slow rates that can be
effectively considered constant over short periods of time, especially if no management
activities (like tree harvest and soil amendments) take place over the examined time period. In
addition, the spatial patterns of soil respiration remain relatively stable over the growing season
(Søe and Buchmann, 2005). Thus, measuring in-situ forest soil respiration with single
measurements in time can reduce the aforementioned constraints and allow the investigation
of the spatial variation of soil respiration across a large number of sites.
In-situ forest soil respiration integrates components derived from the organic layer and
the underlying mineral soil. The carbon stored in these two pools is not equally protected and
frequently studies compare their carbon losses through respiration. Under field conditions, this
can be done by comparing total soil respiration fluxes with fluxes measured after removing the
organic layer (Borken and Beese, 2005), while in the laboratory this can be done by incubating
separately organic layer and mineral soil samples (Hobbie et al., 2007).
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Forest soil respiration has an autotrophic component, i.e. carbon respired by roots,
mycorrhiza and rhizospheric microorganism, and a heterotrophic component derived from
microbial and soil fauna respiration (Bond-Lamberty et al., 2004; Hanson et al., 2000).
Laboratory soil incubations can provide useful insights on the drivers of the heterotrophic
component of soil respiration, while controlling for soil temperature and moisture (Gan et al.,
2020). However, incubations have well-known shortcomings and fail to capture the complex
interactions that exist in the field. Forest properties can influence soil respiration from
laboratory incubations only indirectly, through effects on soil and microbial properties. Results
obtained from incubation studies are not necessarily transferable to field conditions, but the
controlled conditions provide a standardized base for comparison by removing the direct
influence of environmental conditions on respiration.
Environmental conditions are subject to extreme events like droughts, which are likely
to increase with future climate change (Allen et al., 2010; Trenberth et al., 2014), and that can
strongly impact soil respiration. A growing scientific literature deals with the impact of drought
on forest soil respiration through field or laboratory experiments by rainfall exclusion or
artificial wetting-drying cycles, respectively. Results from such experiments indicate a
significant reduction in soil respiration under drought conditions (Borken et al., 2006; Nikolova
et al., 2009), while post-drought effects have also been reported (Muhr and Borken, 2009;
Selsted et al., 2012; Schindlbacher et al., 2012). Droughts differentially affect autotrophic and
heterotrophic respiration in directions that vary among ecosystem types and climatic regions
(Casals et al., 2011; Hinko-Najera et al., 2015; Sun et al., 2019). It is still unclear how the
different components of soil respiration will respond to drought in temperate forests, where
trees grow deep rooting systems (Jackson et al., 1996), and, thus, root activity might be less
affected than microbial activity by dry conditions due to access to deep water. At the same
time, soil respiration data under naturally occurring droughts are limited (Nikolova et al.,
2009), and even fewer studies investigate effects of forest properties on soil respiration under
natural drought events. Chang et al. (2016) performed a rainfall exclusion (15% rainfall
reduction) experiment in a Mediterranean forest stand dominated by two oak species and
reported contrasting responses for soil respiration measured under Quercus corrioides and
under Quercus ilex. Compared to the control conditions, soil respiration declined due to rainfall
exclusion under Q. corrioides, but marginally increased under Q. ilex, indicating that soil
respiration responses to drought can be species dependent even within a stand. Long term
monitoring experiments provide platforms to observe natural disturbance events without the
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biases associated with manipulation experiments and allow the study of complex ecosystem
interactions between plants and soil organisms that a disturbance triggers in the real world.
To resolve the conflict between spatial and temporal restrictions affecting soil respiration
studies, we obtained one-time soil CO2 efflux measurements in early summer 2018 and 2019
from 150 forest sites in the three study regions of the Biodiversity Exploratories project. Our
forest sites covered a broad range of forest structural and compositional properties. In both
years, a summer drought occurred in central Europe that also affected our study regions, with
2018 being drier than 2019. The measurements took place from June to July, with four
simultaneous measurements at each site. To determine the contribution of the organic layer to
the total soil respiration (Borken and Beese, 2005), we measured the CO2 efflux from the
mineral soil after removing the organic layer at a subset of 29 forest sites. To have a timeintegrated measure at a large number of plots, we used a soda-lime absorption material in an
open, static chamber. In-situ soil respiration fluxes were compared to soil respiration rates from
laboratory incubations performed at optimal soil moisture (60% water holding capacity) of
(top)soils from the same sites conducted in 2011 (Gan et al., 2020). We hypothesized that:
1.

In addition to basic physico-chemical soil properties, forest structure and composition,
as shaped by silvicultural management, affect soil respiration at the regional scale.

2.

Since soil respiration consists of an autotrophic and a heterotrophic component that are
driven by different processes, we hypothesized that i) multiple forest properties, both
structural and compositional, drive the spatial variation of soil respiration at the regional
scale and ii) the effects of forest properties on soil respiration will differ between the insitu and soil incubation measurements.

3.

In-situ soil respiration mainly originates from autotrophic respiration in early summer
conditions under drought.

2.2 Methods
2.2.1 Study regions
This study was conducted in the framework of the Biodiversity Exploratories project
that investigates interactions between biodiversity and land-use and their impact on ecosystem
functions and services (Fischer et al., 2010). The Biodiversity Exploratories include three study
regions in Germany, the Schwäbische-Alb (ALB), the Hainich-Dün (HAI) and the
Schorfheide-Chorin (SCH). The study regions differ in their geology, climate and topology
(Table 2.1), and thus have different soil types. ALB soils developed mainly on Jurassic
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limestone and were clay-rich Leptosols or Cambisol (IUSS Working Group WRB, 2014). In
HAI, soils had a loamy or clayey texture due to the dominant geological substrate of loess over
limestone, and the main soil types were Luvisols and Stagnosols. Soils in SCH had a sandy
texture as the geological substrate was glacial till covered by glacio-fluvial or aeolian sand, and
were classified as Arenosols or Cambisols.

Table 2.1 Geographical, topological and climatic characteristics of the three study regions
included in the Biodiversity Exploratories project after Fischer et al. (2010). Abbreviations:
ALB: Schwäbische-Alb, HAI: Hainich-Dün and SCH: Schorfheide-Chorin, AMT: Annual
Mean Temperature, AMP: Annual Mean Precipitation, asl: above sea level.
Parameter
Size (km2)
Geology
Altitude (m asl)
AMT (°C)
AMP (mm)

ALB
~422
Calcareous bedrock with
karst phenomena
460-860
6.0-7.0
700-1000

HAI
~1300
Calcareous
bedrock
285-550
6.5-8.0
500-800

SCH
~1300
Young glacial
landscape
3-140
8.0-8.5
500-600

2.2.2 Forests and forest properties
In each of the three study regions 50 forest sites were established, resulting in a total of
150 forest sites. Each forest site covered an area of 100 m × 100 m within larger forests
(Fischer et al., 2010). The forests were dominated by European beech (Fagus sylvatica), oak
(Quercus robur and Quercus peatrea), Norway spruce (Picea abies), or Scots pine (Pinus
sylvestris). Basic forest and soil properties for each of the three study regions are listed in
Table 2.2. The wide regional range of stand basal area, mean diameter at breast height and
conifer share indicates the broad range of forest types, stand densities and developmental
phases found in the three study regions.
To explain forest soil respiration at the regional scale, we selected four structural (i.e.
stand age, basal area, mean diameter at breast height and stand density) and two compositional
(i.e. conifer share and tree species richness) forest properties. These forest properties are
associated with multiple functions of temperate forests, like soil organic carbon storage,
organic matter and root decomposition and (forest) climate regulation (Ehbrecht et al., 2019;
Felipe-Lucia et al., 2018; Herold et al., 2014). The forest inventory of the 150 forest sites of
the Biodiversity Exploratories was conducted between 2014-2016 (Schall et al., 2018) and
included trees with a diameter at breast height equal or greater than 7 cm. Forest structure was
described by the basal area (m2 ha-1), the mean diameter at breast height (cm) and the stand
density (number of trees per ha). Stand age data were obtained from forest administration
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records or, in the case of HAI unmanaged forests, estimated from the diameter of the largest
30 trees per ha. Forest composition was expressed by the conifer share (%) calculated as the
cumulative basal area of conifer trees over the total basal area. Tree species richness is the
number of different tree species found in a forest stand. In addition, we used the Silvicultural
management intensity (SMI) index that consists of i) a risk component that reflects the
probability of stand loss based on the stand age and the tree species identities and ii) a stand
density component that reflects the difference between the actual and the potential stand
stocking and thus the intensity of harvesting and thinning (Schall and Ammer, 2013). This
index quantifies the current managemental status of a forest stand and thus provides useful
insights for non-experimental forest studies (Gan et al., 2020).

Table 2.2 Forest and soil properties for the three study regions. Regional mean values and
standard deviations are given. Names and units are given in the first column where the ‘-’
represents coefficients or count data. Lower case letters indicate significant differences (pvalue <0.05) according to Tukey’s Honest Significant Differences test. Abbreviations: ALB:
Schwäbische-Alb, HAI: Hainich-Dün and SCH: Schorfheide-Chorin, SMI: Silvicultural
management intensity index (Schall and Ammer, 2013), OC: organic carbon.
Region
Forest properties
Stand age (y)
Basal area (m2 ha-1)
Mean diameter at breast height (cm)
Stand density (-)
Conifer share (%)
Tree species richness (species ha-1)
SMI (-)
Soil properties
Organic layer OC stock (kg C m-2)
Mineral soil OC stock (kg C m-2)
pH
Silt content (g kg-1 soil)
Clay content (g kg-1 soil)
Total soil depth (cm)

ALB

HAI

SCH

87±49b
30.0±10.0
25.4±10.0b
701±550a
30.1±40.7a
6.2±3.1a
0.32±0.15a

133±48a
30.5±9.1
26.6±10.0b
568±448ab
6.6±22.3b
5.6±2.1a
0.18±0.13b

107±40b
30.5±7.5
33.3±11.3a
442±492b
37.4±44.2a
3.7±1.7b
0.22±0.09b

0.95±0.45b
3.8±0.06a
5.3±0.8a
444.5±107.6b
496.1±104.8a
36.4±21.2c

0.59±0.18b
3.3±0.07b
4.8±0.9b
646.0±94.4a
301.0±100.3b
54.5±13.1b

1.8±1.3a
2.4±0.05c
3.5±0.1c
84.8±49.2c
44.8±18.9c
88.8±6.3a

2.2.3 Soil properties
Fourteen soil samples of the upper 10 cm of the mineral soil were collected along two
intersecting 40 m transects in each of the 150 sites in May 2017. There was no change in
silvicultural management within these transects. The upper 10 cm of the mineral soil reflect
approximately the thickness of the A horizon (Herold et al., 2014), however, samples could
contain a bit of B or E horizon as well. Undisturbed samples were collected with a split-tube
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with a diameter of 48 mm. They were used to prepare one composite soil sample per forest site.
The forest floor at each sampling point was removed beforehand within a 15 cm × 15 cm metal
frame. All soil samples were air-dried and sieved to <2 mm, and a portion was ground for
elemental analysis. Total carbon (TC) and total nitrogen (TN) were determined by dry
combustion at 1,100°C with an elemental analyser VarioMax (Elemental, Hanau, Germany).
Soil inorganic carbon concentration was determined with the same analyser after removing
organic carbon by exposing 250 mg of soil to 450°C for 16 h. The soil organic carbon
concentration was calculated as the difference between total and inorganic carbon
concentration. Organic carbon stocks were calculated for i) the organic layer and ii) the upper
10 cm of the mineral soil, by considering the dry weight of the sample and the area sampled.
Hereafter, we refer to the sum of the organic stocks from the organic layer and the 10 cm of
mineral soil as total organic carbon stocks. Soil texture and fine root (<2 mm) biomass were
determined previously for the same sites by Solly et al. (2014). They used a combined sieving
and sedimentation method (DIN ISO 11277, 2002) for soil texture determination and weighed
the isolated, cleaned and oven-dried roots (at 40°C for two days) for fine root determination.
To explain forest soil respiration at the regional scale, we selected the following
physico-chemical soil properties: total organic carbon stock (for in-situ soil respiration) or
mineral soil organic carbon concentration (for soil respiration from incubation experiment),
carbon to nitrogen ratio, silt content and pH. Fine root biomass from a depth 0-10 cm of the
mineral soil was also used (Solly et al., 2014). While clay content is typically assumed to be
important for carbon stabilization in soils (Grünberg et al., 2013), it was not an important
predictor of soil organic carbon stocks in our study, after accounting for the effects of study
regions (Herold et al., 2014). This is possibly because clay content, and, generally, soil texture,
variations were greater between the study regions than within them, so that variance explained
by study regions could be partly due to differences in particle size distribution. As silt content
is more relevant for plant available water content than clay (Salter and Williams, 1965;
Figure S2.1), and clay and silt content were strongly correlated in our study (R2=0.96, with
study region effects included), we decided to use the silt content in the models to avoid
collinearity and as an indicator for available soil water during the dry soil conditions of our
study.
2.2.4 Soil temperature and volumetric water content
Soil temperature and volumetric water content were recorded in 30-minute intervals in
each of the 150 forest sites since 2008 using the ADL-MX Data Logger System (Meier-NT
GmbH). Soil temperature (°C) was monitored at 5 cm depth below the surface of the mineral
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soil with the MNT FExtension. The Delta-T ML2X Soil Moisture Probe (Delta-T Ltd) was
installed at 10 cm depth below the surface of the mineral soil and the voltage measurement was
transformed to volumetric water content (%) using a generalized equation applicable for
mineral soils. Soil temperature and water content sensors were installed in a fenced area
(20 m × 20 m) located within each forest site (100 m × 100 m), but not falling within the
40 m × 40 m area selected for soil sampling.
2.2.5 In-situ soil respiration
In this study, the soda-lime absorption method was used with an open and static
chamber to determine soil CO2 efflux. Soda-lime, i.e. mainly Ca(OH)2 and NaOH, was used as
the absorption material (Keith and Wong, 2006), and the chemical reactions involved in the
absorption of CO2 are (Grogan, 1998):
2𝑁𝑎𝑂𝐻 + 𝐶𝑂2 → 𝑁𝑎2 𝐶𝑂3 + 𝐻2 𝑂
𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝐻2 𝑂
The soda-lime method has been tested against dynamic systems with Infrared Gas
Analyzers and is suitable for applications with large numbers of measurements (Keith and
Wong, 2006; Janssens and Ceulemans, 1998). Moreover, the soda-lime method provides a
measure of the cumulative soil CO2 efflux over periods of hours (Keith and Wong, 2006) to
weeks (McCoy et al., 2015). Long installation periods integrate the diurnal and climatic
variability in the measurements (Grogan, 1998) and allow the investigation of variables that
emphasize other causes of variability, including forest and soil properties.
The chamber design was a modification of previous work from Bierbaß et al. (2014)
and Näthe et al. (2018). The chamber consisted of a PVC ring with an internal diameter of
10.5 cm and a height of 12.0 cm, a PVC lid and an O-ring ensured the air-tightness of the
chamber (Figure S2.2). Inside the chamber, soda-lime was contained in a 50 mL syringe with
64 1-mm-holes held on the lid. A plastic tube passing through a hole on the lid allowed pressure
equilibrium between the chamber and the ambient air. The outer ending of the tube was
connected to a syringe containing 10 g of soda-lime to filter incoming ambient air CO2. To
correct for atmospheric CO2 absorbed during the laboratory and field work, bottom-sealed
chambers following the aforementioned design were used as controls.
Non-hygroscopic soda-lime with a diameter range of 2.4-5.0 mm and a saturation point
of about 28% was acquired from the Fisher Scientific GmbH, Germany. Soda-lime is mainly
Ca(OH)2 and NaOH and reacts with CO2 to form CaCO3. The mass of the absorbed CO2 can
be determined by the difference of soda-lime mass before and after the field measurement after
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drying at 105°C for 48 h. Dry soda-lime mass was weighed with an accuracy of 0.1 mg before
and after the exposure to soil CO2 efflux. A soda-lime mass of about 4 g d-1 was used and the
exposure time was 5 to 7 days. Each 50 mL syringe containing soda-lime was sealed in a
sampling bag, while syringes of each forest site were stored in CO2-free sampling bags until
field installation. The soil efflux is calculated by the equation (Keith and Wong, 2006)
𝑅𝑠 [𝑔𝐶𝑂2 − 𝐶 𝑚−2 𝑑−1 ] =
𝑔𝐶
ℎ
𝑊𝐺𝑠𝑎𝑚𝑝𝑙𝑒 [𝑔𝐶𝑂2 ] − 𝑊𝐺𝑏𝑙𝑎𝑛𝑘 [𝑔𝐶𝑂2 ] 24 [𝑑 ] 12 [𝑚𝑜𝑙 ]
×
×
× 1.69, (𝐸𝑞. 2.1)
𝐶𝐴 [𝑚−2 ]
𝑇 [ℎ] 44 [𝑔𝐶𝑂2 ]
𝑚𝑜𝑙
where WG is the weight gain [g], CA is the chamber basal area in [m-2], T is the implementation
time in [h] and the factor 1.69 compensates for the H2O formed during CO2 sorption and lost
during drying (Grogan, 1998).
The soda-lime method can yield misleading results for soil respiration determination if
the soda-lime mass is not sufficient, and thus becomes saturated during the exposure to the soil
CO2 efflux. Janssens et al. (2000) proposed that the mass increase should be less than 10% of
the initial dry mass given a saturation point of about 28%. In this work, the soda-lime mass
gain did not exceed the 9.0% in any of the 1416 measurements taken (Table 2.3). The lowest
mass gain observed was 0.4% in a measurement taken in SCH in 2018 and the highest was
8.5% in HAI in 2019 followed by a 6.6% gain in ALB also in 2019. Regarding the control
measurements, the lowest observed mass gain was <0.1% and the highest was 1.3% (data not
shown). Thus, the increase in soda-lime method was shown to be an appropriate method for
soil respiration estimation in our study.

Table 2.3 Minimum, average and maximum values of soda-lime sample mass increase (% of
the initial dry mass) for the 2018 and 2019 campaigns in the three study regions; SchwäbischeAlb: ALB, Hainich-Dün: HAI and Schorfheide-Chorin: SCH. Mass gain did not exceed the
limit of 9.0% proposed by Janssen et al. (2000).
Region
ALB
HAI
SCH

Year
2018
2019
2018
2019
2018
2019

Average Min
Max
2.2
0.4
4.9
3.1
1.5
6.6
2.8
0.5
4.9
3.3
0.4
8.5
2.0
0.5
5.3
3.5
1.0
6.6

20

Drivers of soil respiration in temperate forests under drought

Soil respiration was measured from late June to July in 2018 and 2019. Measurements
started in HAI followed by the SCH and ALB study regions. In each forest site, we installed
four chambers in the 2.5 m projections of the soil sampling transects (cardinal orientation
forming a 40 m length cross) together with one control chamber. Aboveground vegetation was
carefully clipped and removed from the installation area. PVC rings were installed to a depth
of 1 to 2 cm into the soil to restrict severing roots. PVC rings and soda-lime were installed
simultaneously. Soda-lime was rewetted before the installation to compensate for the initial
moisture content of about 18% since CO2 needs to be hydrated before reacting with the sodalime. In a subset of 29 out of the 150 forest sites, we measured the mineral soil respiration after
removing the organic layer. The installation of the chambers for the mineral soil respiration
happened right after the removal of the organic layer to ensure similar environmental
conditions and comparability between the two treatments (total and mineral soil respiration).
Total and mineral soil respiration fluxes were measured at the same time. Over the two years,
we conducted 1,200 total and 216 mineral soil CO2 efflux measurements and used 300 controls.
2.2.6 Incubation experiment
Soil respiration data from incubation experiments were provided by Gan et al. (2020)
for the same forest sites of the Biodiversity Exploratories. In that study, soil sampling of the
upper 10 cm of the mineral soil took place in 2011 following the same protocol described for
2017. Soil samples were incubated for 14 days under standard conditions of 60% of the
samples’ water holding capacity and a constant temperature of 20°C. The CO2 release from the
soil samples was measured after 14 days with a LI-6262 CO2/H2O infrared gas analyser (LICOR-Environmental, Lincoln, Nebraska, USA). Data were expressed as [µg CO2-C g-1 d-1].
2.2.7 Data analysis
Sub-hourly soil climate data were averaged for the period of the soil respiration
measurements for each forest site and year. Forest soil respiration, temperature and moisture
were tested for differences among the three study regions and the two sampling years using a
two-way Analysis of variance model. Tukey’s Honest Significant Difference (HSD) test was
employed to identify significant differences among the levels of the independent variables.
Pooling the data from the three study regions, we performed variance partitioning
models in each of the three dataset on soil respiration (in-situ measurements in 2018 and 2019
and soil incubation experiment) to identify the relative importance of forests and soils using
the properties described above. Then, a backward stepwise analysis was employed to assess
the impact of the individual forest and soil properties on model performance based on the
Akaike information criterion. We used Analysis of covariance (ANCOVA) to model the effects
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of study regions and the forest and soil properties (selected from the stepwise analysis) on total
and mineral soil respiration. ANCOVA models were performed assuming a type II sum of
squares, which is not influenced by the order in which the explanatory variables are introduced
in the model (Zuur et al., 2009). Diagnostic plots were investigated for every linear model
applied to evaluate the assumptions of linearity, normality and homoscedasticity in the
residuals, and to check for influential values, i.e. outliers (Figure S2.3). Heteroscedasticity
issues were assessed with logarithmic or square-root transformation of the response variable.
To reject the null hypothesis, we selected a p-value threshold of 0.05 and in the following we
refer to some relationships as marginally significant if the p-value was in the range 0.05-0.10.
To understand the causal structure that governs the effect of forest properties on soil
respiration, the structural equation modeling technique was employed (Shipley, 2016). We
selected mean diameter at breast height, conifer share and silt content as exogenous variables.
As mediation variables we selected fine root biomass and either total organic carbon stock (for
field soil respiration measurements) or mineral soil organic carbon concentration (for
incubation experiment soil respiration measurements) or soil volumetric water content. We
started from a full model including all possible pathways among the variables and reduced the
model removing non-significant paths one at a time. Causal structures with p-values higher
than 0.05 were considered acceptable. Models with a root mean square error of approximation
(RMSEA) and a standardized root mean square residual (SRMR) lower than 0.05 were also
considered acceptable. The high number of observations compared to the number of estimated
parameters provided safety against multivariate non-normality issues (Shipley, 2016). As an
additional measure, we used a bootstrapping method and observed how the p-value of the
causal structure changed between the non-bootstrapped and the bootstrapped models. Since
there were no important differences, we only reported the p-values of the non-bootstrapped
models.
Structural Equation Modeling is among the few statistical methods claiming to prove,
or disprove, causal relationships in a proposed structure. Natural ecosystems are characterized
by complex interactions between processes involved in element cycling. This makes the
development of a unique causal structure challenging. Therefore, we recognize that the results
of our Structural Equation Models represent associations between variables. However, we
interpret these associations as evidence of management effects and for simplicity we often use
terms such as ‘effects’ and ‘drivers’ hereafter (in Chapters 2, 3 and 4).
Statistical analyses were performed with the R statistical software (R Core Team, 2019).
Analysis of variance and covariance models were performed with the lm function and
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information was extracted with the summary function. Tukey’s HSD test was performed with
the TukeyHSD function of the stats package. For the backward elimination stepwise process,
the step function from the stats package was used. Redundancy analysis for the variance
partitioning was performed with the rda function and the permutation analysis of variance with
the anova function of the vegan package. The structural equation modeling was performed with
the sem function from the lavaan package (Rosseel, 2012).

2.3 Results
2.3.1 Forest soil temperature and water content
Soil temperature during respiration measurements ranged from 13.9 to 16.2°C across
the three study regions and two sampling years and increased in the order SCH<ALB<HAI
both in 2018 and 2019 (Figure 2.1a). Soil temperature did not differ significantly between the
years in any of the study regions. Soil volumetric water content ranged from 10.4 to 25.2% in
2018 and from 10.0 to 31.9% in 2019 and also increased in the order SCH<ALB<HAI
(Figure 2.1b). Differences between years were observed only in HAI, where soil water content
in 2018 was lower than in 2019. Low soil water content in SCH is probably explained by the
sandy soils found in the region (Table 2.2) and their low capacity to hold water. In ALB, despite
the high mean annual precipitation (Table 2.1) and the high silt and clay content (Table 2.2),
the soil water content was between that of SCH and HAI, showing that sampling in ALB took
place during a very dry period of the year. Table 2.4 gives the monthly regional soil temperature
and volumetric water content for the 10-year-average 2008-17 and the sampling years 2018
and 2019 from March to July. Higher soil temperature and reduced water content during the
summer months of 2018 and 2019 revealed two successive naturally occurring droughts in
central Europe (Figure S2.4). Only in HAI 2019, soil water content was not below the longterm average in June.
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Figure 2.1 (a) Soil temperature and (b) volumetric water content during the campaigns in 2018
and 2019 for the three study regions; Schwäbische-Alb =ALB, Hainich-Dün =HAI and
Schorfheide-Chorin =SCH. Bars represent mean values and the error bars the standard
deviation. Numbers at the base of each bar indicate the sample size. Asterisks indicate
significant differences between the years for a given study region.
Table 2.4 Soil temperature and volumetric water content per month from March to July for the
10-year-average (2008-17) and the two sampling years 2018 and 2019 in the three study
regions; Schwäbische-Alb =ALB, Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Values
represent mean values and standard deviations. Soil temperature and volumetric water content
for the 10-year-average (2008-17) and the two sampling years (2018 and 2019) for every month
and study region can be found in Figure S2.4.
Region

ALB

HAI

SCH

Month
March
April
May
June
July
March
April
May
June
July
March
April
May
June
July

Soil temperature (°C)
Volumetric water content (%)
2008-17
2018
2019
2008-17
2018
2019
3.8±1.4
2.5±1.5
4.7±1.1 39.2±5.4 39.3±7.2 33.5±7.1
6.9±1.4
8.0±2.2
7.2±1.5 38.1±6.3 35.2±8.6 31.9±7.8
9.7±1.1 10.9±1.5
8.4±1.5 37.2±5.9 31.1±7.4 33.3±7.8
12.5±1.1 13.6±1.1 13.5±1.8 33.6±6.0 29.7±7.9 28.9±7.3
14.5±0.9 14.7±1.2 15.0±1.6 30.7±6.1 22.4±6.4 23.1±6.8
3.7±1.2
1.7±1.5
5.2±1.1 36.8±5.0 37.2±8.4 33.8±6.2
7.5±1.3
8.3±2.4
7.1±1.6 35.1±5.5 37.0±7.4 32.2±6.1
10.3±1.1 11.0±1.9
8.8±1.8 32.5±6.0 28.4±7.1 33.1±6.2
12.7±0.9 13.9±1.7 14.0±1.7 28.7±6.4 21.5±6.5 29.6±7.1
14.7±1.0 18.4±5.3 14.3±2.1 26.1±6.4 18.4±5.3 21.1±5.4
4.2±1.2
1.4±1.3
6.0±0.9 15.8±3.2 17.0±4.8 14.4±3.5
7.5±1.1
8.3±2.6
8.3±1.5 15.2±3.4 17.4±4.0 12.8±3.1
10.8±1.3 12.3±1.6 10.4±1.6 13.8±3.5 12.7±3.4 12.8±3.4
13.7±1.0 15.1±1.0 16.2±1.2 12.6±3.5 11.6±3.6 12.0±3.7
15.9±0.9 16.2±1.4 16.1±1.5 11.9±3.0 11.1±4.0
8.2±1.9

2.3.2 Forest soil respiration
In-situ soil respiration rates ranged from 0.9 to 3.3 gC-CO2 m-2 d-1 in 2018 and from
1.0 to 3.9 gC-CO2 m-2 d-1 in 2019. Highest fluxes were at HAI in both years (Figure 2.2a),
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while SCH and ALB had the lowest fluxes in 2018 and 2019, respectively. Interestingly, HAI
was also the region with the highest soil water availability in both years (Figure S2.5), which
possibly influenced in-situ soil respiration. Comparing the two years, in-situ soil respiration
differed only in SCH and it was higher in 2019. In-situ soil respiration was not related to soil
temperature, but was significantly correlated with soil volumetric water content across study
regions both in 2018 and 2019 (p<0.010, Figure S2.6). In contrast to in-situ soil respiration, the
soil respiration from the incubation experiments significantly increased in the order
SCH<HAI<ALB (Figure 2.2c). The incubation experiment was conducted with sieved samples
of mineral topsoil under standardized moisture and temperature conditions, and thus represents
the heterotrophic potential of the mineral topsoil. Across the study regions, a significant
positive relationship between the soil organic carbon concentration and the incubated soil
respiration was found (Figure S2.7).

Figure 2.2 (a) Soil respiration fluxes for 2018 and 2019 in the three study regions;
Schwäbische-Alb =ALB, Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Error bars
represent the standard deviation of the sample. Numbers at the base of each bar indicate the
sample size and asterisks indicate significant differences between the years for a given study
region. Upper- and lower-case letters indicate differences among the study regions in 2018 and
2019, respectively. (b) Total and mineral soil respiration for a subset of 29 forest sites.
Asterisks indicate significant differences between the years for a given study region. Lower
case letters indicate differences among respiration source (total or mineral soil) for a given
study region in 2019. (c) Laboratory incubation soil respiration from soils samples in 2011.
Upper case letters indicate differences among the three study regions.

In-situ mineral soil respiration from a subset of 29 forest sites in all study regions ranged
from 1.4 to 3.5 in 2018 and from 1.1 to 3.8 gC-CO2 m-2 d-1 in 2019 and no differences between
the two years were observed in any of the study regions (Figure 2.2b). In contrast, for the same
subset of 29 forest sites, the in-situ total soil respiration in SCH was higher in 2019 than 2018
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(Figure 2.2b) verifying the differences observed in the full dataset (150 forest sites,
Figure 2.2a). Comparing total and mineral soil respiration of the same subset of sites
(Figure 2.2b), the total soil respiration in HAI in 2019 was higher than the respective mineral
soil respiration, while no differences were observed for the other regions and in 2018.
2.3.3 Forest and soil properties effects on soil respiration
We partitioned the explained variance of soil respiration between forest (including fine
root biomass) and soil related properties for three soil respiration datasets; i) the in-situ soil
respiration in 2018 and ii) 2019 and iii) the soil respiration from the lab incubation experiment.
Forest properties explained 30 and 31% of the variance under the 2018 and 2019 in-situ
conditions and 33% of the variance under incubation conditions (Figure 2.3), while soil
properties explained 13, 4 and 37%, respectively. Forest properties explanatory power was
more consistent among the three datasets compared to that of soil and the magnitude underlined
the importance of forest properties as soil respiration predictors at the regional scale. Forest
properties explained a big portion of the (heterotrophic) soil respiration variance measured
under the lab incubation conditions, suggesting the existence of legacy effects from forest to
soil properties, and thus to respiration. Incubation data showed the largest explained variance
(70%) possibly due to the standardized conditions and the consideration of heterotrophic
respiration only.

Figure 2.3 Soil respiration variance partitioning among two explanatory groups; the forest
(stand age, basal area, mean breast height diameter, stand density, conifer share, tree species
diversity and fine root biomass) and soil (soil organic carbon stock for in-situ soil respiration
and soil organic carbon concentration for soil respiration from incubation experiment, C:N
ratio, silt content and pH) properties for the in-situ soil respiration datasets in 2018 and 2019
and the laboratory incubation experiment dataset. Soil temperature and volumetric water
content were not included in the variance partitioning.
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We selected a subset of forest and soil properties with stepwise backwards elimination
and used ANCOVA models to investigate their effects on the aforementioned soil respiration
datasets. Study regions were always important predictors of soil respiration. In 2018, the mean
breast height diameter, fine root biomass and silt content increased the in-situ soil respiration
(Table 2.5), while the carbon to nitrogen ratio (marginally) decreased it. In 2019, the mean
diameter at breast height and fine root biomass had again a positive effect on in-situ soil
respiration (Table 2.5). The two in-situ soil respiration models explained 37% and 40% of
variance in 2018 and 2019, respectively, while applying a similar model for soil respiration
from the incubation experiment explained 65% variance (Table 2.5). Under the incubation
conditions, the mineral soil organic carbon concentration significantly increased the soil
respiration, while the conifer share had a marginal negative effect. After accounting for mean
breast height diameter and conifer share, the Silvicultural management intensity index had no
significant effect on the in-situ soil respiration and the incubation experiments.

Table 2.5 ANCOVA (SS type II) models of soil respiration data from 2018, 2019 and
incubation experiments with forest and soil properties. Full models were stepwise reduced. Soil
temperature, soil water content and soil pH were included in the full models, but were never
selected in any final model. Incubation data were log transformed. Study region effects are
given relative to the Schwäbische-Alb region. Standardized β coefficients and p-values are
given for each explanatory variable. Abbreviation: HAI =Hainich-Dün and SCH =SchorfheideChorin, DBH =mean diameter at breast height, SMI =Silvicultural management intensity index,
SOC stock/conc. =soil organic carbon stock for the in-situ soil respiration models and soil
organic carbon concentration for the incubation experiment and CN ratio =carbon to nitrogen
ratio.
Soil
respiration
Parameter
Intercept
Region HAI
Region SCH
DBH
Conifer share
SMI
Fine root biom.
SOC stock/conc.
CN ratio
Silt content

2018
df=135
R2=0.37
Stand. β
-0.382
0.241
0.877
0.229

Model
p-value
<0.001
p-value
<0.001
0.338
<0.050
<0.010
0.182
<0.050
-0.203
0.097
0.523
<0.010

2019
df=136
R2=0.40
Stand. β
-0.359
0.915
0.193
0.245

Model p
p-value
<0.001
p-value
<0.001
<0.001
0.245
<0.010
0.149
0.060
0.393
<0.001
-

Incubation
df=136
R2=0.65
Stand. β
3.389
-0.113
-0.434

Model p
p-value
<0.001
p-value
<0.001
0.196
<0.010
-0.066
0.091
0.074
0.061
0.268
<0.001
-
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A direct comparison of soil respiration measured in-situ and under incubation
conditions is always a difficult task. Soil respiration is a complex process that is controlled by
physical, chemical and biological processes and soil properties. Under field conditions physical
processes that relate to gas emissions (e.g. gas diffusivity, soil structure, porosity, pore size
distribution and connectivity, soil water content) are very important. In contrast, under
incubation conditions soil structure is disrupted and soil water content is controlled, so that soil
respiration is mostly governed by biochemical processes, and not by soil physical properties.
The lower R2 of the in-situ soil respiration models compared to the models under incubation
conditions might be due to unaccounted soil physical properties, like porosity, pore size
distribution and connectivity that control gas emissions.
Soil organic carbon was an important predictor for the soil respiration under the
incubation conditions, but not for the in-situ soil respiration suggesting a shift in the respiration
source. To understand how forest and soil properties influence this shift and test the existence
of indirect paths from soil organic carbon and fine root biomass to soil respiration, we applied
structural equation modeling. Both soil organic carbon stocks (or concentration) and fine root
biomass were influenced by mean diameter at breast height and silt content (Figure 2.4), while
effects of conifer share on soil organic carbon mainly represented differences among the three
study regions. Similar to the ANCOVA results, the fine root biomass drove the in-situ soil
respiration, but the total soil organic carbon stock did not, even though there was remaining
explanatory power in the exogenous variables (direct paths from mean diameter at breast height
and conifer share to soil respiration in Figure 2.4a and c). Direct effect of silt content on soil
respiration mainly represented differences among the three study regions. Under the incubation
conditions, only the mineral soil organic carbon concentration directly drove the soil
respiration, while all forest and soil effects were completely mediated by the mineral soil
organic carbon (Figure 2.4e). Additional structural equation models for the in-situ soil
respiration were developed to test if the forest and soil effects on soil respiration could be
explained by soil volumetric water content. Only silt content caused differences on soil water
content (Figure 2.5a and c) and in 2019 the direct effect of silt content on soil respiration was
completely mediated by the soil water content (Figure 2.5c).
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Figure 2.4 Structural equation models (left) and total effects (right) for the in-situ soil
respiration measurements in 2018 (a and b) and 2019 (c and d) and the soil respiration from
the incubation experiment (e and f). Silt content (Silt), mean diameter at breast height (DBH)
and conifer share (Conifer) were selected as exogenous variables and fine root biomass (Fine
root) and total soil organic carbon stock or mineral soil organic carbon concentration (SOC
stock or conc.) as mediation variables. Solid, single-headed arrows represent direct causal paths
and dashed double-headed arrows represent covariances. Standardized path coefficients are
given together with their significance level and coefficients of determination for the
endogenous variables. Significance levels: mp<0.010; *p<0.050; **p<0.010; ***p<0.001.
29

Drivers of soil respiration in temperate forests under drought

Figure 2.5 Structural equation models (left) and total effects (right) for the in-situ soil
respiration measurements in 2018 (a and b) and 2019 (c and d). Silt content (Silt), mean
diameter at breast height (DBH) and conifer share (Conifer) were selected as exogenous
variables and fine root biomass (Fine root) and soil volumetric water content (Soil water) as
mediation variables. Solid, single-headed arrows represent direct causal paths and dashed
double-headed arrows represent covariances. Standardized path coefficients are given together
with their significance level and coefficients of determination for the endogenous variables.
Significance levels: *p<0.050; **p<0.010; ***p<0.001.
In-situ mineral soil respiration was not explained by the study regions (Table 2.6). In
2018, the mean diameter at breast height, fine root biomass and silt content had a positive effect
on mineral soil respiration similar to total soil respiration (Table 2.6). Additional positive
effects from conifer share and negative effects from basal area and the Silvicultural
management intensity index were found. In 2019, only the positive effect of fine root biomass
was detected and silt content had a positive, but marginal, effect.
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Table 2.6 ANCOVA (SS type II) models of in-situ soil respiration from the mineral soil in
2018 and 2019 with forest and soil properties. Full models were stepwise reduced. Study
regions, stand age and density, soil temperature and water content and soil pH, organic carbon
and C:N ratio were included in the full models, but were never selected in any final model.
Standardized β coefficients and p-values are given for each explanatory variable. Abbreviation:
DBH =mean diameter at breast height, SMI =Silvicultural management intensity index.
Soil respiration

Parameter
Intercept
Basal area
DBH
Conifer share
SMI
Fine root biomass
Silt content

2018
df=18
R2=0.78
Stand. β
-0.002
-1.218
0.300
1.356
-1.105
0.254
0.817

Model
p-value
<0.001
p-value
<0.001
<0.001
<0.050
<0.010
<0.010
<0.050
<0.001

2019
df=23
R2=0.35
Stand. β
~0
0.400
0.313

Model
p-value
<0.001
p-value
<0.001
<0.050
0.061

2.4 Discussion
To investigate the effects of forest properties on soil respiration, we measured soil
respiration in 150 forest sites. Measurements were performed at a large number of forest sites
nearly simultaneously. Forest soil respiration is expected to increase during the growing season
in temperate regions, and many studies report highest fluxes in early summer under wet (Zhao
et al., 2016) and dry conditions (Borken et al., 2006; Nikolova et al., 2009). We performed the
field campaigns in early summer to capture the peak of soil respiration fluxes in temperate
forests. Even though forest structure effects on soil respiration may not be constant between
years (Powers et al., 2018), the spatial patterns of soil respiration should remain relatively
stable over the growing season (Søe and Buchmann, 2005). Thus, our early summer
measurements provide a good measure to capture differences and controls of forest soil
respiration at the regional scale.
2.4.1 Dry conditions led to low in-situ soil respiration
In this study, in-situ soil respiration measurements averaged 2.1±0.5 and
2.2±0.5 gC - CO2 m-2 d-1 in 2018 and 2019, respectively. Reported summer soil respiration
fluxes in similar temperate European forests range from 0.9 to 4.9 gC-CO2 m-2 d-1 (Borken and
Beese, 2005; Borken et al., 2002; Berger et al., 2010; Kukumägi et al., 2017; Nikolova et al.,
2009; Schindlbacher et al., 2012; Vesterdal et al., 2012; Søe and Buchmann, 2005). Compared
to literature values, our in-situ soil respiration fluxes fell into the lower part of the range.
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Summer months in 2018 and 2019 were on average drier and warmer than the 10-year mean
(Table 2.4), which probably led to reduced soil respiration.
In temperate forests, soil respiration from the organic layer contributes 38-46% to the
total soil respiration over the year (Borken and Beese, 2005). In this study, however,
differences between total and mineral soil respiration were only observed in HAI in 2019
(Figure 2.2b). Two processes might explain the lack of differences between total and mineral
soil respiration in the other study regions and years: i) the organic layer dried out faster than
the underlying mineral soil, and so the soil respiration from the organic layer made a negligible
contribution to the total soil respiration and ii) autotrophic respiration was the main contributor
to total soil respiration. Regarding the first process, we empirically observed during the
fieldwork that the organic layers were drier than the underlying mineral soil, which supports
the idea of reduced microbial activity in the organic layer due to water limitation. Low soil
moisture in the organic layer, and subsequently reduced CO2 emissions, have been observed in
several throughfall exclusion experiments (Borken et al., 2006; Muhr and Borken, 2009;
Schindlbacher et al., 2012). Here, total soil respiration was higher than that from the mineral
soil only in the case of HAI in 2019 (Figure 2.2b), and this was also the only region with
significantly different soil volumetric water contents between the two years (Figure 2.1b; with
2019 wetter than 2018). However, neither total nor mineral in-situ soil respiration was related
to soil organic carbon stocks (Tables 2.5 and 2.6) indicating that organic layer and mineral soil
were both affected by the dry conditions.
For the second process, several studies suggest that the autotrophic contribution to total
soil respiration peaks in summer (Shabaga et al., 2015), especially given the sensitivity of
heterotrophic respiration to water limitations (Moyano et al., 2013). Many studies have
reported reductions in both the heterotrophic and autotrophic soil respiration under dry
conditions (Nikolova et al., 2009; Schindlbacher et al., 2012), while others determined mainly
reductions in the heterotrophic respiration (Borken et al., 2006; Muhr and Borken, 2009). This
agrees with the lack of significant correlation between in-situ soil respiration and soil organic
carbon, and the significance of fine root biomass (Table 2.5 and 2.6). We suggest that water
limitations, caused by two successive summer droughts in Europe in 2018 and 2019, were
responsible for the lack of differences between total and mineral soil CO2 fluxes. In line with
our third hypothesis, we assume that autotrophic respiration, i.e. C respired by roots,
mycorrhiza and rhizospheric microorganism (Bond-Lamberty., 2004; Hanson et al., 2000), was
probably the main contributor to summer soil respiration.
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Fine root biomass has been proposed as an important predictor of soil respiration,
especially at larger spatial scales and a positive relationship with soil respiration has been
shown (Luan et al., 2011; Søe and Buchmann, 2005). Similarly, we identified fine root biomass
as the strongest and most persistent predictor of in-situ soil respiration at the regional scale
(Table 2.5 and 2.6). Fine root biomass had a positive effect on in-situ soil respiration both in
2018 and 2019 (Figure 2.4a and c), but the effect was stronger in 2019 compared to 2018.
However, we observed no significant relationship between fine root biomass and soil
respiration under incubation conditions (Table 2.5), because laboratory conditions (i.e.
incubation with sieved, root-free soil) minimize vegetation effects on soil respiration. Yet, this
could be an indication that fine root biomass does not promote detectable legacy effects on soil
properties, i.e. on soil organic carbon (Figure 2.4).
2.4.2 Forest, rather than soil properties drive spatial variation of in-situ soil
respiration in early summer
Soil respiration is a major ecosystem function influenced simultaneously by many
abiotic and biotic factors (Rodeghiero et al., 2005). Soil temperature and moisture effects on
soil respiration are well documented in field and lab studies, and have been the focus of many
modeling studies. The purpose of this study was to identify effects of forest properties on soil
respiration across regions. At least all sites within a study region were measured as far as
possible in parallel, and integrated over several days to obtain values for comparable
environmental and weather conditions. Here, early summer soil temperature was not related to
in-situ soil respiration in any of the two sampling years. This agrees with previous studies on
spatial soil respiration dynamics (Søe and Buchmann, 2005), where the spatial variation of soil
temperature was small, and thus did not explain soil respiration variation. Similarly, in our
study, soil water content variations in each of the three regions were smaller than the variation
between them, and, thus, did not drive differences in the in-situ soil respiration. Accordingly,
observed differences in soil respiration rates are not expected to be due to differences in soil
moisture or temperature, but rather due to forest or soil properties.
The magnitude of the total soil organic carbon stocks had no effect on soil respiration
under field conditions, while the mineral soil organic carbon concentration significantly
affected the soil respiration of the incubation experiment (Table 2.5 and Figure 2.4). Both
strong (Rodeghiero et al., 2005) and weak (Reichstein et al., 2003) positive and negative
(Borken and Beese, 2002) relationships have been reported for soil organic carbon and soil
respiration under non-limiting water conditions. Our fieldwork in 2018 and 2019 was
conducted under drier and warmer conditions in comparison to the 10-year mean (Table 2.4),
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which, we hypothesize, reduced the heterotrophic soil respiration, and weakened its
dependency on soil organic carbon. Similarly, drought might weaken soil respiration
dependency on soil pH and texture, which are important determinants of soil organic carbon
stocks and stability in temperate forests (Gan et al., 2020; Grüneberg et al., 2013; Grüneberg
et al., 2019). In our structural equation analysis, total soil organic carbon stocks and the mineral
soil organic carbon concentration were influenced by mean diameter at breast height, conifer
share and silt content (Figure 2.4), but soil organic carbon acted as a mediation variable only
for the soil respiration from the incubation experiment. The positive effect of mineral soil
organic carbon concentration on incubation respiration highlights the importance of the
substrate under non-water limiting conditions.
Silt content had a positive effect on total and mineral soil respiration in 2018 (Table 2.5)
and 2019 (Table 2.6 and Figure 2.4). Under the incubation conditions the effect of silt content
on soil respiration was completely mediated by the mineral soil organic carbon concentration
(Figure 2.4e). However, under field conditions, silt content had an additional indirect effect on
soil respiration via the fine root biomass (Figure 2.4a and c), and a direct effect which was
explained by soil water content in 2019 (Figure 2.5c), but not in 2018 (Figure 2.5a). Soil
moisture in silty soils is more available to plants and microbes compared to clayey soils (Salter
and Williams, 1965), and thus it has a greater ecological meaning. However, to understand
these processes, soil water tension measurements, rather than soil volumetric water content, are
needed. The remaining effect of silt content could represent water availability and release
characteristics among the three study regions since HAI had the highest i) silt content and ii)
soil depth (Table 2.2), iii) available soil moisture (Figure S2.5) and iv) soil respiration
(Figure 2.2).
Despite the different climatic conditions and methods associated with our three soil
respiration datasets, forest properties explained about a third of the early summer soil
respiration variance at the regional scale (Figure 2.4), which was in line with our first
hypothesis. Both forest and soil properties explained higher proportions of soil respiration
variance under the lab incubation than field conditions. We suggest that under water limiting
conditions forest properties affect soil respiration mainly through autotrophic respiration
(Figure 2.4a and b), while under non-limiting water conditions they exert additional legacy
effects through soil properties, and especially soil organic carbon content (Figure 2.4c).
Stand age is one of the most frequently used forest properties to explain soil respiration,
and positive (Lucas-Borja et al., 2016), negative and nonlinear (Kukumägi et al., 2017; Powers
et al., 2018) relationships have been reported. Stand age is strongly related to forest structural
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properties. For example, basal area (Lucas-Borja et al., 2016) and mean diameter at breast
height (Zhao et al., 2016; Kukumägi et al., 2017) increase with stand age, while stand density
is reduced (Kukumägi et al., 2017). In this work, mean diameter at breast height was the only
forest structural property identified as an important predictor of soil respiration (Table 2.5).
Mean diameter at breast height indirectly decreased the soil respiration measured both in-situ
via a negative effect on fine root biomass (Figure 2.4a and c), and in the soil incubation
experiment via negative effects on soil organic carbon (Figure 2.4e). In addition, mean
diameter at breast height had also a positive and direct effect on in-situ soil respiration
(Figure 2.4a, c) leading to a positive total effect (Figure 2.4b and d). This direct effect was not
explained by soil water content (Figure 2.5), but might be related to root activity or
belowground carbon allocation.
The negative effect of mean diameter at breast height on fine root biomass (Figure 2.4)
is not in agreement with the literature. Studies investigating deeper soil profiles (Jagodzinski
et al., 2016) or the whole rooting depth (Finér et al, 2011) reported positive responses of fine
root biomass to stand age, basal area and diameter at breast height (Ammer and Wagner, 2005).
Finér et al. (2007) proposed that the relationship between fine root biomass and forest
properties differs among tree species. This discrepancy can be related to the negative
relationship found between mean diameter at breast height and tree density (R2=0.59, p<0.001,
data not shown) or, most probably, to our methodology since the shallow sampling depth (010 cm in the mineral soil) might have resulted in an underestimation of the fine root biomass
in some age classes or tree species. In addition, our fine root biomass data originated from
2011, and they do not correspond to the soil respiration sampling years (i.e. 2018 and 2019),
under which the fine root biomass might have also been impacted by the two successive
droughts. Even so, our topsoil fine root biomass data explained well the soil respiration fluxes,
suggesting that i) the upper soil fine root biomass might be more relevant for the soil respiration
and that ii) the spatial patterns of fine root biomass remain relatively stable interannually.
Conifer share had, in general, a negative effect on in-situ soil respiration (Table 2.5,
Figure 2.4) that could be direct (Figure 2.4a) or indirect through lower fine root biomass
(Figure 2.4a, c). Direct negative effects from conifer share to soil respiration could indicate
reduced fine root activity, and thus lower autotrophic respiration in conifer compared to
broadleaf forests as reported by Nikolova et al. (2009) under a natural drought. Finér et al.
(2007) found increasing fine root biomass in the order Scots pine<Norway spruce<European
beech, which explains the negative effects of conifer share to fine root biomass (and indirectly
to soil respiration).
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Comparing the total effects of mean diameter at breast height and conifer share for the
in-situ soil respiration, we found that silvicultural management actions that decrease conifer
share and increase mean diameter at breast height could increase in-situ autotrophic-dominated
soil respiration under water limiting conditions (Figure 2.4b and d). However, these two
measures could also increase heterotrophic respiration under non-limiting water conditions, as
shown by the laboratory incubation experiment (Figure 2.4f). In line with our hypothesis 2ii,
we found some evidence that potential silvicultural management effects on soil respiration
depend on the climatic conditions.
From the six forest properties examined, we identified only mean diameter at breast
height and conifer share as important drivers of soil respiration, rejecting our hypothesis 2i that
multiple properties would provide additional benefits in explaining soil respiration at the
regional scale. Even though recent evidence suggests that stand diversity influences soil
respiration (Chen and Chen, 2016; Jewell et al., 2017), tree species richness, the only forest
diversity property examined in this study, was not selected in any model. However, our
measurements were affected by two successive natural droughts, which could have masked
additional effects of other forest properties. Further research under wetter years is needed to
provide additional information for the importance of forest properties to soil respiration.

2.5 Conclusions
The drier than regular conditions observed in central Europe in 2018 and 2019 reduced
the summer soil respiration fluxes. Structural equation modeling indicated that fine root
biomass was the most important predictor of forest soil respiration. We found that fine root
biomass partially mediated the effects of forest properties on in-situ soil respiration. Reductions
in soil moisture associated with drought events might not only reduce soil respiration, but also
influence the relative importance of autotrophic and heterotrophic respiration for total soil CO₂
fluxes. Our results indicated that autotrophic respiration was the main contributor to total insitu soil respiration, though this was possibly emphasized by the drought conditions in 2018
and 2019.
The ability of forest properties to explain soil respiration rates remained stable over the
two years and even under the disturbed, vegetation-free, standardized conditions of an
incubation experiment. After examining multiple forest properties, we identified mean
diameter at breast height and conifer share as the most important properties for the variation of
soil respiration at the regional scale. The importance of other forest properties, such as tree
species richness, might have been masked by the droughts that occurred during our field
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campaigns. In drought conditions mean diameter at breast height and conifer share had a
positive and a negative effect on in-situ, autotrophic-dominated, soil respiration, respectively.
This suggests that older forests with, on average, thicker trees and less conifers have higher
respiration fluxes under dry conditions compared to younger and thinner stands with more
coniferous trees. In contrast, the opposite was found for heterotrophic respiration in our soil
incubation data under non-limiting water conditions. This suggests an environmental
dependency on the effects of forest properties on soil respiration. Future studies should
investigate the effects of multiple forest properties under wetter conditions and focus on
disentangling potential differential effects on heterotrophic and autotrophic respiration under
wet and dry conditions.
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2.6 Supplementary material

Figure S 2.1 Correlation between soil volumetric water content and (a) silt and (b) clay content
for the two sampling years 2018 and 2019 and the three study regions; Schwäbische-Alb
=ALB, Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Equation and R2 describe the linear
relationship of soil volumetric water content and silt and clay content over all study regions.
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Figure S 2.2 Sketch of the soda-lime method with an open and static chamber. A PVC ring
(1.) of 12 cm is inserted to the soil down to 2 cm. A PVC lid (2.) is placed over the PVC ring
and a plastic O-ring (3.) ensures the airtightness of the chamber. A plastic tube (4.), which is
glued on the PC lid with CO2-impermeable silicon, passes through the PVC lid. This tube
provides a flow-channel between the headspace of the chamber and ambient atmosphere and,
thus, pressure equilibrium between the two. In line with the plastic tube, a syringe (5.)
containing soda-lime granules is placed out of the chamber to prevent atmospheric CO2 from
entering the headspace of the chamber. Inside the chamber a syringe (6.) with 64 holes (1 mm
diameter) is held from a hook and contains soda-lime granules for the determination of soil
CO2 efflux.
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(a)

(b)

(c)

(d)

(e)
Figure S 2.3 Diagnostic plots for the assumptions of linearity, normality, homoscedasticity of
variance and for testing the existence of influential values (i.e. outliers) for the ANCOVA (SS
type II) models of the in-situ soil respiration in 2018 (a) and in 2019 (b), the soil respiration
from the incubation experiment (c) and the in-situ soil respiration of the mineral soil in 2018
(d) and in 2019 (e). The diagnostic plots were exported from the function lm() with the function
plot() in R. More information on the ANCOVA models is given in Tables 5 and 6.
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Figure S 2.4 Mean (a) soil temperature (°C) and (b) volumetric water content (%) per month
for the 10-year-mean (2008-17) and the sampling years 2018 and 2019 for the three study
regions; Schwäbische-Alb =ALB, Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Error
bars represent standard deviations around the mean.

Figure S 2.5 Soil volumetric water content (SVWC) over the Water holding capacity (WHC)
for the three study regions; Schwäbische-Alb =ALB, Hainich-Dün =HAI and SchorfheideChorin =SCH and the two years; 2018 and 2019. Asterisks indicate differences between the
two years for a given study site. Lower- and upper-case letters indicate differences among study
sites in 2018 and 2019, respectively.
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Figure S 2.6 Correlation between total in-situ soil respiration and soil volumetric water content
for the two sampling years 2018 and 2019 and the three study regions; Schwäbische-Alb
=ALB, Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Equation and R2 describe the linear
relationship of total in-situ soil respiration and soil volumetric water content over all study
regions.

Figure S 2.7 Correlation between soil respiration from laboratory incubation experiments and
soil organic carbon (SOC) concentration for the three study regions; Schwäbische-Alb =ALB,
Hainich-Dün = HAI and Schorfheide-Chorin =SCH. Equation and R2 describe the linear
relationship of total soil respiration from the incubation experiment and soil organic carbon
concentration over all study regions.
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3 Drivers of soil respiration across a management intensity
gradient in temperate grasslands under drought
Abstract
Management intensification alters the functioning of temperate grasslands, such as
carbon cycling, and threatens their biodiversity. Soil respiration is an important path of soil
carbon losses however, it is rarely studied across broad management gradients in temperate
grasslands.
Using the soda-lime method, we measured in-situ soil respiration with single-in-time
measurements in 150 grasslands in three German regions in summer 2018 and 2019. The
grasslands ranged from unfertilized and grazed grasslands to intensively fertilized and
frequently harvested ones. To assess effects of management intensity and plant diversity on
soil respiration, we used Structural Equation Modeling and accounted for both direct and
indirect effects through soil and plant properties.
In-situ soil respiration was suppressed by limited water availability caused by naturally
occurring droughts in both study years. Under the prevailing environmental conditions, grazing
intensity did not affect in-situ soil respiration, while fertilization intensity indirectly increased
soil respiration. Fertilization-induced plant species losses reduced the carbon to nitrogen ratio
of soils and plants, leading to increased soil respiration, presumably due to substrate of higher
quality and decomposability.
We conclude that intensively managed grasslands have higher soil respiration than
extensive, plant species-rich grasslands even under the extreme conditions of a natural drought.

Drivers of soil respiration across a management intensity gradient in temperate grasslands under
drought

3.1 Introduction
Temperate grasslands store large amounts of carbon (C) in soils (Jobbagy and Jackson,
2000), and the fate of this carbon is determined by the balance between carbon inputs and losses
due to decomposition. Grassland management intensification threatens soil organic carbon
stocks (Conant et al., 2017), since it can alter carbon fluxes, and especially soil respiration.
Management intensification influences soil respiration by causing changes related to soil, plant
and microbial properties and communities. Understanding the interactions among ecosystem
management, biotic drivers and soil respiration, while accounting for environmental drivers
(i.e. soil properties and climate), can provide important insights for sustainable grassland
management and climate change mitigation (FAO, 2010).
Grassland management intensity, mainly expressed by the intensity of fertilization,
mowing and grazing (Blüthgen et al., 2012), increases soil respiration rates (Raich and
Tufekcioglu, 2000; Wang and Fang, 2009). Fertilization, in general, increases soil respiration,
but its effects also depend on the amounts of nitrogen (N) applied (Luo et al., 2016). Moreover,
fertilization can enhance the effects of other practices (e.g. mowing) when combined with them
(Jia et al., 2012). Both mowing and grazing reduce soil respiration possibly by removing plant
biomass (Bahn et al., 2008), but (mowed) meadows are associated with higher respiration
fluxes than (grazed) pastures (Koncz et al., 2015). However, most of the studies investigating
management effects on soil respiration do not consider broad management gradients, and they
include only a small number of replicated plots. Since the temporal patterns of soil respiration
remain constant during the growing season (Johnson et al., 2008), single-in-time measurement
campaigns can be used to sample a high number of replicated plots (Dias et al., 2010), and
cover broad management gradients.
Many studies suggest that grassland management intensity can influence soil, plant and
microbial properties to various degrees (Conant et al., 2017; Herold et al., 2014a; Herold et al.,
2014b; Kleinebecker et al., 2014), which might further affect soil respiration. For example,
fertilization decreases soil C:N ratio (Herold et al., 2014a) leading to increased carbon losses
via decomposition, but it also increases plant productivity (Socher et al., 2012) and carbon
inputs into the soil. Moreover, fertilization is a main driver of plant diversity loss in grasslands
(Blüthgen et al., 2012; Midolo et al., 2018), which can have an adverse effect on soil organic
carbon since recent evidence suggests that plant diversity increases carbon storage and
decreases losses (Lange et al., 2015; Steinbeiss et al., 2008). In fertilized grasslands, soil
microbial composition shifts towards bacteria-dominated communities (de Vries et al., 2006),
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but other studies identified soil properties as more important drivers of microbial properties
than management (Herold et al., 2014a). Thus, responses of soil functions, like soil respiration,
to management intensity should not be reported only as direct effects, but also through changes
that management intensification causes in the soil, plant and microbial system (Koncz et al.,
2015; Chapter 4).
Many studies investigate the effects of plant diversity on soil respiration, but often to
contrasting results, since both positive and neutral effects have been reported (Chen et al., 2019;
Chen et al., 2014; Dias et al., 2010; Dietrich et al., 2017). For instance, plant diversity increases
plant biomass productivity, and exerts a positive effect on soil respiration (Craine et al., 2001;
Dias et al., 2010). In contrast, a higher nitrogen use efficiency found in species-rich grasslands
(Kleinebecker et al., 2014) can lead to lower nitrogen concentrations in plant biomass and litter
(Fargione et al., 2007), and, thus, to reduced decomposition. Dias et al. (2010), using Structural
Equation Modeling, found that plant diversity increased soil respiration in experimental
grasslands i) by increasing aboveground plant biomass, and ii) by alleviating the negative effect
of plant nitrogen on plant biomass. However, grassland management, and especially
fertilization, increases plant productivity and decreases plant diversity (Klaus et al., 2018;
Tilman et al., 2014), leading possibly to a decoupling of the aforementioned processes in
managed grasslands. Most studies examining grassland diversity effects on ecosystem
functions simulate plant species losses by random assemblages of plant communities at
different diversity levels, and frequently do not consider management practices (Klaus et al.,
2020a), which are, however, a main driving force of plant diversity variations in grasslands at
the regional scale.
Together with management intensification, climate change is a main driver of
ecosystem degradation and biodiversity loss (Gitay et al., 2001). Drought events are more
likely to occur in the future due to climate change (Allen et al., 2010; Trenberth et al., 2014),
affecting ecosystem services, like productivity and element cycling (Bastos et al., 2020; Klaus
et al., 2016; Klaus et al., 2020b). The dry, water-limited conditions of a drought lead to reduced
soil respiration (Burri et al., 2014), but studies investigating management effects on soil
respiration under natural droughts are limited.
We obtained single-point-in-time soil CO2 efflux measurements from the 150 grasslands
in the Biodiversity Exploratories project, which cover a broad management intensity gradient.
Measurements were taken in summer 2018 and 2019 with the soda-lime method that is
particularly suitable to study a high number of sites. Two successive droughts occurred in
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central Europe in 2018 and 2019, and these affected our study regions. Our basic hypotheses
were:
1.

Grassland soil respiration rates differ among the three study regions due to differences in
climatic conditions and soil properties.

2.

Grassland fertilization and grazing intensities indirectly increases soil respiration by
altering the stoichiometry of soils and plants.

3.

Extensive, plant species-rich grasslands have lower soil respiration fluxes than
intensively managed grasslands due to higher soil, plant and microbial C:N
stoichiometry.

3.2 Methods
3.2.1 Study regions
This study was conducted in the Biodiversity Exploratories project that investigates
land-use effects on biodiversity and ecosystem services and functions in real-world ecosystems
(Fischer et al., 2010) in three study regions in Germany; the Schwäbische-Alb (ALB), the
Hainich-Dün (HAI) and the Schorfheide-Chorin (SCH). The study regions differed in their
geology, climate and topology (Table 3.1). ALB soils developed mainly on Jurassic limestone
and were clay-rich Leptosols or Cambisols (IUSS Working Group WRB, 2014). In HAI, soils
had a loamy or clayey texture due to the dominant geological substrate of loess over limestone
and the main soil types were Cambisols, Stagnosols and Vertisols. Soils in SCH were drained
Histosols with a loamy texture, but also Gleysols, Cambisols, Luvisols and Albeluvisols.
In each study regions, 50 plots with area 50 m×50 m were established within
agriculturally managed grasslands (Fischer et al., 2010). Information regarding the regional
management practices as well as the basic plant, microbial and soil properties are given in
Table 3.2. Grassland management ranged from extensively to intensively grazed and/or
fertilized grasslands, covering a wide and realistic management gradient. Fertilization,
expressed as nitrogen additions, was applied as organic or mineral (chemical) fertilizers.
Grazing, expressed as equivalent-livestock unit per area multiplied with grazing days (i.e. the
days the animals are on the plot; Blüthgen et al., 2012), included mainly cattle or sheep grazing.
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Table 3.1 Geographical, geological and climatic characteristics of the three study regions
included in the Biodiversity Exploratories project after Fischer et al. (2010). Abbreviations:
ALB =Schwäbische-Alb; HAI =Hainich-Dün; SCH =Schorfheide-Chorin; a.s.l. =above sea
level. Soil types are given according to IUSS Working group WRB (2014).
Parameter
Location in Germany
Geology

Elevation (m a.s.l.)
Dominant soil types

Annual temperature (°C)
Annual precipitation (mm)

Study region
ALB
Southwest
Calcareous
bedrock with loam
layer and karstic
phenomenon
460-860
Leptosols
and Cambisols

6.0-7.0
700-1,000

HAI
Central
Calcareous
bedrock with
loess layer
285-550
Cambisols,
Stagnosols
and Vertisols

6.5-8.0
500-800

SCH
Northeast
Post glacial
landscape with
sandy ridges and
fens
3-140
Histosols,
Gleysols,
Cambisols,
Luvisols
and Albeluvisols
8.0-8.5
500-600

3.2.2 Soil properties
Fourteen soil samples of the upper 10 cm of the soil were collected along two
intersecting 20 m transects in each grassland in May 2017. They were used to prepare one
composite soil sample per grassland. All soil samples were air-dried and sieved to <2 mm,
while a portion was ground for the elemental analysis. Soil pH was measured in the extraction
solution of 10 g of soil with 25 mL of CaCl2 (0.01 M) with a pH-meter and a glass-electrode
(WTW pH meter 538, Gießen, Germany). Total carbon and total nitrogen were determined by
dry combustion at 1100°C with an elemental analyser VarioMax (Elemental, Hanau,
Germany). Soil inorganic carbon concentration was determined with the same analyser after
removing organic carbon by exposing 250 mg of soil to 450°C for 16 h. The soil organic carbon
concentration was calculated as the difference between total and inorganic carbon. Soil texture
and fine root (<2 mm) biomass were determined in composite samples collected in May 2011
with the same sampling procedure (Solly et al., 2014). They used a combined sieving and
sedimentation method (DIN ISO 11277, 2002) for soil texture determination and weighed the
isolated, cleaned and oven-dried roots (at 40°C for two days) for fine root determination.
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Table 3.2 Mean values and standard deviation of management practices and soil, plant and
microbial properties of the three study regions: Schwäbische-Alb =ALB; Hainich-Dün =HAI;
Schorfheide-Chorin =SCH. Fertilization, grazing and mowing intensity data were obtained
from Ostrowski et al. (2020) and averaged for the period 2015-18 and 2016-19. Lower-case
letters indicate differences among the three study regions in a given year. Asterisks indicate
significant differences between 2018 and 2019 in a given study region.
Parameter
Management practices 2015-18
Grazing (livestock unit days ha-1)
Fertilization (kg N ha-1)
Mowing (cuts y-1)
Management practices 2016-19
Grazing (livestock unit days ha-1)
Fertilization (kg N ha-1)
Mowing (cuts y-1)
Plant properties
Abovegr. biomass (g m-2, 2018)
Abovegr. biomass (g m-2, 2019)
Species richness (per 16 m2, 2018)
Species richness (per 16 m2, 2019)
C:N ratio (2018)
C:N ratio (2019)
Fine root biomass (g cm-3)
Microbial properties
Biomass carbon (µg C g-1)
Biomass nitrogen (µg N g-1)
Soil properties
Clay content (g kg-1 soil)
Silt content (g kg-1 soil)
Sand content (g kg-1 soil)
pH
Organic carbon conc. (g C kg-1)
Nitrogen conc. (g N kg-1)
C:N ratio

Study region
ALB

HAI

SCH

77.8±117.4b
58.2±87.8a
1.3±1.1a

101.5±138.9 ab
39.1±52.0 a
1.0±0.7 ab

186.6±197.5 a
3.0±13.0 b
0.8±0.6 b

77.3±112.7
57.2±77.3a
1.4±1.1a

103.2±169.6
44.0±52.5a
0.9±0.7ab

166.9±188.2
3.6±12.7b
0.8±0.6b

178.5±96.5b
128.6±84.3b
30.4±8.8b
32.0±8.1b
24.4±3.8ab*
21.7±4.9
1.3±1.1b

145.4±72.0b
158.4±114.3b
37.3±13.4a
42.2±12.9a
23.7±2.6b
21.7±2.2
6.0±2.5a

364.6±156.2a*
223.4±114.1b
25.8±7.2b
24.1±7.0c
26.4±5.4a*
22.0±5.6
6.9±4.2a

815.7±152a
137.4±38.7

729.1±159.3a
140.4±41.4

582.7±352.5b
136.3±97.1

536.1±133.3a
406.6±114.0b
57.4±45.0b
6.3±0.6b
69.8±14.3b
6.8±1.5b
10.4±0.7a

422.6±126.6b
520.122.0a
57.6±23.1b
6.9±0.5a
49.9±12.1b
4.9±1.2b
10.2±0.5a

173.8±86.5c
372.1±190.7b
454.2±221.0a
6.5±0.9b
95.5±90.7a
10.4±9.0a
9.4±1.4b

3.2.3 Microbial properties
Aliquots of sieved soil (from the composite samples collected in May 2017) were used
for microbial analysis. We determined the microbial C and N concentration with the
chloroform-fumigation-extraction method (CFE), according to Vance et al. (1987) and Keil et
al. (2011). Fumigated sample replicates were incubated with CHCl3 for 24 hours. C and N were
extracted from each fumigated and non-fumigated replicate (5 g) with 40 ml 0.5 M K2SO4. The
suspension was horizontally shaken (30 min, 150 rpm) and centrifuged (30 min, 4400 x g). C
and N concentrations in diluted extracts (1:4, extract: deionized H2O) were measured with a
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TOC/TN analyser (Multi N/C 2100S, Analytik Jena AG, Jena, Germany). No correction factors
accounting for the extractable fraction of microbial C and N were used to calculate microbial
biomass.
3.2.4

Plant properties
Vegetation information was collected in May 2018 and 2019. Aboveground plant

biomass was measured in eight 0.25 m2 subplots in each grassland. The subplots were fenced
to prevent livestock grazing or mowing prior harvest. Vegetation was clipped at 2 cm height,
dried at 80°C for 48 hours, weighed and grounded for chemical analysis. In a different 4 m×4 m
subplot we recorded all occurring species and determined the plant species richness. We
determined the carbon and nitrogen concentration of plant biomass with a Near Infrared
Reflectance spectrometer (SpectraStar 2400, Unity Scientific, Columbia, MD, USA) (Busch et
al., 2018; Kleinebecker et al., 2011). The reflectance spectrum of each sample, averaged over
24 scans, was recorded from 1250 to 2350 nm with 1 nm intervals.
3.2.5 Soil temperature and volumetric water content
Soil temperature and volumetric water content were recorded in 30-minute intervals in
each grassland since 2008 using the ADL-MX Data Logger System (Meier-NT GmbH,
Zwönitz, Germany). Instruments were installed in (2 m×2 m) fenced areas within the managed
grasslands. Soil temperature (°C) was monitored at 5°cm depth below the surface of the mineral
soil with the MNT-FExtension and water content (%) at 10 cm with the Delta-T ML2X Soil
Humidity Probe (Delta-T Ltd, Cambridge, United Kingdom). Sub-hourly soil temperature and
volumetric water content data were averaged with respect to soil respiration measurement dates
for each grassland site and year.
3.2.6 Soil respiration
Soil respiration was measured with an absorption method along with an open and static
chamber. The chamber design was based on previous work of Bierbaß et al. (2014), Näthe et
al. (2018) (described in Chapter 2.2.5). The chamber consisted of a PVC ring (internal diameter
=0.5 cm and height =12.0 cm), a PVC lid and an O-ring to ensure air-tightness (Figure S2.2).
A plastic tube passing through a hole on the PVC lid allowed pressure equilibrium between the
chamber and the ambient air. The outer ending of the tube was connected to a syringe
containing 10 g of soda-lime to filter incoming ambient air CO₂. Inside the chamber, soda-lime
was contained in a 50 mL syringe with 64 1-mm-holes held on the PVC lid.
Non-hygroscopic soda-lime with a diameter range of 2.4-5.0 mm and a saturation point
of about 28% was acquired from the Fisher Scientific GmbH, Germany. Soda-lime is mainly
Ca(OH)₂ and NaOH and reacts with CO₂ to form CaCO₃. Dried soda-lime mass (105°C for
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48 h) was weighed with an accuracy of 0.1 mg before and after the exposure to soil CO₂ efflux.
Each 50 mL syringe containing soda-lime was sealed in a sampling bag, while syringes of each
grassland site were stored in CO₂-free sampling bags until field installation. To correct for
atmospheric CO₂ adsorbed during the laboratory and field work, bottom-sealed chambers
following the same design were used as controls. The exposure time was <3 days (65-70 hours)
and the mass of dried soda-lime for each measurement was 12 g d⁻¹. The mass of the absorbed
CO₂ can be determined by the difference of dried soda-lime mass before and after the field
measurement. The soil efflux is calculated by the Equation 2.1 (Keith and Wong, 2006):
Soil respiration measurements were taken from June to July in 2018 and 2019 following
the order HAI, SCH and ALB. Four chambers, forming a square of 10 m side length, were
installed for the measurement of soil respiration in each grassland site and one bottom-sealed
trap served as control. Aboveground vegetation was clipped and removed from the installation
area and PVC rings were plugged down to 1-2 cm soil depth. Measurements (soda-lime and
PVC lids installation) started five to six days after vegetation clipping. Just before installation,
we applied deionized water to the dried soda-lime to compensate for the initial moisture content
(about 18%) that was lost during drying, since CO₂ needs to be hydrated before reacting with
the soda-lime. Over the two years, we installed 1,200 traps and 300 controls for the
determination of soil CO₂ effluxes.
The soda-lime method for the soil respiration determination can yield misleading
results if the soda-lime mass is not sufficient, and thus becomes saturated during the exposure
to soil CO₂ efflux. Janssens et al. (2000) proposed that the mass gain should be lower than 10%
per dry mass given a saturation point of about 28% per dry mass. In our study, the soda-lime
mass gain did not exceed 6% in any of the measurements (Table S3.1). In addition, the sodalime method can overestimate soil CO₂ efflux due to outgassing of abiotic CO₂ from the soil
solution in soil with high pH and carbonate content. We tested the performance of the sodalime method against an infra-red gas analyser (Li8100A, LI-COR Biosciences) in a grassland
with soil pH =7.5 over a period of three days. Based on a one-way Analysis of Variance
(ANOVA) model, there were no significant differences between measurements taken with the
two methods (Figure S3.1).
3.2.7 Data analysis
Using ANOVA models and the Tukey’s Honest Significant Difference (HSD) test, we
tested for differences in in-situ soil respiration, soil, plant and microbial properties and
environmental conditions among the three study regions, and, when possible, between the two
sampling years. Then, we ran a backward stepwise analysis for soil respiration including i)
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climate (i.e. soil temperature and moisture), ii) management (i.e. fertilization and grazing
intensities), iii) plant properties (i.e. plant species richness, aboveground biomass, fine root
biomass and plant C:N ratio), iv) microbial properties (microbial C and C:N ratio) and v) soil
properties (SOC, soil C:N ratio, pH and silt content), to evaluate the importance of these
variables on model performance based on the Akaike information criterion. Based on the
selected variables from the stepwise analysis, we examined the significance of these variables
on soil respiration using Analysis of Covariance (ANCOVA) models. ANCOVA models were
performed assuming a type II sum of squares, which is not influenced by the order in which
the explanatory variables are introduced in the model (Zuur et al., 2009). Diagnostic plots were
investigated for every linear model applied to evaluate the assumptions of linearity, normality
and homoscedasticity in the residuals, and to check for influential values (Zuur et al., 2009).
We applied logarithmic transformations on soil respiration and plant species richness to tackle
heteroscedastic issues. After selecting the independent variables for the final model, we used
the variance inflation ratio to test for collinearities, and values below 3.0 were considered
acceptable.
To separate direct from indirect effects of grassland management on soil respiration, we
used Structural Equation Modeling (Shipley, 2016). Fertilization and grazing intensities and
soil water content were always exogenous variables. As endogenous variables, we used plant
species richness and soil and plant C:N ratio to gain a mechanistic understanding of
management effects on soil respiration. Using one-way ANOVA models, we removed the
effects of study regions from each variable, and we used the residuals in the Structural Equation
models. Similar to models with soil and plant C:N stoichiometry, we ran models with soil OC
and aboveground plant biomass. Proposed causal structures with p-values >0.05 were
considered acceptable. In addition, we calculated the root mean square errors of approximation
(RMSEA) and the standardized root mean square residuals (SRMR), which should be <0.05.
In addition to the high number of observations (≥144 observations from 150 grasslands due to
missing values) compared to estimated parameters that provide stability against multivariate
non-normality issues, we used bootstrapping and monitored changes in the p-value of the
causal structure for additional safety. These changes in the p-values of the causal structure were
negligible, and they are not shown.
Statistical analysis was performed with the R statistical software (R Core Team, 2019).
ANOVA and ANCOVA models were performed with the lm function and information was
extracted with the summary function. Tukey’s HSD test was performed with the TukeyHSD of
the stats package. For the backward elimination stepwise process, the step function from the
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stats package was used. The variance inflation ratio was calculated with the vif function of the
faraway package. The structural equation modeling was performed with the sem function from
the lavaan package (Rosseel, 2012).

3.3 Results
3.3.1 Soil temperature and water content
In the three study regions, soil temperature ranged from 14.5 to 22.8°C in 2018 and
from 14.6 to 24.2°C in 2019. Soil temperature increased in the order SCH<HAI=ALB in 2018
and in the order HAI<SCH<ALB in 2019 (Figure 3.1a). Moreover, soil temperature differed
between the two study years in every study region, and was higher in 2019 than 2018 in ALB
and SCH, but lower in HAI. Soil volumetric water content ranged from 7.4 to 51.5% in 2018
and from 7.0 to 43.6% in 2019. In 2018, soil water content did not differ among the three study
regions, while in 2019 it increased in the order SCH<ALB<HAI (Figure 3.1b). Between the
two study years, soil water content differed only in HAI, and it was wetter in 2019 than 2018.
The ratio of soil water content over the water holding capacity increased in the order
ALB=SCH<HAI both in 2018 and 2019 (Figure S3.2). Compared to the 10-year average, soil
temperature was exceptionally high, and soil water content low, during and before our sampling
months suggesting exceptionally dry conditions both in 2018 and 2019 (Figure S3.3).
3.3.2 In-situ soil respiration rates
In-situ soil respiration ranged from 0.5 to 6.9 in 2018 and 1.1 to 9.2 gCO2-C m-2 d-1 in
2019 over the three study regions. In 2018, soil respiration did not differ among the study
regions, while in 2019 it increased in the order ALB=SCH<HAI (Figure 3.1c). Between the
two study years, soil respiration differed only in HAI, and it was higher in 2019 than 2018
following the increase observed in soil volumetric water content (Figure 3.1b).
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Figure 3.1 (a) Soil temperature at 5 cm, (b) soil volumetric water content at 10 cm soil depth
and (c) soil respiration in 2018 (light grey) and 2019 (dark grey) for the three study regions;
Schwäbische-Alb =ALB; Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Bars show mean
values and error bars show the standard error of the samples. Numbers at the base of the bars
indicate the number of observations available in each study region and year. Asterisks indicate
significant differences between the years for a given study region according to post-hoc tests.
Upper (for 2018) and lower-case letters (for 2019) indicate differences among the three study
regions in the two years.

3.3.3 Drivers of in-situ soil respiration
ANCOVA models explained 18% and 46% of the variation in in-situ soil respiration in
2018 and 2019, respectively (Table 3.3). Study regions were important predictors of soil
respiration in both study years. Fertilization and grazing intensities were rarely selected in the
final models (only fertilization in 2019), and their effects were not significant. This indicates
that management affected soil respiration only indirectly. Soil volumetric water content had a
strong positive effect on soil respiration, indicating water-limited conditions in both study
years. In 2018, plant species richness and soil C:N ratio were selected in our final models, and
had a significant and a marginal negative effect on soil respiration, respectively. In 2019,
microbial C and silt content had significant positive effects on soil respiration. Soil texture is
important for water, nutrient and gas fluxes in soils, and the effect of silt on respiration is
possibly related to this. As in 2018, soil C:N ratio had only a marginal effect on soil respiration
in 2019. Finally, grazing intensity, soil temperature, plant biomass and C:N ratio, fine root
biomass, soil organic carbon concentration and microbial C:N ratio were not selected as
predictors of soil respiration in neither of the study years.

53

Drivers of soil respiration across a management intensity gradient in temperate grasslands under
drought

Table 3.3 ANCOVA models (SS type II) of in-situ soil respiration in 2018 and 2019 with
management intensities, soil water content, plant, microbial and soil properties. Full models
were stepwise reduced. Study regions effects are given relative to the Schwäbische-Alb region.
Fertilization and grazing intensities refer to average management practices in the periods 201518 and 2016-19. Significant predictors are given in bold. The variance inflation factor was 1.4
and 1.6 for the explanatory variables in 2018 and 2019. Grazing intensity, soil temperature,
fine root biomass, plant and microbial C:N ratios and soil organic carbon were never selected
in the final models. Abbreviation: HAI =Hainich-Dün; SCH =Schorfheide-Chorin; df =degrees
of freedom.
In-situ soil respiration

Parameter
Intercept
Region HAI
Region SCH
Fertilization (hist.)
Soil water content
Plant richness
Microbial C
Soil C:N ratio
Soil pH
Silt content

in 2018
df=133
Model p
2
R =0.18 <0.001
t-values
p-values
4.84
<0.001
-1.12
0.263
-0.21
0.831
2.22
0.028
-2.08
0.040
-1.63
0.100
-

in 2019
df=138
Model p
2
R =0.46 <0.001
t-values
p-values
2.08
0.040
4.38
<0.001
3.26
0.001
1.86
0.066
3.51
<0.001
2.45
0.015
-1.71
0.090
-1.60
0.112
3.02
0.003

3.3.4 Management intensity effects on in-situ soil respiration
After removing the effects of study regions, we used Structural Equation Modeling to
investigate the indirect effects of fertilization and grazing intensities on in-situ soil respiration
through the stoichiometry of soils and plants (Figure 3.2). Soil water content had a positive
effect on soil respiration in both years. In both years, soil C:N ratio was directly and negatively
associated with soil respiration (Figure 3.2a), while plant C:N ratio was negatively associated
with soil respiration only in 2019 (Figure 3.2c). Plant species richness was indirectly and
negatively associated with soil respiration in both year due to its positive correlation with soil
and plant C:N ratios. Finally, fertilization intensity was indirectly and positively linked to soil
respiration by decreasing plant species richness, while grazing intensity remained unrelated to
soil respiration fluxes in both study years.
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Figure 3.2 Structural Equation Models and net effects on soil respiration (a, b) in 2018 and (c,
d) in 2019, explained by fertilization and grazing intensities, plant species richness and C:N
ratios of soils and plants. Residuals of each variable are used after removing the effect of study
regions. Single-headed arrows indicate direct causal paths, and double-headed arrows indicate
covariances. Solid, blue arrows indicate positive effects and dashed, red arrows indicate
negative effects. Number of observations (n), degrees of freedom (df) and fitness statistics (pvalues, RMSEA and SRMR) are given for each model. Standardized path coefficients are given
together with their significance level (ns =not significant; *p<0.050; **p<0.010; ***p<0.001).
Coefficients of determination are given for soil respiration.

Apart from soil and plant C:N stoichiometry, we also investigated the effects of soil
OC and aboveground plant biomass on in-situ soil respiration in alternative SEMs. Soil water
content had again a positive effect on soil respiration in both years (Figure S3.5). In 2018, soil
OC and aboveground plant biomass were not associated with soil respiration, while plant
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species richness was directly and negatively link with soil respiration (Figure S3.5a). In
contrast, both soil OC and aboveground plant biomass were positively associated with soil
respiration in 2019 (Figure S3.5b). In this year, plant species richness was indirectly and
negatively linked with soil respiration due to a negative relationship with soil OC. Fertilization
intensity was indirectly and positively linked to soil respiration by decreasing plant species
richness. In addition, both fertilization and grazing intensities were positively linked with
aboveground biomass and thus with soil respiration. Finally, we also tested soil and plant C:P
ratios effects on soil respiration (Figure S3.5), but we did not find any significant effects.

3.4 Discussion
Grassland soil respiration is rarely studied over broad management gradients, partially
due to logistical constraints associated with covering a high temporal and spatial scale. Since
the temporal patterns of soil respiration remain relatively stable in the growing season (Johnson
et al., 2008), single-in-time measurements can be used to measure in-situ soil respiration in a
large number of grasslands (Dias et al., 2010), and, thus, to identify drivers of soil respiration
at the regional scale. Here, we determined in-situ soil respiration with single-in-time
measurements in 150 temperate managed grasslands in three regions in Germany to assess
fertilization and grazing intensity effects on soil respiration through changes in soil and plant
properties.
3.4.1 Grassland soil respiration was severely impacted by dry conditions
In this study, in-situ soil respiration in summer averaged at 2.8±1.1 gCO2-C m-2 d-1 in
2018 and 3.9±1.3 gCO2-C m-2 d-1 in 2019, respectively. Soil respiration in temperate
grasslands peaks in early summer time, and frequently reaches values higher than 5 gCO2-C m2

d-1 (Bahn et al., 2008; Burri et al., 2014; Koncz et al., 2015; Moinet et al., 2019, after unit

conversion). Compared to values for similar temperate grasslands from the literature, our
summer soil respiration fluxes were relatively low. The strong correlation between soil
respiration and soil water content (Table 3.3) indicates suppressed soil respiration because of
the (limiting) water conditions which prevailed in central Europe in summer 2018 and 2019
(Figure S3.3; Chapter 2). In our first hypothesis, we expected that soil respiration would differ
among the three study regions due to their differences in edaphic, environmental, and
ecological conditions (Table 3.1 and 3.2). Indeed, we observed differences among the three
study regions in 2019, when soil respiration in HAI was higher than in ALB and SCH, but not
in 2018 (Figure 3.1c). This discrepancy between the two years was possibly caused by a
slightly wetter summer in 2019 compared to 2018 (Figure S3.3), a condition that was more
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profound in HAI (Figure 3.1b). Thus, the particularly dry conditions in 2018 most likely
suppressed soil respiration, and masked differences among the three study regions.
Apart from masking study region effects on soil respiration, drought also altered the
dependency of in-situ soil respiration on soil properties, like the soil organic carbon. In more
detail, soil respiration did not correlate with soil organic carbon in 2018 or 2019, and soil C:N
ratio was only marginally significant in both years (Table 3.3). Similarly, Dietrich et al. (2017)
found that microbial basal respiration did not correlate with soil organic carbon under a
naturally occurring summer drought, while they correlated in the summer of the next year that
was wetter. Several studies have suggested that droughts suppress heterotrophic respiration
more than autotrophic respiration both in forests and grasslands (Moinet et al., 2019;
Chapter 2), but such observations are frequently reported together with strong correlations
between soil respiration rates and root biomass, which was not observed here.
3.4.2 Fertilization intensity effects on in-situ soil respiration depend on soil water
conditions
Grazing and fertilization intensities were not important predictors of in-situ soil
respiration (Table 3.3), but, when we accounted for indirect effects (with Structural Equation
Modeling), we found that fertilization caused several positive effects (Figure 3.2a, c).
Fertilization-induced effects on soil respiration were stronger in wetter (here 2019) than in drier
(here 2018) years (Figure 3.2b, d), which is in accordance with previous findings for
fertilization effects on microbial basal respiration in temperate grasslands (Dietrich et al.,
2017). We suggest that climatic and soil water conditions modify the effects of fertilization on
biological processes (e.g. plant and microbial activity) that control soil respiration, and
potentially on other ecosystem functions as well. Understanding the interaction among climate,
management and biodiversity and their effects on carbon cycling, both during and after drought
events, is very important in a future of more frequent and/or intense droughts.
Studies investigating fertilization effects on soil respiration often report contrasting
results including positive, negative or neutral responses in grasslands (Jia et al., 2012; Jones et
al., 2005; Ward et al., 2017). Fertilization can influence soil respiration through many
mechanisms, i.e. by causing changes in plant and microbial communities and properties. For
instance, fertilization effects on plant properties involve i) increases in aboveground
productivity (Socher et al., 2012), ii) reductions in belowground productivity (Bardgett et al.,
1999a), and iii) plant species loss (Isbel et al., 2013; Midolo et al., 2018). In addition,
fertilization alters the nutrient status of soils, plants and microbes (Blüthgen et al., 2012; Herold
et al., 2014a; Chaper 4), which can further alter soil respiration, and its autotrophic and
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heterotrophic components (Zechmeister-Boltenstern et al., 2015; Zhang et al., 2014).
Environmental conditions, fertilization type and time-length of the experiments (short- vs longterm) possibly determine the relevance of the different mechanisms involved and might
obscure comparison between studies. In line with our second hypothesis, we found that
fertilization intensity indirectly increased soil respiration by altering the stoichiometry of soils
and plants. More specifically, fertilization-induced plant species loss decreased the C:N ratios
of soils and plants, and soil (both in 2018 and ’19) and plant (only in 2019) C:N ratios were
negatively associated with soil respiration (Figure 3.2). Thus, in our grasslands, soil respiration
depended on the environmental conditions (e.g. soil water content) and the quality of the
substrate.
Grazing intensity was not associated with in-situ soil respiration neither directly nor
indirectly via C:N stoichiometry of soils and plants (Figure 3.2) but, similar to fertilization, it
was positively linked to soil respiration in 2019 due to aboveground plant biomass
(Figure S3.5b). The (limiting) water conditions in our study years (compared to previous years,
Figure S3.3) might, however, have masked additional grazing effects on soil respiration, for
instance.
3.4.3 Fertilization-induced plant species losses increase soil respiration under dry
conditions
Plant diversity effects on soil respiration were found to be positive or neutral (Chen et
al., 2019; Dias et al., 2010; Dietrich et al., 2017), and they are frequently reported as direct
effects (Spehn et al., 2000). In contrast to most studies, we found that plant species richness
indirectly reduced in-situ soil respiration due to increased soil and plant C:N ratios (Figure 3.2).
However, plant diversity effects on soil respiration were ultimately controlled by fertilization
since fertilization intensity is a main driver of plant species richness in managed grasslands.
Extensively managed grasslands host richer plant communities compared to intensively
managed ones (Blüthgen et al., 2012). Species-rich grasslands are characterized by
conservative, slow growing plant communities with a high N use efficiency (Busch et al., 2018;
Kleinebecker et al., 2014). This leads to lower N concentrations in plant biomass and litter and,
as a consequence, slower litter decomposition (Chen et al., 2017; Fargione et al., 2007).
Similarly, in this work, fertilization intensity reduced plant species richness, which was
positively associated with plant C:N ratio and thus negatively associated with soil respiration
even though indirectly (Figure 3.2c). Apart from plant chemistry, plant species richness was
also negatively associated with (aboveground) plant productivity in our grasslands (Socher et
al., 2012). Plant productivity increased soil respiration (Figure S3.5b), possibly because of
58

Drivers of soil respiration across a management intensity gradient in temperate grasslands under
drought

increased C inputs into the soil (Craine et al., 2001; Dias et al., 2010). We suggest that the
aforementioned characteristics of extensive, plant species-rich grasslands lead to slower C
cycling compared to intensive, species-poor grasslands, and, thus, to lower soil respiration
fluxes.

3.5 Conclusions
Management intensification is a main driver of ecosystem degradation in temperate
grasslands, driving plant species loss and alterations in C cycling. Under the prevailing dry
conditions, fertilization intensity indirectly increased soil respiration, and its effects were
mediated by a plant species richness loss and by a higher quality (lower C:N ratios) in soil
organic matter and aboveground plant biomass. This suggests that intensively managed, plant
species-poor grasslands have a faster C cycling than extensive, species-rich grasslands even
under the extreme conditions of a natural drought. Since C cycling is tightly coupled with
nutrient cycling, grassland management and plant diversity effects on litter and soil organic
matter decomposition will, at least partially, determine the availability of other nutrients for
plant uptake or leaching. Grassland management guidelines that consider the protection of
biodiversity are needed in order to cease, if not to reverse, plant species loss and to ensure
ecosystem functioning.
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3.6 Supplementary material
Table S 3.1 Minimum, average and maximum values of soda-lime sample mass increase (%,
per dry weight) for the 2018 and 2019 campaigns in the three study regions; Schwäbische-Alb:
ALB, Hainich-Dün: HAI and Schorfheide-Chorin: SCH. Mass gain did not exceed the limit of
9.0% proposed by Janssen et al. (2000)*, and the highest value was observed in SCH in 2019.
Control samples had mass gains consistently lower than 1.0% (data not shown).
Region
ALB
HAI
SCH

Year
Mean Min
2018
2.3
0.2
2019
1.6
0.6
2018
1.9
0.2
2019
2.2
1.3
2018
2.2
0.2
2019
1.6
0.5

Ma
x
3.8
2.7
3.4
4.3
5.3
3.7

*Janssens, Ivan a., Kowalski, A. S., Longdoz, B., & Ceulemans, R. (2000). Assessing forest soil CO2 efflux: an
in situ comparison of four techniques. Tree Physiology, 20(5), 23–32. https://doi.org/10.1093/treephys/20.1.23

Figure S 3.1 Comparison of cumulative soil CO2 efflux with the soda-lime method and an
infra-red gas analyser (IRGA) (Li8100A, LI-COR Biosciences) in a grassland soil (pH =7.5)
over a period of three days. No significant differences were observed between the two methods
based on a one-way ANOVA.
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Figure S 3.2 Soil Volumetric Water Content (SVWC) over Water Holding Capacity (WHC)
for the three study regions; Schwäbische-Alb =ALB, Hainich-Dün =HAI and SchorfheideChorin =SCH and the two years; 2018 and 2019. Asterisks indicate differences between the
two years for a given study region. Lower- and upper-case letters indicate differences among
study regions in 2018 and 2019, respectively.

Figure S 3.3 Mean (a) soil temperature (°C) and (b) soil volumetric water content (%) per
month for the 10-year-mean (2008-17) and the sampling years 2018 and 2019 for the three
study regions; Schwäbische-Alb =ALB, Hainich-Dün =HAI and Schorfheide-Chorin =SCH.
Error bars represent standard deviations around the mean.
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Figure S 3.4 Correlation between in-situ soil respiration and soil volumetric water content for
the two sampling years 2018 and 2019 and the three study regions; Schwäbische-Alb =ALB,
Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Equation, R2 and p-value describe the
linear regression of in-situ soil respiration and soil volumetric water content over all study
regions.
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Figure S 3.5 Structural Equation Models for soil respiration explained by fertilization and
grazing intensities, soil water content, plant species richness, soil organic carbon and
aboveground plant biomass (a) in 2018 and (b) in 2019. Residuals of each variable are used
after removing the effect of study regions. Single-headed arrows indicate direct causal paths,
and double-headed arrows indicate covariances. Solid, blue arrows indicate positive effects and
dashed, red arrows indicate negative effects. Number of observations (n), degrees of freedom
(df) and fitness statistics (p-values, RMSEA and SRMR) are given for each model.
Standardized path coefficients are given together with their significance level (ns =not
significant; *p<0.050; **p<0.010; ***p<0.001). Coefficients of determination are given for
soil respiration.
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Figure S 3.6 Structural Equation Models for soil respiration explained by fertilization and
grazing intensities, soil water content, plant species richness and soil and plant C:P ratios (a)
in 2018 and (b) in 2019. Residuals of each variable are used after removing the effect of study
regions. Single-headed arrows indicate direct causal paths, and double-headed arrows indicate
covariances. Solid, blue arrows indicate positive effects and dashed, red arrows indicate
negative effects. Number of observations (n), degrees of freedom (df) and fitness statistics (pvalues, RMSEA and SRMR) are given for each model. Standardized path coefficients are given
together with their significance level (ns =not significant; *p<0.050; **p<0.010; ***p<0.001).
Coefficients of determination are given for soil respiration.
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4 Drivers of annual nutrient leaching across a management
intensity gradient in temperate grasslands
Abstract
Grassland management intensity influences nutrient cycling both directly, by changing
nutrient inputs and outputs from the ecosystem, and indirectly, by altering the nutrient content,
diversity and functional composition of plant and microbial communities. However, the
relative importance of these direct and indirect processes for the leaching of multiple nutrients
is poorly studied.
We measured the annual leaching of nitrate, ammonium, phosphate and sulphate at a
depth of 10 cm in 150 temperate and managed grasslands using a resin method. Using
Structural Equation Modeling, we distinguished between various direct and indirect effects of
management intensity (i.e. grazing and fertilization) on nutrient leaching.
We found that management intensity increased nitrate, ammonium and phosphate
leaching risk both directly (i.e. via increased nutrient inputs), and indirectly, by changing the
stoichiometry of soils, plants and microbes. In contrast, sulphate leaching risk was reduced by
management, presumably due to increased outputs from mowing and grazing. In addition,
management intensity shifted plant communities towards an exploitative functional
composition (characterized by high tissue turnover rates), and, thus, further promoted the
leaching risk of inorganic N. Plant species richness was associated with lower inorganic N
leaching risk, even after accounting for correlated effects of plant functional groups or
community traits.
Maintaining and restoring diverse plant communities may therefore mitigate the
increased leaching risk that management intensity imposes upon grasslands.
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4.1 Introduction
Grasslands are widespread and highly diverse ecosystems providing a multitude of
ecosystem functions and services, including nutrient cycling and food production (Bengtsson
et al., 2019). Management intensification of grassland ecosystems places them at considerable
risk of nutrient losses via leaching (Klaus et al., 2018, and references therein), especially that
of nitrate, which represents the loss of an important resource, and, at the same time, a potential
threat to human health and aquatic ecosystems (EEA, 2018; EU-Nitrate Directive, 2018; WHO,
2011). Compared to nitrogen (N), management effects on leaching of other elements, like
phosphorus (P) and sulphur (S), are less studied in grasslands, despite their agricultural and
environmental importance (Eriksen, 2009; Withers et al., 2014; Gallejones et al., 2012).
Unravelling the relationships between ecosystem management, biotic drivers and nutrient
leaching will provide important insights for sustainable grassland management, and could help
secure associated ecosystem services.
In unfertilized grasslands, inorganic nutrient leaching represents the net balance
between nutrient inputs to the soil solution (e.g. by organic matter mineralization or
dissolution) and outputs from the soil solution (e.g. due to uptake by plants, or immobilization
in microbial biomass), as well as nutrient exchange with the soil matrix (i.e. via (de)sorption
to minerals). Management, such as fertilization and grazing, changes these relations by
increasing both inputs and outputs of nutrients from the ecosystem. In the past, grasslands were
considered to have low N leaching fluxes, and introducing temporary (mowed) grasslands in
arable crop rotations can even reduce nitrate leaching (Kunrath et al., 2015). However, studies
investigating the effects of grassland management on soil nitrate show increased leaching risk
in pastures compared to meadows (Ryden et al., 1984), and when broader management
gradients are included, both fertilization and grazing equally increase nitrate leaching risk
(Klaus et al., 2018). Grassland intensification can affect nutrient cycling directly by inputs and
outputs (i.e. fertilization, grazing and harvest) (Rumpel et al., 2015) and indirectly by changing
plant communities (e.g. loss of diversity or functional change) and altering interactions
between soils, plants and soil microorganisms (de Vries et al., 2012; Klaus et al., 2018).
However, at present, it is unclear if management intensity predominantly drives leaching risk
directly and/or indirectly by changing plant and/or microbial communities.
Grassland management, mainly fertilization, mowing and grazing, influences plant and
microbial properties (Herold et al., 2014; Kleinebecker et al., 2014; Boeddinghaus et al., 2019),
and, thus, alter the decomposition of organic matter (Solly et al. 2014), with potential effects
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on nutrient leaching. For instance, fertilization increases nutrient concentrations in plant
biomass, and it reduces plant diversity and root litter decomposition (Gilhaus et al., 2017; Klaus
et al., 2011; Solly et al., 2014). Many studies have reported that a high plant species diversity
reduces N and P availability and leaching in grasslands (de Vries et al., 2016; Leimer et al.,
2015 and 2016; Oelmann et al., 2011; Tilman et al., 1996), especially when compared to
monocultures (Scherer-Lorenzen et al., 2003). Furthermore, effects of plant community
composition, e.g. the abundance of functional groups or specific traits, can also play an
important role in grassland nutrient cycling (Boeddinghaus et al 2019; de Vries and Bardgett,
2016). However, plant diversity effects on nitrate leaching are still debated and have not yet
been comprehensively assessed up to now, as most of the respective studies were conducted in
experimental grasslands or mesocosm experiments. Such studies are useful to gain a
mechanistic understanding of the underlying processes controlling soil and plant interactions.
However, they often do not consider realistic management and/or environmental gradients.
Thus, they might fail to capture the complexity of real-world ecosystems (Klaus et al., 2020a)
since, for instance, management is an important determinant of plant community diversity and
composition (Busch et al., 2018; Midolo et al., 2018). To overcome these constraints, and gain
knowledge transferable to sustainable grassland management, we need to investigate grassland
ecosystems along broad gradients of management intensity and environmental conditions
(Manning et al., 2019).
Recent evidence highlights the importance of soil microbial communities and their
properties for N cycling (Grigulis et al., 2014; Pommier et al., 2017). Understanding, and even
controlling, plant-microbe interactions could provide opportunities for enhanced N retention in
grasslands, with desired effects both on biomass production and N leaching mitigation. Studies
on element cycling including soil microbial properties are generally scarce compared to those
addressing abiotic and/or plant effects (Pommier et al., 2017), and so are studies that
simultaneously measure the cycling of multiple nutrients in managed grasslands. However,
management also strongly changes microbial properties since, for instance, fertilization shifts
the microbial community structure towards bacteria-dominated communities (de Vries et al.,
2006; Donnison et al., 2000). To elucidate the drivers of ecosystem (dis)services like nutrient
leaching, a holistic approach that includes management, but also soil, plant and microbial
effects and their interactions is needed (Koncz et al., 2015; Pommier et al., 2017).
Reliable assessments of the drivers of nutrient leaching need to cover long time spans,
for example due to the large variability in weather conditions and the timing of land
management activities (de Vries et al., 2011; Klaus et al., 2018). This is even more important
67

Drivers of annual nutrient leaching across a management intensity gradient in temperate grasslands

since recent evidence suggests that plant diversity effects on N leaching follow seasonal
patterns, with more pronounced effects in winter (Leimer et al., 2015), a season that is often
ignored as most studies focus on the growth period only. However, accounting for both high
spatial and temporal variability imposes significant logistical constraints. Resin methods for
the evaluation of nutrient availability and leaching have received increasing attention in the
literature (Grahmann et al., 2018; Grunwald et al., 2020; Predotova et al., 2011; Willich and
Buerkert, 2016), and are often successfully used to integrate the temporal effects of different
drivers on nutrient leaching (Klaus et al., 2018; Klaus et al., 2020b).
In this study, we measured the annual downward flux of nitrate, ammonium, phosphate
and sulphate with the percolating water, i.e. leaching, at a depth of 10 cm in 150 grassland sites
along a gradient of management intensity from spring 2018 to spring 2019. The grassland sites
were located in three regions in Germany as part of the Biodiversity Exploratories project
(Fischer et al., 2010), and covered broad management intensity gradients within each region.
We used a resin method, namely the Self-Integrating Accumulators (SIAs), to determine the
cumulative annual leaching, and not just the availability of nutrients in the soil solution
(Bischoff, 2009). Grassland management, here fertilization and grazing, has direct (via
increased inputs and outputs) and indirect (via soils, plants and microbial biomass) effects on
nitrate, ammonium, phosphate and sulphate leaching. We addressed the following hypotheses:
1.

Grazing and fertilization intensities increase nutrient leaching risk from topsoils due to
increased nutrient inputs (direct effects).

2.

Grazing and fertilization intensities increase nutrient leaching risk by altering the
stoichiometry of soils, plant communities and soil microbial biomass (indirect effects).

3.

Grazing and fertilization intensities increase nutrient leaching risk i) by shifting the
functional composition of plants from slow-growing, nutrient-efficient communities at
extensively managed grasslands to fast growing communities in intensively managed
grasslands, and ii) by reducing plant species richness (indirect effects).

4.

Due to its various indirect effects, fertilization intensity has overall stronger effects on
nutrient leaching risk than grazing (net effect).

4.2 Methods
4.2.1 Study regions
This study was conducted in the Biodiversity Exploratories project, which investigates
land use effects on biodiversity and ecosystem functions and services in real-world ecosystems
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(Fisher et al., 2010). The project includes three study regions in Germany; the SchwäbischeAlb (ALB), the Hainich-Dün (HAI) and the Schorfheide-Chorin (SCH). The study regions
differed in their geology, topology, dominant soil types and climate (Table 3.1). Soils in ALB
developed mainly on Jurassic limestone and were clay-rich Leptosols or Cambisols (IUSS
Working Group WRB, 2014). In HAI, soils had a loamy or clayey texture due to the dominant
geological substrate of loess over limestone and the main soil types were Cambisols,
Stagnosols and Vertisols. Soils in SCH were drained Histosols with a loamy texture, Gleysols,
Cambisols, Luvisols and Albeluvisols.
In each study region, 50 plots of 50 m × 50 m were established within agriculturally
managed grasslands (Fisher et al., 2010). Information regarding the regional management
practices as well as soil, plant and microbial properties is given in Table 4.1. Management
intensity ranged from extensively managed grasslands to intensively grazed and/or fertilized
pastures and meadows, covering a wide and realistic management intensity gradient.
Fertilization, expressed as N additions, was applied as organic or mineral (chemical) fertilizers.
Grazing, expressed as equivalent-livestock unit per area multiplied with grazing days (i.e. the
days the animals are on the plot; Blüthgen et al., 2012), included mainly cattle or sheep grazing.
4.2.2 Soil properties
In May 2017, we collected 14 soil samples of the upper 10 cm along two intersecting
20 m transects in each of the 150 grasslands. Descriptions of the methods used for the
determination of soil properties (SOC, soil C:N ratio, pH and silt content, fine root biomass)
are given in Chapter 3.2.2 (Table 3.2 and 4.1). In addition, soil bulk density was determined
by drying a known volume of soil collected in May 2014 at 105°C to constant weight
(Table 4.1). Soil oxalate extractable Al (in the composite samples collected in May 2011) was
determined with ICP-OES (Optima 3300 DV, PerkinElmer) as a measure for non and poorly
crystalline oxi-hydroxides. Soil inorganic (Olsen) P concentration was determined after
extraction with 0.5 M NaHCO3 with ICP-OES (Optima 5300 DV, PerkinElmer) in soil samples
collected in May 2014 (Sorkau et al., 2018).
4.2.3 Microbial soil properties
Aliquots of sieved soil (from the composite samples collected in May 2017) were used
for microbial analysis. We determined the microbial C and N concentration with the
chloroform-fumigation-extraction method, according to Vance et al. (1987) and Keil et al.
(2011). A detailed description of the method is given in Chapter 3.2.3.
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Table 4.1 Mean values and standard deviation of management practices and plant, microbial
and soil properties of the three study regions; Schwäbische-Alb =ALB, Hainich-Dün =HAI and
Schorfheide-Chorin =SCH. Fertilization, grazing and mowing intensity data were obtained
from Ostrowski et al. (2020) and averaged for the period 2015-2018. Abbreviation: LU
=Livestock Units; CWM =Community Weighted Mean.
Parameter
Management practices
Fertilization (kg N ha-1 y-1)
Grazing (LU days ha-1 y-1)
Mowing (cuts y-1)
Plant properties
Aboveground biomass (g m-2)
Aboveground N (g N kg-1)
Aboveground P (g P kg-1)
Species richness (per 16 m2)
Cumulative legume species cover (%)
Cumulative grass species cover (%)
CWM plant traits
Specific leaf area, SLA (mm2 mg-1)
Leaf dry matter content, LDMC (g g-1)
Leaf N (mg g-1)
Leaf P (mg g-1)
Fine root diameter, fineRD (mm)
Root tissue density, RTD (mg cm-3)
Specific root length, SRL (m g-1)
Microbial properties
Biomass carbon (µg C g-1)
Biomass nitrogen (µg N g-1)
Soil properties (at 0-10 cm depth)
Bulk density (g cm-3)
Clay (g kg-1)
Silt (g kg-1)
Sand (g kg-1)
pH
Cation exch. capacity (cmol kg-1)
Aluminum (oxalate extraction, g kg-1)
Soil organic C (g C kg-1)
Soil N (g N kg-1)
Total (Olsen) P (mg P kg-1)
Inorg. (Olsen) P (mg P kg-1)
Total S (g S kg-1)
Depth (cm)

Study region
ALB

HAI

SCH

58.2±87.8
77.8±117.4
1.3±1.1

39.1±52.0
101.5±138.9
1.0±0.7

3.0±13.0
186.6±197.5
0.8±0.6

178.5±96.5
18.4±2.9
2.8±0.4
30.4±8.8
8.2±9.0
46.5±18.7

145.4±69.7
18.6±2.0
3.1±0.3
37.2±13.3
13.6±10.9
42.1±18.6

364.6±156.2
17.4±3.4
2.7±0.3
25.8±7.2
9.3±11.7
87.4±28.5

23.2±3.2
0.26±0.03
24.2±4.0
2.3±0.5
0.19±0.01
53.1±12.7
436±48

23.7±1.8
0.25±0.02
25.7±2.5
2.4±0.3
0.20±0.02
51.1±9.7
414±43

23.8±2.4
0.26±0.02
25.3±2.7
2.4±0.4
0.18±0.01
50.2±11.3
452±63

816±152
137±39

729±159
140±41

583±353
136±97

0.76±0.11
536.1±134.0
406.6±114.6
57.4±45.0
6.3±0.6
23.0±8.54
0.56±0.73
69.8±14.3
6.8±1.5
33.2±20.9
19.3±16.6
0.9±0.2
41.5±21.6

0.79±0.11
422.6±130.3
520.1±122.7
57.6±23.1
6.9±0.5
21.9±9.67
0.36±0.22
49.9±12.1
4.9±1.2
19.5±10.1
11.7±8.1
0.6±0.1
60.2±18.3

0.85±0.4
173.8±87.0
372.1±191.7
454.2±221.0
6.5±0.9
21.0±17.4
0.17±0.21
95.5±90.7
10.4±9.0
45.3±19.5
29.8±17.1
1.4±1.3
42.8±50.1
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4.2.4 Plant properties
Vegetation information (plant species richness, aboveground plant biomass,
aboveground plant C:N ratio and fine root biomass) was collected in May 2018 in fenced
subplots to prevent livestock grazing or mowing prior harvest. A detailed description of the
methods is given in Chapter 3.2.4.
Plant traits can be used to categorize plant species and communities as fast-growing,
and exploitative or slow-growing and conservative (Bruelheide et al., 2018; Reich 2014; Diaz
et al 2016). Exploitative plant communities have higher specific leaf area and leaf N (and P)
and lower leaf dry matter content than conservative communities (Diaz et al., 2016; Wright et
al., 2004). Regarding belowground traits, exploitative communities have higher specific root
length and lower root tissue density and fine root diameter than the conservative communities
(Bergmann et al., 2020). Plant, and especially root, traits are thus broadly indicative of nutrient
acquisition strategies of plant species and these are relevant for nutrient cycling in soils (de
Vries and Bardgett, 2016). For instance, a high specific leaf area indicates high photosynthetic
capacity, which relates to fast growth rates, short tissue lifespan and high decomposability, and
high needs for nutrients (de Vries and Bardgett, 2016). Moreover, a high specific root length
indicates a better screening of soil for nutrients, and a low fine root diameter indicates high
nutrient uptake efficiency (Bardgett et al., 2014; Freschet et al., 2021). In managed grasslands,
plant community traits are influenced by management-induced shifts in plant community
composition (Allan et al., 2015; Busch et al., 2018) and might explain the effects of vegetation
change on nutrient leaching.
We used plant species identity, and their abundances in our grasslands, to calculate the
Community Weighted Mean (CWM) traits, for four above- (specific leaf area, SLA; the leaf
dry matter content, LDMC; leaf N and P) and three belowground (fine root diameter, fineRD;
root tissue density, RTD; specific root length, SRL) traits (Table 4.1). Aboveground traits were
extracted from the TRY database (Kattge et al., 2020), and belowground traits were measured
in a greenhouse experiment on plant species from the Biodiversity Exploratories grasslands
(Lachaise et al., 2021). First, we matched the species identities found in our grassland sites to
the TRY database (including synonyms) and excluded i) duplicates, ii) non-mature plants, iii)
non-healthy or dead plants, iv) measurement contributions from experimental manipulations,
and v) measurement contributions where mean data were not reported. Then, for each speciestrait combination, we averaged the trait value for each contributing dataset and excluded
outlying datasets. We calculated average trait values for each species over all contributing
datasets, weighted by the number of replicates in each dataset. Finally, the community
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weighted mean was calculated as the average trait values of all species, weighted by their
relative abundance.
In our grasslands, the cover of legume species was negatively correlated with the CWM
leaf dry matter content and specific root length, and, to some extent, it was positively correlated
with leaf N and fine root diameter (Figure 4.1). Moreover, the cover of grass species was
negatively correlated with fine root diameter and root tissue density, and positively correlated
with specific root length. Specific leaf area was not related to the plant functional group of
legumes or grasses. Grazing intensity was negatively correlated with specific root length and
leaf dry matter content, and was positively related to leaf N (and P). Fertilization was positively
correlated with specific leaf area, and, to some extent, negatively related to leaf dry matter
content and root tissue density.

Figure 4.1 Principal component analysis among seven plant (community weighted mean)
traits, two plant functional groups (i.e. cumulative cover of Legumes and Grasses) and
management intensities (Grazing and Fertilization) for the three study regions; SchwäbischeAlb (ALB), Hainich-Dün (HAI) and Schorfheide-Chorin (SCH). Abbreviations: SLA =specific
leaf area, LDMC =leaf dry matter content, fineRD =fine root diameter, RTD =root tissue
density and SRL =specific root length.

4.2.5 Annual nutrient leaching
Annual, downward fluxes of nitrate, ammonium, phosphate and sulphate with the
percolating water, i.e. leaching, were measured with the Self-Integrating Accumulators (SIAs)
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provided by the TerrAquat GmbH (Nürtingen, Germany, www.terraquat-gmbh.com; Bischoff,
2009). SIAs consisted of a PVC cylindrical cartridge (diameter and height: 10 cm) with a net
at the lower end and were filled with a mixture of anion and cation exchange resin and fine
silica sand. SIAs were installed below the upper 10 cm of soil, and we measured the leaching
from the upper 10 cm of soil for three reasons. Firstly, we wanted our leaching data to match
the soil and microbial properties data, which were also measured at the upper 10 cm of the soil
(Table 4.1). Secondly, we wanted to follow a standardized methodology in every grassland,
because the total soil depth varied among and within the three study regions (Table 4.1), and it
was often ≤20 cm deep (in 58 out of the 150 grasslands). Finally, we were interested in biotic
drivers on nutrient leaching, which are probably easier identified below the biologically most
active topsoil layer than in the deeper subsoil, where geochemical drivers might become more
important. Since we measured nutrient leaching from the upper 10 cm of soil, and not below
the rooting zone, we cannot conclude on nutrient losses from the ecosystem, but our data
indicate their loss risk.
We installed four SIAs in each of the 150 grasslands (total of 600 SIAs) in spring 2018,
a year in which a summer drought occurred in central Europe (Figure S2.4 and S3.3). We
selected four 1 m × 1 m subplots at a 2 m extension of the cardinal transects used for soil
sampling. In each subplot, we opened a 40 cm × 40 cm pit down to 30 cm, and we selected the
wall that was against the slope. On this wall, we opened a lateral cubic tunnel (side of 15 cm)
at a depth of 10 to 25 cm, so that the percolating water would reach the SIAs from an
undisturbed area. SIAs were saturated with deionized water from below and placed in the
lateral tunnels. The empty space around the SIAs was filled with silica sand, and the pit was
re-filled with the removed soil.
SIAs stayed in the soil for one year, until spring 2019. For the installation and removal,
we visited the study regions in the same order. Installation and removal dates were recorded
together with field observations (e.g. presence of roots and soil fauna) for a quality control of
the samples. After removal, SIAs were stored at 4°C, and each SIA was separated to three resin
samples by separating the resin column into three resin layers. The first resin layer accounted
for nutrient leaching, and had a depth of 5 cm. The second resin layer was a control, and the
third layer served as a buffer for upward nutrient movement, and they had a length of 1 and
4 cm, respectively. Each resin sample was mixed to ensure homogeneity, weighed, and stored
at 4°C. To calculate leaching, we analysed the first two layers for their nutrient concentrations.
If the second layer was contaminated with NO3 (>10% of first layer NO3-N concentration),
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then the SIA was excluded from our dataset. Out of the 600 SIAs, five SIAs were excluded due
to disturbances by soil fauna, and 34 SIAs due to a contaminated second layer.
Resin samples of 15 g were weighed. After adding 100 mL of 1 M NaCl
(Natriumchlorid zur Analyse Acs, Merck KGaA, Darmstadt, Germany) the resin was shaken
for 45 minutes. The extracted solution was filtered by gravity using N-free filters (MN 619 DE
1/4, Macherey-Nagel Gmbh & Co, Germany), and the filtrate was transferred to a 15-mL falcon
tube, which was stored at -20°C. Ammonium (NH4-N), nitrite (NO2-N) and nitrite and nitrate
(NO2-N + NO3-N) and phosphate (PO4-P) concentrations in the solution were determined by a
flow-injection analyzer (Quickchem QC85S5, Lachat Instruments, Hach Company, Dreieich,
Germany) after applying appropriate dilutions. Nitrate concentration was calculated as the
difference of [NO2-N + NO3-N] from NO2-N concentration. Sulphate (SO4-S) concentration
was determined by an ion chromatography system (Dionex-DX 500, Thermo Fisher Scientific
GmbH, Dreieich, Germany), after applying appropriate dilutions. Nutrient concentrations of
the first and second layer were used to calculate leaching fluxes.
4.2.6 Data analysis
We tested for differences of annual nutrient leaching in the three study regions using
Analysis of Variance (ANOVA) models and the Tukey’s (Honest Significant Difference) test.
We use a backward stepwise function to assess the impact of i) study regions, ii) plant
properties (aboveground biomass, species richness, legume cover and grass cover), iii) soil OC,
iv) microbial biomass C and v) grassland management (fertilization and grazing intensities) on
nutrient leaching based on the Akaike Information Criterion. Using the variables selected by
the stepwise function, we modelled nutrient leaching with Analysis of Covariance (ANCOVA).
ANCOVA models were performed using a type II sum of squares, which is not influenced by
the order in which the explanatory variables are introduced in the model (Zuur et al., 2009).
For every model, we used diagnostic plots to test the assumptions of linearity, normality and
homoscedasticity of variance in the residuals, and to check for outliers. Heteroscedasticity
issues were tackled with logarithmic or square-root transformations. To assess collinearities in
the explanatory dataset, we checked the variance inflation factor, and values <3.0 were
accepted. We followed the same approach to (separately) investigate the importance of several
physico-chemical soil properties (Table S4.1) and CWM traits on nutrient leaching
(Table S4.2) listed in Table 4.1.
We used Structural Equation Modeling (Shipley, 2016) to investigate how fertilization
and grazing, and their impacts on soils, plants and soil microorganisms, affect nutrient leaching.
Grazing and fertilization intensities were included as exogenous variables. Plant species
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richness, an important predictor of soil functions (Chen et al., 2019; Leimer et al., 2016) and
sensitive to management intensification (Midolo et al., 2018), was included as an endogenous
variable. Substrate stoichiometry controls the cycling of carbon and nutrients in soils (Manzoni
et al., 2008; Schleuss et al., 2021), and so we used stoichiometric ratios (C:N, C:P or C:S) of
soils, plants and soil microbial biomass as endogenous variables in our models. We removed
the effects of study regions (with one-way ANOVA models) from all endogenous variables,
and we used their residuals in our Structural Equation Models. Proposed causal structures with
p-values >0.05 were accepted. In addition, we calculated the root mean square errors of
approximation (RMSEAs) and the standardized root mean square residuals (SRMRs), which
both should be <0.05. To tackle multivariate non-normality issues, we re-ran our models using
bootstrapping, and monitored changes in the p-value of the causal structure. The p-values of
bootstrapping models (not shown) were always similar to those without bootstrapping. The
high number of observations compared with the number of estimated parameters in our models
provided additional safety against multivariate non-normality issues. We followed the same
approach to (separately) investigate the importance element pools (C, N, P or S, Figure S4.1)
and plant CWM traits (selected based on Table S4.2) on nutrient leaching.
Statistical analysis was performed with the R statistical software (R Core Team, 2019).
Figures were designed with the ggplot2 package. ANOVA and ANCOVA models were
performed with the lm function. For the backward stepwise elimination process the step
function from the stats package was used. The variance inflation factor was calculated with the
vif function of the faraway package. Tukey’s test and PCA were performed with the TukeyHSD
and the prcomp functions, respectively, of the stats package. The Structural Equation Modeling
was performed with the sem function from the lavaan package (Rosseel, 2012).

4.3 Results
4.3.1 Annual nutrient leaching from the topsoil in grassland
The median nitrate (annual) leaching flux at a depth of 10 cm was 7.4 kg NO3-N ha-1
(interquartile range: 2.2-22.2 kg NO3-N ha-1) over the three study regions and increased in the
order ALB<SCH=HAI (Figure 4.2a). The leaching of the less mobile ammonium was
4.4 kg NH4-N ha-1 (interquartile range: 3.8-6.0 kg NH4-N ha-1) and increased in the order
HAI<ALB=SCH (Figure 4.2b). The cumulative inorganic N (NH4-N+NO3-N) leaching
followed the patterns of nitrate leaching and increased in the order ALB<SCH=HAI,
underlining the importance of nitrate for total N losses. The median phosphate leaching flux
was 0.8 kg PO4-P ha-1 (interquartile range: 0.6-1.7 kg PO4-P ha-1) over the three study regions
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and there were no detectable differences among the three study regions (Figure 4.2c). Lastly,
the median sulphate leaching flux was 21.8 kg SO4-S ha-1 (interquartile range: 13.729.5 kg SO4-S ha-1) and leaching fluxes in SCH were significantly higher than ALB
(Figure 4.2d), but not than HAI. Nutrient leaching fluxes differed among the three study
regions and each nutrient followed a different leaching pattern. The three study sites differ in
atmospheric N inputs, which can be relevant for inorganic N leaching since, for instance, the
annual bulk deposition of total N in SCH (11.8±1.7 kg N ha-1, Schwarz et al., 2014) is nearly
four times higher than the annual fertilization inputs (Table 4.1). Nutrient leaching patterns
differed from the patterns of soil nutrient concentrations for nitrate, phosphate and sulphate,
while ammonium leaching differences among the study regions matched those of soil N
concentrations (Table 4.1).

Figure 4.2 Annual leaching in a depth of 10 cm of (a) nitrate (NO3-N), (b) ammonium (NH4N), (c) phosphate (PO4-P) and (d) sulphate (SO4-S) for the three study regions; SchwäbischeAlb (ALB), Hainich-Dün (HAI) and Schorfheide-Chorin (SCH). Bars show average values and
error bars represent standard deviations. Numbers at the base of the bars show the number of
observations. Lower case letters indicate significant (p-value <0.05), and asterisks indicate
marginal (0.10< p-value ≤0.05) differences among the study regions based on ANOVA and
Tukey’s HSD models.

4.3.2 Management effects on nutrient leaching
Including management intensities and selected soil, plant and microbial properties in
our ANCOVA models for nitrate, ammonium and phosphate annual leaching (Table 4.2)
considerably increased the explained variance compared to models including only soil
properties (Table S4.1). Our models explained 39, 27, 23 and 38% of the variance in nitrate,
ammonium, phosphate and sulphate leaching, respectively (Table 4.2). Study regions were
important predictors of leaching for every nutrient. Fertilization intensity increased nitrate,
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ammonium and phosphate annual leaching, while grazing had an increasing effect only on
nitrate and phosphate leaching. Management was not important for sulphate leaching. Plant
aboveground biomass was positively related to ammonium and phosphate leaching, but it had
a negative effect on sulphate leaching. Plant species richness was negatively associated with
nitrate leaching, and it was not important for the other nutrients. The relative cover of legumes
was marginally (and positively) related to nitrate leaching, and that of grasses was negatively
related to nitrate leaching. Soil OC was positively related to ammonium leaching. Finally,
microbial biomass C was negatively associated with ammonium and phosphate leaching, but
it was positively associated with sulphate leaching.
4.3.3 Management and stoichiometry effects on nutrient leaching
According to our Structural Equation Models, fertilization intensity had (direct)
positive effects on nitrate, ammonium and phosphate leaching risk, but not on sulphate, and
these effects were not explained by plant species richness or soil, plant and microbial
stoichiometry (Figure 4.3). Similarly, grazing intensity had direct positive effects on nitrate
and phosphate leaching, but not on ammonium or sulphate. Plant species richness was directly
associated with ammonium and sulphate leaching, and these relationships were negative and
positive, respectively. In contrast to our ANCOVA model (Table 4.2), plant species richness
was not directly related to nitrate leaching (Figure 4.3a).
Interestingly, soil, plant and microbial C:N ratios were not associated with fertilization
intensity directly, but rather indirectly through plant species losses caused by fertilization. In
contrast, grazing intensity was not related to C:N ratios directly or indirectly. A higher plant
species richness was associated with higher C:N ratios of soils, plants and microbial biomass.
Both plant and microbial C:N ratios had a negative relationship with nitrate leaching, while
soil and plant C:N ratios had a positive relationship with ammonium leaching. In a similar
model with N pools instead of C:N ratios, microbial and plant N were positively linked to
nitrate leaching, and plant N was negatively linked to ammonium (Figure S4.1a, b).
Grazing and fertilization intensities were negatively associated with C:P ratios of plants
and soils and with microbial biomass C (no microbial P data available) (Figure 4.3c). Apart
from management, soil C:P ratio was the only parameter related to phosphate leaching, and
this relationship was negative. In a similar model with P pools instead of C:P ratios, soil
inorganic P was positively related to phosphate leaching, while plant P and microbial C were
not important (Figure S4.1c).
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Table 4.2 ANCOVA models of nutrient annual leaching with management intensities and
plant, microbial and soil properties. Full models were stepwise reduced. Study region effects
are given relative to the Schwäbische-Alb region. Significant predictors are given in bold.
Abbreviation: HAI =Hainich-Dün; SCH =Schorfheide-Chorin; Microbial C =Microbial carbon
concentration; SOC =Soil organic carbon concentration.
Annual leaching

Parameter
Intercept
Region HAI
Region SCH
Fertilization
Grazing
Plant abov. biomass
Plant species richness
Legume cover
Grass cover
Microbial C
Soil OC conc.
Annual leaching

Parameter
Intercept
Region HAI
Region SCH
Fertilization
Grazing
Plant abov. biomass
Plant species richness
Legume cover
Grass cover
Microbial C
Soil OC conc.

NO3-N
df=138

NH4-N
df=135

Model p

R2=0.39
t-value
3.51
6.64
3.51
2.54
2.21
-2.89
1.83
-3.55
1.38
1.50
PO4-P
df=142
R2=0.23
t-value
0.89
-1.30
-3.60
2.31
2.57
3.06
-2.20
-

<0.001
R2=0.27
p-value
t-value
<0.001
2.96
<0.001
-3.14
<0.001
-1.11
0.012
2.74
0.029
3.19
0.004
0.069
<0.001
0.170
-2.49
0.137
1.99
SO4-S
Model p df=142
<0.001
R2=0.38
p-value
t-value
0.374
6.29
0.195
5.16
<0.001
3.46
0.022
0.011
0.003
-2.29
-1.63
1.69
0.030
6.46
-

Model p
<0.001
p-value
0.004
0.002
0.270
0.007
0.002
0.014
0.048
Model p
<0.001
p-value
<0.001
<0.001
<0.001
0.024
0.105
0.094
<0.001
-

For S, no information on plants or microbes was available. Microbial C and plant
species richness were (directly) positively related to sulphate leaching (Figure 4.3d). However,
plant species richness was negatively linked to microbial C, and therefore its effect on sulphate
leaching was offset. Soil C:S ratio was directly associated with fertilization or grazing
intensities, and it was only marginally associated with sulphate leaching. In a similar model
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with soil S concentration instead of C:S ratio, soil S was positively related to sulphate leaching,
and there were no other effects from management, plants or microbial biomass on sulphate
leaching (Figure S4.1d). The total (net direct and indirect) effects of management on sulphate
leaching were negative and rather small (Table S4.3).

Figure 4.3 Structural Equation Models for (a) nitrate, (b) ammonium, (c) phosphate and (d)
sulphate annual leaching explained by fertilization and grazing intensities, plant species
richness and stoichiometry of soils, plants and microbial biomass. Endogenous variables are
included as residuals after removing the effect of study regions. Single-headed arrows indicate
direct causal paths and double-headed arrows indicate covariances. Solid, blue arrows indicate
positive effects and dashed, red arrows indicate negative effects. Grey arrows indicate paths of
marginal significance. Standardized path coefficients are given together with their significance
level (*p <0.050; **p <0.010; ***p <0.001). Coefficients of determination are given for the
response variables.

4.3.4 Effects of plant community trait on nutrient leaching
Based on backwards stepwise analyses and ANCOVA models, we identified CWM
plant traits that were important for nutrient leaching (Table S4.2). Each nutrient had a different
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set of important CWM plant traits, while for sulphate leaching none of the traits was important.
Our Structural Equation Models show that fertilization and grazing intensities exhibited
multiple indirect effects on nutrient leaching via CWM plant traits, in addition to their direct
effects (Figure 4.4). Interestingly, while plant species richness was only affected by
fertilization, CWM plant traits were, typically, influenced by both grazing and fertilization,
though grazing acted more strongly on aboveground traits (with the exception of specific root
length) than fertilization. Fertilization and grazing intensification seem to have shifted plant
communities towards more resource acquisitive, fast growing species with higher leaf N and
P, and lower leaf dry matter content and root tissue density (Figure 4.1). However, grazing was
also negatively associated with specific root length.
Fine root diameter directly increased and leaf dry matter content directly decreased
nitrate leaching (Figure 4.4a). Microbial N mediated positive indirect effects from fine root
diameter and leaf dry matter content on nitrate leaching. Interestingly, plant species richness
directly decreased nitrate leaching, even after including selected CWM plant traits and
microbial N in our model. In contrast, plant and microbial C:N ratios (from field
measurements) fully mediated the effects of plant species richness on nitrate leaching, but, in
that model too, the total effect was negative (Figure 4.3a).
Root tissue density was marginally (and positively) linked to ammonium leaching, and
leaf dry matter content was marginally (and negatively) linked to it (Figure 4.4b, Table S4.2).
Plant species richness was again negatively associated with ammonium leaching. Leaf P
increased phosphate leaching, and it mediated indirect positive effects from both fertilization
and grazing intensities on phosphate leaching (Figure 4.4c). Specific root length was positively
linked to sulphate leaching, and it mediated a indirect negative effect from grazing intensity on
sulphate leaching (Figure 4.4d). Finally, leaf N marginally (and negatively) related to sulphate
leaching, and it mediated indirect negative effects by both fertilization and grazing intensities
on sulphate leaching.

4.4 Discussion
We measured the annual leaching of nitrate, ammonium, phosphate and sulphate from
the upper 10 cm of soil in 150 temperate managed grasslands to assess effects of management,
as well as interactive effects of management intensity with soil, plant and microbial properties.
We show that all factors involved, i.e. management, soils, plants (species richness and
functional composition) and soil microorganisms, are closely interlinked and jointly affect
nutrient leaching.
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Figure 4.4 Structural Equation Models for (a) nitrate, (b) ammonium, (c) phosphate and (d)
sulphate annual leaching explained by fertilization and grazing intensities, plant species
richness and selected CWM plant traits (LDMC: leaf dry matter content; Fine root diam.: fine
root diameter; Root tis. dens.: root tissue density; Leaf P or N: leaf phosphorus or nitrogen;
Specific root length). Endogenous variables are included as residuals after removing the effect
of study regions. Single-headed arrows indicate direct causal paths and double-headed arrows
indicate covariances. Solid, blue arrows indicate positive effects and dashed, red arrows
indicate negative effects. Grey arrows indicate paths of marginal significance. Standardized
path coefficients are given together with their significance level (*p <0.050; **p <0.010;
***p <0.001). Coefficients of determination are given for the response variables.

4.4.1 Management intensification directly increases nutrient leaching risk
Previous studies stressed the importance of grazing, and the associated dung and urine
patches, for nitrate leaching (Ledgar et al., 2009), and they associated (grazed) pastures with
higher nitrate leaching risk than (mown) meadows (Cameron et al., 2013; Ryden et al., 1984).
In this study, nitrate leaching risk significantly increased with both fertilization and grazing
intensity (Table 4.2, Figure 4.3). We observed that fertilized grasslands also have an elevated
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nitrate leaching risk, and we extended previous findings from mostly short-term observations
(Klaus et al., 2018) to an annual timescale. In addition, ammonium annual leaching risk
increased with fertilization intensity, but not with grazing (Table 4.2). This is possibly because
grazing increases N inputs as urea, which is quickly oxidized to nitrate (in various soil types,
Soulides and Clark, 1958; Tzanakakis et al., 2018), especially since management
intensification increases nitrification rates (Stempfhuber et al., 2014). Considering both nitrate
and ammonium, we conclude that fertilization intensity is more important than grazing for total
inorganic N leaching across an annual timescale.
Agricultural activities are responsible for excess P losses via leaching, which contribute
to the degradation of (surface) aquatic ecosystems due to eutrophication (SOER, 2020). We
found that managed grasslands can also have a high P leaching risk, since annual phosphate
leaching at 10 cm soil depth were frequently greater than 0.8 kg PO4-P ha-1 (overall median)
(Figure 4.2). Such fluxes are higher than leaching losses from the subsoil of other agricultural
land-uses, like croplands (Leinweber et al., 1999). However, P leached from the topsoil, as
measured in our study, can still be fixed in the subsoil, or be taken up by plants (Kuhlmann and
Baumgärtel, 1991), and so it may not reach aquatic ecosystems. Therefore, our study can only
identify an increased nutrient loss risk due to management intensification. However, the P
sorption capacity in subsoils depends on soil texture and pH, and it could, at some point, be
exceeded with long term excess P supply (Gocke et al., 2021; Werner et al., 2006), especially
in sandy soils, such as those in SCH (Table 4.1). Overall, we found that phosphate leaching
significantly increased with management intensity (Table 4.2), and that fertilization and
grazing equally increased phosphate loss risk.
Compared to N and P, little is known for S cycling in temperate managed grasslands.
Due to ample atmospheric S depositions in the past, temperate soils are typically considered to
be S-rich. However, concerns that S might be a limiting resource for plant production and
quality have been raised (Eriksen, 2009; Mathot et al., 2008). In this study, sulphate was the
only nutrient for which management intensity reduced its leaching, and this operated indirectly
(Figure S4.1d). Both grazing and fertilization reduced soil S concentrations, and, thus, sulphate
leaching. A possible explanation is that management intensification increases plant
productivity, which creates higher S demands and plant uptake (Eriksen, 2009), eventually
leading to increased export of S from the ecosystem with harvest or grazing. This is supported
by a negative relationship between aboveground plant biomass and sulphate leaching in our
grasslands (Table 4.2). Another explanation for management-dependent reductions in soil S is
the desorption of sulphate from soil minerals due to phosphate additions, since phosphate is
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adsorbed more strongly than sulphate (Bolan et al., 1988). However, this process should have
led to increased sulphate leaching risk with increased fertilization, which we did not observe.
The lack of information on P and S fertilization rates might obscure additional effects from
fertilization on sulphate leaching.
4.4.2 Management changes in soil, plant and microbial stoichiometry and their effects
on nutrient leaching risk
Soil and plant stoichiometry were indirectly affected by fertilization, since their C:N
ratios were negatively associated with fertilization-induced reductions in plant species richness
(Figure 4.3a). In addition, both grazing and fertilization had a direct negative relationship with
soil N, while fertilization was indirectly associated with soil N and plant N in a positive way,
via plant species richness (Figure S4.1a). This suggests that fertilizer N might be first taken up
by plants and afterwards returned to the soil as litter, controlling thus soils nutrient pools and
stoichiometry.
The positive effect of plant N on nitrate leaching (Figure S4.1a) indicates faster
mineralization of N-rich litter under high management intensity. Meanwhile the negative effect
of plant N on ammonium leaching (Figure S4.1b) could be similarly explained by higher
nitrification rates in intensively managed grasslands (Stempfhuber et al., 2014), or,
alternatively, by a preference for ammonium uptake by plants. In contrast to plant N, plant
biomass production, which increases with management intensification (Klaus et al., 2018), was
positively related to ammonium leaching (Table 4.2). This could be explained by increased
above- and belowground litter inputs, and thus increased soil organic N (Leimer et al., 2016),
which are then mineralized to ammonium.
In contrast to ammonium, nitrate leaching risk was also controlled by microbial
properties. Microbial nitrification, following soil organic N mineralization, could explain the
positive relationship between microbial biomass N and nitrate leaching. Management intensity,
and especially fertilization, was shown to increase the nitrification potential of the studied soils
(Meyer et al. 2013; Stempfhuber et al., 2014). Therefore, fast nitrification of ammonium at
fertilized sites with low C:N ratios could be the reason for the observed reduction of ammonium
leaching with increasing microbial biomass C (Table 4.2), and for the observed increase of
ammonium leaching risk with increasing soil C:N ratio (Figure 4.3b).
Interestingly, the microbial C:N ratio was negatively linked with nitrate leaching risk
(Figure 4.3a), indicating that leaching was not only affected by changes in plant communities,
but also microbial communities (Figure S4.2). This may be because the less nutrientdemanding, more fungal-dominated communities at extensively managed, botanically diverse
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grasslands are capturing N more effectively, and prevent leaching (de Vries et al., 2006).
Alternatively, it may be that the turnover and decomposition of fungal-derived, N-poor
necromass is low. In contrast to the latter, evidence from short-term observations suggests that
microbial communities that are not N-limited, increase N retention in the plant-soil system (de
Vries and Bardgett, 2016). To our knowledge, our work is among the few studies showing such
a clear relationship between microbial biomass and annual nitrate leaching in managed
grasslands under field conditions.
Microbial biomass N had a positive effect on nitrate leaching risk (Figure S4.1a). In
experimental grasslands, the negative effect of microbial biomass on the leaching of dissolved
organic N has been attributed to enhanced mineralization (Leimer et al., 2016), which could
explain higher soil nitrate concentrations and, thus, leaching. Previous work has shown that N
additions can increase or decrease microbial biomass (Dietrich et al., 2017; Lu et al., 2015).
Soil microbial communities are also influenced by plant communities, mainly through changes
in N availability (Moreau et al., 2015), and perhaps to a greater extent than by management
intensity in our study sites (Boeddinghaus et al., 2019). In our study, management intensity
directly reduced microbial biomass N (and C), but the net effect was still close to neutral,
because the fertilization-induced reduction in species richness increased it again
(Figure S4.1a). This suggests that relations between long-term fertilizer additions and
microbial biomass in managed grasslands are modified by plant communities and that the
observed responses of microbial activity to short-term fertilizer additions to soils in the
laboratory, where plant communities are absent, might not be representative of field conditions.
Phosphate leaching risk was mainly associated with soil inorganic P and C:P ratio,
which were both positively related to plant P and C:P ratios (Figure 4.3c, S4.1c). Accordingly,
fertilization-induced reductions in plant species richness increased phosphate leaching risk, due
to an increasing effect on soil inorganic P. In contrast to N, phosphate leaching was negatively
related to soil pH (Table S4.1), indicating high P immobilization as calcium phosphate in
alkaline soils.
4.4.3 Effects of plant functional groups and community traits on nutrient leaching risk
We observed that the functional group of legumes was positively (but marginally)
associated with annual nitrate leaching risk, while the group of grasses was negatively (and
significantly) associated (Table 4.2). Neither of them was as important for ammonium,
phosphate and sulphate leaching risk. A positive relationship between legumes and nitrate
leaching can be explained by increased N availability caused by their N-fixing ability and N
rich tissues (Leimer et al., 2015). Grasses decrease nitrate leaching due to increased N
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acquisition and/or more efficient use of N and water (de Vries and Bardgett, 2016; Leimer et
al., 2016) and due to their, typically, lower tissue N content. Indeed, we observed that legume
cover was positively correlated with CWM leaf N, and that grass cover was negatively
correlated with CWM fine root diameter (Figure 4.1), which could, at least partly, explain the
functional group effects on nutrient leaching.
Plant traits give hints on the importance of plant nutrient acquisition for nutrient
leaching. In accordance with the observation that phosphate and sulphate leaching risk were
more related to soil properties than inorganic N (Table S4.1), plant traits were less important
for them, too (Table S4.2). We identified the CWM leaf dry matter content as an important
predictor of inorganic N leaching (Table S4.2, Figure 4.4), reducing both, nitrate and
ammonium leaching risk. This effect could be explained by a slower and more efficient N
cycling in conservative than exploitative plant communities (Kleinebecker et al., 2014), and/or
by lower N inputs in the soil system since leaf dry matter content was negatively related to i)
fertilization, ii) legume cover and iii) CWM leaf N (Figure 4.1). The positive relationship
between CWM fine root diameter and nitrate leaching risk could be explained by a reduced
nutrient uptake efficiency with coarser roots. For ammonium, leaching risk was related to root
tissue density (Figure 4.4b), where a higher root tissue density would indicate coarser fine roots
(Figure 4.1) and a reduced nutrient uptake potential.
To date, it is not clear whether conservative, slow-growing plant communities, or
exploitative, fast-growing plant communities lead to a greater N retention in the soil, plant and
soil microorganisms’ system. For instance, conservative plant communities can lead to
decreased N retention due to low N acquisition rates (de Vries and Bardgett, 2016), and
exploitative plant communities can lead to enhanced N cycling and high N availability, and
eventually high leaching risk (de Vries et al., 2012; Grigulus et al., 2013; Robson et al., 2010).
We observed a differentiation between the effects of above- and belowground traits on
inorganic N leaching risk, similar to findings on N-related ecosystem functions by de Vries and
Bardgett (2016). Conservative aboveground plant traits reduced inorganic N leaching risk,
while conservative belowground traits increased it (Figure 4.4). Regarding our third
hypothesis, we suggest that management intensity, and especially fertilization, shifted mostly
the aboveground plant traits towards values more representative of exploitative communities
(Figure 4.1; Allan et al., 2015; Busch et al., 2018; Zobel et al., 2007), which are characterized
by a fast tissue turnover and decomposition (Lavorel et al., 2010), and, thus, influenced their
association with annual N leaching risk.
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4.4.4 Plant diversity reduces inorganic N leaching risk
Previous studies have reported a negative relationship between plant diversity and
nitrate availability or leaching in managed and experimental grasslands (Leimer et al., 2016;
Niklaus et al., 2001), but effects on ammonium leaching are less often described (Leimer et al
2015). Here, plant species richness was negatively associated both with nitrate and ammonium
leaching risk, even after considering fertilization intensity (Table 4.2, Figure 4.3b).
Interestingly, the negative effect of plant species richness on nitrate leaching was completely
mediated by higher plant and microbial C:N ratios (and lower N) in more botanically diverse
grasslands (Figure 4.3a, S4.1a), while aboveground plant biomass was not selected as a
predictor for nitrate. In contrast to nitrate, the negative effect of plant species richness on
ammonium leaching was not completely mediated by stoichiometry, element pools or CWM
plant traits (Figure 4.3b, S4.1b, 4.4b). However, it could be explained by the negative
relationship between plant (aboveground) productivity and species richness in managed
grasslands (Klaus et al., 2018) since plant productivity was positively associated with
ammonium leaching (Table 4.2). Alternatively, it could be explained by niche complementarity
and ammonium uptake by plants in species-rich grasslands, as shown for plant species identity
and functional groups (Kahmen et al., 2006). In addition, the negative relationship between
plant species richness and plant N led to a positive indirect effect on ammonium leaching risk
(Figure S4.1b). The negative relationship between plant species richness and plant N could be
explained by fertilization that simultaneously causes plant biomass N enrichment and plant
species losses, and/or by an increased plant N use efficiency with increasing plant diversity in
grasslands (Dias et al., 2010; Fargione et al., 2007). To conclude, in terms of net effects, plant
species richness was negatively associated both with nitrate and ammonium leaching risk, and
the stoichiometry of soils, plants and soil microorganisms, as well as several CWM plant traits,
mediated most of the effects.
4.4.5 Fertilization has a stronger impact on inorganic N leaching than grazing
In line with our hypotheses, management intensification shifted the stoichiometry of
soils, plants and soil microorganisms, as well as plant communities’ functional traits, in ways
that increased the leaching risk of nitrate, ammonium and, to a lesser extent, phosphate, but not
of sulphate. Plant species richness was significantly reduced by fertilization, and mediated most
of the indirect effects of fertilization intensity on nutrient leaching, but it was not affected by
grazing. Comparing net effects (Table S4.3), we found that fertilization had a stronger impact
on inorganic N leaching risk compared to grazing, but not on phosphate or sulphate.
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4.5 Conclusions
We identified that management intensity, and especially fertilization, not only promote
nutrient leaching risk directly, but also indirectly by changing the properties of soils, plant and
microbes. Most of the indirect effects of management on nutrient leaching were mediated by
fertilization-induced reductions in plant species richness. While ceasing fertilization will
reduce its direct effect on N and P leaching over a relatively short period in time, some of these
changes, such as a loss in plant diversity and functional changes in plant communities, are not
immediately reversible. Thus, management intensification changes the risk of nutrient leaching
on the long-term and active (restoration) measures to maintain diverse plant communities are
needed, which might, in return, mitigate the increased leaching risk that management
intensification imposes on grasslands. Finally, we showed that, when considering both direct
and indirect effects, fertilization leads to higher inorganic N leaching risk in the topsoil than
grazing, while both practices increase phosphate leaching risk. As such, shifting grassland
management towards (mowed) meadows instead of (grazed) pastures should not be considered
as a management strategy for N leaching mitigation, as long as meadows are fertilized.
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4.6 Supplementary material
Table S 4.1 ANCOVA models (sum of squares type II) of nitrate, ammonium, phosphate and
sulphate annual leaching with soil properties. Full models were stepwise reduced. Study region
effects are given relative to the Schwäbische-Alb region. Significant predictors are given in
bold. Abbreviation: HAI =Hainich-Dün; SCH =Schorfheide-Chorin; OC =Organic Carbon; Al
=aluminum.
Annual leaching

Parameter
Intercept
Region HAI
Region SCH
Silt content
Clay content
Bulk density
Soil pH
Cation Exch. Capacity
Soil OC conc.
Soil Al conc.
Annual leaching

Parameter
Intercept
Region HAI
Region SCH
Silt content
Clay content
Bulk density
Soil pH
Cation Exch. Capacity
Soil OC conc.
Soil Al conc.

NO3-N

NH4-N

df=136

Model p

df=137

R2=0.24
t-value
4.36
4.99
1.66
-2.01
3.22
-2.69
PO4-P
df=138
R2=0.12
t-value
3.54
2.29
-2.44
-1.24

<0.001
R2=0.17
p-value
t-value
<0.001
2.57
<0.001
-2.57
0.099
0.54
0.046
2.49
0.002
1.45
0.008
SO4-S
Model p df=135
<0.001
R2=0.40
p-value
t-value
<0.001
5.05
3.94
3.51
1.96
2.21
0.023
-3.54
0.016
-1.49
0.219
-

Model p
<0.001
p-value
0.011
0.011
0.593
0.014
0.149
Model p
<0.001
p-value
<0.001
<0.001
<0.001
0.052
0.029
<0.001
0.140
-
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Table S 4.2 ANCOVA models (sum of squares type II) of nitrate, ammonium, phosphate and
sulphate annual leaching with plant species richness and seven plant (community weighted
mean) traits. Full models were stepwise reduced. Traits that were never selected in the final
models are not shown. Study region effects are given relative to the Schwäbische-Alb region.
Significant predictors are given in bold. Abbreviation: HAI =Hainich-Dün; SCH =SchorfheideChorin; Leaf N =leaf nitrogen; Leaf P =leaf phosphorus.
Annual leaching

Parameter
Intercept
Region HAI
Region SCH
Plant species richness
Leaf dry matter content
Leaf N
Fine root diameter
Root tissue density
Specific root length
Annual leaching

Parameter
Intercept
Region HAI
Region SCH
Plant species richness
Leaf dry matter content
Leaf P (or N)
Fine root diameter
Root tissue density
Specific root length

NO3-N
df=142
R2=0.31
t-value
0.86
5.11
2.43
-4.19
-2.23
2.60
PO4-P
df=144
R2=0.17
t-value
1.40
-1.82
-2.67
-1.44
2.23
-

Model p
<0.001
p-value
0.391
<0.001
0.017
<0.001
0.027
0.010
Model p
<0.001
p-value
0.164
0.070
0.008
0.152
0.028
-

NH4-N
df=133
R2=0.22
t-value
6.39
-2.77
-0.06
-3.12
-1.99
1.58
SO4-S
df=143
R2=0.16
t-value
1.49
2.99
2.41
-1.82
-1.71
1.92

Model p
<0.001
p-value
<0.001
0.006
0.950
0.002
0.049
0.117
Model p
<0.001
p-value
0.139
0.003
0.017
0.071
0.090
0.057
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Table S 4.3 Net effect of fertilization intensity, grazing intensity and plant species richness on
nitrate, ammonium, phosphate and sulphate annual leaching according to the Structural
Equation Models with stoichiometric ratios (Figure 4.3) and CWM plant traits (Figure 4.4).
Net effects and p-values were calculated with the lavaan package in R. Significant net effects
are given in bold.
Structural Equation
Models with
Stoichiometry
Nitrate leaching
Ammonium leaching
Phosphate leaching
Sulphate leaching
CWM plant traits
Nitrate leaching
Ammonium leaching
Phosphate leaching
Sulphate leaching

Grazing

Fertilization

Plant species richness

+0.25 (p=0.001)
0
+0.25 (p=0.001)
-0.05 (p=0.087)

+0.28 (p<0.001)
+0.32 (p<0.001)
+0.26 (p=0.001)
-0.07 (p=0.158)

-0.15 (p<0.001)
-0.13 (p=0.133)
0
-0.04 (p=0.664)

+0.18 (p=0.019)
+0.04 (p=0.117)
+0.26 (p=0.001)
-0.09 (p=0.008)

+0.25 (p=0.002)
+0.30 (p<0.001)
+0.24 (p=0.002)
-0.05 (p=0.091)

-0.38 (p<0.001)
-0.20 (p=0.035)
0
0
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Figure S 4.1 Structural Equation Models for (a) nitrate, (b) ammonium, (c) phosphate and (d)
sulphate annual leaching explained by fertilization and grazing intensities, plant species
richness and C, N, P or S concentrations of soils, plants and microbial biomass. Endogenous
variables are included as residuals after removing the effect of study regions. Single-headed
arrows indicate direct causal paths and double-headed arrows indicate covariances. Solid, blue
arrows indicate positive effects and dashed, red arrows indicate negative effects. Grey arrows
indicate paths of marginal significance. Standardized path coefficients are given together with
their significance level (*p <0.050; **p <0.010; ***p <0.001). Coefficients of determination
are given for the response variables.
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Figure S 4.2 Structural Equation Models for microbial biomass (a) carbon, (b) nitrogen and
(c) C:N ratio explained by fertilization intensity, plant species richness and Fungi:Bacteria
ratio. Endogenous variables are included as residuals after removing the effect of study regions.
Single-headed arrows indicate direct causal paths and double-headed arrows indicate
covariances. Solid, blue arrows indicate positive effects and dashed, red arrows indicate
negative effects. Grey arrows indicate paths of marginal significance. Standardized path
coefficients are given together with their significance level (*p <0.050; **p <0.010;
***p <0.001). Coefficients of determination are given for the response variables.
Fungi:Bacteria ratio is calculated from Phospholipid-derived fatty acids data obtained by
Boeddinghaus et al. (2019; https://doi.org/10.1111/1365-2745.13182).
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5 General discussion and synthesis
5.1 In-situ soil respiration in temperate ecosystems
5.1.1 The role of land-use
Soil respiration varies between different land-use types, like forests and grasslands. For
instance, early summer in-situ soil respiration ranges from 0.9 to 4.9 gCO2-C m-2 d-1 in
temperate forests (Borken and Beese, 2005; Borken et al., 2002; Berger et al., 2010; Kukumägi
et al., 2017; Vesterdal et al., 2012; Søe and Buchmann, 2005), while values >5.0 gCO2-C m2

d-1 are frequent in temperate grasslands (Bahn et al., 2008; Burri et al., 2014; Koncz et al.,

2015; Moinet et al., 2019). In line with the literature, in this study, in-situ soil respiration in
grasslands was significantly higher than in forests for every study region and year, with the
exception of HAI in 2018 where the two land-uses did not differ (Figure 5.1a).
Soil respiration differs between temperate forests and grasslands because different landuse types shape distinct environmental conditions in the ecosystems. Regarding the climatic
conditions, grasslands had, on one hand, always higher soil temperature compared to forests
(Figure 5.1b), which can result in a higher metabolic activity of soil organisms (Alvarez et al.,
1995). However, on the other hand, grasslands had often lower soil water content compared to
forests, as found in HAI and SCH (considering only mineral soils; Figure 5.1c), which strongly
limits microbial activity (Moyano et at al., 2013). Differences between soil temperature and
water content in forests and grasslands can possibly be explained by i) the (overstory and
understory) canopy shading effect in forests compared to grasslands, ii) the biomass removal
in grasslands that exposes soil surface to the sunlight, and iii) the ability of trees to acquire
water from deeper soil.
Besides climatic conditions, soil properties can also contribute to differences in soil
respiration rates between forests and grasslands. In the Biodiversity Exploratories project,
grasslands have higher soil pH and organic carbon concentration in the mineral soil than forests
and lower soil C:N ratio than forests (Table 2.2 and 3.2; Herold et al., 2014b; Solly et al., 2014),
which can lead to higher microbial activity and heterotrophic respiration (Hobbie et al., 2007).
Compared to forests, grasslands have higher decomposition rates of above- and belowground
plant litter (Solly et al., 2014; Zhang et al., 2008). Similarly, in an incubation study, temperate
grasslands exhibited higher mineralization rates of OC compared to forests, which was
attributed to higher microbial biomass in the former (Gan, 2019). In addition, grasslands have
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Figure 5.1 (a) Soil respiration, (b) temperature (at 5 cm soil depth) and (c) volumetric water
content (at 10 cm soil depth) in 2018 and 2019 for the three study regions; Schwäbische-Alb
=ALB; Hainich-Dün =HAI and Schorfheide-Chorin =SCH. Bars show mean values and error
bars show standard deviations. Numbers at the base of the bars indicate the number of
observations available in each study region and year. Lower-case letters indicate differences
between forest and grassland ecosystems in a given study region and year.
94

General Discussion and Synthesis

higher fine root biomass than forests (in the upper 10 cm of mineral soil, Solly et al., 2014),
which can lead to higher autotrophic respiration rates in grasslands. Overall, this evidence
supports the higher in-situ soil respiration rates observed in temperate grasslands compared to
forests, but it is unclear if drought would influence the two land-use types in a similar, or
differential, way.
Both forests and grasslands had in-situ soil respiration values that matched the lower
part of the aforementioned literature range (i.e. <4.9 gCO2-C m-2 d-1 in temperate forests and
>5.0 gCO2-C m-2 d-1 in temperate grasslands), indicating that drought events in 2018 and 2019
suppressed soil respiration in both land-use types. This study cannot conclude which of the two
land-use types was more severely impacted by drought in terms of C cycling, because in-situ
soil respiration data from wetter summers were not available. However, it is interesting that
grasslands exhibited, in general, higher in-situ soil respiration fluxes compared to forests,
despite the often-lower soil water content in grasslands with mineral soils (Figure 5.1a, c).
Based on the higher C losses via respiration in grasslands than in forests, even under the
extreme conditions of a drought, I suggest that grasslands might provide more opportunities
for reductions in CO2 emissions from soils through sustainable management than (more) nearnatural ecosystems, like forests.
5.1.2 The role of land management
Forest properties, as shaped by silvicultural management, influence in-situ soil
respiration (Figure 2.3). After examining seven different forest properties, mean diameter at
breast height (both in 2018 and 2019) and conifer share (only in 2018) were important
predictors of soil respiration under the prevailing dry conditions (Figure 2.4). In more detail,
this study found that forest stands with low mean diameter at breast height and/or stands with
high conifer share have lower summer soil respiration compared to stands with bigger trees
and/or stands with more deciduous trees. However, droughts impose a strong disturbance on
biological processes such as the soil microbial and root activity (Nikolova et al., 2009), and,
thus, the dry conditions in this study might have masked effects from other factors, such as the
tree species richness, on soil respiration and/or altered the magnitude of their effects.
Similar to silvicultural management, this study shows that grassland management
influences in-situ soil respiration indirectly. In more detail, grazing and fertilization intensities
were not important predictors of in-situ soil respiration (Table 3.3), but when indirect effects
through soil and plant properties were considered by means of Structural Equation Modeling,
we found that fertilization caused several positive (i.e. increasing) effects on soil respiration
(Figure 3.2a, c). Fertilization resulted in plant species loss which decreased the C:N ratios of
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soils and plants, and soil (both in 2018 and ’19) and plant (only in 2019) C:N ratios were
negatively associated with soil respiration (Figure 3.2a, c). In addition, and in accordance with
previous findings on basal respiration (Dietrich et al., 2017), this study reports a dependence
of fertilization-induced effects on soil respiration from the climatic conditions, with stronger
effects under wetter (here 2019) than drier (here 2018) years (Figure 3.2b, d). Similar to earlier
studies (De Deyn et al., 2011), this Thesis suggests that C mineralization depends on the
climatic conditions, i.e. soil water availability, and the quality of plant litter and soil organic
matter.
Silvicultural and grassland management follow distinct practices and time scales. For
this reason, a direct comparison of the effects of management on in-situ soil respiration between
forests and grasslands is impractical. I could tentatively suggest that, while soil respiration in
grasslands increased with fertilization intensity, silvicultural intensification seemed to lead to
lower fluxes. For the latter, this is shown by a positive link between mean diameter at breast
height and soil respiration and a negative link between conifer share and soil respiration.
However, in contrast to grasslands, I observed that forest in-situ soil respiration i) was not
related to (organic layer and mineral) soil organic carbon concentrations and C:N ratios, and
ii) it was positively related to fine root biomass. This indicates that forest in-situ soil respiration
might originate mainly from autotrophic respiration under the conditions of a summer drought.
For this reason, I cannot conclude on the importance of ecosystem management for C cycling
between the two land-use types.
5.1.3 The role of soil, plant and microbial properties
In temperate forests, and in accordance with the literature (Luan et al., 2011; Søe and
Buchmann, 2005), fine root biomass was positively associated with soil respiration. In addition,
fine root biomass was the strongest and most reliable predictor of soil respiration between the
two sampling years, and it mediated effects from mean diameter at breast height, conifer share
and silt content (Table 2.5 and Figure 2.4). The strong relationship between fine root biomass
and soil respiration indicates the importance of autotrophic respiration (i.e. CO2 respired by
root, mycorrhiza and rhizospheric microorganism; Bond-Lamberty et al., 2004; Hanson et al.,
2000; Subke et al., 2006) for total in-situ soil respiration in early summer. Based on this
observation, together with the lack of a contribution from the organic layer in soil respiration
(Figure 2.2) and the lack of a relationship between soil organic carbon stocks (Table 2.5), I
suggest that forest soil respiration possibly originated from autotrophic respiration, while the
heterotrophic respiration was suppressed under the extreme conditions of a summer drought.
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In contrast to temperate forests, in-situ soil respiration in grasslands was not related to
fine root biomass (Table 3.3), and it was negatively related to soil and plant C:N ratios
(Figure 3.2), which suggests a dependency on the quality of the substrate for the heterotrophic
respiration. The main indication of suppressed respiration in grasslands was a positive
relationship with soil water content which suggests water-limiting conditions. The relative
contribution of autotrophic and heterotrophic respiration to total soil respiration, and their
response to drought, depends on the land-use type, management and environmental conditions
(Huang et al., 2018; Nikolova et al., 2009; Sun et al., 2019). So, droughts presumably
suppressed heterotrophic respiration to a lesser in grasslands than in forests.
Both in temperate forests and grasslands, in-situ soil respiration was positively related
to soil water content and silt content (Table 2.3 and 3.3). A positive relationship between soil
respiration and soil water content can indicate water-limiting conditions both for heterotrophic
and autotrophic respiration (Moyano et at al., 2013; Sun et al., 2019). Soil texture is important
for water and gas fluxes in soils, and the positive effect of silt on respiration is presumably
related to this. Apart from the ecological significance of silt content for soil water availability
(Salter and Williams, 1965), silt effects on soil respiration could be related to texture effects
on root distribution, soil organic carbon stability, or residual differences between the three
study regions. For example, in 2019, silt content effects on forest in-situ soil respiration was
completely mediated by soil water content (Figure 2.5), while, under the incubation conditions,
silt content effects were completely mediated by the mineral soil organic carbon concentration
(Figure 2.4e).

5.2 Nutrient leaching risk in temperate ecosystems
5.2.1 The role of land management
In Central Europe, groundwater bodies are characterized by high concentration of
nitrate which represents the loss of an important agricultural resource, and, at the same time, a
potential threat to human health and aquatic ecosystems (EEA, 2018; ESF, 2011). In the period
2012-2015, about 25% of the sampled groundwater bodies in Germany had nitrate
concentrations >50 mg L-1 (EU-Nitrate Directive, 2018), which is the threshold established by
World Health Organization for potable water (WHO, 2011). Agriculture is considered as a
main contributor of nutrients, and especially nitrate, in groundwater and surface water bodies,
and this can be deteriorated by improper management (EU-Nitrate Directive, 2018).
Fertilization increases N inputs in grasslands and increases the fraction of N in soils that are
available for leaching (Klaus et al., 2018; Rumpel et al., 2015). Grazing partially removes N
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from the ecosystem with the animal biomass, but it also returns N in soils as dung and urine
patches, in a form that is more soluble than in plant biomass and residues (Chardon et al., 2007;
Ledgar et al., 2009). Management intensification in temperate grasslands imposes a
considerable risk for nutrient losses via leaching.
Considering the difference between nitrogen inputs (i.e. fertilization) and outputs (i.e.
mowing), fertilized grasslands can have a positive or a negative N balance, while unfertilized
grasslands tended to have a negative N balance (Figure 5.2d). Moreover, while N inputs
increase plant biomass N (Figure 5.2b), unfertilized and low-input (e.g. <40 kg N ha-1)
grasslands can still have considerable N outputs with biomass mowing (Figure 5.2e). Based on
this, it was expected that unfertilized (and mostly grazed) grasslands would have lower
inorganic N leaching fluxes than intensively fertilized grasslands, due to a lower N availability.
However, grasslands with higher N outputs than inputs showed a wide range of inorganic N
leaching (from almost 0 to about 120 kg N ha-1) (Figure 5.2f, left panel). In addition, while
higher N inputs (e.g. 40-140 kg N ha-1) increased inorganic N leaching especially in HAI,
further increase in N inputs (150 to 350 kg N ha-1) did not result in increased inorganic N
leaching, presumably due to higher N outputs with mowing, as found in ALB. Unreasonably
high N inputs (i.e. >400 kg N ha-1) resulted in very high leaching fluxes (Figure 5.2f, right
panel). While previous studies associated pastures with a higher risk for nitrate leaching
(Cameron et al., 2013; Ryden et al., 1984), in this study, both fertilization and grazing
intensities increased inorganic N leaching risk.
Temperate grasslands are considered to have low P leaching compared to more
intensive agricultural land-uses, like croplands. This study reports phosphate leaching values
comparable to P losses from croplands (Leinweber et al., 1999), which could potentially lead
to environmental pollution issues. Similar to inorganic N, grassland management
intensification can lead to high P leaching risk in temperate regions (Chardon et al., 2007;
Heathwaite et al., 1997; Rumpel et al. 2015). Here, too, both fertilization and grazing intensities
increased phosphate leaching almost to the same extent (Table 4.2). Interestingly, fertilization
and grazing effects on phosphate leaching were found to be mostly direct ones, or mediated by
soil properties, but not mediated by plant or microbial properties (Figure 4.3). Therefore, the
reported fluxes were measured within the rooting zone (at 10 cm soil depth) and do not
necessarily represent P losses from the ecosystem.
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Figure 5.2 (a) Mean nitrogen inputs (fertilization) from 2015 to 2018 for the three study
regions: ALB =Schwäbische-Alb, HAI =Hainich-Dün, SCH =Schorfheide-Chorin. (b) Mean
nitrogen in plant biomass from 2015 to 2018 for the regions. (c) Mean nitrogen output (only
mowing, not grazing) from 2015 to 2018 for the regions. (d) Difference of mean nitrogen inputs
and outputs from 2015 to 2018 for the regions. (e) Relationship between nitrogen outputs and
inputs for the three study regions. Point size indicates annual inorganic nitrogen leaching in
2018. Dashed lines indicate the 1:1 line. (f) Relationship between annual inorganic nitrogen
leaching in 2018 and mean nitrogen inputs from 2015 to 2018. Point size indicates mean
nitrogen output from 2015 to 2018. The three panels represent positive (>+5 kg N ha-1), neutral
(>-5 kg N ha-1 and <+5 kg N ha-1) and negative (<-5 kg N ha-1) differences between nitrogen
inputs and outputs.
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The leaching of S has received less attention than that of inorganic N and P in temperate
grasslands, despite the agricultural and environmental importance of S (Eriksen, 2009;
Gallejones et al., 2012). In this Thesis, fertilization and grazing intensities did not seem to
affect sulphate leaching (Table 4.2). Interestingly, when indirect effects through soil properties
were considered, sulphate was the only of the studied nutrients that exhibited a negative
relationship with fertilization and grazing intensities, even though indirectly. These effects of
management were mediated mostly by soil S (Figure S4.1), and possibly represent increased
outputs of S from the ecosystem due to higher biomass removal (i.e. mowing or grazing) in
intensively compared to extensively managed grasslands.
5.2.2 The role of soil, plant and microbial properties
Studies that investigate the leaching of multiple nutrients while considering soil, plant
and soil microbial properties are, in general, scarce (de Vries et al., 2012; Grigulus et al., 2013;
Klaus et al., 2018). In this Thesis, soil properties were important for phosphate and sulphate
leaching, and higher soil inorganic P (and lower C:inorganic P ratios) and S concentrations
were associated with higher leaching risk for the respective nutrient (Figure 4.3 and S4.2).
There was no correlation between soil organic P and phosphate leaching (data not shown),
while soil inorganic P was positively associated with phosphate leaching. This, possibly,
indicates that available P for leaching mainly originates from management activities, and not
from the mineralization of soil organic matter.
Similar to phosphate and sulphate, ammonium leaching was also associated with soil
C:N ratio (Figure 4.3b). However, ammonium leaching was also positively related to plant C:N
ratio. Nitrate leaching did not seem to me associated with soil properties, and it was negatively
associated with plant C:N ratio (Figure 4.3a). Finally, and in contrast to the other nutrients,
nitrate leaching was strongly linked to microbial properties, as found in previous studies
(Grigulis et al., 2013; Pommier et al., 2017). However, more field research is needed in realworld ecosystems to understand management effects on soil microbes and ecosystem functions,
and their interaction with plant diversity.
5.2.3 The role of plant diversity
Management intensification shifted both plant species richness and community
functional traits in a way that increased inorganic N leaching risk. While plant species richness
was severely impacted only by fertilization intensity, plant community functional traits were
associated both with fertilization and grazing intensity (Figure 4.1 and 4.4). Aboveground plant
CWM traits were influenced by both management practices in the same direction. For instance,
LDMC decreased with increasing grazing and fertilization intensity. In contrast, belowground
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traits were mostly associated with fertilization intensity. Therefore, functional traits might be
more sensitive indicators for grassland management effects on soil functions than plant species
richness.
To date, it is not clear whether conservative, slow-growing plant communities, or
exploitative, fast-growing plant communities lead to a greater N retention in the soil, plant and
soil microorganisms’ system. Based on the presented results (Chapter 4), I suggest that CWM
aboveground plant traits in intensively managed grasslands were more indicative of
exploitative plant communities compared to extensively managed grasslands (Figure 4.1; Allan
et al., 2015; Busch et al., 2018; Zobel et al., 2007), which are characterized by a fast tissue
turnover and decomposition (Lavorel et al., 2010), and, thus, influenced their association with
annual N leaching risk.
Plant species richness was negatively associated with inorganic N leaching (Table 4.2
and S4.3) as shown in previous studies (Klaus et al., 2018; Leimer et al., 2016). However, here,
it was also found that plant species richness was indirectly linked with inorganic N leaching
(Figure 4.3 and S4.1) and that it mediated several effects from fertilization on inorganic N
leaching through soil, plant and microbial properties. Overall, while there is strong evidence
that plant diversity is positively associated with N retention in grasslands, species richness
might not be the driving force of plant diversity effects on N-related ecosystem functions.
Plant functional traits could potentially explain the effects of plant species richness on
inorganic N leaching. However, when plant CWM functional traits and plant species richness
were included in a model (and linked via covariances), both plant functional traits and plant
species richness had direct effects on inorganic N leaching. There might be two methodological
explanations for this. First, both above- and belowground plant CWM traits were calculated
based on aboveground species abundance, which is not necessarily indicative of belowground
abundances. This could lead to biased belowground CWM functional traits (discussed in de
Vries and Bardgett, 2016). Second, management intensification can influence plant community
traits i) by shifting plant species presence and abundance and ii) by shifting the properties of
plant species. However, the way that plant CWM traits were calculated from the TRY database
accounts only for the first managemental effect. To this end, more field studies should try to
explain the effects of plant species richness and functional traits on N-related ecosystem
functions, and field observations of functional traits, instead of calculation based on databases,
might provide useful insights.
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5.3 Common drivers of soil respiration and nutrient leaching in temperate
grasslands
In the 150 temperate grasslands of this study, in-situ soil respiration fluxes were
determined as single-in-time measurements integrated over three days in early summer in 2018
and 2019. In contrast, in-situ nutrient leaching was determined as an annual cumulative flux
from spring 2018 to spring 2019. These methodological differences did not allow a direct
comparison between in-situ soil respiration and nutrient leaching. More specifically, linear
models of nitrate, ammonium and phosphate leaching with soil respiration had p-value >0.36,
while sulphate leaching with soil respiration had a positive but marginal relationship (p-value
=0.08). However, apart from the direct comparison of these two major soil functions, we can
gain interesting insights about grassland management by comparing their drivers and their
relative importance.
It is well documented that C and nutrient cycles are tightly coupled (see discussions in
Gan, 2019). However, it is still unclear how nutrient additions would affect C cycling. There
are two prominent hypotheses, namely the stoichiometric decomposition and the microbial N
mining (Craine et al., 2017), that describe contradicting effects of nutrient additions in C
cycling. Stoichiometric decomposition suggests that increased nutrient availability would
increase soil organic matter mineralization, while microbial N mining proposes that limiting N
availability would increase organic matter mineralization. Understanding C and nutrient
coupling is especially important for grassland management, where soil organic carbon and
nutrient retention depend simultaneously on management practices and organic matter
dynamics (i.e. plant litter decomposition and soil organic matter mineralization) (Conant, 2017;
Lavorel et al., 2010; Rumpel et al., 2015).
In the same 150 grasslands, Gan (2019) found that high microbial activities (i.e. high
respiration) were linked to high mineralized C:N ratios and low net mineralized N in an
incubation experiment, supporting the microbial N mining hypothesis. In contrast, my field
observations seem to support the stoichiometric decomposition hypothesis, since substrate
(plant and soil) C:N ratios were negatively linked to soil respiration and nitrate leaching
(Figure 3.2 and 4.3a). However, field observations integrate effects of multiple biotic and
abiotic factors. This, on one hand, is more representative of real-world conditions, but also
makes it difficult to disentangle confounded effects. Differences observed between field and
lab observations might stem from plant-related processes, like water and nitrate acquisition, or
climatic factors which are especially important under droughts.
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Previously, I suggested that management practices are mainly responsible for
phosphate leaching, based on its positive relationship with soil inorganic P (Figure 4.3c) and a
lack of association with soil organic P (p-value =0.145, data not shown). This is further
supported by grassland soil respiration that was not associated with soil C:P ratio (Figure S3.6),
or with soil organic P (p-value =0.542, data not shown). In sum, phosphate leaching originates
from soluble P added with fertilization or animal dungs, and not from the mineralization of
organic matter.
In sum, I found that low-input, plant species-rich grasslands lead to slower C and N
cycling compared to high-input, plant species-poor grasslands, and, thus, have lower soil
respiration and inorganic N leaching fluxes. Management intensification changes the risk of
soil C and N losses in grasslands on the long-term and active restoration measures to maintain
diverse plant communities are needed. Diverse communities, in return, might mitigate the
increased leaching risk that management intensification imposes on grasslands. However,
maintaining diverse plant communities in managed grasslands is a great ecological challenge
(Freitag et al., 2020), and more research in this direction is needed.

5.4 Main findings
Here, I summarize the main findings and highlights of my Thesis. Regarding in-situ
soil respiration in temperate forests:
●

Forest in-situ soil respiration mainly originates from autotrophic respiration (i.e. CO2
respired by roots, mycorrhiza and rhizospheric microorganisms) under the dry conditions
of a summer drought.

●

Forest properties are important drivers of in-situ soil respiration at the landscape scale even
under the conditions of a summer drought, however, droughts might obscure effects from
other factors.

●

Forest stands with low diameter at breast height and/or stands with high conifer share have
lower summer soil respiration compared to stands with bigger trees and/or stands with
more deciduous trees under dry conditions.
Regarding in-situ soil respiration in temperate grasslands:

●

Grassland fertilization intensity severely reduces plant species richness, while grazing
intensity does not seem to have an effect.

●

Grassland fertilization intensity increases in-situ soil respiration indirectly by promoting
plant species losses, while grazing intensity does not seem to have an effect on soil
respiration.
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●

Extensively managed, plant species-rich grasslands are characterized by higher soil and
plant C:N ratios compared to intensively managed grasslands, which leads to lower in-situ
soil respiration in the former under the dry conditions of a summer drought.

●

Summer drought leads to low in-situ soil respiration both in temperate forests and
grasslands, but fluxes in grasslands remain higher than forests.
Regarding nutrient leaching in temperate grasslands:

●

Grazing and fertilization intensities both increase the leaching risk of nitrate and
phosphate, while ammonium leaching risk is only increased by fertilization intensity, and
sulphate is generally not affected by management.

●

Considering inorganic N leaching risk, fertilization intensity is a stronger driver than
grazing.

●

Extensively managed, plant species-rich grasslands have higher C:N ratios of soils, plants
and soil microorganisms, which reduces the leaching risk of nitrate and phosphate, but not
of ammonium or sulphate.

●

Grazing and fertilization intensification shifts plant communities towards more
exploitative (community weighted mean) functional traits, which reduces the leaching risk
of inorganic N.

●

Plant species richness is negatively associated with inorganic N leaching risk, but, in
managed grasslands, this relationship is driven by fertilization intensity and, eventually, it
is mediated by the C:N ratios of soils, plants and soil microorganisms.

5.5 Future research
Based on my PhD work, I identified the following topics that future research should
address:
●

There is evidence that forest properties and tree species diversity influence in-situ soil
respiration (Jewell et al., 2017; Rodeghiero et al., 2005), however studies that examine
these effects under drought are, in general, scarce. The present study identifies effects from
forest properties on in-situ soil respiration under dry summer conditions, however the
ability to form conclusions is limited by the lack of observations on wetter summers. Due
to climate change, the intensity and frequency of extreme climatic events might change in
the near future. Therefore, future research should investigate the effects of forest
properties, as shaped by management, on carbon cycling in soils during and after droughts
to ensure the sequestration potential of temperate forests.
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●

According to the present study, fertilization effects on in-situ soil respiration depend on
environmental conditions, and especially on soil water. Therefore, grazing and fertilization
effects on in-situ soil respiration should be investigated under different water availability
levels. This is even more important for fertilization, since, in exceptionally dry years,
grasslands receive higher amounts of organic fertilizers (Klaus et al., 2020b).

●

Management intensification changes the risk of soil C and N losses in grasslands on the
long-term and active (restoration) measures to maintain diverse plant communities are
needed. Diverse plant communities can potentially mitigate the increased C and N losses
from soils that management intensification imposes on grasslands. However, maintaining
diversity plant communities in managed grasslands is a great ecological challenge (Freitag
et al., 2020), and more research in this direction is needed.

●

Plant functional traits have a high potential to explain carbon and nutrient related
ecosystem functions (de Vries and Bardgett, 2016). Including both above- and
belowground functional traits to explain ecosystem functions is, in general, a new
approach. Field and mesocosm studies should focus on plant functional traits, in an attempt
to understand the actual mechanisms behind plant diversity effects on ecosystem functions.
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6 Summary/ Zusammenfassung
In English
Land-use and land management is known to influence the coupled cycles of carbon and
nutrients in soils. However, studies that investigate the carbon and nutrient cycling in multiple
land-uses over multiple study regions with distinct environmental conditions and across broad
management gradients are scarce. Therefore, many questions regarding management, biotic
and abiotic effects on carbon and nutrient cycling, remain open in real-world temperate
ecosystems. Some of these research questions are: i) how forest properties affect soil
respiration: through their effects on soil properties or on climatic conditions?, ii) how grassland
management influences soil respiration, and that is the role of plant diversity? and iii) what is
the relative importance of direct and indirect effects of grassland management on nutrient
leaching, and how are the indirect effects mediated by soil, plant and microbial properties?
For this reason, I measured in-situ soil respiration and nutrient leaching (of nitrate,
ammonium, phosphate and sulphate) in 150 forests and 150 grasslands over three temperate
regions in Germany which were part of the Biodiversity Exploratories project. In-situ soil
respiration was measured with soda-lime method as single-in-time measurements over a period
of 3-7 days, depending on the land-use, in early summer in 2018 and 2019. Nutrient leaching
was determined at 10 cm soil depth with a resin method as the cumulative downward flux over
a year (from spring 2018 to spring 2019). The main objectives of my Thesis were to: i)
determine management effects on these two major soil functions, ii) determine their main biotic
and abiotic drivers, and iii) compare these carbon and nutrient fluxes between the two land-use
types.
Chapter 2 focuses on the effects of forest properties, as shaped by silvicultural
management, on in-situ soil respiration. Forest properties explained a large portion (>30%) of
the soil respiration in both years, and mean diameter at breast height and conifer share were
positively and negatively linked to soil respiration, respectively. Organic C stocks (of organic
layer and mineral soil) were not related to soil respiration, while fine root biomass was
positively associated with it in both years. In addition, there were no differences between soil
respiration from total soil (organic layer and mineral soil) and mineral soil (organic layer
removed) examined in a subset of 29 forests. In sum, the presented results suggest that
autotrophic respiration was possibly the main contributor to total in-situ soil respiration under
the prevailing dry summer conditions in 2018 and 2019.
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Chapter 3 focuses on the effects of grassland management on in-situ soil respiration
through changes on soil, plant and microbial stoichiometry. In early summer 2018 and 2019,
in-situ soil respiration was suppressed due to limited water availability caused by naturally
occurring droughts. Under the prevailing environmental conditions, grazing intensity did not
seem to affect in-situ soil respiration, while fertilization intensity indirectly increased it. More
specifically, fertilization-induced plant species loss reduced the C:N ratios of soils and plants,
leading to increased soil respiration, presumably due to substrate of higher quality and
decomposability. In conclusion, extensively managed, plant species-rich grasslands are
characterized by higher soil and plant C:N ratios compared to intensively managed grasslands,
which leads to lower in-situ soil respiration in the former under the dry conditions of a summer
drought.
Chapter 4 focuses on the effects of grassland management on in-situ annual nutrient
leaching of four nutrients. Fertilization intensity was positively linked to nitrate, ammonium
and phosphate leaching risk, and grazing intensity was positively associated only to nitrate and
phosphate. Fertilization intensity seemed to increase inorganic N leaching risk, not only
directly, but also by changing the plant species richness and the stoichiometry of soils, plants
and soil microorganisms. In addition, both grazing and fertilization intensities shifted plant
communities towards an exploitative functional composition (characterized by high tissue
turnover rates), and, thus, further promoted the leaching of inorganic N. Plant species richness
was associated with lower inorganic N leaching risk, even after accounting for correlated
effects of plant functional groups or community traits. In contrast to other nutrients, sulphate
leaching risk was not directly related to management intensity and it was indirectly reduced by
management, presumably due to increased biomass outputs. Therefore, maintaining and
restoring diverse plant communities might mitigate the increased leaching risk that
management intensity imposes upon grasslands.
Chapter 5 provides a synthesis of the previous three research Chapters of the Thesis.
Comparing Chapter 2 and 3, grassland ecosystems exhibited higher fluxes than (the more nearto-natural) forests in a regional scale, even under the conditions of natural summer droughts.
Hence, grasslands might provide more opportunities to reduce C losses as CO2 emissions via
management extensification than forests even in a drier future. Comparing Chapter 3 and 4,
intensively managed, species-poor grasslands are characterized by faster C and nutrient cycling
than extensively managed, species-rich grasslands. In detail, intensively managed grasslands
have a higher risk of C and inorganic N losses, as CO2 emissions and leaching respectively,
than extensively managed grasslands, not only because of direct management effects, but also
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due to management-induced changes in soils, plants and soil microorganisms. Therefore, while
management extensification could reduce the direct effects of management on ecosystem
functioning over a relatively short period in time, some of these changes, such as a loss in plant
diversity and functional changes in plant communities, are not immediately reversible.
Management intensification changes ecosystem functioning on the long-term, and active
(restoration) measures to maintain diverse plant communities are needed.

Auf Deutsch
Landnutzung

und

Bewirtschaftung

beeinflussen

die

Kohlenstoff

(C)

und

Nährstoffkreisläufe in Böden. Nur wenige Studien untersuchen gleichzeitig die C- und
Nährstoffkreisläufe in verschiedenen Landnutzungen über breite Managementgradienten in
Regionen mit unterschiedlichen Umweltbedingungen. Viele Fragen zur Bewirtschaftung sowie
zu den biotischen und abiotischen Auswirkungen auf den C und Nährstoffkreislauf in
gemäßigten Ökosystemen bleiben offen. Einige dieser Forschungsfragen sind: i) Wie
beeinflussen Waldeigenschaften die Bodenatmung: durch ihre Auswirkungen auf die
Bodeneigenschaften oder auf die klimatischen Bedingungen?, ii) Wie beeinflusst die
Bewirtschaftung von Grünland die Bodenatmung, und welche Rolle spielt dabei die
Pflanzenvielfalt? und iii) wie beeinflusst die Bewirtschaftung von Grünland die
Nährstoffauswaschung: direkt oder durch Boden-, Pflanzen- und Mikrobeneigenschaften?
Hier wurden die Bodenatmung und die Nährstoffauswaschung (von Nitrat,
Ammonium, Phosphat und Sulfat) in 150 Wäldern und 150 Grünlandflächen in drei
gemäßigten Regionen in Deutschland gemessen, die Teil von dem Biodiversity Exploratories
Projekt waren. Die Bodenatmung wurde mit der Kalk-Natron-Methode im Sommer 2018 und
2019 bestimmt. Die Nährstoffauswaschung wurde als kumulativer Abwärtsfluss mit dem
Sickerwasser über ein Jahr (von Frühjahr 2018 bis Frühjahr 2019) bestimmt. Die Hauptziele
dieser Dissertation waren: i) die Auswirkungen der Bewirtschaftung auf diese beiden wichtigen
Bodenfunktionen zu ermitteln, ii) ihre wichtigsten biotischen und abiotischen Einflussfaktoren
zu bestimmen und iii) diese C und Nährstoffflüsse zwischen den beiden Landnutzungstypen
zu vergleichen.
Kapitel 2 befasst sich mit den Auswirkungen der Waldeigenschaften auf die
Bodenatmung. Der mittlere Brusthöhendurchmesser stand in einem positiven Zusammenhang
mit der Bodenatmung, während der Anteil der Nadelbäume in einem negativen Zusammenhang
mit ihr stand. Die organischen C-Vorräte standen in keinem Zusammenhang mit der
Bodenatmung, während die Feinwurzelbiomasse positiv mit ihr korreliert war. Darüber hinaus
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gab es keine Unterschiede zwischen der Bodenatmung des gesamten Bodens und des
Mineralbodens. Die autotrophe Atmung leistete während der Dürren in den Jahren 2018 und
2019 moglicherweise den Hauptbeitrag zur gesamten Bodenatmung.
Kapitel 3 befasst sich mit den Auswirkungen der Grünlandbewirtschaftung auf die
Bodenatmung. Die Bodenatmung wurde aufgrund der begrenzten Wasserverfügbarkeit
während der Dürren im Sommer 2018 und 2019 unterdrückt. Unter diesen Bedingungen stand
die Beweidungsintensität in keinem Zusammenhang mit der Bodenatmung, während die
Düngungsintensität indirekt positiv mit ihr korreliert war. Die Düngung führte zu einem
Verlust an Pflanzenarten, der negativ mit dem C:N-Verhältnis von Boden und Pflanzen und
positiv mit der Bodenatmung korreliert war. Extensiv bewirtschaftetes, pflanzenartenreiches
Grünland im Vergleich zu intensiv bewirtschaftetem Grünland durch höhere C:N-Verhältnisse
im Boden und in den Pflanzen gekennzeichnet ist, was zu einer geringeren Bodenatmung unter
trockenen Sommerbedingungen führt.
Kapitel 4 befasst sich mit den Auswirkungen der Grünlandbewirtschaftung auf die
jährliche Nährstoffauswaschung. Die Düngungsintensität stand in einem positiven
Zusammenhang mit der Auswaschung von Nitrat, Ammonium und Phosphat. Die
Beweidungsintensität wirkte sich nur auf die Nitrat und Phosphatverlagerung positiv aus. Die
Düngungsintensität schien die Auswaschung von anorganischem N sowohl direkt als auch
indirekt zu erhöhen. Indirekte Effekte wurden durch den Pflanzenartenreichtum und die
Stöchiometrie von Böden, Pflanzen und Bodenmikroorganismen vermittelt. Der Reichtum an
Pflanzenarten wurde mit einer geringeren anorganischen N-Auswaschung in Verbindung
gebracht. Die Sulfatauswaschung stand in keinem direkten Zusammenhang mit der
Bewirtschaftungsintensität und wurde durch die Bewirtschaftung indirekt verringert. Die
Erhaltung und Wiederherstellung vielfältiger Pflanzengemeinschaften könnte das erhöhte
Auswaschungsrisiko von Nährstoffen, welches durch die intensive Bewirtschaftung des
Grünlandes hervorgerufen wird, abmildern.
Kapitel 5 enthält eine Zusammenfassung der Arbeit. Ein Vergleich von Kapitel 2 und
3 zeigt, dass Grünlandökosysteme bei sommerlichen Trockenperioden eine höhere
Bodenatmung

aufweisen

als

Wälder.

Daher

kann

die

Reduzierung

der

Bewirtschaftungsintensität in Grünländern in trockenen Jahren stärker zur Verringerung der
CO2-Emissionen beitragen als die Reduzierung der Bewirtschaftung in Wäldern. Ein
Vergleich der Kapitel 3 und 4 zeigt, dass intensiv bewirtschaftetes, artenarmes Grünland durch
schnellere C und Nährstoffkreisläufe gekennzeichnet ist als extensiv bewirtschaftetes
Grünland. Im Einzelnen haben intensiv bewirtschaftete Grünland ein höheres Risiko von C109
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und anorganischen N-Verlusten als extensiv bewirtschaftete Grünland. Dies ist nicht nur auf
direkte Bewirtschaftungseffekte zurückzuführen, sondern auch auf bewirtschaftungsbedingte
Veränderungen der Bödeneigenschaften, sowie der Pflanzen und Bodenmikroorganismen. Die
Extensivierung der Bewirtschaftung kann die Beeinträchtigung von Ökosystemfunktionen über
einen relativ kurzen Zeitraum hinweg verringern. Einige der indirekten Auswirkungen, wie
z.B. der Verlust der Pflanzenvielfalt, sind jedoch nicht sofort reversibel. Die Intensivierung der
Bewirtschaftung verändert die Funktionsweise der Ökosysteme langfristig, und es sind aktive
(Wiederherstellungs-)Maßnahmen

zur

Erhaltung

vielfältiger

Pflanzengemeinschaften

erforderlich.
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