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Abstract

Abstract

The present thesis aims to evaluate the relationships between soil hydraulic properties
and earthworms, plant community, soil structural parameters, soil texture, and soil moisture in
the frame of a long-term grassland biodiversity experiment, the so called Jena Experiment.
Hydraulic properties such as infiltration capacity play an important role in soil erosion, run-off
and water availability to plants for the prediction and management of ecosystems. Global
change has led to an increase in flood frequency events caused by heavy rainfalls. For
sustainable soil management (reducing soil erosion and run-off) as well as for improving
hydrological models, it is important to know which factors influence infiltration. Generally, soil
texture considered one of the most important factors for explaining hydraulic properties, but
other influences like bulk density or soil fauna have also been recognized. However, because
infiltration is a complex process, a multitude of interrelated processes affects infiltration
capacity, and therefore investigations yield controversial results regarding specific factors. In
this thesis, I distinguish between abiotic soil factors (texture), which are constant in time, and
biotic factors (soil fauna, ecosystem structure), which change dynamically depending on
environmental factors. The majority of previous experiments has focused on one or two selected
factors influencing hydraulic properties, and do not account for interaction. The aim of this
thesis was to identify the most important drivers for the infiltration capacity in a grassland
experiment (The Jena Experiment), while explicitly taking into account interaction.

The Jena Experiment was established to investigate the effects of biodiversity on
ecosystem processes. Its statistical design allowed me to investigate several factors of interest
for shaping soil hydraulic properties on independent gradients. This well-replicated and
compositionally-balanced design is a powerful background to investigate interrelationships
between plant communities, earthworms, soil structural parameters, soil texture and soil
moisture. For this I performed field measurements along the relevant gradients at The Jena
Experiment field site. Also, I measured infiltration capacity on a depth gradient on 11 monoliths
with two diversity levels (4 and 16 plant species), originating from The Jena Experiment site in
the CNRS Ecotron, Montpellier.

The first field survey in 2011 (Chapter 4) was focused on the role of earthworms
together with the effects of plant community, vegetation factors (above-and belowground
biomass), soil texture and matric potential on infiltration capacity along a short diversity
gradient (42 plots containing 1, 4 and 16 plant species). The spatial and temporal variations of
infiltration capacity were driven by interacting of biotic processes. The results suggest that
certain functional groups such as legumes and grasses affect earthworm biomass, which in turn

influences infiltration capacity.
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Abstract

The objective of the second field experiment in 2012 (Chapter 5) was to find out
whether patterns in biomass productivity and soil organic carbon reflect on soil structure and
infiltration capacity. It was carried out in 82 plots containing between 1 to 60 plant species.
Plant species diversity was significantly correlated with porosity and bulk density (negative
relation), which seemed to be conducive for water flow through soil. Additional analysis
identified soil organic carbon as the essential link between soil structure parameters and plant
diversity. Surprisingly, earthworm biomass was neither affected by plant community, nor by
soil structural parameters, although it correlated weakly with the infiltration capacity
independently.

The third batch of experiment was carried out in 2012 on soil monoliths taken from the
Jena experiment to the Ecotron facility in Montpellier. The removal of these monoliths allowed
investigating the impact of biotic and abiotic factors along a depth gradient, thus circumventing
the fact that excavation is normally not possible at the original field site. At the soil surface the
variation of infiltration capacity was correlated with biotic factors (earthworm and root
biomass), which was in accordance with results from Chapter 3. Based on layer conditions such
as color, bulk density, soil organic carbon content and root abundance, we could distinguish
between topsoil, plough pan and subsoil layers. At and below the observed dense layer, at
approximately 30 cm of soil depth (presumably an old plough pan), infiltration capacity was
reduced and varied little. Neither biotic factors nor soil texture explained the variation of the
infiltration capacity.

In the next analysis (Chapter 7) we tested the application of several models based on
easy to measure input parameters such as soil texture (sand, silt and clay content), soil bulk
density and soil organic matter for estimating hydraulic conductivity. Our study showed that, at
the soil surface, the Jabro Pedotransfer function, which includes besides soil texture also bulk
density, was best able to explain the variation of hydraulic conductivity. However, at and below
the plough pan the PTFs were inappropriate for estimating the real hydraulic conductivity.
Overall, the present thesis indicates that infiltration capacity is affected by macropores formed
by earthworms, as well as structural heterogeneity expressed as soil bulk density. Soil texture
(percent of sand) played a subordinate role for infiltration capacity. These separated effects on
infiltration capacity depend probably on whether, which affect the dynamic patterns of biotic
processes, for example earthworm activity. Thus, open questions relate to the cause for different
drivers in different years (earthworms vs. productivity). Further studies on a similar statistical
plot design are needed for observing the single and interaction effects of earthworms and bulk
density and accordingly in which environmental condition one or both of these factors play a

role for shaping water flow into the soil
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Kurzzusammenfassung

Kurzzusammenfassung

Eingebettet in das interdisziplindr ausgerichtete Jena Experiment war es das Ziel dieser
Arbeit, die Einfliisse von Regenwiirmern, Pflanzenbedeckung, Bodentextur und Lagerungsdichte,
Porositit und organischen Kohlenstoff auf bodenhydraulische Eigenschaften zu untersuchen und
die daraus resultierenden Konsequenzen fiir Okosystemdienstleistungen bzw. Funktionen
abzuleiten. Hydraulische Eigenschaften des Bodens, wie die Infiltrationskapazitit, spielen bei der
Vorhersage und Modellierung von Bodenerosion, Oberflichenabfluss und Wasserverfiigbarkeit
fir Pflanzen eine bedeutende Rolle. Die anthropogen bedingte Zunahme von
Starkregenereignissen sowie damit einhergehende Hochwasserereignisse fithren zur Verdichtung,
Verschlimmung und Verlust biologischer Aktivitét. Fiir ein nachhaltiges Bodenmanagement ist
der Erhalt der standorttypischen Infiltrationskapazitit von zentraler Bedeutung. In den meisten
hydrologischen Modellen wird die Bodentextur als wichtige Faktoren zur Ableitung von
hydraulischen Eigenschaften herangezogen. Untersuchungen zeigten jedoch, dass die Infiltration
durch eine Vielzahl von Faktoren beeinflusst wird. In dieser Arbeit unterscheide ich zwischen
abiotischen (Textur) FEigenschaften, die konstant sind, und biotischen Faktoren
(Okosystemzusammensetzung, Bodenfauna), welche sich dynamisch den Umweltbedingungen
anpassen. Das Ziel dieser Arbeit war die Identifikation der bedeutendsten Faktoren, die die
Infiltrationskapazitdt in einem europdischen Grasland beeinflussen, wobei die Interaktion dieser
Faktoren explizit beachtet wurde.

Das Design des Jena Experiments bietet die einzigartige Gelegenheit, die Bedeutung
physikalischer und biologischer Prozesse entlang unabhidngiger Gradienten zu untersuchen.
Dadurch ist es moglich einzelne und interagierende Einfliisse auf die Infiltrationskapazitit zu
analysieren. Um die wichtigsten direkten und indirekten mechanistischen Zusammenhénge zu
erforschen, fithrte ich im Rahmen meiner Promotion Feldversuche entlang eines
Pflanzenartengradienten auf dem Jena Experiment in den Jahren 2011 und 2012 durch. Um einen
Einblick in die Tiefengradienten zu erhalten, fiihrte ich zusétzlich eine Messkampagne an elf
GroBlysimetern des Jena Experiments mit zwei Biodiversitétsstufen (4 und 16 Arten) im CNRS
Ecotron (Montpellier) durch.

Ziel der ersten Feldstudie in Jahr 2011 (Kapitel 4) war es, vor allem den Einfluss von
Regenwiirmern gemeinsam mit Pflanzengemeinschaften und Bodentextur auf die
Infiltrationskapazitit entlang eines Biodiversititsgradienten (42 Plots mit 1, 4 und 16 Arten) zu
untersuchen. Die Ergebnisse zeigen, dass bestimmte funktionelle Gruppen, wie Leguminosen und
Graser, die Regenwurmbiomasse beeinflussen und sich diese wiederum auf die
Infiltrationskapazitit auswirken. Die rdumlichen und zeitlichen Schwankungen der
Infiltrationskapazitdt werden durch ein komplexes Zusammenspiel von biotischen Prozessen

zwischen den funktionellen Gruppen und den Regenwurmaktivitdten angetrieben.



Kurzzusammenfassung

Das zweite Feldexperiment im Jahr 2012 (Kapitel 5) untersuchte inwieweit
bodenstrukturierende Faktoren, wie Lagerungsdichte, Porositit und organischer Kohlenstoft,
entlang eines Artengradienten von 1 bis 60 Arten (82 Plots), den Wasserdurchfluss im Boden
beeinflussen. Die Ergebnisse verdeutlichen, dass Pflanzenartenvielfalt die Infiltrationskapazitit
durch Verdnderung von Lagerungsdichte, Porositit und organischer Kohlenstoffgehalt
beeinflusst. Unabhingig davon wurde die Infiltrationskapazitit auch von der
Regenwurmbiomasse beeinflusst, welche aber selbst weder mit der Pflanzenartenvielfalt noch
mit der Lagerungsdichte korrelierte.

Ziel des dritten Experiments im Jahr 2012 (Kapitel 6) war es, den Einfluss biotischer und
abiotischer Faktoren auf die Infiltrationskapazitit in verschiedenen Bodentiefen (0, 25 und 55 cm
Tiefe) zu untersuchen. Die Infiltrationskapazitét korrelierte mit der Regenwurmbiomasse an der
Bodenoberfliche, dhnlich wie im Jahr 2011. Der Oberboden konnte durch Bodenfarbe, erhohte
Lagerungsdichte, niedrigerer Kohlenstoffgehalt und Wurzelbiomasse deutlich vom Unterboden
unterschieden werden. In etwa 25 cm Bodentiefe (vermutlich eine alte Pflugsohle), hatten weder
Regenwiirmer, Pflanzenartenvielfalt, Lagerungsdichte, noch Bodentextur einen Einfluss auf die
Infiltrationskapazitit.

Getestet wurde anschlieBend die Anwendung von Pedotransferfunktionen (PTFs) zur
Berechnung der gesittigten Leitfahigkeit (Kapitel 7). Als Eingabeparameter wurden die
verfiigbaren Parameter Bodentextur (Sand, Schluff und Ton), Lagerungsdichte und organischer
Bodengehalt verwendet. Im Oberboden war es moglich die geséttigte hydraulische Leitfahigkeit
mittels des Models von Jabro abzuschitzen. Jedoch an und unterhalb der beobachteten Pflugsohle
waren alle verwendeten PFTs fiir Berechnung der geséttigten hydraulischen Leitfahigkeit
ungeeignet.

Zusammenfassend hat die vorgelegte Arbeit aufgezeigt, dass in Grasldndern, die
Lagerungsdichte und Regenwurmaktivitit einen entscheidenden Beitrag zur Erhohung der
Infiltrationskapazitit des Bodens leisten. Regenwiirmer wurden nicht von der
Pflanzenartenvielfalt, sondern werden vielmehr von bestimmten funktionellen Gruppen, wie
Leguminosen und Grésern beeinflusst. Regenwiirmer beeinflussten die Infiltrationskapazitét
unabhéngig von der Lagerungsdichte. Pflanzenartenvielfalt hingegen wirkt sich positiv durch
Verianderung der Bodenstruktur auf die Infiltrationskapazitit aus. In tieferen Bodenschichten hebt
sich der biotische Einfluss, durch anthropogen verursachte Kompaktierung (Pflugsohle), wieder
auf. Wie stark dieser Einfluss von Lagerungsdichte und Regenwiirmern zusammen oder einzeln
auf die Infiltrationskapazitdt ist, hdngt wahrscheinlich von weiteren Umweltbedingungen
(Wetter) ab. Die Ergebnisse dieser Untersuchungen belegen die komplexen Wechselwirkungen
zwischen Wasserdurchfluss im Boden und Okosystemvielfalt sowie die hohe raumzeitliche
Dynamik. Inwieweit diese biotischen Faktoren einzeln oder miteinander iiber die

Bodenstrukturen auf die Infiltration wirken, sollte Gegenstand weiter Forschungsarbeiten sein.
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General Introduction






General Introduction

1 General introduction
1.1. Background

Infiltration is next to precipitation, run-off and evapotranspiration one of the important
physical components in the hydrological cycle. Water from precipitation runs into streams,
lakes, rivers, and oceans or infiltrates through the soil profile. Water can also run-off over land,
causing erosion, flooding and degradation of water quality. To determine strategies for soil and
water conservation and to minimize surface run-off and soil erosion it is important to know
which factors affected surface hydraulic properties such as infiltration and hydraulic
conductivity (Shukla et al. 2006). Especially for agriculture it is important to quantify the
infiltration to determine the availability of water for crop growth and the resulting irrigation
amount for optimal plant growth.

Infiltration is the movement of water from the ground surface into the soil profile, via
pores or small openings and determined by the factors of gravity, capillary action and soil
porosity (Hillel 1998). The maximum rate at which water enters into or is absorbed by the soil is
termed infiltration capacity (Ward and Robinson 1990). Hydraulic conductivity, an important
soil property, is the movement of water in a porous media under a hydraulic gradient and
interrelated with the infiltration capacity. Soil hydraulic conductivity is a critically important
soil property for predicting and managing ecosystem patterns.

Most simulations of infiltration and redistribution in unsaturated soils are based on the
Richards equation (soil water flow equation). When water infiltrates through the soil, it passes
through the plant via transpiration into the atmosphere. Water removal by plants via
transpiration is treated as a sink term in the Richards equation (soil water flow equation
(Richards 1931)). Modeling water flow and chemical transport hydraulic conductivity is
estimated using pedotransfer functions (PTFs) based on easy to measure soil properties such as
soil texture (sand, silt and clay content), bulk density and soil organic carbon (Schaap et al.
2001, Wosten et al. 2001). But how and how much of the precipitation infiltrates into the soil
surface and reaches the river or is released via transpiration in the atmosphere strongly depends
on many factors. Figure 1.1 gives an overview on the amount of factors which could influence
the water flow through soil. Apart to this categorization of factors influencing infiltration,
generally factors can be attribute to biotic (for example earthworm biomass, vegetation type and
cover) and in abiotic (for example texture) factors (Ward and Trimble 2004).

In saturated soils infiltration is mainly determined by the different size, shape and
continuity of pores (Beven and Germann 2013). Based on the size or capillary potential, soil
pores can be classified into different pore size classes: macro-, meso- and micropores (Beven
1981). According to Luxmoore (1981), pores with diameters >10 mm are referred to

macropores which tend to be freely draining and are prevalent in coarse textured or sandy soils.



General Introduction

In clayey soils, macropores occur as cracks and fissures, and in all soil types they are a result of
biological activity such as earthworm and root activity (Messing and Jarvis 1990, Zehe and
Flihler 2001, Beven and Germann 2013). In addition, much of root growth is initiated in these
pores. Mesopores are medium sized pores (0.1 mm - 10 mm) that are common in medium-
textured soils or loamy soils and important for the storage of water for plant growth. Pores with
a diameter smaller than 0.1 mm are contributed to micropores and occur typically in clayey soils
(Hillel 1998). The arrangement of primary soil particles into individual clusters (secondary
units), called soil aggregates, are known as soil structure (Hillel 1998). Change in soil structure
is mainly attributed to burrows formed by earthworm and roots which determine the soil
hydraulic conductivity (Edwards and Bohlen 1996, Six et al. 2004). The pore space between the
primary particles or intra-aggregate pore or micropores is defined as textural porosity, whereas
the pore space between micro-aggregates or aggregates containing macropores formed by
earthworms, roots and cracks is defined as structural porosity (Alaoui et al. 2011). In
heterogeneous (structured) soils the infiltration through soils is determined by biopores and

continuous mesopores creating preferential flow (macropore flow) (Horn et al. 1994).
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Figure 1.1: Overview of factors affecting water movement through soils (adopted from Ward and Trimble
(2004)).
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Soil type and soil management which may vary in space and time (Mallants et al. 1997,
Kutilek 2004) could shape the soil structure of the soil. Because of this variability of soil
structure, the estimation of infiltration and soil hydraulic properties is a very complicated
subject. Next to microbes, soil fauna and texture, vegetation factors also influences soil
structural parameters such as soil organic carbon, bulk density and porosity (Six et al. 2004).
These parameters are good characteristic factors that indicate changes of pore sizes induced to
land use, weathering influences, or biological activities. Other studies showed that an increase in
soil bulk density decreases hydraulic conductivity due to the reduction of larger pores
(Franzluebbers 2002, Zacharias and Wessolek 2007). Additionally, soil bulk density and
porosity are good indicators for soil compaction implying a destruction of soil structure
impacting infiltration through soil (Logsdon and Karlen 2004). Soils with a good structure are
characterized by enhanced water infiltration and decreased run-off and erosion potential. Most
of the infiltration measurements on structured soils result in unreliable values because the
calculation assumes homogenous soil (Salverda and Dane 1993). For a correct description of the
water flow in structured soils, matrix flow as well as macropore flow should be considered in
experiments.

Plants which represent the primary components of terrestrial ecosystems play a very
important role for ecosystem functioning and composition of soils. Experiments are needed to
analyze the consequences of loss in plant species richness by ecosystem processes and
functioning long-term observation in biodiversity (Loreau and Hector 2001, Hooper et al. 2005).
A number of biodiversity experiments in temperate grasslands have investigated the effects of
biodiversity on ecosystem processes and stability, e.g. Ecotron Biodiversity Experiment, Cedar
Creek Biodiversity Experiment and the BIODEPTH experiment (Biodiversity and Ecological
Processes in Terrestrial Herbaceous Ecosystems: experimental manipulations of plant
communities). The results and critique of the previous experiments were considered in the
design of The Jena Experiment. In this experiment it is possible to test the effects of plant
species richness and plant functional groups separately (Roscher et al. 2004). Additionally, the
experimental design allows testing of the effects of biodiversity on ecosystem processes and
includes more interactions between plants, soil fauna, invertebrates, physical and chemical soil
properties and hydrological conditions and their impact on ecosystem patterns.

For central Europe the IPCC report predicts that in the 21th century, precipitation
patterns will change due to climate change: decreasing precipitation in summer and increasing
precipitation in autumn/winter. It is therefore likely that flooding events will increase in winter
and droughts will increase in the summer (IPCC 2012). Through climate change, biodiversity
patterns will mainly be affected which results in a change of hydrological patterns (Weltzin et
al. 2003). Inappropriate management can reduce or block infiltration resulting in water ponds on

the surface or run offs. Thus plant production decreases because less water is stored in the soil.
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An important task in agriculture is to enhance water infiltration potential into soil to prevent,
reduce impact, or to avoid the impact of runoff and frequent floods (Mannering and Meyer
1963). Additionally, it is important to look into specific mechanisms in which hydrology
impacts biodiversity. In this context, the study of factors affecting infiltration capacity in
context with the loss of plant species richness has specific importance, for example in managing
agricultural soils. Generally, it is assumed that communities containing less species are less
resilient against frequent disturbances and single extreme events such as high precipitation
events (Tilman 1996). Knowledge of factors affecting water flow through soil becomes more

important for buffering future extreme precipitation events.

1.2 The Jena Experiment
1.2.1 Temperate grasslands

The biome temperate grassland is characterized by a dominance of grasses, absences
of trees and shrubs, hot summers, cold winters and moderate rainfall. Precipitation usually
occurs in the late spring and early summer. The biome includes the veldts of Africa, the pampas
of South America, the steppes of Eurasia, and the prairies of North America. In Europe,
temperate grasslands make up an important part of the agricultural area (Isselstein et al. 2005).
Because of human use and the transformation of grasslands for agriculture, farming and grazing
had an important impact on biodiversity (Smit et al. 2008). Over the last hundred years, many of
the natural grasslands have been lost by converting grasslands into agricultural land. Since
1950, the temperate grasslands biome has lost nearly 70% of its native cover (Duraiappah
2005). For food supply, farmlands are important. However, the anthropogenic impact on plants

and animals in temperate grasslands have unknown consequences for human well-being.

1.2.2 Experimental set-up

The experiment was performed at the field site of The Jena Experiment which is located
in the floodplain of the Saale river near Jena (Thuringia, Germany; 50°55'N, 11°35'E, 130 m
above sea level) (Figure 1.2). The mean annual air temperature is 9.3°C and the mean annual
precipitation is about 587 mm (Kluge and Miiller-Westermeier 2000). The soil of the
experimental site is an Eutric Fluvisol (Fao-Unesco 1997), developed from up to 2 m-thick
loamy fluvial sediments. Before the establishment of the experiment, the field site was
agricultural land for the last 40 years and highly fertilized over the last decades for growing
vegetables and wheat (Roscher et al. 2004). After the last harvest in autumn 2000 the field was
ploughed and kept fallow throughout 2001. In July 2001 the field was harrowed bimonthly and
treated with Glyphosate (N-(Phosphonomethyl)-glycine, Roundup). In spring 2002, the

experimental area was harrowed twice before the plots were established. Seeds were sown with
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a total density of 1000 seedlings per m?, divided equally among the species of each mixture
(Roscher et al. 2004). In 2002, with the start of the experiment, organic carbon was determined
in the plough horizon in the range of 13 to 33 g C kg "' and C/N ratios were between 8 and 15,
while pH ranges from 7.1 to 8.4. Carbonate content varies with distance from the river in a
range from 4 and 42 g C g'. At the beginning of the experiment, all soil properties were
homogeneous through the plough horizon (Roscher et al. 2004, Oelmann et al. 2007). Plots were
assembled into four blocks following a gradient in soil characteristics from sandy loam near the
river to silty clay with increasing distance from the river (see Chapter 1.2.2.2). Each block
contains an equal number of plots and plant species and functional group diversity levels.

A pool of 60 native plant species common of Central European mesophilic grasslands
(Molinio-Arrhenatheretea, Ellenberg and Leuschner (2010)) was used to established a gradient
of plant species richness (1, 2, 4, 8, 16 and 60) and functional group richness (1, 2, 3 and 4) on
80 plots of 20 x 20 m (Figure 1.3 A, B). There were 16 replicates for mixtures with 1, 2, 4, 8,
species diversity and14 replicates for mixtures with 16 species, and 4 replicates for the mixtures
with 60 species. All 60 species had been assigned into four groups: 12 legumes, 16 grasses, 12
small herbs and 20 tall herbs based on a cluster analysis of morphological, phenological and
physiological traits. Bare-ground plots (0 plant species) were created as control plots in each
experimental block. The additional treatment area contained subplots representing “natural”
grassland, managed by mowing located outside of the field site and used as reference plots (r).
These two plots were not sown after the establishment of the Jena Experiment and thus have no
specific definition of species present. The plots were mown twice a year and weeded regularly
by hand. For more details see Roscher et al. (2004).

In January 2003 and again in 2011, unusually high rainfall on frozen ground in the
upper catchment of the Saale river caused a flood, flooding approximately 75 % of the field site,
affecting Blocks 1 to 3. Additionally, in June 2013, the experiment was flooded again for
approximately 2 weeks, affecting again Block 1 and 3.
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Figurel.2: Location of The Jena Experiment: Photograph of The Jena Experiment, a biodiversity

treatment with more than 500 experimental plots with grassland species located in the floodplain of the
Saale river, red lines marking the four blocks, (Photo by J. Baade).
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Figure 1.3: (A) Design of The Jena Experiment indicating plant species diversity levels of the large plots
and the four blocks. (B) Experimental Design of the “Jena Experiment” with number of species and
functional groups in different mixtures per diversity level.

1.2.2.1 Earthworm plots

On plots with one (14 replicates), four (16 replicates) and 16 (14 replicates) plant
species richness, two randomly selected subplots with 1x1 m and a distance of 50 cm were
enclosed with PVC shields (20 cm aboveground and 15 cm belowground) to reduce the escape
of L. terrestris and avoid the return of endogeic earthworms (Figure 1.4A and C). The shields
were removed two times a year during the mowing period. On one subplot (-ew) the earthworm
density was reduced twice a year (spring and autumn) by electroshocking (Figure 1.4C). For this
octet method (Thielemann 1986), four devices (DEKA 4000, Deka Geritebau, Marsberg,

Germany) were used powered by two 12 V car batteries. In each —ew subplot the extraction took
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35 min. In this time the voltage was increased from 250 V (10 min) to 300 V (5 min), to 400 V
(5 min), to 500 V (5 min) and to 600 V (10 min).

In the years 2003, 2004 and 2005 25 adult earthworms of Lumbricus terrestris were
added to the subplots with non-reduced Earthworm populations (+ew). For more details about
the arrangement of the steel rods for the octet devices see (Eisenhauer et al. 2009a). The
measurements (one replicate) were conducted with the hood infiltrometer to obtain steady

infiltration capacity on each subplot (+ew and —ew) on the weeded site (Figure 1.4 B).

1.2.2.2 Soil texture

Due to the flooding and sedimentation history of the field site, the texture in the plough
horizon (0-30 cm) gradually changes from sandy loam close to the river in the east, into a strong
silt loam with increasing distance from the river in the west (Figure 1.5). Soil texture was
determined from soil cores at 38 locations distributed throughout the experimental site prior to
plot establishment (G. Biichel, pers. Comm.). Values for each plot were interpolated by ordinary
kriging (for calculated sand, silt and clay content values (%) in 10,20,30,40, 60, 80 and 100 cm
soil depth see Appendix Table 1-3). The sand content (average from 10-30 cm depth) varies
from 40 % near the river to 11% in the west, in contrast to the silt content which ranges from
44% to 66% respectively. The clay content shows no significant spatial trend (16-23%). Below
a depth of 60 cm the gradual changes in soil texture show a rather patchy pattern (Figure 1.5).

+Earthworms -Earthworms

Drought experiment Monolith
extraction

(A)

New invasion
experiment

223 |15

T

Figure 1.4: Design of the subplots (1 x 1m) for extraction from the subproject 4: (A) Layout of a large
plot with overview over subplots of different subprojects (B) Design of the Subplots (1x Im) of
Subproject 4 (succ.-successions plots). (C) Photograph showing the subplots for earthworm density
manipulation with the four octet devices used for the earthworm extraction by electro-shocking (picture
by N. Eisenhauer).



General Introduction
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Figure 1.5: Texture gradient on the field site of the Jena Experiment for silt, sand and clay at A) 10 cm,
B) 30 cm, C) in 60 cm and D) in 100 cm deep (as indicated).
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1.2.3 Ecotron (Montpellier)

The monoliths originate from a temperate grassland site (Jena Experiment) located in
the floodplain of the Saale river near Jena (Germany; 50°55'N, 11°35°E, 130 m NN) (Roscher
et al. 2004). In December 2011, soil cores were excavated from selected plots (4 and 16 plant
species) of the experimental field by UMS GmbH (Miinchen, Germany). For the excavation the
lysimeters (diameter 1.60 m) with cutting edges were pushed down by a hydraulic press site to a
depth of 2 m and were then extracted with a crane. Before the transport to the Ecotron facility at
the end of March in 2012, the lysimeters were buried to the surface level near the field site for
the winter in 2011, in order to expose the lysimeter to the same environmental conditions as the
plots of the field site.

The Montpellier European Ecotron is a new experimental infrastructure developed by
the Centre National de la Recherche Scientifique (CNRS, France) and provides the possibility to
study ecosystems and organism under controlled environmental conditions. The large Ecotron
facility in Montpellier consists of transparent and confined Tefzel domes (highly transparent
ethylene-tetrafluoroethylene film for UV radiation, Figure 1.5A, B) for analyzing elementary
functions under simplified conditions in order to study complex patterns observed in the field in
a simplified way. The lysimeters were randomly assigned to the 12 controlled environmental
chambers with controlled atmospheric conditions (air temperature, humidity and CO,
concentration). Additionally, there are also belowground chamber under each dome that include
a weighting system, soil sensors, soil temperature control system and a Marriott’s bottle to
maintain a constant below ground water table (Figure 1.5 C). For four months (end of March to
end of July) the lysimeters were kept under the average temperature and precipitation regimes
from 2007. The spring-summer conditions in 2007 were very close to the average climate
conditions in the Jena Experiment since 2002. During the Ecotron Experiment the achieved air
temperature was close to the set point (14.0°C compared to 14.9°C in Jena), while the achieved
averaged relative air humidity was lower (58.9% compared to 73.4% in Jena). Because the
lysimeters were exposed to lower air humidity during the experiment and to slightly higher
temperatures during the transport, the precipitation was increased by +23 %, compared to 2007,
to reach similar soil moisture conditions. Target plant communities were maintained by regular
weeding. As in the Jena Experiment the mowing took place at the end of April and at the end of
July. The infiltration measurements were conducted immediately after the July mowing (Fig.
1.5B). Because one of the 12 monoliths was broken during transport, our measurements were

conducted on 11 of the 12 monoliths.

11



General Introduction

Figure 1.6: Photograph of the experimental Tefzel domes (macrocosm) at the ECOTRON facility
(Montpellier European Ecotron, France) (photo by CNRS Ecotron Montpellier), (B) photograph of one
macrocosms showing the infiltration procedure using a hood infiltrometer (C) Photograph of one
belowground chamber under the dome (photo by CNRS Ecotron Montpellier). For more details see
Chapter 1.2.3..

1.3 Objectives
1.3.1 Research Questions

The design of The Jena Experiment, with a controlled manipulation of plant diversity
and covering experimental blocks with differences in soil structure and texture, allows for
disentangling the relative importance of biotic (plant community, earthworms), soil structural
parameter (bulk density, porosity and soil organic carbon) and abiotic (soil texture) factors on
soil hydraulic properties such as infiltration capacity. In the first field experiment (Chapter 4),
we aimed to explore the relation between soil water fluxes and plant community, earthworms
and soil texture. In the second field experiment (Chapter 5), the objective was to quantify the
change in infiltration capacity affected by soil structural parameters (bulk density, soil organic
carbon, and porosity), plant community, earthworms and soil texture. In the third experiment we
measured infiltration capacity on 11 monoliths with two diversity levels (4 and 16 plant
species), originating from The Jena Experiment site at several depths in the CNRS Ecotron,
Montpellier (chapter 6 and 7).

As a part of the hydrology subproject of The Jena Experiment the overall aim of this

thesis was to investigate the several factors that improve biological activity, and therefore
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counteract the compaction and loss of mechanical stability that decreases infiltration capacity
and increases the intensity of flooding events. Based on several studies (Ward and Trimble
2004, Van Eekeren et al. 2010, Deb and Shukla 2012) indicating many direct influencing factors
on hydraulic properties leading to contradictory results, I focused on direct and indirect
mechanisms to disentangle the interrelated factors shaping infiltration capacity. This leads us to

ask the overall questions:

(1) Which factors shape soil hydraulic properties such as infiltration capacity? — Are
abiotic factors (soil texture) more important compared to biotic factors (earthworms,

plant and functional diversity, root biomass) for the infiltration through soil?

Generally it is believed that earthworms have a positive effect on infiltration capacity
(Stockdill 1966, Zachmann and Linden 1989, Edwards and Bohlen 1996). However, these
positive effects are known for agriculture systems and knowledge about effects in natural
communities is rare. The mechanisms behind the impact of earthworms and the plant
community are not fully understood. In order to evaluate the effects of earthworms, plant
species richness, plant functional group richness and texture on soil hydraulic properties in a

plant diversity experiment, we try to answer the following questions:

(2) Does earthworm activity increase infiltration capacity?

(3) How does the plant community influence earthworm activity?

Summarizing the present knowledge according to the effects of biodiversity on soil
water plant interactions, it has to be stated that it is difficult to derive a clear picture of the
interactions between the water cycle and plant biodiversity. An increased soil water infiltration
depends on soil aggregation and stability which is impacted by texture, soil fauna and
vegetation parameters (Angers and Caron 1998, Six et al. 2004, Péres et al. 2013). In order to
improve the understanding of the relationship between soil structural parameters (soil bulk
density, porosity and soil organic carbon) and water infiltration with respect to plant diversity,

plant functional group richness and texture gradient the following questions were investigated:
(4) Do patterns in soil organic carbon content, induced by biodiversity gradients, relate
to structural parameters bulk density and porosity?

(5) Do those parameters affect infiltration capacity?
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Next to spatial variability of hydraulic properties across the field site, knowledge of
spatial variability along a soil profile is also important for the development of optimal
agricultural and land management strategies. For irrigation and soil management, it is also
important to consider the role of the several factors on infiltration also through several depths.
We therefore measured, in addition to field experiments, the infiltration capacity on Lysimeter
taken from the field site in Montpellier (France) at several depths. The main questions of this

field study were:

(6) Do the observed factors influencing soil hydraulic properties at the soil surface also
affect infiltration into deeper soil strata? What factors are important drivers for the
infiltration at several depths?

Infiltration measurements using the hood infiltrometer directly estimated the hydraulic
conductivity via Wooding's equation (Wooding 1968). Because these direct measurements are
costly and time consuming, indirect methods were developed to estimate hydraulic conductivity
based on easy to measure soil properties (Schaap et al. 1998, Schaap et al. 2001). In order to test
the application of the most common pedotransfer functions (PTFs) at several depths, we ask the

following questions:

(7) Can we predict observed saturated hydraulic conductivity using the pedotransfer
functions (PTFs) at several depths?

1.3.2 Layout of thesis

This thesis is divided into the following chapters (Figure 1.7):
o Chapter 1 deals with the general introduction and objectives of the study. In this

chapter the overall design of the Experiment is also outlined.

Chapter 2 reviews the literature covering soil physics and structure, infiltration theory

and measurement techniques of tension infiltrometer, and major factors that influence

surface soil hydraulic properties.

e Chapter 3 gives a short overview of the effect of spatial variability of infiltration
capacity

o The three research objectives are described in chapter 4, 5 and 6: The format of the
chapters is in the form of intact papers for submission to journals. As a result this
format leads to some duplication of introductory material in each chapter.

e Chapter 4 analyzes the variation of infiltration along texture, plant species and
earthworm gradient

e Chapter 5 links the infiltration patterns to soil structural parameters and identifies the

most important structural parameters influencing soil hydraulic properties
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e Chapter 6 characterizes infiltration patterns along several soil depths (soil surface,
within rooting zone, below rooting zone) and quantifies the relationship with soil
structural parameters, biotic factors, soil texture, and soil moisture. In this chapter we
examine if flow patterns at the soil surface continue to deeper soil layers and which
factors influence this.

e Chapter 7 tests the application of several Pedotransfer functions (PTFs) for the
measured hydraulic conductivities on Lysimeter in several depths.

e Chapter 8 summarizes and discusses the findings by addressing the research questions

Chapter 3:

Spatial
Vanability of
infiltration

Chapter 4 and 5:
Influence of abiotic, biotic and
structural parameters on Infiltration

Chapter 6:
Factors influencing Infiltration
in several soil layers

Chapter 7:
Estimationof

hydraulic
conductivity

Figure 1.7: Overview of chapters of the present thesis. Further explanations can be found in the respective
chapter.
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2 Background: Applied concepts
2.1 Water flow through soil
2.1.1 Components of soil

A soil mass can be described as a three phase systems: soil solid (solid particles or soil
matrix), soil solution (water with dissolved substances) and gaseous (soil atmosphere) (Figure
2.1 (A).The solid matrix also contains amorphous substances, particularly soil organic matter
(SOM). Generally, soils consist of approximately 45 % mineral material, 5% organic matter,
and 50% void space filled with a part of water, and a part of air. In saturated soil, the voids are
completely filled with water and a dry soil with air. Sandy soils normally have 35-50% pore
space, while medium to fine-textured soils have 40-60% pore space. The soil mass consists of
these three components forming a complex material, varying depending on weather, vegetation
and management strategies. In Fig. 2.1 (B) the hypothetical composition of these components
for a medium-textured soil are presented.

The relative percentage of these components, arrangement as well as the size, shape,
and chemical and mineralogical composition of the particles characterizes soil structure. Thus,
Dexter (1988) defined soil structure as “the spatial heterogeneity of the different components or
properties of soil” at various scales. The determination of soil structure is mostly indirectly
performed by measuring soil properties that influences the soil structure. Three categories can
be classified ranging from “structureless” to a good structure: single grained, massive, and

aggregated.

Mineral matter

Figure 2.1: Schematic diagram of a hypothetical soil as a three-phase system. (A) Schematic composition
(by volume) of the soil components for a medium-textured soil. Mineral matter and organic matter make
up the soil fraction. Air and Water comprise the pore space fraction. A medium-textured soil consists of
around 50% solid particles and 50% pores. (B) The three phases have been separated, showing their
relative volumes and masses. The masses of the phases are indicated with: M, = mass of air M,, = mass of
water and Mg = mass of solids and M, = total mass. The volumes are represent with V, = volume of air,
V,, = volume of water, V;=volume of solid, volume of pores V=V, + V,,, V= volume of solids and V=
total volume.
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2.1.2 The physics of water flow

The retention and movement of water in soil, uptake and translocation in plants and loss
via evapotranspiration in the atmosphere, are mainly controlled by energy relationships. Kinetic
and potential energy are the two principle forms. Kinetic energy in soil is quite low and
therefore negligible. In 1907 E. Buckingham introduced the term “potential” according to soil
water flow and used an equivalent equation of Darcy’s law to quantify unsaturated flow in soils.
The total potential of soil water, according to the International Soil Science Society, is “the
amount of work that must be done per unit quantify of pure water in order to transport
reversibly and isothermally an infinitesimal quantity of water from a pool of pure water at a
specific elevation at atmospheric pressure to the soil water (at a specific point)” (Aslyng 1963).

Water flow through soil is driven by three major forces. This includes soil water
potentials of gravitational (W), matric (V) and osmotic (o) potential. The sum of these
potentials (V- Vg WYut Wo) resulted in the total soil water potential (Miller 1989). Total water
potential describes the energy state in the soil-plant-atmosphere continuum. The energy status of
standing water is zero. Differences in total potential between two points in the soil drive the
water flux in the direction of the lower potential. The gravity potential is equal to the work
which is needed to lift a body against the earth’s gravitational from a reference level to its
present position. Thus the gravity potential is higher the greater the height of water above a
given reference point. The gravity potential is taken as positive or zero, when the reference level
is the soil surface then the gravity potential is negative. The gravitational potential near the soil
surface is always higher compared to W of the subsoil. Under saturated conditions, difference
in Wg drives the water flow, whereas under unsaturated conditions matric potential determines
the water flow. Matric potential is the measurement for the influence of the matric or how much
water is held in the soil by adhesion and cohesion (Figure 2.2). This potential is always the
opposite of the gravity potential. Therefore it receives a negative sign. The osmotic potential is
determined by the amount of dissolved salts and therefore plays an important role in arid areas.
However, for the water flow into plant root osmotic potential is important. Normally, plant root
potential is lower than the soil water potential, water moves from the soil to the root. The less
the water content of a soil, the greater the forces you need to exclude water from the soil. The
required energy to move water differs between the soil moisture states: saturation, filed rate and
permanent wilting point (Figure 2.2).

When all soil pores are filled with water during a heavy rain event or irrigation, the soil
becomes saturated. After the drainage has stopped water in the larger pores is replaced by air. At
field capacity, smaller pores (micro - and mesopores) retain water and larger pores are filled
with both air and water. The direction of potential energy is downward through the soil forced

by gravity and mainly through larger pores.
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Permanent Field Capacity Saturation
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Figure 2.2: Schematic overview of air-water interface during wetting processes in porous media.

If the water content decreases again and the soil matric potential becomes more negative, water
is held to mineral surfaces (capillary forces). At this soil moisture level (permanent wilting
point), plants can no longer adsorb water from the soil. Soil texture, particularly clay content,

has a strong influence on the field rate and the permanent wilting point (Rowell 1994).

2.1.3 Preferential flow (macropore flow)

The generic term “preferential flow” is also known as non-uniform flow, which
describes the process of water movement through a porous medium by pores bypassing the soil
matrix pore space (Luxmoore 1991). During infiltration, preferential flow is a function of the
initial matrix water content, rainfall intensity, rainfall amount, matrix hydraulic conductivity,
and the soil surface contributing area (Trojan and Linden 1992). Based on the differences in
flow processes, preferential flow can be subdivided into three different types, such as macropore
flow (Figure 2.3), fingered and funneled flow (Germann and Beven 1981, Bundt et al. 2001).
Macropore flow is the water flow through pores formed by plant roots (Meek et al. 1992),
earthworms (Lavelle et al. 1992, Lavelle 1997, Angers and Caron 1998) or cracks and fissures
(Germann and Beven 1981, Messing and Jarvis 1990, Zehe and Fliihler 2001) and is much
larger than flow through soil matrix pores. Water flow from macropores into the surrounding
soil matrix can be week or with no interaction (Figure 2.3). Fingered flow (flow instability) can
be caused by profile heterogeneity, water repellence and/or air entrapment. The presence of
sloping layers or large impeding structures such as clay lenses can cause “funnelling” by
redirecting the downward water flow. Preferential flow is often attributed to macropore flow
(Luxmoore 1991, Bundt et al. 2001) because macropore flow is the dominant flow process in
many soils and has a strong influence on the total infiltration through soil (Beven and Germann

1982).
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— Matrix Flow

Macropore Flow

Interaction Flow

Figure 2.3: Macropore flow paths in a sandy soil of the Jena Experiment, indicated by blue dye. At the
soil surface more uniform flow (Matrix Flow) occur, followed by differentiation into macropores in the
subsoil (Macropore Flow). Water transfer from the macropores into the surrounding soil matrix is called
interaction flow.

The process of macropore flow is shown in Figure 2.4: When the overall water input
from precipitation or irrigation (1) exceeds infiltration capacity of the soil, the generated
overland flow (3) results in water flux into macropores (2). This causes a water content increase
inside the macropore (4). A portion of the infiltrated water is absorbed by the soil matrix at the
soil surface (matrix flow) (5) and through the macropores walls (interaction flow) (6). The other
portion will percolate downwards into the macropore (4). Factors affecting the flow of macro-

and micropore are presented in chapter 2.3.

Soil Matrix

Fig. 2.4: Schematic presentation of fluxes occurring during infiltration into a macroporous soil. 1.
represents overall water input (precipitation, irrigation), 2. represents volume flux density into soil
macropores (macropore flow), 3. represents overland flow, 4. represents volume flux density and
volumetric soil moisture 5. represents infiltration into the top soil matrix (matrix flow), 6. represents
water absorbance from macropores into the soil matrix (interaction flow). Modified afterBeven and
Germann (1982).
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2.2 Infiltration measurements

Because hydraulic conductivity is a complex variable it is difficult to obtain quantitative
measurements of this soil property. Direct and indirect methods exist to estimate soil hydraulic
conductivity. To determine the saturated hydraulic conductivity (K;), a good approach is to
measure infiltration of the soil. Mohanty et al. (1994) mentioned some field methods for
measuring the hydraulic conductivity: the Guelph permeameter method, the constant head
permeameter method, the disk permeameter method, the double tube method and the velocity
permeameter method. In our field experiment we used a new type of tension infiltrometer called

a hood infiltrometer (more details in Chapter 2.2.1, Figure 2.5).

2.2.1 Hood infiltrometer

This in situ technique using a hood infiltrometer (Schwérzel and Punzel 2007) is a good
method for the determination of infiltration capacity. Therfore, a small hood with a diameter of
17.6 cm (for Ecotron experiment 24.8 cm) is placed with the open site to the soil surface filled
with water. Through a “Mariotte” bubble tower with a rate of 5 liters different water pressures
can be applied (Figure 2.5A) (Schwérzel and Punzel 2007). We conducted measurements at
pressure supply heads to the bubble point of the soil. For hood infiltration measurements no
contact layer and therefore no preparation of the soil surface is needed. The source of infiltration
takes place by the circular shaped soil surface covered by the hood. The pressure in the hood is
regulated by the “Mariotte” bubble tower. The effective pressure head (H) can be calculated
between the difference value in the U-pipe manometer (Us) and the pressure value in the

standpipe of the hood (Hy):

H=U; - H; (Equation 1.1)

In this study negative pressure is matric potential. With increasing matric potential
(pressure head becomes more negative), the water flow decreases through pores. For a specific
matric potential (¥y) the equivalent diameter (d.) of the largest soil pore conducting water can
be estimated after Jarvis et al. (1987). At ¥y = 0 m the soil is saturated and the entire pore
spectrum is potentially active. At ¥y = -0.02 m, the largest active pores correspond to d, =1.5

mm, at ¥y = -0.04 m to d. = 0.75 mm and at ¥y, =-0.06 m to d. = 0.5 mm (Table 2.1).
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Figure 2.5: A) Schematic of the hood infiltrometer (not to scale) from UGT. From the difference of the
height of the water level in the standpipe and the negative pressure head at the U-tube manometer, the
effective pressure head on the soil surface can be determined. The zero point of the scale of the standpipe
is at the soil surface. Ug= negative pressure at the U-tube manometer, Hg = height of the water table in the
standpipe, Hy = infiltration chamber height, T = submergence depth of the air pipe (modified after
Schwirzel and Punzel (2007)). B) Infiltration measurement using a Hood infiltrometer at the field site of
The Jena Experiment.

Table 2.1: Overview of the equivalent diameter (d.) corresponding to the specific matric potential (¥y)
estimated after Jarvis et al. (1987).

Matric potential | equivalent diameter
Py (m) d. (mm)

0 >1.5

-0.02 1.5

-0.04 0.75

-0.06 0.5

2.2.2 Analysis/Calculation

In 1865, Henry Darcy, a French hydraulic engineer, described a series of experiments showing
that the flow rate of water through sand filters was proportional to the hydraulic gradient, by
using following equation, also called Darcy’s Law (Darcy 1856):

q = % = —K(6) % -1 (Equation 1.2)
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where q is the specific discharge Q/A, respectively the volume water flow in units of volume
per time/area (m*/ms).

K is a factor of proportionality, or the saturated hydraulic conductivity (LT™) for a given grade
of sand. The gradient of the water pressure is expressed as d¥p/dz. Hydraulic conductivity was
lower for fine sand in comparison to coarse sand. In general, K depends on the moisture content
and pressure head (Ward and Trimble 2004). In saturated soils, K is defined as the saturated
hydraulic conductivity (K,).

Typically, most of the models for the calculation of unsaturated water flow within the soil are
based on a numerical solution combining Darcy’s equation with the continuity equation referred

to as Richards or diffusions equation (Richards 1931):

o) _ a4 de+n) _
i) az K(¥) dz q(2)

(Equation 1.3)

where 0 is the soil water content [L3L™], t is time [T], z is a spatial coordinate [L], V¥ is the
matric potential expressed as a pressure head [L], K(h) is the unsaturated hydraulic conductivity
[LT'] as a function of the matric potential, and q(z) is the sink/source term [T™'] that
corresponds to the water uptake by roots or the water release from roots due to hydraulic
redistribution. The validity of the equations is based on the assumption that the soil is saturated,
homogenous and isotrop, while the flow laminar and isothermal. Consequently, the Richards
equation does not account for all active processes and therefore does not represent the real water
flow in natural systems. Based on Gardner s exponential model of the saturated hydraulic

conductivity:
K(h) = K * exp(a * hy) (Equation 1.4)

where K [LT™] is the saturated hydraulic conductivity and a [L"] is the exponential slope under
a given supply potential hy. Analysis of infiltration measurements are based on Wooding’s
(1968) solution for infiltration to describe a three dimensional steady state infiltration into soil

from a shallow circular source of radius r with a constant pressure head by

Q(hy) = m*1r? x K, xexp(a = hy) * (1 + n*j*a) (Equation 1.5)

where r is the disk radius and Q(hy) is the steady state flow rate (L*T) under a given supply
potential hy (L). For a given disk radius the unknown parameters K, and o can be solved by
measuring with the hood infiltrometer at multiple supply potentials (Ankeny et al. 1990,
Messing and Jarvis 1990, Reynolds et al. 2000). Then a is a constant in the interval between the

two applied pressure heads hyg and hyg.1) when Equation 1.4 and 1.5 are applied piecewise:
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Qi

In(g7) .
co i=1,..,n-1 (Equation 1.6)
hogiy—ho(i+1)

Xit1/2=
where n is the number of supply pressure heads. Rearranging Equation (3) gives

_ Qi+1/2 .
hO(i+1/2)]‘< o ) i=1,
nre4+—

Xi+1/2

K[ ., -1 (Equation 1.7)

The steady infiltration capacity between supply pressure heads hy:1.2) are calculated by

ln(Qi)+ln(Qi+1)] i=1
2 ’t

Qi+1/2) = €xp [ .., n-1 (Equation 1.8)

Using the known values hoii1/2), Kit12, and a1 you can calculate the saturated hydraulic
conductivity K by

Kp .
K, = 0(1+1/2) i=1,...,n1 (Equation 1.9)
eXP[“l.+1*h0(i+1/2)]
2

2.3 Factors affecting surface soil hydraulic properties

Water flow through soil is highly variable in space and time (Messing and Jarvis 1990,
Cerda 1996) due to soil heterogeneity and factors related to soil surface conditions impact the
soil pore system. Parameters that are known to be important for spatial and temporal changes in
hydraulic parameters and influence soil matric forces and pore space are mentioned in the
following chapters. These factors were investigated in more detail in this study. In this thesis, I
distinguish between abiotic soil factors (texture), which are constant in time, and biotic factors
(soil fauna, plant community and soil structural parameters), which change dynamically

depending on environmental factors.

2.3.1 Biotic factors

2.3.1.1 Earthworms (Lumbricidae)

Important components of many terrestrial ecosystems are earthworms that act as soil
ecosystem engineers. They have an influence on soil organic matter dynamics, hydraulic
properties, pedogenetic processes, and plant performances by altering soil structure, water
movement, nutrient dynamics, and plant growth (Lavelle 1988, Edwards and Bohlen 1996,
Scheu 2003, Six et al. 2004). Aristotle was probably one of the first to recognize the importance
of earthworms. He referred to them as the "intestines of the soil“. In the middle of the 18"

century, Linnaeus gave the first description of Lumbricus terrestris taxonomy. Darwin (1882)

26



Background: Applied concepts

was one of the first scientists who showed the biological importance of earthworms to soil
fertility and development for the agriculture.

Bouché (1977) defined the zone 2mm around earthworm burrows as the term
drilosphere. Later in 1988 Lavelle also included the earthworm itself and all the soil volume that
is directly and indirectly modified by earthworms to the drilosphere. Earthworms can be defined
into three major ecological types based on their different localization in soil, burrowing
behavior and food resources: endogeic, epigeic and anecic earthworms (Bouché 1977) (Figure
2.6). Depending on the ecological type, earthworms create burrows ranging from 2-11mm in
diameter (Ehlers 1975, Syers and Springett 1983). They have different influences on the
drilosphere components because they differ in depth and orientation of the burrows, casting
manner, morphology, size, pigmentation and relationship to the soil microflora (Lavelle, 1988).
Epigeic species (surface soil and litter species) live within the surface plant litter. Endogeic
species (upper soil species) build only temporary horizontal channels and refill their burrows
(Lavelle et al. 1995). These small worms with a diameter ranging between 2-5 mm are adapted
to highly variable moisture, temperature and high organic matter content of soil (Pérés et al.
1998). An intermediate type of earthworm between the litter-dwelling epigeic and the soil-
dwelling endogeics are anecic species (deep-burrowing species). A typical representative of the
anecic species is Lumbricus terrestris. These species burrow long vertical casts in the soil and
feed mainly on surface litter. Most of the burrows have a diameter larger than 5 mm (Edwards
and Bohlen 1996) and can exist for a long time up to a depth of 2 m (Edwards et al. 1992), even
after the death of the worm. Because of the different mixing and crawling strategies, endogeic
and epigeic earthworms mainly increase the infiltration in the topsoil, as opposed to anecic
species which enhance water flow to deeper soil strata (Shuster et al. 2002) (Figure 2.6). The
burrowing activity is different not only between the ecological types, but also between the
different species from one ecological group (Bastardie et al. 2003).

Through their burrowing activity, earthworms affect infiltration (Shipitalo and Butt,
1999), water movement (Shipitalo et al. 2004), plant performance (Wurst and Jones 2003), soil
physical properties (Lavelle 1988), microbial communities (Brown 1995, Scheu 2003) nutrient
cycling (Edwards and Bohlen 1996), soil aggregation (Shipitalo and Protz 1988, Six et al. 2004)
and vegetation development (Milcu et al. 2006). Some studies have documented that
earthworms enhance plant productivity (Hopp and Slater 1948, Stockdill 1966, Schmidt and
Curry 1999). Eisenhauer et al. (2009b) showed that earthworms also increase belowground
competition by increasing plant diversity, and that legumes benefit from earthworm abundance.
Earthworm performance is negatively affected mainly by the presence of grasses and benefits
by the presence of legumes (Eisenhauer et al. 2009a). It has been suggested that legumes and

earthworms are mutualistic related (Eisenhauer et al. 2009b).
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of the three ecological functional groups of earthworms as proposed by Bouché (1977; (modified after
http://www.regenwurm.ch/files/mediapics/LEBENSRAUM/full/Illustration_retouchiert.jpg).

Several studies found that the infiltration capacity is two to ten times higher in soils
with earthworms (Slater and Hopp 1947, Stockdill 1966, Zachmann et al. 1987). Also soil
properties, management practices (Lachnicht et al. 1997), soil types (Visa 1992) and vegetation
cover (Zartman et al. 2012) affect earthworm abundance. It should be mentioned that
earthworms can also have an opposite effect on soil structure by increasing bulk density due to
“compacting species” (Blanchart et al. 2004, Six et al. 2004). The impact of earthworms on soil
structure and aggregation can vary considerably between the different ecological groups (Six et
al. 2004). Epigeic species have no or little effect on soil structure and stability, whereas anecic
and endogeic species play an important role for soil formation and aggregation (Shipitalo and
Protz 1988).

2.3.1.2 Plant biodiversity
The term “Biodiversity” is “the variation of life at all levels of biological organization”
(Gaston and Spicer 2004). It can be described by the number of entities, evenness of their

distribution, and the differences in their functional traits (Hooper et al. 2005). Because it is
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difficult to measure biodiversity, species richness has become an often used approach in
ecological studies (Gotelli and Colwell 2001).

The effect of how plant biodiversity might influence hydraulic pathways in soil is not
clearly understood. However, there is an increasing number of ecological studies that highlight
the influence of plant species numbers and/or composition on ecosystem processes and
properties such as plant productivity and nutrient cycling (Hector et al. 1999, Loreau and Hector
2001, Spehn et al. 2004). Higher Biomass production is associated with larger and longer
macropores (Grevers and Jong 1990). As well, earthworm abundance and root biomass are
positively related to plant species richness, which changes the number of macropores and have
an influence on water relations and movement in the soil (Bardgett et al. 2001).

Other soil properties, like aggregate stability, are influenced by plant species richness
(Angers and Caron 1998, Pohl et al. 2009), due to their differences in root functional traits (root
biomass, diameter of coarse and fine roots, root orientation and distribution) (Gyssels and
Poesen 2003). Next to aggregate stability the root system affects the infiltration capacity, bulk
density, organic and chemical content and shear strength (Six et al. 2004, Bronick and Lal
2005). Therefore, first growing plant roots can clog pore, thus resulting in a reduced infiltration
capacity. However, if the roots decompose, the created channels increased the infiltration

capacity (Barley 1954, Gish and Jury 1983, Mitchell et al. 1995).

2.3.2 Soil structural properties (bulk density, porosity and soil organic carbon)

Bulk density and porosity are good soil structural indicators for characterization
changing soil structure and aggregation (Six et al. 2000). High bulk density indicates a low
porosity and implies that root growth is reduced, which results in poor air and water flow
through the soil (Stirzaker et al. 1996). Management and vegetation cover affect organic matter
content, soil structure and porosity. Soils with high organic matter content and porous structure
are contributed to lower bulk density and higher porosity (Franzluebbers 2002). Additionally,
Berglund et al. (1980) have shown that organic matter correlates positively with infiltration
capacity, reflecting the importance of organic matter for enhancing soil structure and
macroporosity by improving humus and clay complexes in the soil.

The change of bulk density is used as an indicator of soil compaction (Alaoui et al.
2011). Compacted soils have a bulk density higher than 1.6 g/cm?, while porous soil with high
organic matter have bulk densities around 1.0 g/cm?®. The greater the bulk density the lower the
total pore space for water flow and root growth. But bulk density cannot account for changes of
the shape and size of the pores in the soil. In contrast to silt and clayey soils, sandy soils have a

higher bulk density caused by a low volume of pores. Generally, most rocks have a bulk density
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of 2.65 g/cm?, while medium textured soils with 50 percent pore space have a bulk density
around 1.33 g/ cm’.

Soil porosity refers to that part of a soil volume that is not occupied by soil particles or
organic matter, it is the fraction of the total volume occupied by pores or voids. This value can
range from 30 to 60% (Hillel 1998). Pore spaces are filled with air, other gases, or water. Large
pores (macropores) allow the movement of air and the drainage of water. Also within these
pores, root growth and soil fauna activity is promoted. Sandy soils are often less porous
compared to silt or clayey soils, because they consist of a lower amounts of small pores and are
dominated by larger, fewer pores. Because of the shrinking and swelling characteristic of clayey
soils, the porosity here is very variable. With increasing organic matter, the porosity also
increases, which leads to a higher infiltration (Franzluebbers 2002).

Besides the primary matrix porosity (solid phase of soil), pores created by root, soil
fauna and cracks form a secondary porosity. Therefore water flow in soils can occur between
the primary and secondary porosity systems. Generally, porosity is mainly divided into textural
porosity (matrix), as the pore space between the primary particles (intra-aggregate), and
structural porosity (inter-aggregate), as the pore space between micro-aggregates containing
macropores such as biopores, cracks and fissures (Hillel 1998). Macroporosity (structural
porosity) is the most dynamic part of total porosity due to tillage, climate and biological
activities. These large pores are important for plant growth and improved infiltration.
Compaction of the soil by agriculture management results in an increase in bulk density, a
decrease in porosity, which leads to a decrease in infiltration, and an increase in run-off and soil

erosion (Berglund et al. 1980, Franzluebbers 2002).

Calculations

Soil bulk density (p,) is calculated as the dry weight of soil divided by its total soil

volume (volume of soil particles and pores):

oven dry weight soil _ Mg

Pd = (Equation 1.10)

volume of soil T s

where M; is the weight of oven dry soil (g) and V, the volume of the container (cm?).

Soil porosity is the ratio of the volume of soil pores to the total soil volume:

volume of pores W

Porosity = (Equation 1.11)

volume of the soil sample - Ve

where V, is the volume of pores (cm?) and V| the volume of soil sample (cm?).
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2.3.3 Soil texture

A very important abiotic factor, which is controlled the rate of infiltration, is the type of
soil. Soil can be classified into four soil texture classes: sands, silts, loams and clays depending
on the proportion of small, medium and large particles (clay, silt, and sand). Sand particles
range in size from 63-2000 pm, silt particles ranges from 2—63 um and clay is made up of
particles less than 2 um in diameter (Ad-hoc-AG Boden, 2005). Generally, water moves faster
through coarse (sandy) soil because of the large pores as opposed to through fine grained
(clayey) soil with smaller pores. Traditionally, prediction of hydraulic conductivity is based on
soil texture, bulk density or organic matter content, implying a decrease of hydraulic
conductivity with an increase of a fraction of fine grains (Blackburn 1975, Wosten and Van
Genuchten 1988, Archer et al. 2002). This relationship can be reversed due to soil structuring
processes leading to interconnected macropores (Jarvis and Messing 1995, Lin et al. 1999).
Several studies showed that soil texture in dry regions plays an important role for water
availability in soil, thus affecting the vegetation structure (Barnes and Harrison 1982, Knoop

and Walker 1985, Parker 1991).
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3 Spatial variability of infiltration capacity at field scale
3.1 Introduction

Hydraulic conductivity is an important parameter for soil-water-plant interactions and
therefore a critically important input parameter in hydrological models for modeling water and
solute transport through the soil profile (Schaap et al. 2001). Among soil properties hydraulic
conductivity has the greatest statistical variability (Deb and Shukla 2012), which leads to a high
error term in the output of hydrological models. The variability of soil hydraulic conductivity
depends on the method of measurement, as well as on several factors such as soil type, soil
management and biotic factors (Hillel, 1998; Ward, 2004). The objective of this study was to
determine the spatial variability of the soil surface hydraulic properties such as infiltration
capacity depending on plant species richness (2.4 and 8 plant species) by using a hood
infiltrometer. The results serve as a basis to get an idea about the results from the statistical

analysis in the next measurement experiments.

3.2 Material and methods:
3.2.1 Experimental set-up

At the Jena Experiment field site (chapter 1.2) we measured infiltration capacity on
three plots in Block 3 under nearly same texture content for 2, 4 and 8 plant species. To explore
spatial variation we replicated our measurements 9 times on one monolith (Figure 3.1) in May

and June using a hood infiltrometer (Chapter 2.2.1).

Drought experiment Monolith Soll water,
extraction ydrology

I I
core area .\I ® |

Hood Infiltrometer

=\~ ® ® @
experiment

New invasion \
experiment

ol| water, kydrology 0.5m | 0.5m | 0.5m

Figure 3.1: Repeated measurement (n=9) points on monoliths taken in 2011 in spring and autumn.
Measurements were conducted with a hood infiltrometer with a diameter of 17.6 cm.
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3.2.2 Analysis

For the characterization of the spatial variability of the infiltration capacity within plant species
richness and month, we used the Coefficient of Variation (CV), standard deviation and mean. A
CV<10% contributes to a weak variability, a CV between 10 and 100% to a moderate
variability, and CV > 100% to a strong variability. We also check our data for outliers. After
Zuur et al. (2010) an outlier is defined as an observation with a large or small value compared to
the majority of data points. There is no mathematical definition to determine when an outlier is
an outlier. In the past there has been much discussion regarding the handling of extreme data
points and their removing from the dataset. According to Wainer (1976) we define an outlier or
so called "fringeliers” as an outlier, when the observed value lies three standard deviations from

the mean.

3.3 Results

The CVs for the infiltration capacity decreased for 2 plant species (CV=111%) to 4 plants
species (CV=44%) and then increased slightly for 8 plant species (CV=57%) at saturation in
May. CVs decreased for 2 plant species (CV=105%) to 4 plant species (CV=26%), and then
also increased for 8 plant species (CV=63%) in June 2011 (Table 3.1). In May two data points
and in June one data point all on plots containing 2 plant species were detected as outliers
because the value was three times higher than the standard deviation of the overall mean (Figure
3.2). By removing the outliers in May, the CV increased continuously from 2 species (CV=33
%) to 8 species (CV=57 %). For two plant species the variation changed from strong to
moderate by removing outliers. But in June, the removed outliers did not change the overall
pattern and only reduced the CV for 2 plant species richness from 105% to 102% (Table 3.1).
For all data points, removing the two outliers in May strongly reduced the mean, SD and CV. In
June, removing one outlier, the mean, SD and CV was only slightly reduced. In May infiltration
capacity did not correlate with plant species richness (r= -0.192, p=0.328), but after removing
the outliers a trend was observed (r=0.288, p=0.154). Also in June infiltration capacity did not
correlate with plant species richness (r=0.034, p=0.867), even after removing outliers (r=0.203,

p=0.321).
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Table 3.1: The statistical variability of infiltration capacity (*10 m/s) at saturation for 2,4 and 8 plant
species in Block 3 for spring (first number) and summer (second number).

May

July

SR2

Mean (*10°° m/s)
SD

CV (%)

SR 4

Mean (*10° m/s)
SD

CV (%)

SR 8

Mean (*10° m/s)
SD

CV (%)

All Plots

Mean (*10° m/s)
SD

CV (%)

215.82/95.67*
241.47/31.10*
111.88/32.50*

74.49
32.99
44.29

121.30
69.56
57.34

134.96/96.40*
150.56/50.87*
111.56/ 52.77*

96.27/71.01*
101.66/72.46*
105.59/102.04*

91.23
23.79
26.08

100.29
62.93
62.74

95.93/88.14*
67.73/55.40%*
70.60/62.85*

* indicates results after removing outliers
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Figure 3.2: Relationship between species richness and infiltration capacity (log*10™ m/s) for A) and C) in
May and B) and D) in June as mean value per plot against sown species richness. Left panel includes all
data points, right panel includes data points after removing outliers.
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3.4 Conclusion

Generally, it is assumed that samples collected close to each other are more similar than those
collected at a greater distance (Deb and Shukla 2012). Surprisingly, the data shows that there is
a high variation between samples taken next to each other, up to very high variation in plots
containing two plant species. By not removing these outliers, a possible effect on infiltration
capacity is probably masked by these variations. The spatial pattern varied within plant species
richness and the dates highlighting the fact that one set of measurements is not sufficient for
describing the spatial variability of water flow through soil. The results showed that infiltration
varies for plant species richness and measurement date. To achieve proper estimates it is
necessary to take many samples covering the whole field site. By increasing the number of
measurement points, it is possible to deal with the “noise”, by reducing the impact of outliers
(Wen et al. 2013). The high variation of hydraulic conductivity has dramatic effects on the
output. In spring, when outliers were removed from our dataset, the correlation between plant
species richness changed from no significant negative correlation to a positive trend. Therefore,
we have to be aware that no effect may be overwhelmed by spatial variation, and that trends
could also give a hint of possible effects on water flow through soil. Additionally, the variability
of infiltration capacity within plant species richness was larger than the variability between the
measurement dates. In our next field campaigns we aimed to increase our data points to reduce

the impact of the high variation of infiltration on our results.
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4 How do earthwormes, soil texture and plant composition affect infiltration along

an experimental plant diversity gradient in grassland?
4.1 Abstract

Infiltration is a key process in determining the water balance, but so far effects of
earthworms, soil texture and plant diversity their interactions have not been studied in detail.
We measured infiltration capacity in subplots with ambient and reduced earthworm density
nested in plots of different plant species richness (1, 4 and 16), plant functional group richness
and composition (1 to 4; legumes, grasses, small herbs, tall herbs). In summer, earthworm
presence significantly increased infiltration, whereas in fall effects of grasses and legumes on
the infiltration were mediated by suppressing or enhancing earthworm biomass. Both grasses
and legumes modified infiltration and may even reverse effects of texture. We propose two
pathways: (i) direct, probably by modifying the pore spectrum and (ii) indirect, by enhancing or
suppressing earthworm biomass, which in turn influenced infiltration capacity due to burrowing
activity. Overall, the results suggest that substantial spatial and temporal variation of soil
hydraulic properties can be explained by biotic processes, especially by the presence of certain
plant functional groups affecting earthworm biomass due to shaping soil structure, while soil
texture had no significant effect. Therefore biotic parameters should be taken into account in

hydrological applications.

4.2 Introduction

The water balance of the soil is determined by the interaction of water supply and water
removal due to processes such as precipitation, infiltration, run-off, percolation and
evapotranspiration. For efficient soil and water management, knowledge of soil hydraulic
properties, including soil hydraulic conductivity and infiltration characteristics, is necessary to
understand how rainwater moves from the soil surface to groundwater. Hydraulic conductivity
describes the rate of a porous medium to transmit water. It depends on total pore space, pore
size distribution and tortuosity (Kutilek 2004). Soil pores are of various origin. The smallest
ones (micropores) are related to the grain size distribution and constitute the largest fraction of
the total pore volume (Dexter 1988, Lin et al. 1999, Ward and Trimble 2004). Larger pores
(often referred to as meso- and macropores) make up a characteristic property of the soil structure
(Angers and Caron 1998, Lipiec et al. 2006). Soil structure is determined by aggregates of
different sizes, divided into intra-aggregate and inter-aggregate pore structures (Alaoui et al.
2011). According to the pore size classification intra-aggregate pores include micro- and

mesopores, whereas inter-aggregate pores include meso- and mainly macropores (Hillel 1998).
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Traditional predictions of hydraulic conductivity are based on soil texture, bulk density
or organic matter content (mainly intra-aggregate pores) (Rawls et al. 1982, Wésten and Van
Genuchten 1988, Vereecken 1995), implying a decrease of hydraulic conductivity with
increasing fraction of fine grains. However, this relationship can be weakened by soil
structuring processes forming larger inter-aggregate pores such as interpedal voids and biopores
(Jarvis and Messing 1995, Lin et al. 1999). Macropores constitute a comparatively small
fraction of the total pore space, but can contribute substantially to total flow through the porous
medium, mainly during high intensity rainfall events (Watson and Luxmoore 1986, Beven and
Germann 2013). Thus, they provide channels for bypass flow or deep macropore infiltration.

Macropores created by both earthworms and plant roots also play a major role for
preferential flow (Edwards et al. 1990, Angers and Caron 1998, Beven and Germann 2013). For
example, Weiler and Naef (Weiler and Naef 2003) observed in grassland that the flow rate
through vertically oriented macropores formed by earthworms or plant roots was higher than
through the soil matrix. On the other hand, root growth can have opposite effects by clogging of
pore space and thus decrease hydraulic conductivity (Bodner et al. 2008).

Macropores formed by earthworms range between 2 to 11 mm in diameter (Ehlers 1975)
depending on the ecological group of earthworms, i.e. endogeic, epigeic and anecic (Bouché
1977). Endogeic and epigeic earthworms that live in upper mineral soil or at the soil surface
mainly form small and tortuous pores ranging between 2 and 5 mm in diameter (Pérés et al.
1998). In contrast, anecic species form pores larger than 5 mm in diameter, which may reach as
deep as 2 m into the soil (Edwards and Bohlen 1996) and thus enhance infiltration into deep soil
layers (Shuster et al. 2002). As a consequence of the different specific burrowing behaviors the
impact on water flow through soil varies among the different ecological groups (Edwards et al.
1990). Further, roots form voids of substantial size, but the majority of pores stemming from
root growth are smaller (0.1-0.6 mm) than those from earthworms (Tippkdtter 1983). However,
root induced pores differ with plant species and can be much larger. For example, most of the
root channels formed by the legume alfalfa were between 0.5 and 2.5 mm in diameter (Meek et
al. 1989). Besides the formation of macropores mentioned above, biotic processes are also
involved in creating and stabilizing of soil structure (Six et al. 2004, Pérés et al. 2013). Soil
aggregates are more stable in biologically active soil with high carbon content, which is
therefore associated with low soil bulk density and high porosity (Zacharias and Wessolek
2007).

The processes contributing to structuring of the soil and shaping its hydraulic properties
are intensively interlinked. For example, earthworm activity depends on a number of factors
which influence soil structure and hydraulic properties themselves, such as soil type (Visa 1992)
and texture (Edwards and Bohlen 1996), management practices (Lachnicht et al. 1997) and

vegetation cover (Zartman et al. 2012). Earthworms also alter above- and belowground plant
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productivity by creating additional macropores and their effect varies with plant diversity and
plant functional groups (Eisenhauer et al. 2009a, Eisenhauer et al. 2009b). Several experimental
studies have shown that above- and belowground biomass production change with increasing
plant diversity (Tilman et al. 2001, Spehn et al. 2004, Bessler et al. 2009). Furthermore, larger
and longer macropores were associated with increased plant biomass production and earthworm
abundance (Grevers and Jong 1990). Plant species richness not only affects rooting density, but
also improves soil stability, accumulation of organic matter and promotes the activity for soil
biota (Angers and Caron 1998, Thompson et al. 2010). Relatedly, the presence of certain plant
functional groups, such as legumes and grasses, has been shown to affect the abundance and
activity of soil organisms (Milcu et al. 2008, Eisenhauer et al. 2011). Understanding how plant
diversity, functional group composition and earthworms influence soil water fluxes and
resulting soil moisture distribution is important to improve predictions on how water fluxes will
change in taxonomically simplified ecosystems.

Our measurements were conducted in the frame of the Jena Experiment (Roscher et al.
2004), a long-term grassland biodiversity experiments with a manipulation of plant diversity
and covering experimental blocks with differences in soil structure and texture. This orthogonal
experiment presents the opportunity to study Infiltration capacity in the field and allows for
disentangling the relative importance of soil-physical and biological processes for soil hydraulic
conductivity. The main questions of the field study were:
(1) Does earthworm activity increase infiltration capacity?

(i) How does the plant community influence earthworm activity?

4.3 Material and methods

4.3.1 Study area and experimental design

4.3.1.1 The Jena Experiment

The study was performed on the field site of The Jena Experiment which is located in
the floodplain of the Saale river near Jena (Thuringia, Germany; 50°55'N, 11°35°E, 130 m
above sea level). Mean annual air temperature is 9.3°C and mean annual precipitation is 587
mm (Kluge and Miiller-Westermeier 2000). Before the establishment in 2002 the experimental
field site was an arable land and highly fertilized over the last decades. After the last harvest in
autumn 2000 the field was ploughed and kept fallow throughout 2001, and the experimental
plant communities were established in spring 2002 for investigating the interactions between
plant diversity and ecosystem processes, focusing on element cycling and trophic interactions
(Roscher et al. 2004). The soil of the experimental site is an Eutric Fluvisol (FAO-Unesco 1997)
developed from up to 2 m thick loamy fluvial sediments (Roscher et al. 2004). The soil texture

on the field site in the upper 10 cm of the soil profile changes with increasing distance from the
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river, gradually from sandy loam to silt clay. The sand content decreases from 40% near the
river to 11% at distance, while the silt content increases proportionally from 44% to 66%. The
clay content (16-23%) shows no significant spatial trend. Plots were assembled in al0 ha area
into four blocks, arranged parallel to the river, thus accounting for changes in soil properties and
water conditions.

A pool of 60 native plant species common of Central European mesophilic grasslands
was used to established a gradient of plant species richness (1, 2, 4, 8, 16 and 60) and functional
group richness (1, 2, 3 and 4) on 82 plots of 20 x 20 m. To account for differences in
morphology and physiology, species were assigned to four functional groups: grasses (16
species), small herbs (12 species), tall herbs (20 species) and legumes (12 species). In addition
to test on effects of plant species richness and functional group richness, the experimental
design allows for tests caused by the presence and absence of certain functional groups and
texture. The plots were mown twice a year and the mown material was removed from the plots
shortly after cutting. All plots were weeded regularly to maintain the target species composition.

More details on the experiment and management are given in (Roscher et al. 2004).

4.3.1.2 Earthworm subplots

Earthworm abundance was observed and manipulated on subplots of the main
experimental plots with species-richness levels of 1 (12 plots), 4 (16 plots) and 16 (14 plots)
since September 2003 (Table 4.1). Two subplots (size 1 x 1 m) are located in close vicinity to
each other (50 cm distance). Two treatments were established: ambient earthworm (+ew) and
earthworm reduction (-ew). Subplots were enclosed with PVC shields (20 cm aboveground and
15 cm belowground) to decrease the re-colonization of earthworm reduction subplots
(Eisenhauer et al. 2009a). Aboveground shields were removed two times a year during the
mowing period. Earthworms were extracted from reduction subplots twice a year in spring
(beginning of April) and autumn (end of September) by electro-shocking. A voltage was applied
to the soil for 35 min. via four octet devices (Thielemann 1986) (DEKA 4000, Deka Geréitebau,
Marsberg, Germany) powered by two 12 V batteries. During the application time the voltage
was increased sequentially from 250 V (10 min) to 300 V (5 min), 400 V (5 min), 500 V (5
min) and 600 V (10 min). For more details on the arrangement of the steel rods of the octet
devices and management of the earthworm subplots see (Eisenhauer et al. 2009a). Notably, steel
rods were installed in both earthworm subplots controlling for potential side effects on
infiltration. Two sampling campaigns on the —ew and additional extraction on control subplots
in 2006 (Eisenhauer, unpupl. data) confirmed that earthworm data from —ew subplots is an
adequate measure of earthworm data in the +ew subplots. Extracted earthworms were identified,

counted and weighted (with gut content) in the laboratory. Earthworms at the field site of the
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Jena Experiment mainly belong to two ecological groups (Bouché 1977): anecic (Lumbricus
terrestris) and endogeic (Aporrectodea caliginosa, Octolasion tyrtaeum, Allolobophora
chlorotica, and Aporrectodea rosea) species. Only a small number of epigeic earthworms
(Lumbricus castaneus) was extracted and therefore contributed to the total number and biomass

of earthworms.

4.3.2 Infiltration measurement

For in situ infiltration measurements we used a hood infiltrometer (UGT, Miincheberg,
Germany; (Schwirzel and Punzel 2007)). Conduction of the experiment does not require
preparation of the soil and therefore can be applied on an undisturbed, vegetated soil surface. In
2011, we conducted three infiltration measurement campaigns (June, September and October)
on plots containing 1, 4 and 16 plant species (Table 4.1). The first measurement campaign was
conducted at end of June, the second at the beginning of September and the third at the end of
October. Per plot we carried out paired measurements: one on the reduced and one on the
ambient earthworm subplot. The first and second measurement campaign were conducted about
65 and 160 days after the first earthworm extraction and the third measurement campaign 30
days after the second earthworm extraction. The extracted earthworm biomass in spring was
related to the infiltration capacity in June and September. And the earthworm biomass from the
second extraction campaign, which was conducted after the second infiltration campaign, was

related to the infiltration of October.

Table 4.1: Combinations of plant species richness and plant functional group richness levels and the
number of plots per diversity level for the earthworm subplots with 1, 4 and 16 plant species (n = 42, 84
subplots).

Plant species richness Plots

Plant functional 1 4 16
group richness
1 12 4 2 18
2 - 4 4 8
3 - 4 4 8
4 - 4 4 8
Plots 12 16 14 42
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A hood with a diameter of 16 cm was placed with the open side on the undisturbed soil
surface. The contact between the soil and hood was sealed with wet sand. We conducted
measurements at increasingly negative matric potentials (¥y) beginning with yy = 0 m and
reducing it stepwise by -0.02 m until the bubble point of the soil was reached. The bubble point
refers to the matric potentials, upon which a pore channel allows for penetration of air into the
hood and therefore the maximum applicable matric potential at this location. For a specific
matric potential (¥y) the equivalent diameter (d.) of the largest soil pore conducting water can
be estimated after (Jarvis et al. 1987). At ¥ = 0 m the soil is saturated and the entire pore
spectrum is potentially active. At smaller matrix potential larger pores are no longer active and
infiltration capacity deceases. This allows evaluating infiltration capacity through different parts
of the pore spectrum. At ¥y =-0.02 m the largest active pores correspond to d. = 1.5 mm, at ¥y
=-0.04 m to d. = 0.75 mm and at ¥y = -0.06 m to d. = 0.50 mm. At each pressure level we
recorded infiltration capacity until they were constant in time. This steady infiltration capacity
was used for further analysis. Infiltration capacity at a given matric potential are directly linked
to hydraulic conductivity (Wooding 1968). The flow conditions in natural soils, however, are far
from ideal with anisotropic behaviour, heterogeneous initial soil water contents and flow
dynamics that do not correspond to the Richards equation near soil saturation (Beven and
Germann 2013). Therefore, we refrained from deriving hydraulic conductivity from our
infiltration capacity, for example via Wooding's formula (Wooding 1968). Instead, we worked
with the observed infiltration capacity, considering those as a surrogate for the rate of the soil to

conduct water at the applied matric potential.

4.3.3 Soil texture and moisture

Soil texture was determined from soil cores at 38 locations (average of 0-100 cm depth)
distributed throughout the experimental site before plot establishment (G. Biichel, pers. comm.)
and values for each plot were interpolated by ordinary kriging. The fraction of sand and silt are
negatively correlated (clay showing no spatial trend). Thus, in the following statistical analysis
for simplicity we used the sand fraction as factor representing soil texture.

The volumetric soil water content (m’ m™) was determined with a FDR probe (ML2x
Theta Probe, Delta-T Devices, Cambridge, United Kingdom). The device was inserted from the
top 6 cm deep (length of the prongs) into the soil surrounding the hood before the infiltration

experiment. The average of three measurements was used for further analysis.

4.3.4 Statistical analyses

Statistical analyses were performed using the statistical software R 2.6.2 (R Development Core

Team, http.//www.R-project.org). The data were checked for heteroscedasticity and log-
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transformed if required. Analyses were performed with mixed effect models using the /me
function implemented in the nmle package (Pinheiro and Bates 2000). Starting from a constant
null model with random effects only, we stepwise added the fixed effects and estimated their
significance using the maximum likelihood method and likelihood ratio tests. To remove spatial
variability in all analysis we fitted block first and then tested the effects of plant community.
First, we analysed the variation of the infiltration capacity for each month separately by using
plot identity as a random factor and a sequence of the following fixed effects according to the
experimental design: block (as a factor, BL; 1, 2, 3, 4), plant species richness (log-linear term;
SR; 1, 4, 16), plant functional group richness (linear-term; FG; 1, 2, 3, 4), ambient and reduced
density (E; 0, 1) and their interactions (E x SR, E x FG). The design also allowed testing for the
effects of the presence (or absence) of certain plant functional groups on the response variable.
In alternative models the presence of grasses (GR; 0, 1), legumes (LEG; 0, 1), small herbs (SH;
0, 1) and tall herbs (TH; 0, 1) and their interactions with the previously mentioned factors were
tested. Second, we analysed the variation of the infiltration capacity between sampling dates
with plot identity as random factor and the fixed effects BL, SR, FG, E and time (as factor; TL;
June, September and October) and two-way interactions between the earthworm treatments,
plant diversity and time (E x SR, E x FG, TI x SR, TI x FG, TI x E). Most plots had a bubble
point at ¥y < -0.06 m. Therefore, for data analysis of individual months, we only considered
infiltration capacity for ¥y up to -0.04 m. For the integral dataset (all plots, all months) the
experimental factors were tested up to the Py = -0.06 m. We used simple linear regressions to
analyse the influence of texture (sand fraction in 0-10 cm depth), and soil water content before
the measurement on the infiltration capacity.

Based on the mixed effect model approach revealing a strong grass and legumes effect
on infiltration in October, we used path analysis to investigate how the total earthworm biomass
extracted from the earthworm reduction subplot in September, texture and the presence/absence
of legumes and grasses directly and indirectly affected the infiltration capacity on plots with
reduced earthworm (-ew) and ambient densities (+ew) in October. The impact on nfiltration
capacity in reduced and ambient plots was calculated in separate analysis. Path analysis allows
testing direct and indirect relationships between variables in a multivariate approach (Grace
2006). Hence, by using path analysis we were able to test if certain plant functional groups such
as legumes and grasses directly influence infiltration capacity on +ew and —ew plots or if
infiltration is indirectly influenced by earthworm biomass. In the path analysis arrow represent
causal relationships, while rectangles represent manipulated (grasses and legumes) or measured
variables (sand, earthworm biomass and infiltration capacity). The adequacy of the model was
determined via Chi*-tests, AIC and RMSEA. Non-signifcant Chi*-test (p>0.05), low AIC and
low RMSEA indicating an adequate model fit (Grace 2006). Beginning with the full model

(including all possible pathways) the models were improved by stepwise removing of
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unimportant relationships based on AIC values (Shipley 2000). Standardized path coefficients
were derived based on the correlation matrix of standardized variables. Path analysis was

performed using AMOS 5 (http://amosdeveleopment.com).

4.4 Results

4.4.1 Soil texture and moisture and infiltration

The infiltration capacity in June and October did not differ between the four blocks
(Table 4.2) encompassing the texture gradient. In September infiltration capacity increased
significantly for ¥y= 0 and -0.02 m from block 1 (71.34 + 11.50 and 49.23 + 8.55 pm/s) to
block 4 (143.65 +21.73 and 100.10 £+ 14.50 pm/s). When replacing the variable *block® with
’sand fraction in 0-10 cm depth® as a covariate in our analysis, texture became significant in
September (Table 4.2), but not in June and October. Surprisingly, the infiltration capacity at
saturated conditions decreased with increasing sand content (Figure 4.1). However, tested only
plots without legumes, we did not find a significant correlation between sand content and
infiltration capacity (data not shown). Additionally, there was an interaction effect between sand
and legumes (Table 4.2), highlighting the differential effect of legumes with varying soil
texture. In our experiment the initial soil moisture measurements did not correlate significantly
with the infiltration capacity (log *10° m/s) at matric potential zero in June (R?>=<0.01,
p=0.806), September (R?>=0.193, p=0.078) and October (R?><0.01, p=0.993).

Table 4.2: Results of mixed effects models for the infiltration capacity as affected by Sand in 10 cm depth
(Sand_10 cm), Plant species richness (SR), Plant functional group richness (FG), Grasses (GR), Legumes
(LEG), Small herbs (SH), Tall herbs (TH), Earthworm (E), Plot (PL) for measurements in September.

September
Source 0 m
L-ratio P
Sand 841  0.004 |
SR (log-linear) <0.01  0.969
FG (linear) 0.10 0.750
GR 273 0.098
LEG 6.96  0.008 1
SH 1.34  0.247
TH 0.06  0.802
SandxLEG 12.67  0.002
E 0.24  0.628
ExSR(log-linear) 0.21 0.646
ExFG (linear) 0.25 0.615
ExGR 0.62  0.430
ExLEG 0.02  0.876
ExSH 0.07  0.796
ExTH 046  0.498

Models were fitted by stepwise inclusion of fixed effects. Likelihood ratio tests were applied to assess model improvement (L ratio) and the statistical significance

of the explanatory terms (p values). Significant effects are marked in bold. Arrows indicate increase (1) or decrease.
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Figure 4.1: Regressions between infiltration capacity at matric potential zero and texture (sand fraction in
0-10 cm depth in %) for different months (as indicated). The line indicates significant relationships.

4.4.2 Plant species richness and infiltration

Plant species richness (1, 4 and 16) did not affect the infiltration capacity at any
sampling date (Tables 4.3, 4.4). However, we observed a significant E x SR interaction effect in
October (Table 4.3), which was mainly caused by 16 species subplots (Figure 4.2C).
Additionally, the infiltration capacity was negatively correlated with plant species richness on
plots with reduced earthworm densities (R> = 0.11, p = 0.036). For infiltration on ambient

earthworm plots a weak trend with plant species richness (R?>=0.047, p= 0.166) was observed.

4.4.3 Plant functional groups and infiltration

Infiltration capacity was significantly affected by the presence of certain plant
functional groups, such as grasses and legumes in September and October. In the presence of
grasses infiltration capacity decreased in comparison to plots without grasses at ¥y = 0 m (-21
% in September, -23 % in October) and slightly at ¥\, = -0.02 m (-23 % in September, -27 % in
October). In contrast, in the presence of legumes infiltration capacity increased at ¥y = 0 m
(+39 % in September, +36 % in October) and ¥y = -0.02 m (+40 % in September, +38 % in
October) (Figure 4.3B, C, Table 4.3). Additionally, also for ¥y = -0.04 and -0.06 m the
infiltration capacity decreased significant in the presence of grasses and increased in presence of

legumes (Table 4.4). No significant effects of plant functional groups were detected in June.
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Table 4.4: Results of mixed effects models for coefficients of variation for infiltration capacity as affected
by Block (BL), Plant species richness (SR), Plant functional group richness (FG), Grasses (GR), Legumes
(LEG), Small herbs (SH), Tall herbs (TH), Earthworms (E), Plot (PL) and Time linear (TI) at matric
potentials yy= 0, -0.02 and -0.04 and -0.06 m combined for all months (June, September and October).

Py 0m -0.02 m -0.04 m -0.06 m
L ratio p Lratio p Lratiop Lratio p
Block 521 0.157 523 0.155 2.62 0454  2.83 0419
SR (log-lincary 002 0-893 0.01 0915 <0.01 0946  0.66 0417
FG 416  0.245 379 0.286 513 0.163  3.60 0.308

LEG 1053  0.001 1 11.00 <0.001 T 7.49 0.006 1 824 0.004 1

GR 566 0017 | 6.69 0010 ! 7.75 0.005 | 10.11 0.002 |
SH 321 0.073 240 0.121 171 0.191 1.46 0.226
TH 0.78  0.378 0.64 0.424 .59 0.207 1.49 0.222
E 3.56  0.059 216 0.142 0.15 0701 035 0.556
ExSR 527  0.022 4.44  0.035 2.02 0.155 1.19 0.276
ExFG 0.83  0.843 .19 0.756 139 0707  0.68 0.878
ExLEG 035  0.552 111 0.291 147 0225  0.88 0.348
ExGR 0.11  0.734 127 0.260 554 0.019  5.06 0.024
ExSH 1.08  0.299 097 0.325 027 0.604 136 0.243
ExTH 048  0.485 097 0.324 201 0156  3.78 0.052
I 15.13  <0.001 9.97  0.007 417 0124 452 0.105
TIXSR 1.60  0.449 1.04  0.594 0.83  0.662 1.30 0.522
TIXKFG 6.63  0.356 8.40 0211 1048 0.106  9.11 0.168
TIXLEG 7.10  0.029 753 0.023 6.82 0.033  3.57 0.168
TIXGR 2.50  0.287 294 0.230 3.66 0.160  0.74 0.690
TIxSH 0.02  0.990 0.03  0.983 141 0.495 1.02 0.600
TIxTH 212 0.347 1.90  0.387 195 0376 141 0.492
TIKE 0.84  0.656 027 0919 140 0497 022 0.804

Models were fitted by stepwise inclusion of fixed effects. Likelihood ratio tests were applied to assess model improvement (L-ratio) and the statistical

significance of the explanatory terms (p-values). Significant effects are marked in bold. Arrows indicate increase (1) or decrease (|).
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Figure 4.2: Variation in infiltration capacity at matric potential zero as affected by plant species richness
(1, 4, 16 species) in earthworm subplots (ambient earthworm density) and earthworm reduction subplots
(reduced earthworm density) in (A) June, (B) September, (C) October, and (D) in total for all plant

species and sampling dates (right panel). Means with standard errors.
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4.4.4 Earthworms, functional groups and infiltration

The biomass of endogeic earthworms accounted for 59 % and 49 % of total abundance
in spring and autumn respectively, whereas the biomass of anecic species (L. ferrestris)
accounted for 36 % and 49 % of total biomass in spring and autumn respectively. The total
number and biomass of earthworms increased significantly from spring (26.88 + 2.29
individuals m™”and 13.86 + 2.03 g m™) to autumn (40.55 + 4.02 individuals m? and 25.78 + 2.35
g m?, Table 4.5). Total earthworm biomass increased slightly, but not significantly in presence
of legumes in spring, but significantly in autumn (t-test, p=0.001). In presence of grasses, total
earthworm biomass decreased not significantly in spring and slightly, but not significantly in
autumn (data not shown). For both extraction dates earthworm biomass did not correlate with
plant species richness (data not shown).

In June 2011 infiltration capacity were elevated in subplots with ambient earthworm
densities (Table 4.3), which was mainly true for the 4 and 16 plant species richness treatment
(Figure 4.2). With decreasing matric potential (¥y = -0.02 m, exclusion of pores >1.5 mm) the
effect of earthworms disappeared (Figure 4.3A, Table 4.3, 4.4). For all other sampling dates and
matric potentials, the earthworm treatment did not significantly affect infiltration capacity
(Figure 4.3, Table 4.3), while the earthworm biomass affected the infiltration capacity (see Path

analysis).

Table 4.5: Variations in the number (ind. m™) and biomass (g m™) of earthworms of the Jena Experiment
field site. Earthworm data are the means (+ standard error) across plots of the year 2011 for the extraction
dates in spring (March) and autumn (September) (as indicated).

Earthworms March September
Number of anecics 3.14+0.53 547 +0.63
Biomass of anecics 4.98+1.03 12.74 £ 1.37
Number of endogeics 21.51+2.25 34.05£3.67
Biomass of endogeics 8.13+1.01 12.62 +£1.51

Number total earthworms 26.88 £2.92 40.55+4.02
Biomass total earthworms 13.86 £2.03 25.78 £2.35

Total number and biomass of earthworms included also unidentifiable earthworms and the invasive earthworm Lumbricus

castaneus.
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Figure 4.3: Variation in infiltration capacity in June, September and October as affected by (A)
earthworms (ambient and reduced earthworm density), (B) presence of grasses, and (C) presence of
legumes for applied matric potential ¥ = 0 m (left panel) and tension ¥y; = -0.02 m (right panel). Means
with standard errors.
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4.4.5 Seasonal variability of infiltration

In 2011 time significantly affected the infiltration capacity at saturated matric potential
Pvm= 0 m and Py = -0.02 m (Table 4.3). The average infiltration capacity decreased from June
to September (-24 and -22 % for ¥y = 0 m and yy = -0.02 m) and increased slightly from
September to October (+8 and: +14 % for ¥y = 0 m and ¥y = -0.02 m, respectively). In
particular, the effect of legumes depended strongly on time. The interaction between legumes
and time on infiltration capacity was significant for matric potentials ¥y = 0 m, -0.02 m, and -
0.04 m but not for -0.06 m (Table 4.3, 4.4). At lower matric potentials, infiltration capacity did
not change between months (Table 4.3, Figure 4.4) suggesting that seasonal processes act

mainly on large pores.

2.2 -

—s— June
—o— September
—vy— October

Infiltration rate (log *10-¢ m/s)

O.O/r

-0.06 -0.04 -0.02 0.00
¥ (M)

Figure 4.4: Variation in infiltration capacity separated for the different months (June, filled circles;
September, open circles; and October, grey triangle) for the matric potential yy = 0, -0.02, -0.04 and -
0.06 m.

4.4.6 Path analysis

The path analysis supports the results of the mixed linear model approaches, but, in
addition, helps to identify possible mechanisms. The initial model for October (AIC = 49.10,
Figure 4.5) was improved as described in the method section. In October the improved model
explained 13% of the infiltration capacity on plots with ambient earthworm density (Figure
4.6A; ¢* = 1.80, p = 0.937, AIC = 29.80) and 29% of the infiltration capacity on subplots with
reduced earthworm density (Figure 4.7B; ¥* = 1.10 p = 0.954, AIC = 31.10). The total
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earthworm biomass increased in the presence of legumes and decreased in the presence of
grasses. Earthworm biomass decreased with increasing sand content, but compared to the effects
of grasses and legumes on the infiltration capacity this effect was less important. Increasing
total earthworm biomass increases the infiltration capacity on ambient earthworm plots directly
(Figure 4.6A).

Grasses decreased and legumes increased infiltration capacity on subplots with reduced
earthworm biomass (Figure 4.6B). In summary, grasses had a stronger direct effect on the
infiltration capacity on subplots with reduced earthworm density, whereas legumes had a
stronger indirect effect on infiltration capacity on subplots with ambient earthworm density
(Figure 4.6B). For the improved model where we found a positive impact of the total earthworm
biomass on infiltration capacity, we also included different ecological earthworm groups (anecic
and endogeic) instead of the total earthworm biomass in separate models. It was therefore
possible to separate the different effects of the ecological earthworms groups on the infiltration
capacity and also tested the different effects of sand and the presence/absence of legumes and
grasses on them. Including only the biomass of anecic earthworms instead of total earthworm
biomass in additional models, the effect of grasses and sand content disappeared, but the effect
of legumes on the biomass of anecic earthworms increased (Figure 4.7A). In contrast, including
the biomass of endogeic species instead of the total biomass, we observed similar results as for

the total earthworm biomass model (Figure 4.7B).

®

Earthworm

/ biomass

sand GR LEG

Infiltration capacity

(=2

Figure 4.5: Full model path analysis showing the relationships between earthworm biomass (total, anecic
or endogeic as indicated), texture (sand in 10 cm depth) and functional groups (GR, Grasses; LEG,
Legumes) and infiltration capacity at saturation for ambient (+ew) or reduced (-ew) earthworm plot (as
indicated). Unexplained variation is denoted with el -e3.
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Figure 4.6: Path analysis showing the relationships between total biomass of earthworms (earthworm
biomass), texture (sand in 10 cm depth) and plant functional groups (GR, Grasses; LEG, legumes) for (A)
infiltration capacity on subplots with ambient (infiltration capacity +ew) and (B) reduced earthworm
densities (infiltration capacity —ew) in October. The total earthworm biomass was extracted in September.
Standardized path coefficients are given next to path arrows. * p< 0.05, ** < 0.01, *** p = 0.001. For
details see text.
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Figure 4.7: Path analysis showing the relationships between (A) anecic and (B) endogeic earthworm with
texture (sand in 10 cm depth) and plant functional groups (GR, Grasses; LEG, legumes) for infiltration
capacity on subplots with ambient (+ew) earthworm densities in October. Standardized path coefficients
are given next to path arrows; * p< 0.05, ** < 0.01, *** p = 0.001. Grey arrows indicated p< 0.10. For
details see text.

4.5 Discussion
4.5.1 Influence of Earthworms on infiltration

Our results indicate that biotic factors play a decisive role for soil hydraulic soil
properties near saturation. In June infiltration capacity slightly increased on subplots with
ambient earthworm densities compared to subplots with reduced earthworm densities.
Remarkably, this effect was mainly caused by plots in block 1 and block 4 (data not shown)
suggesting local changes of earthworm activity and considerable spatial variation due to texture
and plant type that interact with infiltration (Kohler-Milleret et al. 2013). In general, burrows of
anecic species such as L. ferrestris but also those of adult endogeic species such as A. caliginosa
are larger than 2 mm in diameter and this may explain why only water flow through larger pores
(> 1.5 mm, at matric potential ¥y = 0 m close to saturation), but not through smaller pores was

directly affected by the presence of earthworms. This is also in line with the non-capillary
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nature of earthworm casts. Earthworm presence, particularly that of anecic species forming
vertical burrows, facilitates larger pores conducting water (macropore flow) and contributes to
infiltration when water is supplied in large quantities (tension free conditions) (Chan 2004).

We measured infiltration capacity at elevated soil saturation, and it could be argued that
saturation will never be reached in most natural soil environments. However, irrigation
experiments with dye indicate that macropores, such as those formed by anecic earthworms, are
activated at realistic rain intensities (Flury et al. 1994, Kulli et al. 2003, Weiler and Naef 2003,
Van Schaik et al. 2013). Beven and Germann (Beven and Germann 1982) reported that rainfall
intensities of 1-10 mm/h can initiate macropore flow. Applying an arbitrary threshold of 5 mm/h
(Simmonds and Nortcliff 1998) to the high resolution (10 min) rainfall record of our field site
(2003 to 2011) indicates that about 30 % of the total rainfall could deliver macropore flow. One
of the pressing questions for future work will be on how this macropore flow potential relates to
actual water flow at greater depth. Furthermore, it is expected that precipitation patterns change
due to climate change with decreasing precipitation in summer and increasing precipitation in
autumn/winter. It is therefore likely that higher frequency of extreme precipitation events
increases the proportion of heavy rainfall (IPCC 2012). Macropores formed by earthworms and
roots, and their interactions, thus likely to become more important for buffering strong

precipitation events in future.

4.5.2 Influence of plant functional group on infiltration

At the end of the growing season infiltration capacity was strongly affected by the
presence of certain plant functional groups, such as grasses and legumes. Legumes increased
and grasses decreased infiltration capacity (Figure 4.3, Table 4.3). This is consistent with
results of Archer et al. (Archer et al. 2002), who reported that the legumes increased and grasses
decreased hydraulic conductivity. Further, the significant effect of grasses was more
pronounced at smaller matric potential, while the effect of legumes was prevalent over the entire
sampled pore spectrum (Table 4.4). It has been shown that decaying tap-roots of legumes form
stable macropores and hence increase infiltration (Meek et al. 1989, Mitchell et al. 1995). This
observation was supported by Mytton et al. (1993), who showed that water infiltration was
higher under clover compared to grass due to a higher fraction of soil pores greater than 60 pm
with porosity being equal. Additionally, several studies showed that water flow through soil is
enhanced by legumes or legumes-grass mixture compared to pure grass stands due to root
proliferation, which increased soil organic matter content and favored soil fauna such as
earthworms (Gijsman and Thomas 1996, Obi 1999). The fibrous and rhizomatous roots of grass
species tend to reduce infiltration by clogging soil pore space and blocking water flow (Archer

et al. 2002).
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4.5.3 Path analysis

Path analysis helped to address underlying mechanism: the effect of legumes on
infiltration capacity in ambient (control) earthworm density plots may be indirect by enhancing
earthworm biomass (Figure 4.6A), suggesting that earthworm performance benefits from the
presence of legumes (Eisenhauer et al. 2009a, Eisenhauer et al. 2009b). Additionally, the path
analysis suggests that grasses directly influenced the infiltration capacity on plots with reduced
earthworm densities, while indirect effects of grasses via decreasing earthworm biomass were
less important (Figure 4.6). For the Jena Experiment it was shown by Pérés et al. (2013) that
root biomass is strongly increases in presence of grasses while, as mentioned above, legumes
signifcantly increase earthworm biomass (Figure 4.6A). This suggests that the observed
enhanced infiltration in plots with legumes was probably associated with a larger number of
macropores caused by earthworms (Hillel 1998, Logsdon and Cambardella 2000) and warrants
further investigations. These results are in agreement with the findings of Abbott and Parker
(Abbott and Parker 1981), who reported an increased infiltration of water due the activity of the
geophagous earthworm species Microscolex dubuis in the presence of clover mulch. By
contrast, decreased in infiltration in grass plots was probably due to fine roots clogging soil
pores. Thus, our results suggest that the presence of grasses and legumes affected hydraulic
conductivity via different mechanisms, directly presumably via root activity and indirectly via
altering earthworm biomass. The observed effects increased during the vegetation period (Table
4.3), probably due to the progressive increase of earthworm (Eisenhauer et al. 2008¢c) (Table
4.5) and root biomass (Pucheta et al. 2004).

The different ecological earthworm groups differ in forming of macro- and
microaggregates by changing soil structure features (aggregate size, stability and soil organic
content) and porosity (pore size distribution) (Shipitalo and Protz 1988, Six et al. 2004).
Interestingly, in October anecic earthworms were positively affected by the presence of
legumes, whereas endogeic earthworms were negatively affected by sand content and by the
presence of grasses. Additionally, both endogeic and anecic earthworm had a significant effect
on the infiltration capacity, with a more pronounced effect of anecic earthworms (Figure 4.7).
This is in line with other studies, which showed that the deep dwelling anecic earthworm
enhance water infiltration rates (Shipitalo et al. 1994, Edwards and Bohlen 1996), while
horizontal pores formed by endogeic earthworms limits the effectiveness in water flow through
soil (Ela et al. 1992). Generally, endogeic earthworms are considered as the major group
improving soil aggregation, while anecic or compacting species destabilizes the soil due to their
casting activity (Six et al. 2004). As shown by Lee and Foster (1991) a mix of endogeic and

anecic earthworms supports soil structural health.
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In part our results are in contrast to other studies (Stockdill 1966, Zachmann et al. 1987,
Wuest 2001), which found a direct impact of earthworm treatment on infiltration. Studies on the
influence of earthworms on infiltration capacity usually ignore gradients of texture and plant
functional groups. This gradient increased the variance in our data and affected the earthworm
populations in the plots. However, our observation area was also rather small (240 cm?) and the
setup prevented from conducting additional measurements. Also, we compared plots with
ambient to plots with reduced earthworm density contrasting earlier studies which compared
ambient (by earthworm addition) with control plots (no earthworms) (Zachmann and Linden
1989, Joschko et al. 1992). While our setup has the advantage to better reflect 'natural®
conditions, it may have caused a comparatively smaller contrast between treatments. Since the
used octet extraction method cannot remove earthworms completely (extraction reduced the
surface activity of earthworms by about 38 % five weeks after the last manipulation (Eisenhauer
et al. 2008b)), the differences between the treatments might not have been as strong as in other
experiments, and re-colonization of earthworm reduction subplots may have weakened the
contrast further. Unfortunately we cannot exclude completely that extraction efficiency varies
dependent on plant community properties, because there exists no detailed studies that evaluated
the extraction efficiency of the octet method as a function of plant community structure. Effects
of earthworms on plant performance and the resulting impact on soil hydraulic properties
depend also on other soil factors, such as soil texture and bulk density, leading to substantial
spatial variation and interaction which probably masked earthworm effects. More observations
on the pore structure in the different treatments are necessary to validate the proposed complex
interactions in soil processes leading to the observed infiltration patterns. In general, we could
relate earthworms to infiltration based on earthworm biomass, while the effect of the earthworm

treatment was not very strong.

4.5.4 Influence of plant species richness on infiltration capacity

In contrast to the pronounced effects of certain plant functional groups, such as legumes
and grasses, plant diversity measures (plant species and functional group richness) had only
small effects on the infiltration capacity and earthworm performance. In October, we found that
plant diversity had only a marginally significant effect on the infiltration capacity on subplots
with ambient earthworm density, but plant species diversity affected infiltration capacity
significantly on subplots with reduced earthworm density, presumably due to plant roots
clogging macropores (Barley 1954, Gish and Jury 1983). This is supported by data on the
relationship between plant diversity and standing root mass in the Jena Experiment, showing
that root biomass also increased with diversity level (Bessler et al. 2009, Ravenek et al., in

prep.). Additionally, infiltration capacity decreased over the year presumably by the growing

61



Chapter 4

roots clogging macropores, which is in accordance with observations by Gish and Jury (Gish
and Jury 1983). Additionally, Angulo-Jaramillo et al. (2000) observed a decrease of hydraulic
conductivity caused by sealing of interconnected pores at the soil surface. However, on subplots
with ambient earthworm densities this clogging may have been counteracted by the activity of
earthworms. These results suggest that water flow through soil is more strongly affected by
earthworm biomass which is regulated by the presence of certain functional groups then by loss

of single plant species along the observed gradient.

4.5.5 Influence of soil texture and soil moisture on infiltration

Grain size distribution strongly influences hydraulic properties of porous media, and
therefore texture has often been related to hydraulic conductivity (Rawls et al. 1982, Saxton et
al. 1986). However, in our experiment saturated and near-saturated infiltration capacity in June
and October were not affected by soil texture (Figure 4.1). Surprisingly, in September
infiltration capacity varied with soil texture, but unexpectedly it was lowest in coarse textured
soils. However, the results are in agreement with Jarvis and Messing (1995) and Lin et al.
(1999), who found higher hydraulic conductivity in finer as compared to coarser textured soils
due to well-developed soil structure (earthworm burrows, root channels) and a high degree of
macroporosity. As detailed above, legumes increased infiltration capacity, and interestingly the
negative correlation between sand and infiltration capacity disappeared when removing plots
containing legumes. This is probably a result of the positive relationship between legumes and
earthworms and resulting effects on infiltration. An alternative explanation for increased
infiltration in presence of legumes could be that especially finer textured soils roots affect the
formation of aggregates and structure (Angers and Caron 1998, Six et al. 2004). Kordel et al.
(2008) suggested that the formed macropores are less stable over time in sandy soil. However,
investigations on soil stability in the Jena Experiment itself (Pérés et al. 2013) suggest the
opposite effect, with legumes decreasing soil aggregate stability (indirectly, by increasing
earthworm biomass and decreasing plant root biomass). At the same time, we found a lower
number of earthworms in more sandy soils in 2011 (data not shown). This is in line with
previous studies (Paoletti 1999, Bens et al. 2007) showing that sandy soils support smaller
earthworm populations than clayey soils resulting to lower hydraulic conductivity in sandy
soils. Thus, our results may be a result of both legumes and finer soil texture promoting
earthworm abundance, but dedicated research is necessary to support these findings. Our results
underline the importance of soil structure as influenced by biotic processes. This also
corroborates the findings of Bonsu (1992) who suggested that the texture based calculation

underestimates the hydraulic conductivity, in particular in fine textured soils.
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One important source of error that can dominate or suppress other factors is the initial
soil moisture content. Several studies have shown that the infiltration through soil is correlated
with the initial soil moisture content (Slater 1957, Azooz and Arshad 1996). This relation was
not expected in our setup, since the soil moisture is controlled by fixing the infiltration pressure
head. At the beginning of an infiltration experiment low initial soil moisture content enhanced
the water flow through the soil because of larger gradients in matric potential and filling up of
the soil storage. The influence of initial moisture content decreased during the experiment, when
the pores are filled and infiltration reaches a steady state (Blackburn 1975). A potential error
source is finishing the experiment before steady infiltration capacity is reached in dry soils and
hence overestimating infiltration capacity. Thus, we checked whether infiltration capacity was
biased by initial soil moisture and this was not the case. Thus our infiltration measurements
were performed correctly. Another factor potentially affecting infiltration capacity is soil
hydrophobicity. Hydrophobic exudates are produced by plant roots and soil microbes. Soto et al.
(1994) observed that the soil showed a tendency to be water repellent if the volumetric water
content fell below 6.= 22 % for medium textured soils, the so called ’critical soil water content*
(Dekker and Ritsema 1994). The majority of the measured volumetric water contents exceeded
this threshold (data not shown). Since most of our observed effects enhanced during the
growing season, while the chance for hydrophobicity decreased, we conclude that water

repellency did not affect our results.

4.6 Conclusions

Despite large spatial variability of soil hydraulic properties, biotic factors emerged as
significant agents for infiltration. The presence of legumes increased and the presence of grasses
decreased infiltration capacity with the effects increasing over the course of the growing season.
The path analysis suggests that modifications in hydraulic conductivity are probably due to (i)
roots directly, modifying the pore spectrum and (ii) indirectly, suppressing or enhancing
earthworm activity. The results suggest that earthworm biomass is synchronized with other soil
processes such as plant root growth, such that the observed effects of plant functional groups
include earthworm and root activity.

Most predictions of near surface soil hydraulic properties are based on easily accessible
soil properties such as soil texture. Our results suggest that biotic effects, especially the presence
of certain plant functional groups affecting earthworm biomass, shape hydraulic conductivity
and may even reverse effects of texture. Therefore, for explaining variations in hydrological
processes, such as infiltration capacity, the structure of soil fauna and plant communities need to

be considered.
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5 Soil and plant community characteristics governing soil hydraulic properties in a

grassland plant diversity experiment
5.1. Abstract

Soil hydraulic properties such as infiltration capacity play an important role for soil
erosion, run-off and water availability to plants for the prediction and management of ecosystem
patterns. There have been only a few studies about the mechanisms and characteristics of how
plant diversity might influences vertical soil water fluxes by modifying soil infiltration capacity.
In this study we quantify the change in infiltration capacity affected by soil structural variables
(bulk density, porosity and soil organic carbon content) in a grassland plant diversity experiment
(Jena Experiment). We conducted two infiltration measurement campaigns (in May and October
2012) along a plant species richness gradient from 1 to 60. Although the spatial variation of the
infiltration capacity and the interactions among soil- and vegetation characteristics are very
complex, our research showed that plant diversity systematically increased infiltration capacity
in the studied grassland. Soil structure variables played a major role in mediating this relation.
Texture (percent of sand) did not correlate with the infiltration capacity at any time. In May
earthworm biomass marginally affected water infiltration but did not influence soil structural
parameters. In the present study plant species richness, bulk density (or inversely porosity) and
soil organic carbon are important parameters for studying changes of water flow through soil.
Our observations identified important ecological drivers of infiltration capacity, suggesting
complex interactions between plant species richness, earthworms and soil structural variables,

while showing little impact of soil texture.

5.2 Introduction

Studies linking plant diversity and water fluxes have so far focused on the role of water
as a resource. Besides providing a resource for plants and soil organisms, soil water also acts as
a transport agent for dissolved matter and as a medium for microbial activity. Understanding
how diversity influences soil water fluxes and resulting soil moisture distribution is an
important step for understanding other biological processes. To determine strategies for soil and
water conservation and to minimize surface run-off and soil erosion, especially in agriculture
when predicting and managing ecosystem patterns, it is important to know which factors
influence surface hydraulic properties such as hydraulic conductivity and infiltration capacity
(Shukla et al. 2006).

The measurement and monitoring of the soil hydraulic properties are quite difficult and
expensive (Wosten and Van Genuchten 1988). Hydraulic conductivity is often estimated
indirectly from pedotransfer functions (PTFs) based on soil texture and structure (Rawls et al.

1982; Vereecken 1995; Wosten et al. 1998).
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The reliability of these models are limited in their application due to regional dependence of the
resulting functions used for the pedotransferfunction (PTFs) derivation (Tietje and Hennings
1996, Wosten et al. 1998). To better understand the hydrologic behavior of grassland sites, field
measurements for defining factors shaping soil hydraulic properties, such as infiltration
capacity, are therefore important for the characterization of water flow processes through soil.

Based on the size, shape and continuity, soil pores can be classified into macro-, meso
and micropores (Beven 1981, Beven and Germann 2013). In grassland, infiltration capacity is
enhanced by water flow through macropores. These can be biological macropores caused by soil
fauna or plant roots development (Meek et al. 1992, Lavelle 1997, Angers and Caron 1998), or
structural macropores due to cracks and fissures (Germann and Beven 1981; Messing and Jarvis
1990; Zehe and Fliihler 2001). Soil organic matter may have an indirect influence on both
formation and the stabilization of pores (Six et al. 2004), and a strong relation has been
observed between soil organic content and bulk density or porosity (Franzluebbers 2002; Lipiec
et al. 2000).

Increasing plant species richness is associated with higher plant and root biomass
production (Spehn et al. 2000, Tilman et al. 2001, Marquard et al. 2009) implying a higher input
of above- and belowground organic matter (Steinbeiss et al. 2008). Besides water removal by
plants via transpiration through root water uptake, soil hydraulic properties are also shaped by
plant species richness directly via roots (Angers and Caron 1998) and indirectly by shaping soil
structure (Oades 1993). Water flow through vertically oriented macropores formed by plant
roots can enhance infiltration (Mitchell et al. 1995), whereas root growth clogging of soil pores
can result in a decrease of water flow (Bodner et al. 2008). The most commonly known soil
structural parameters are soil bulk density, porosity and soil organic carbon which are
influenced by the type of vegetation cover and partly by plant species richness, microbes, fauna
or other soil properties such as texture (Six et al. 2004). Generally, it is known that biological
activity is greater on higher plant species richness plots leading to higher carbon content,
decreased bulk density and increased porosity (Zacharias and Wessolek 2007, Péri¢ and Ouimet
2008). Other studies have shown that an increase in soil organic matter content leads to a higher
pore development, which increases soil aggregate stability, water holding rate and water
infiltration through soil (Berglund et al. 1980, Haynes and Naidu 1998, Franzluebbers 2002).
Also larger soil animals such as earthworms improve the water infiltration by modifying soil
structure and aggregate stability through burrowing, casting and mixing of litter and soil by
creating burrows as pathways for water flow (Six et al. 2004; Péres et al. 2013; Edwards and
Bohlen 1996). The stability of soil aggregates and the pores between the aggregates improve
infiltration, drainage and storage of water, activity of soil fauna, and plant growth (Lee and

Foster 1991; Bronick and Lal 2005).
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In agriculture an important task is to increase infiltration to prevent and/or reduced run-
off and frequent flood events (Mannering and Meyer 1963). Therefore, slow water infiltration is
a serious problem that leads to reduced plant water use efficiency, increased run-off and erosion.
On bare ground or low plant cover ground rain water drops can compact the soil surface layer
by clogging soil pores and thus reduced infiltration through soil. There is little research on the
understanding of how plant diversity might influence vertical soil water fluxes by modifying
soil hydraulic properties in grasslands. The objective of this field study was to quantify the
change in infiltration capacity in a grassland plant diversity experiment covering a gradient in
soil texture and plant species diversity. In order to unravel possible mechanisms affecting water
infiltration through soil improve, the following questions were investigated:

(1) Do patterns in soil organic carbon content, induced by biodiversity gradients, relate to
structural parameters bulk density and porosity?

(i1) Do those parameters affect infiltration capacity?

5.3 Material and methods
5.3.1 Study area and experimental design

5.3.1.1 The Jena Experiment

The study was performed on the field site of The Jena Experiment which is located in
the floodplain of the Saale river near Jena (Thuringia, Germany; 50°55'N, 11°35’E, 130 m
above sea level). The mean annual air temperature is 9.3°C and the mean annual precipitation is
about 587 mm (Kluge and Miiller-Westermeier 2000). Before its establishment in 2002 the
experimental field site was arable land and had been highly fertilized over the last decades.
After its last harvest in autumn of 2000, the field was ploughed and kept fallow throughout
2001, and the diversity treatment was started in spring of 2002. The texture on the field site at
the upper soil surface changes gradually with increasing distance from the river from loam into
a silt loam. The clay content shows no significant spatial trend. The soil of the experimental site
is an Eutric Fluvisol (Fao-Unesco 1997) developed from up to 2 m thick loamy fluvial
sediments (Roscher et al. 2004). The species were drawn from a pool of 60 plant species
common to the Central European mesophilic grasslands to established a gradient of plant
species richness (1, 2, 4, 8, 16 and 60) and functional group richness (1, 2, 3 and 4) on 80 plots
of 20 x 20 m.. To account for differences in morphology and physiology, species were assigned
to four functional groups: Grasses (16 species), small herbs (12 species), tall herbs (20 species)
and legumes (12 species). Plots were assembled into four blocks, arranged parallel to the river,
thus accounting for changes in soil properties and water conditions. Independently of the plant
species richness, the statistical design allows for the testing of effects caused by the presence

and absence of certain functional groups. For more details on the experiment and management,
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please refer to Roscher et al. (2004). The plots were mown twice a year and the hay was
removed from the plots some days after cutting. All plots were weeded regularly to maintain the

target species composition.

5.3.1.2 Earthworm subplots

For infiltration measurements in May 2012, earthworm biomass was determined at the
same time, but only on plots with species-richness levels of 1 (12 plots), 4 (16 plots) and 16 (14
plots). The subproject was completed before the next extraction campaign in October.
Earthworm performance was performed in May 2012 on one subplot (size 1 x 1 m) by electro-
shocking. A voltage was applied to the soil for 35 min. via four octet devices (Thielemann
1986) (DEKA 4000, Deka Gerdtebau, Marsberg, Germany) powered by two 12 V batteries.
During the application time the voltage was increased sequentially from 250 V (10 min) to 300
V (5 min), 400 V (5 min), 500 V (5 min) and 600 V (10 min). For more details on the
arrangement of the steel rods of the octet devices and management of the earthworm subplots
see Eisenhauer et al. (2009a). Extracted earthworms were identified, counted and weighed (with
gut content) in the laboratory. Earthworms at the field site of the Jena Experiment mainly
belong to two ecological groups (Bouché 1977): anecic (Lumbricus terrestris) and endogeic
(Aporrectodea caliginosa, Octolasion tyrtaeum, Allolobophora chlorotica, and Aporrectodea

rosea) species.

5.3.2 Infiltration measurement

For in situ infiltration measurements we used a hood infiltrometer (UGT, Miincheberg,
Germany; method described in Schwirzel & Punzel, 2007). With the in situ technique it is
possible to determine the water flow through different pore size classes and consequently
quantify the role of soil texture, moisture, earthworms or plant roots without destroying the
measurement environment. In 2012, we conducted two infiltration measurement campaigns (in
May and October) along a species richness gradient on plots containing 1 (n=12), 2 (n=16), 4
(n=16), 8 (n=16), 16 (n=14) and 60 (n=4) plant species.

A small hood with a diameter of 16 cm was placed with the open side on the undisturbed soil
surface. The contact between the soil and hood was sealed with wet sand. We conducted
measurements at increasingly negative matric potentials (%) beginning with ¥y, = 0 m and
reducing it stepwise by -0.02 m until the bubble point of the soil was reached. The bubble point
refers to the matric potentials, upon which a pore channel allows for the penetration of air into
the hood and therefore the maximum applicable matric potential at this location. For a specific
matric potential (%) the equivalent diameter (de) of the largest soil pore conducting water can

be estimated after Jarvis et al. (1987). At ¥y = 0 m the soil is saturated and the entire pore
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spectrum is potentially active. At ¥y = -0.02 m the largest active pores correspond to de =1.5
mm, at ¥y = -0.04 m to de = 0.75 mm. At each pressure level, we recorded infiltration capacity
until they were constant in time. This steady infiltration capacity was used for further analysis.
Infiltration capacity at a given matric potential is directly linked to hydraulic conductivity
(Wooding 1968). The flow conditions in natural soils are however far from ideal, with
anisotropic behaviour, heterogeneous initial soil water contents and flow dynamics that do not
correspond to the Richards equation near soil saturation. Therefore, we refrained from deriving
hydraulic conductivity from our infiltration capacity, for example via Wooding” s formula
(1968). Instead, we worked with the observed infiltration capacity, considering those as a

surrogate for the rate of the soil to conduct water at the applied matric potential.

5.3.3 Soil structural parameters

In October 2012, three samples per plot were taken from each plot using soil sample
rings with an internal diameter of 57 mm and 40.5 mm height (inner volume of 100 cm?). The
samples were dried at 105°C and weighed to calculate the bulk density [g/cm’] (0-5 cm soil
depth). Prior determination of bulk density we measured porosity on a sand plate at saturation.

Soil organic carbon was measured in 2011 (one year before we measured bulk density
and soil organic carbon). Three samples per plot were taken using a split tube sampler with an
inner diameter of 4.8 cm (Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) and
sieved through a 2 mm sieve. After drying at 40°C the soil samples were segmented to a depth
resolution of 5 cm. For our analysis we used the first 5 cm segment (0-5 cm depth). The three
samples from one plot were mixed into one sample. Total carbon concentration was analyzed on
ball-milled subsamples (time 4 min, frequency 30 s) by an elemental analyzer at 1150°C
(Elementaranalysator vario Max CN; Elementar Analysensysteme GmbH, Hanau, Germany)
before and after incubation. For the calculation of organic carbon, the difference between
elemental analyses of the total carbon concentration and soil inorganic carbon concentration was

determined (Steinbeiss et al. 2008).

5.3.4 Soil texture, moisture and hydrophobicity

Soil texture was determined from soil cores at 38 locations distributed throughout the
experimental site prior to plot establishment (G. Biichel, pers. comm.). Values for each plot
were interpolated by ordinary kriging. The fraction of sand and silt are negatively correlated
(clay showing no spatial trend). For simplicity, in the following statistical analysis we used the
sand fraction as a factor representing soil texture. The volumetric soil water content (in m* m™)
was determined with a FDR probe (ML2x Theta Probe, Delta-T Devices, Cambridge, United
Kingdom). The device was inserted from the top to 6 cm deep (the length of the prongs) into the
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soil surrounding the hood before the infiltration experiment. The average of three measurements
was used for further analysis. In each season the water repellency of the soils was measured
with the water drop penetration time (WDPT) test before measuring infiltration capacity. A
further 9 drops of distilled water were placed on the smooth surface of the soil using a pipette.
The time for their complete penetration was recorded and classified according to Dekker and
Ritsema (1994). Seven classes were observed ranging from time measurements under 5 s

(wettable) to over 6 h (extremely repellent).

5.3.5 Vegetation parameters

Community biomass was recorded in each plot in 20 x 50 cm rectangles shortly before
the infiltration measurements were started. Two randomly allocated samples were taken. Plant
material was cut 3 cm above ground. Species which did not belong to the initial sowing plant
community were removed by hand and collected at the beginning of the growing season and
after the first and second mowing. Plant and weed biomass were sorted in plant functional
groups, dried (70° C, 48 h) and weighed. Species not sown in a particular plot were removed
and dried separately.

Plant root biomass was taken with a 35 mm root corer with 3 replicates per plot up to a depth
of 40 cm. The samples were divided to a depth solution of 5 cm. For root extraction, samples

were washed through a sieve (0.5 mm mesh). Roots were dried at 60-70 °C for 24, and weighed.

5.3.6 Statistical analyses

Statistical analyses were performed using the statistical software R 2.6.2 (R
Development Core team, http.//www.R-project.org). The data were checked for normality, and
log-transformed if required. Analyses were performed with mixed effect models with the /me
function implemented in the nlme package (Pinheiro and Bates 2000). To compare models and
estimate the significance of fixed effects, the maximum likelihood method (Likelihood ratio
test) was applied. Block was entered as random effect. We analysed the variation of the
infiltration capacity for May and October separately by adding the following fixed effects
sequentially: plant species richness (log-linear term; SR; 1, 2, 4, 8, 16 and 60) and plant
functional group richness (FG; 1, 2, 3, 4). The design also allowed us to test for the effects of
the presence (or absence) of each plant functional groups on the response variable.

Further, we used structural equation modelling AMOS 5
(http://amosdeveleopment.com) to test the direct and indirect effects of plant species richness,
soil structural properties (soil organic carbon and porosity), texture (silt content) and vegetation
parameters (Plant species richness, shoot biomass, root biomass and bare ground cover) on

infiltration capacity in a multivariate approach (Grace 2006). Additionally, we include
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earthworm biomass in a separate analysis for spring data. The adequacy of the model was
determined via Chi?-tests, AIC and RMSEA. Non-signifcant Chi*-test (p>0.05), low AIC and
low RMSEA indicating an adequate model fit (Grace 2006). Beginning with the full model
(including all possible pathways) the models were improved stepwise by removing unimportant
relationships based on AIC values (Shipley 2000). For soil structural properties we used soil
organic carbon content and porosity and excluded soil bulk density, because it was highly
correlated with porosity (R?=0.392, p=<0.001). For both months plant shoot biomass and bare
ground cover did not stay in the path analysis as it did not significant influence infiltration
capacity (data not shown). Standardized path coefficients were derived based on the correlation

matrix of standardized variables.

5.4. Results

5.4.1 Plant community composition (Plant species richness and functional groups)

With increasing plant species richness the infiltration capacity increases for May and
October at saturation (Figure 5.1A, B) and lower matric potentials (data not shown). None of the
plant functional groups affected the infiltration capacity (Table 5.1). Porosity is positively and
bulk density is negatively correlated with plant species richness, plant biomass, and root
biomass (Figure 5.1C, D; Table 5.2, 5.3). Organic carbon content also correlates significantly
with plant species richness, plant shoot biomass, root biomass (Table 5.2, 5.3) and infiltration

capacity for both seasons (positive relationship, data not shown).

5.4.2 Soil structural variables (bulk density, porosity, soil organic carbon)

The soil structural variables of bulk density, porosity and soil organic carbon are highly
correlated with each other (Table 5.2, 5.3). Bulk density showed a significant negative linear
relationship with the soil organic carbon content (r = - 0.600***) and porosity (r = - 0.728**%),
Porosity and soil organic carbon content were significantly positive related to each other (r =
0.626***). With increasing porosity the bulk density decreased and organic carbon also
increases (Table 5.2, 5.3). Additionally, for both months the infiltration capacity increases with
increasing porosity and soil organic carbon, while it decreases with increasing bulk density (data

not shown).
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Fig. 5.1: Relationship between species richness and infiltration capacity , porosity and bulk density for A)
infiltration capacity in May (log*10® m/s), B) infiltration capacity in October (log*10® m/s), C) Porosity
(%) and D) Bulk density (g/cm?) as mean value per plot against sown species richness (log scale).
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Table 5.1: Summary of mixed-effect model analyses for infiltration capacity (log *10° m/s) in A) May
and B) October for the matric potentials yy = 0, 0.02 and 0.04 m.

Om -0.02 m -0.04 m
L ratio p Lratio p Lratio p
A) Ma
SR (log-linear) 9-58  0.002 A 1152 <0.001 1 12.83 <0.001 T
FG 491 0.178 531 0.151 4.01 0.260
LEG 0.01 0.929 0.01 0.938 0.17 0.683
GR 222 0.137 1.89 0.170 0.84 0.360
SH 0.12 0.731 <0.01 0.958 0.01 0911
TH 1.40 0.236 1.69 0.194 2.07 0.150
(B) October
SR (log-linear) 22.80 <0.001 1+ 29.18 <0.001 1 16.67 <0.001 T
FG 1.70  0.634 299 0.393 2.07 0.558
LEG 0.07  0.799 0.52 0.472 0.02 0.897
GR <0.01 0.955 0.65 0.420 0.52 0472
SH 0.36 0.550 239 0.122 0.28 0.597
TH 0.65 0.421 227 0.132 1.76  0.185

Models were fitted by stepwise inclusion of fixed effects. Likelihood ratio tests were applied to assess model improvement (L ratio) and the statistical
significance of the explanatory terms (p values). Significant effects are marked in bold. Arrows indicate increase (1) or decrease (|).Abbreviations: SR
= species richness (log-linear), FG = functional group, LEG = legume presence/absence, GR = grasses presence/absence, SH = small herbs

presence/absence, TH = tall herbs =presence/absence.

5.4.3 Soil texture, soil moisture and hydrophobicity

In both months (May and October) texture content (percent of clay, sand and silt) did
not correlate with the infiltration capacity (data not shown). In May the moisture content weakly
correlated with the infiltration capacity at ¥y = 0 m (R?>=0.07, p=0.026), -0.02 m (R>=0.06,
p=0.028) and -0.04 m (R? =0.09, p=0.009). With increasing moisture content the infiltration
capacity increases. In October moisture content did not correlate with the infiltration capacity
for any of the applied matric potentials. In both seasons almost all measurements testing the
water repellency were below 5s, only single drops of one plot required time between 5s and 1
min (slightly water repellent). On average all plots were wettable and we therefore concluded

that wettability did not influence our results.
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Table 5.2: Pearson correlation matrix for studied variables in May.

May Bd BM root | BM shoot Sand Porosity SR Moisture
(g/em?) | (mg/em?) | (g/m?) (%) (%) (%0)
Corg | -0.600***  0.400%** 0.219% - 0.626*** 0.437%** -
Bd -0.522%**  .(0.288%* - -0.728%** -0.574%** -
BMroot | 0.378%*%* - 0.567*** 0.590%** -

BM above | -0.219% 0.347%%* 0.556%**  0.411%***

Sand - - -0.326**

Porosity 0.634%** 0.251*
SR -

Moisture

Abbreviations: SR= species richness (log-linear), Bd=Bulk density, BM root =Biomass root, BM above= plant biomass

aboveground, BM weed= Plant biomass weed, LAI= Leaf Area Index, Bare = Bare ground cover; * p<0.05, ** <0.01, *** p=0.001

Table 5.3: Pearson correlation matrix for studied variables in October (Oct).

Oct Bd BM root | BM shoot Sand Porosity SR Moisture
(g/em’) | (mg/em?’) | (g/m?) (%) (%) (o)
Corg | -0.600%**  0.400%*** - - 0.626%** 0.437%** -
Bd - -0.251* - -0.728**%  .0.574%** -
0.522%%*x*
BM root 0.266* - 0.567%** 0.590%** -
BM above - 0.245%* 0.528***  (.349%*
Sand - - -0.269*
Porosity 0.634%** -
SR -
Moisture

Abbreviations: SR= species richness (log-linear), Bd=Bulk density, BM root =Biomass root, BM above= plant biomass

aboveground, BM weed= Plant biomass weed, LAI= Leaf Area Index, Bare= Bare ground cover; * p<0.05, ** <0.01, *** p<0.001

5.4.4 Path analysis

Because of a strong effect of the interrelated variables on infiltration, we used path
analysis for the visualisation of direct, indirect and interaction effects. Using path analyses, we
were able to investigate the effects of plant species richness through changes in root biomass,
soil organic carbon content and porosity for both months. The initial model (AIC=51.52; Figure
5.2A) was improved as described in material and methods. In May the path analysis model
explained 20 % of the infiltration capacity at saturation (Figure 5.2B). For the improved model
(Fig. 5.2 B, y* =7.203, p = 0.408, AIC = 47.203) root biomass, porosity and soil organic carbon
increased significantly with increasing plant species richness. Infiltration capacity at saturation

was mainly explained by the variation of porosity (positive relationship), while there was
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negative trend between root biomass and infiltration. Root biomass affects infiltration capacity
indirectly by increasing porosity. In October the path analysis model explained 42% of the
infiltration capacity (Figure 5.2C). The initial model (Figure 5.2A) was improved as described
above. For the improved model (Figure 5.2 C, ¥*> = 8.34, p = 0.303, AIC = 48.34) root biomass,
porosity and soil organic carbon increased significantly with increasing plant species richness.
Infiltration capacity was positively related to soil organic carbon content and porosity (Figure
5.2 C). In both months soil texture (sand content) did not have a direct significant influence on
the infiltration capacity, but affected plant root biomass. When including clay instead of sand in

the full model, clay is positively related to the soil organic carbon content (R?=0.06, p=0.029).

5.4.5 Earthworms

In May the biomass of the deep burrowing earthworm species Lumbricus terrestris
accounted for 89% of the total biomass (Table 5.4). In an additional path analysis in May, we
were able to explain the variation of the infiltration capacity based on a reduced dataset for
which earthworm data was available (plots containing 1, 4 and 16 plant species). The improved
model in May including earthworm biomass explained 25% of the infiltration capacity at
saturation (Figure 5.3). Infiltration was still mainly driven by porosity (positive relationship),
while instead of root biomass earthworm biomass marginally correlated (trend) with infiltration
capacity (positive relationship). Additionally, soil organic carbon significantly affected the total
earthworm biomass (positive relationship). Interestingly, at saturation none of the ecological
groups (anecic and endogeic) could better explain the infiltration capacity compared to the total

biomass (data not shown).

Table 5.4 Variations in biomass (g m™) of earthworms of the Jena Experiment field site. Earthworm data
are the means (+ standard error) across plots of the year 2011 separated into the ecological groups anecic
and endogeic.

Earthworms March
Biomass of anecics 4.47 +£0.46
Biomass of endogeics 0.46+0.13

Biomass total earthworms 5.04 £0.74

Total number and biomass of earthworms included also unidentifiable earthworms and the invasive earthworm Lumbricus castaneus
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(B) N May

(C) - October

=3

Figure 5.2: Path analysis showing the relationships between plant species richness (SR), texture (silt in 10
cm depth), the soil process parameter soil organic carbon (Corg) and porosity (Porosity) , root biomass
(BM root) and bare ground cover (Bare) on the infiltration capacity for (A) the full model, (B) for May
and (C) for October at saturation. Standardized path coefficients are given next to path arrows.
Unexplained variation is denoted with el-e3; * p<0.05, ** < 0.01, *** p=0.001. For details see text.
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Figure 5.3: Path analysis showing the relationships between Plant species richness (SR), texture (sand in
10 cm depth), the soil process parameter soil organic carbon (Corg), porosity (Porosity) and root biomass
(BM root) on the infiltration capacity for saturated conditions (equal to pore size diameter > 1.5 mm)
including total earthworm biomass (BM ew) for A) full model and B) the improved model. Standardized
path coefficients are given next to path arrows. Unexplained variation is denoted with el-e3; * p<0.05, **
<0.01, *** p=0.001. For details see text.

5.4.6 Temporal variation of infiltration capacity

Time significantly affected the infiltration capacity at matric potentials yy = 0, 0.02 and
0.04 m (Fig. 5.4A). The average infiltration capacity increased significantly from May to
October (P = 0 m: +62.95 %, ¥y = -0.02 m: +63.31 %, Py = -0.04 m: +62.48 %). For all
matric potentials the infiltration capacity changed during the year with a more pronounced
effect for larger macropores (Fig. 5.4A). Lower matric potentials (below ¥y = -0.04 m) were
not included because of a high percentage of missing data in spring. The moisture content

decreased significantly from May to October (t-test, p=<0.001, Fig. 5.4B)
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Figure 5.4: Variation in A) infiltration capacity (in log *10° m/s) separated for the different months May
(black dots) and October (white dots) for the matric potential yy = 0, 0.02 and 0.04 m (as indicated); B)
variation of initial moisture content for May and October (as indicated). Means with standard error.

5.5 Discussion
5.5.1 Influence of plant species richness and structural parameters on infiltration

In this study plant species richness improved infiltration capacity. Our results suggest
that plant species richness enhanced water flow through soil by modifying soil structural
variables such as soil porosity (or inversely bulk density) and soil organic carbon. Soil organic
carbon and porosity increased, while the bulk density decreased with increasing plant species
richness (Table 5.2, 5.3) which in turn enhanced infiltration capacity. These results are
consistent with previous research, which found that increasing plant species richness correlated
positively with soil organic carbon storage and root biomass (Fornara and Tilman 2008,
Steinbeiss et al. 2008). Independently, other studies showed that the increased soil organic
carbon, porosity and root biomass can be attributed to an increased soil aggregate stability and
macroporosity (Oades 1993, Angers and Caron 1998, Six et al. 2004). It is also well known that
an increase in bulk density induces changes in hydraulic properties due to the reduction of large
macropores and pore continuity (Fuentes et al. 2004, Dec et al. 2008). Our results connects
these different results, showing for the first time that plant species diversity impacts soil
hydraulic properties such as infiltration capacity, most likely via changing soil structural
variables such as bulk density and soil organic carbon.

In the present study the soil structural parameter porosity (or inversely bulk density), an
important factor for soil quality, revealed itself as the most important driver for explaining the

infiltration capacity in May and October. Additional analyses revealed that bulk density (0-5 cm

80



Chapter 5

depth) correlated significantly positively with plant species diversity in more than half of the
years of the Jena Experiment (Table 5.5). This pattern suggests, that plant species diversity not
always, but frequently, contributes to enhancing soil structure and probably also infiltration
capacity. It also shows that other factors but biodiversity shape soil structure in other years.
Notably in 2011 no effect between species diversity and bulk density was observed, and this
was incidentally the year, where we found significant influences of earthworms on infiltration.
Identifying the mechanisms of how plant communities affect water flow through the soil
is a significant step forward in understanding the prevention of run-off and soil erosion.
Generally, agricultural management practices decrease plant biodiversity and biological activity
resulting in a decrease of organic matter content, aggregate stability and decreasing bulk density
(Altieri 1999, Lamandé¢ et al. 2003). Several studies have emphasized the positive effect of
organic management enhancing water infiltration through channels formed by roots and
earthworms, which improve soil water storage and reduce soil erosion and run-off (Schjenning

et al. 2002, Bronick and Lal 2005, Papadopoulos et al. 2006, Pfiffner and Luka 2007).

Table 5.5: Relationship between bulk density (p,) and plant species richness for various years (as
indicated).

Plant species
richness

Year r p
py 2004 -0.242  0.045

py 2006 -0.031  0.783
py 2008 -0.434  <0.001
py 2011 -0.130  0.252

pp 2012 -0.493  <0.001

r= Pearson correlation coefficient

5.5.2 Influence of earthworms on infiltration

In 2012, earthworm biomass was only marginally correlated to infiltration capacity in
May (Figure 5.3). A positive relation between earthworms and infiltration rate is consistent with
other studies (Zachmann et al. 1987, Bouché and Al-Addan 1996) and our previous data taken
in 2011 (Chapter 4). However, the earthworm biomass in 2012 was low, very likely due to the
much drier soil conditions (Lavelle 1988) compared to 2011 when an effect of earthworms on
infiltration capacity was observed. Compared to 2011 earthworm biomass was reduced to one
third of the population in spring 2012, and in fall earthworm biomass could not be assessed due
to the adverse soil conditions. Some authors associated an increased infiltration with modified

soil aggregation and porosity due to the burrowing and casting activity of earthworms (Shipitalo
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and Protz 1988, Yeates et al. 1998, Six et al. 2004). But in contrast to these studies, earthworm
biomass in 2012 did not correlate with soil structural parameters.

A number of reasons may be responsible for this: First, earthworm biomass was only
assessed on a short species richness gradient with fewer plots (only for 1, 4 and 16 plant
species), which may have masked possible effects. However, the relation between biodiversity
and bulk density with infiltration capacity was significant also on this smaller subset of plots,
which suggests, that the effects of bulk density and earthworms on infiltration capacity are
probably decoupled. This is supported by the results of the path analysis, which shows separate
pathways for these two factors. Second, although in general earthworm activity has a positive
effect on soil structure (by increasing porosity and decreasing bulk density) (Lee and Foster
1991, Péres et al. 1998, Blanchart et al. 2004, Hale et al. 2005), their specific role on soil
structure depends next to the ecological group, also on their functional attributes such as
compacting (increasing soil bulk density) and decompacting (decreasing soil bulk density)
earthworm species (Blanchart et al. 1997, Six et al. 2004). Thus, also negative and no effects on
soil structure by earthworms have been reported (Zund et al. 1997, Fonte et al. 2009, Salehi et
al. 2013). Furthermore, the positive correlation between bulk density and earthworm mainly in
agriculture soils could be attributed to an initially higher bulk density before adding earthworms
resulting in a significant decrease of bulk density (Poier and Richter 1992, Hale et al. 2005).
Third, since earthworm activity was generally low in 2012, their effect on bulk density would
generally be week.

Independent of bulk density, our results show that earthworm biomass increases the
infiltration capacity, which could be caused by increasing macropore numbers which not
necessarily affect soil structure at the scale of soil sample cylinders (100 cm’). Also, since
earthworm activity changes between years their influence on infiltration likely also depends on
population dynamics. This may the reason, why we found a stronger relationship between

earthworms and infiltration capacity in 2011 compared to 2012.

5.5.3 Temporal variation of infiltration capacity

Over the year the infiltration capacity increased significantly (Fig. 5.4 A). These results
differ from other studies (Archer et al. 2002, Bodner et al. 2008) and data taken in 2011
(Chapter 4), which found that infiltration through soil is decreased over the growing season
probably due to plant root growth lead to clogging/sealing of pre-existing pores. The increase of
infiltration capacity may be associated with dying roots, in the dryer soil and lower precipitation
in 2012 compared to 2011 (Schumm and Lusby 1963, Messing and Jarvis 1993) (Fig. 5.4 B).
Root decay, which leaves behind empty macropores (Barley 1954, Gish and Jury 1983, Mitchell

et al. 1995), has the rate to increase infiltration capacity. In our study soil porosity was also
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positively related to root biomass of the previous year. This finding corroborates with other
studies which found that roots increased infiltration indirectly by increasing soil macroporosity

(Ela et al. 1992, Beven and Germann 2013).

5.5.4 Conclusion

The reduction of bulk density (or increase of porosity) in diverse species mixtures was
the most critical parameter for explaining infiltration capacity. Soil organic carbon and roots are
fundamental factors leading to a change in bulk density and porosity. These factors, which
improve infiltration through soil, might reduce the impact of rainfall leading to reduced run-off
and soil erosion. However, the impact of plant species richness on soil structural parameters
does not appear every year, which probably also affects the resulting infiltration pattern. Also
earthworms play a role for explaining infiltration capacity, independent of plant species richness
and bulk density. After 10 years of the establishment of the biodiversity grassland site, higher
plant species richness generally increased infiltration capacity by improving soil structural
parameters. For soil management these results highlighted that earthworms and plant species
diversity both affecting infiltration capacity, whereby the mechanism are different and probably

not related to each other.
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6 An in situ lysimeter experiment (Ecotron/Montpellier) on biotic and abiotic

factors influencing hydrological response through a soil profile

6.1 Abstract

Water flow through the soil profile is controlled by abiotic and biotic parameters that
vary in space and time. Knowledge of the factors affecting soil hydraulic properties through the
soil profile is important, for the development of optimal agricultural and land management
strategies. We measured Infiltration capacity at two plant diversity levels (4 and 16 species) on
monoliths originated from The Jena Biodiversity Experiment in the CNRS Ecotron Experiment
(Montpellier, France). We analyzed the infiltration capacity at several depths (soil surface,
within the rooting zone, below the main rooting zone). In order to mechanistically understand
variations in infiltration we extracted and counted earthworms in the infiltration area after the
infiltration experiments, determined soil texture, soil organic carbon, bulk density, initial
moisture content and root biomass at each depth, and above shoot biomass. Higher earthworm
biomass increases infiltration capacity at the soil surface. The impacts of biotic processes on
infiltration at the soil surface have no impact on processes through deeper soil layers (25-55
cm). Infiltration capacity decreased in the subsoil by a visible compacted layer (presumably an
old plough pan). This decrease was due to a reduction of larger pores formed by earthworms
and plant roots, which can negatively affect water infiltration. Furthermore, in deeper soil layers
none of the observed parameters could explain the infiltration capacity. In the present study we
show that after 10 years of conversion from arable into grassland, at and below the observed
dense layer the biotic impact at the soil surface on infiltration was reversed leading to

inappropriate predictions for infiltration in deeper soil layers.

6.2 Introduction

Soil properties are greatly influenced by abiotic and biotic parameters varying in space
and time (Deb and Shukla 2012). Saturated hydraulic conductivity is the most important soil
property for water-plant-soil interactions and water flow through the soil profile. Field studies
have shown that saturated hydraulic conductivity in the topsoil can vary greatly because it is
influenced by many factors on different spatial scales (Seyfried and Wilcox 1995, Deb and
Shukla 2012). Additionally, soil hydraulic properties are often critical input parameters to
irrigation and water management models at scales ranging from plot to catchment. Spatial
variability of soil hydraulic properties through a soil profile determines surface run-off, plant
water storage and water flow through groundwater. Therefore, this is important for the
development of optimal agricultural and land management strategies (Bodner et al. 2008,

Schwirzel et al. 2011).
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Infiltration through soil is determined by soil structure, moisture and the degree of
biological activity (Angers and Caron 1998, Bronick and Lal 2005). The spatial variation, size
and connectivity of pores formed by earthworms and plant roots play a key role in determining
the rate of influx through soil (Edwards and Bohlen 1996, Angers and Caron 1998, Beven and
Germann 2013). In addition to the already known seasonal dynamics of earthworm activity
(Eisenhauer et al. 2009b), earthworms also vary within depth depending on the ecological type:
endogeic, epigeic and anecic (Bouché 1977) with burrows ranging from 2 to 11 mm in diameter
(Ehlers 1975, Syers and Springett 1983). Because of the different feeding and burrowing
strategies, endogeic and epigeic earthworm mainly increase the infiltration in the topsoil, while
anecic species enhance water flow to deeper soil strata (Shuster et al., 2002). As reported by
Van Schaik et al. (2013), earthworm macropore numbers decreased with depth (10, 30 and 50
cm), except for larger pores (> 6 mm in diameter). But these macropores had a smaller
hydrological effectiveness compared to those at a depth of 10 and 30 cm.

Plant diversity can influence water infiltration through several mechanisms. First,
earthworm abundance and/or biomass have been reported to be positively related to plant
species richness (Zaller and Arnone 1999, Spehn et al. 2004), which may induce changes in the
number of macropores and have an influence water movement in the soil (Bardgett et al. 2001).
Second, increasing species richness is associated with higher above- and belowground plant
productivity (Tilman et al. 2001, Spehn et al. 2002). The differences in the vertical distribution
of roots and rooting strategies due to variations in plant species richness, plant functional groups
and soil texture (Coupland and Johnson 1965, Fargione and Tilman 2005, Schenk 2005) have
pronounced effects on water fluxes through the soil profile. Several studies have shown that in
root profiles root density declines exponentially with increasing depth (Schenk and Jackson
2002, Schenk 2005). However, root effects can strongly differ. Growing roots mainly clog soil
pores causing reduced Infiltration capacity, while decaying roots can create vertical channels in
the soil increasing the infiltration capacity (Barley 1954, Gish and Jury 1983).

The Ecotron experiment provides the possibility of analyzing soil hydraulic properties
under controlled environmental conditions and almost identical functional group composition in
several depths. Soil texture has often been related to hydraulic conductivity, but as shown in
previous studies of the Jena Experiment, biotic factors play a more important role for the
infiltration capacity at the soil surface (Chapter 4) The general objective of this study was to
investigate to which extent biotic factors, such as plant species richness, plant root biomass,
earthworm biomass, soil moisture and soil texture, play a role on the infiltration capacity of
different macropore sizes at several depths (soil surface, within rooting zone and below rooting
zone).

We measured infiltration capacity at two diversity levels (4 and 16 species) in plots

containing all functional groups (small herbs, tall herbs, legumes and grasses) with almost the
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same proportions. We measured infiltration at several depths (top, within the rooting zone,
below the main rooting zone). In order to distinguish whether the effects were due to biotic
(earthworms, root biomass and/or plant biomass) and/or abiotic factors (texture, initial moisture
content), we extracted and counted earthworms in the infiltration area after the infiltration
experiments, determined texture, measured initial moisture content at each depth, as well as
measured above- and belowground biomass. We conducted infiltration measurements at several
matric potentials in order to determine whether changes in infiltration capacity (hydraulic
conductivity) are due to alterations in large or small soil pores. The infiltration through soil is
controlled by macropores connected to the soil surface (Van Schaik et al. 2013) suppressing or
promoting the direction and velocity at which water flows through the profile. Accounting for
the variability of the soil properties it is crucial to understand the interactions between soil and
biotic parameters, as well as their effects on water flow through the soil. With this study we
want to find out which factors improve macropore flow through deeper depths. For irrigation
and soil management it is important to consider what roles the factors on infiltration at several
depths play. The main question of this field study was:

(1) Do the observed factors influencing soil hydraulic properties at the soil surface also affect
infiltration into deeper soil strata? What factors are important drivers for the infiltration at

several depths?

6.3 Material and Methods

6.3.1 Experimental design

In 2011 excavated soil cores from the experimental field site to a depth of 2.20 m were
transported to CNRS Ecotron of Montpellier (France). The monoliths originate from a
temperate grassland site, the Jena Experiment, located in the floodplain of the Saale river near
Jena (Thuringia, Germany; 50°55'N, 11°35°E, 130 m above sea level). The Ecotron experiment
provides the possibility to study ecosystems processes and organism under controlled
environmental. The CNRS of Montpellier (France) Ecotron consists of transparent and confined
Teflon domes for analyzing elementary functions under simplified conditions. Therefore,
complex patterns in the real field community can be simplified. Under the same environmental
condition and near the same functional group composition, we measured soil hydraulic
properties and other important soil and biotic parameters to compare with the results from the
field site. Additionally, we focused on the spatial variability of the infiltration capacity along the
soil profile of the various factors and the resulting interactions between abiotic and biotic factors
at a depth of 0, 20 and 60 cm. Because one of the 12 monoliths was broken, our measurements

were conducted on 11 of the 12 monoliths.
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6.3.2 Infiltration measurement

For in situ infiltration measurements we used a hood infiltrometer (UGT, Miincheberg,
Germany; method described in Schwirzel & Punzel, 2007). With the in situ technique it is
possible to determine the water flow through different pore size classes and consequently
quantify the role of soil texture, moisture, earthworms or plant roots without destroying the
measurement environment. We conducted two measurements per monolith at three different soil
depths.

A hood with a diameter of 24 cm was placed with the open side on the undisturbed soil
surface. The contact between the soil and hood was sealed with wet sand. We conducted
measurements at increasingly negative matric potentials (¥y), beginning with ¥y, =0 m and
reducing it stepwise by 0.02 m until the bubble point of the soil was reached. The bubble point
refers to the matric potentials upon which a pore channel allows for penetration of air into the
hood and therefore the maximum applicable matric potential at this location. For a specific
matric potential (W) the equivalent diameter (de) of the largest soil pore conducting water can
be estimated after Jarvis et al. (1987). At ¥y = 0 m the soil is saturated and the entire pore
spectrum is potentially active. At Wy = -0.02 m the largest active pores correspond to de =1.5
mm and at Wy = -0.04 m to de = 0.7 mm. At each pressure level we recorded infiltration
capacity until they were constant in time. This steady infiltration capacity was used for further
analysis. Infiltration capacity at a given matric potential is directly linked to hydraulic
conductivity (Wooding 1968). The flow conditions in natural soils are far from ideal, with
anisotropic behaviour, heterogeneous initial soil water contents, and flow dynamics that do not
correspond to the Richards equation near soil saturation. Therefore, we refrained from deriving
hydraulic conductivity from our infiltration capacity, for example via Wooding's formula
(1968). Instead, we worked with the observed Infiltration capacity, considering those as a
surrogate for the rate of the soil to conduct water at the applied matric potential. We measured
infiltration capacity on plots with similar absence/presence of grass and legumes in response to
variations in soil texture, initial soil moisture, earthworm biomass, target plant and weed shoot
biomass, root biomass, and plant diversity at soil depths of 0, 25 and 55 cm. In order to alleviate
the effects of soil heterogeneity, we used two infiltration experiments per treatment plot.

Overviews of all measured variables for explaining infiltration capacity are given in Table 6.1.
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Table 6.1: Overview of parameters measured including measured depth and unit (for more details see

text).

Variables Depths (cm) unit
Texture (sand, silt, clay) 10,20,30,60 %
Soil organic carbon 0-30 (5 cm steps) %
Bulk density 0-30 (5 cm steps) g/cm?
Earthworm biomass 0-10, 25-35, 55 g/m?
Plant biomass Soil surface g/m?
Root biomass 0-5, 5-10, 20-30, 30-40, 40-60  g/m?

6.3.4 Soil texture and moisture

The grain size distribution (soil texture) was determined from soil cores at 10, 20, 30
and 60 cm depth according to DIN/ISO 11277 (DIN ISO 2002). The volumetric soil water
content (in m’/m’) was determined with a FDR probe (ML2x Theta Probe, Delta-T Devices,
Cambridge, United Kingdom). The device was inserted from the top to a depth of 6 cm (length
of the prongs) into the soil surrounding the hood before the infiltration experiment. The average

of three measurements was used for further analysis.

6.3.5 Biotic parameters (earthworm biomass, above shoot and below biomass)

At depths of 0 and 20 cm earthworms were collected by handsorting. An area of 0.3 m?
and 10 cm deep was excavated and transferred into boxes. Earthworms were collected
immediately, stored and transported at approximately 4°C in closed plastic bags containing
moistened filter paper. The earthworms were identified to species and weighed. At 60 cm deep
it was not possible to dig out soil for handsorting because anecic earthworms were able to move
downwards. Therefore, we used the mustard extraction method for the determination of
earthworm biomass. Therefore, 25 g of mustard powder was mixed with 5 1 of water by shaking
24 h before extraction. Before the application of the mustard solution to the soil surface another
51 of water was added and mixed intensively. Afterwards, 2.5 1 of the mustard solution was
sprinkled onto each macrocosm, repeated twice at 10 min intervals. After a total extraction time
of 30 min all collected earthworms were rinsed in fresh water and stored in separate plastic bags
containing moistened filter paper at 4°C (see above).

We analyzed earthworm biomass per soil depth (0, 25 and 55cm). Additionally, we
summed up the earthworm biomass at soil depth 0 and 25 cm, 25 and 60 cm, and for all depths

(0, 25 and 55 cm), first because of using different extraction methods, and second because of the
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tremor caused by digging possible facilitate the movement of anecic earthworms into deeper
soil layers.

Community biomass was recorded in each plot in 20 x 50 cm rectangles shortly before
the infiltration measurements started. Two randomly allocated samples were taken. Plant
material was cut to a height of 3 cm aboveground. Plant and weed biomass were sorted into
plant functional groups, dried (70° C, 48 h) and weighed. Root biomass was taken with a 35 mm
root corer with 3 replicates per macrocosm up to a depth of 60 cm. Cores were divided into 6
layers (0-5, 5-10, 10-20, 20-30 and 40-60 cm). Layers pooled per macrocosm and washed with

tap water. Root biomass was dried at 65° C for 48h minimum before weighing.

6.3.6 Soil bulk density and organic carbon content

Shortly before the excavation of the lysimeters in November in 2011, three samples next
to the excavation area were taken using a split tube sampler with an inner diameter of 4.8 cm
(Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands). After drying at 40°C the soil
samples were segmented depth resolutions from 5 cm up to 30 cm. All soil samples were passed
through a sieve with a mesh size of 2 mm. The samples were then dried at 105°C and weighed
to calculate the bulk density [g/cm’].

Total carbon concentration was analyzed on ball-milled subsamples (time 4 min,
frequency 30 s') by an elemental analyzer at 1150°C (Elementaranalysator vario Max CN;
Elementar Analysensysteme GmbH, Hanau, Germany) before and after incubation. For the
calculation of organic carbon the difference between elemental analyses of the total carbon

concentration and soil inorganic carbon concentration was determined (Steinbeiss et al. 2008).

6.3.7 Statistical analysis

Statistical analyses were performed with a linear model using the statistical software R
2.6.2 (R Development Core team, http.//www.R-project.org). On infiltration capacity at soil
depths of 0, 25 and 55 cm, we tested the effects of the explanatory variables plant species
richness (SR; 4 and 16 species), soil texture (sand and clay, in %), earthworm biomass (BM ew,
g/m?), root biomass (BM root, g/m®) and total plant aboveground biomass (BM above, g/m?). To
identify the most important predictors of infiltration capacity we used the Akaike Information
Criterion (AIC) (Burnham and Anderson 1998). For the infiltration capacity in each depth,
variables from all depths (0, 25 and 60 cm) were tested. The model with the lowest AIC
containing one of the best fitting
variables was selected, and in a further step, the respective model was extended by additionally
fitting one of the rest variables in an alternative model until the AIC could not be improved

furthermore. Additionally, we used linear regression to test correlations between the biotic and
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abiotic variables. We did not test the effects of the plant functional groups because of their

similar representation among the plots.

6.4 Results

6.4.1 Vegetation parameters (plant species richness, above- and belowground biomass)

For all soil depths infiltration capacity did not significantly differ between 4 and 16
plant species (Figure 6.1) at all supplied matric potentials (Figure 6.2). Root biomass between
20-30 cm marginally decreased infiltration capacity at a depth of 0 cm (Table 6.2) and was
marginally higher for 16 plant species compared to 4 (t-test, p=0.078; Fig. 6.2A). At the soil
surface species richness significantly affected bulk density (t-test, p=0.006), while for soil
organic carbon, a trend was observed (t-test, p=0.060). Additionally, between 25-30 cm of depth
plant species richness marginally affected bulk density (t-test, p=0.086) (Fig. 6.3C, D).
Aboveground biomass did not affect the infiltration capacity at 0 and 55 cm, while a negative

trend at 25 cm deep was observed (r=-0.532, p=0.092).

6.4.2 Soil structural parameters (bulk density and soil organic carbon)

With increasing depth the bulk density increases and the soil organic carbon decreases
(Fig. 6.3B, C). Because of the high correlation of bulk density and soil organic carbon (r=-
0.895, p=0.001), for our analysis at the soil surface we used soil bulk density. In 25 ¢cm none of
the structural parameters correlate with the infiltration capacity. In 55 cm no data for bulk
density and soil organic carbon content was available. Additionally, bulk density and soil

organic carbon content above (0-30 cm) did not correlate with infiltration capacity in 55 cm.
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Figure 6.1: Variation of infiltration capacity (mean) through the profile for all plots separated into 4 and
16 plant species richness. Soil profile shown for macrocosm B4A18; dotted line indicates the assumed Ap

horizon.
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Figure 6.2: Soil profile of infiltration capacity (*10°° m/s) from 0 to 60 cm for the matric potential (A) 0
m ,(B) 0.02 m and (C) 0.04 m as indicated. Upper section shows the mean for data samples and lower
section shows the mean values separated by plant species richness as indicated. The standard errors of the
measurements were included in the diagrams.
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Figure 6.3: Variation of A) root biomass (mg*cm™), B) bulk density (g*cm™) and C) soil organic carbon
content (%) through the profile for all plots separated into 4 and 16 plant species richness, soil profile
shown for macrocosm B4A04. Mean with + Standard error.
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Table 6.2: Person correlation (r) coefficients for infiltration capacity of YM=0, -0.02 and -0.04 m
including important variables from the model selection.

Variables Depth r p r p r p
(cm) (Y= 0 m) (Y= 0.02 m) (Y= 0.04 m)

Earthworm biomass

0-10 0.652 0.030 *  0.620 0.042 *  0.496 0.121
Root biomass
0-5 0.263 0.435 0.391 0.235 0.406 0.215
5-10 -0.346 0.297 -0.415 0.204 -0.451 0.164
10-20 -0.351 0.289 -0.267 0.427 -0.312 0.351
20-30 -0.575 0.064 -0.607 0.048 -0.558 0.074

Significant effects are marked in bold. * p<0.05, ** < 0.01, *** p=0.001

6.4.3 Earthworms

Because of different applied extraction methods and the movement of earthworms
during digging, the differences between the depths were not comparable. In sum the earthworm
biomass did not differ between the plant species. For analyzing the effects of earthworms on the
infiltration capacity the biomass was tested between 0 and 25 cm, as well as between 25 and 55
cm for the infiltration. Additionally, also the impact of earthworm biomass separated for each
depth on the infiltration capacity at 0, 25 and 55 cm was tested. Because of the small samples
size a separation into ecological groups and therefore analyzing the effect on infiltration

capacity was not possible (some values with zero). At the soil surface earthworm biomass
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extraction from the upper layer significantly correlated with the infiltration capacity at the soil
surface (Table 6.2). Earthworm biomass correlated marginally with the bulk density at 0-5 cm
depth (r=-0.55, p=0.079) and significant with the bulk density in 5-10 (r = -0.75, p = 0.008).
Additionally, earthworm biomass correlated with soil organic carbon at 0-5 cm depth (r=0.66,
p=0.025), 5-10 cm depth (r=0.70, p=0.024). Infiltration capacity for pores larger or equal than
1.5 mm increased significantly with total earthworm biomass (Wy = 0, p = 0.030 and Yy =
0.02m, p = 0.042). At the depths of 25 and 55 cm the earthworm biomass did not affect the

infiltration capacity.

6.4.4 Explanatory variables in 0, 25 and 55 cm depth

The most parsimonious model explaining the variation of infiltration capacity at the soil
surface contained earthworm biomass (total biomass) and root biomass at 20-30 cm for larger
macropores (Wy = 0 and 0.02 , respectively > 1.5 mm and = 1.5 mm in diameter) (Table 6.3).
The infiltration capacity increased significantly with increasing earthworm biomass and and
decreased with root biomass. For smaller macropores (¥y = 0.04m, <0.7 mm) none of the
observed variables could improve the model. For subsoil layers (25 and 55 cm), none of the
measured variables correlated to the infiltration capacity, respectively improved the model.
Additionally, soil texture and moisture did not affect the infiltration capacity at depths of 0, 25

and 55 cm.

6.4.5 Infiltration patterns and variability

The infiltration capacity at saturation decreased from 0 to 25 cm by 57 % and increased
marginally from 25 to 55 cm by 14 % for 4 and 16 plant species (Fig. 6.1). For smaller
macropores the infiltration capacity also decreased from 0 to 25 cm and increased slightly from
25 to 55cm (Fig. 6.2). For all applied matric potentials, plant species richness did not
significantly affect the infiltration capacity at several depths (Fig. 6.2 lower part). To investigate
the variability of infiltration capacity we compared the standard deviation of infiltration for all
samples and also separated samples of 4 and 16 plant species. At saturation the variation of
infiltration at saturation was highest at the soil surface and decreased up to a depth of 55 cm.
The variation was lowest at 55 cm deep compared to 25 cm deep. For Wy, =0.02 and 0.04 m the
variation was also highest at the soil surface and decreased to 25 and 55 cm (Table 6.4), while

the variation was lowest at 25 cm compared to 55 cm
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Tab. 6.3: Summary of best explanatory variables for the infiltration capacity (*10 °m/s) at 0 cm depth for
various ¥y (0, 0.02 and 0.04 m). Soil moisture (Moisture in %), earthworm biomass (in 0-10 cm depth)
and root biomass in 20-30 cm depth (BM root, g/m?).

Ocm Yv=0m Yv=0.02m Yv=0.04m
all species richness

Mean (*10° m/s) 175.80 138.18 96.53

SD 120.87 95.05 60.59
Min/Max 50.43/457.74 40.38/329.42 33.78/194.99
20 cm

all species richness

Mean (*10° m/s) 101.35 74.84 50.02

SD 60.01 40.56 24.15
Min/Max 29.19/239.92 17.07/148.27 9.64/ 87.84
60 cm

all species richness

Mean (*10°° m/s) 115.65 88.14 57.36

SD 58.27 50.41 46.44
Min/Max 35.56/233.25 16.38/198.82 4.54/ 142.17

Bold font indicates significant effects. Arrows indicate an increase (1) or decrease () of the infiltration capacity.

To test if patterns at the soil surface layer are dependent on deeper soil layers, we used
the Spearman rank correlation coefficient (rs) and Pearson correlation coefficient (r) to compare
topsoil (0 cm), with rooting zone (25 cm) and below rooting zone (55 cm). We did not find any
significant correlations between the infiltration capacity at 0 cm compared to 25 and 55 cm, and

25 to 55 cm (data not shown).

Tab. 6.4: Mean, Standard deviation (SD) and minimum (min) and maximum (max) values of infiltration
capacity (*10°® m/s) for all plots at several matric potentials (0, 0.02 and 0.04m).

Depth 0 cm Yu=0m AIC
Variable t-value  p-value
Intercept 3.721 0.006 139.65
1st Earthworm biomass 4.105 0.003 M| 13511
2nd BM root (20-30 cm) -3.654  0.006 4| 123.69
R? 0.785
Ym=0.02 m

Intercept 3.841 0.005 132.97
1st Earthworm biomass -3.686 0.006 M| 128.55
2nd BM root (20-30 cm) -3.607  0.007 J | 117.61
R? 0.762
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6.5 Discussion
6.5.1 Factors explaining infiltration at the soil surface

In this study, measurements of infiltration capacity in several depths allows to obtaining
information of factors affecting infiltration capacity through the soil profile. Infiltration capacity
at the soil surface was mainly driven by earthworm biomass at matric potentials 0 and 0.02 m (>
1.5 mm pore size diameter), with infiltration capacity increasing with earthworm activity.
Indeed, most earthworm burrows are larger than 2 mm in diameter (Edwards and Bohlen 1996).
This explains why only water flow through larger pores (=1.5 mm), but not through smaller
pores was affected by the biomass of earthworms (Tab. 6.2).

This finding supports previous result measured in 2011 (Chapter 4) and at the first
glance differs from the measurement taken in 2012 (Chapter 5) at the field site. However, in fact
this result is not contradicting at all, but highlighting the considerable influence on earthworm
population dynamics and the presumably consequently different effect on infiltration capacity.
Other studies have shown that the earthworm population depends on soil moisture conditions
(Lavelle 1988, Edwards and Bohlen 1996). Our measurements in 2012 at the field site showed
that under dry soil conditions (soil moisture content: 17.85 + 4.29%) earthworm biomass was
reduced compared to earthworm biomass in the year 2011 with wet soil conditions (soil
moisture content: 33.71 * 4.29%; Chapter 5). However, in 2011 we could observe a significant
effect of earthworm biomass on the infiltration. In the Ecotron Experiment similar soil moisture
conditions (soil moisture content: 29.70 * 2.56%) compared to 2011 leading probably to the
more pronounced effect of earthworm biomass on infiltration capacity. This finding supports
results from Berry and Jordan (2001) which shown that under high soil moisture content (30%)
earthworms developed faster and yielded in a higher biomass compared to earthworms in drier
soil conditions (20% and 25%). This support the fact, that under wet soil moisture conditions,
earthworm activity is increased and thus affecting infiltration capacity.

In this experiment bulk density and soil organic carbon between 5-10 cm deep were
correlated to the earthworm biomass. Generally, it is believed that earthworms have a positive
effect on the water flow through soils by changing the soil structure such as bulk density and
soil organic carbon content (Six et al. 2004, Bronick and Lal 2005). At the field site no
correlation between earthworm biomass and the soil bulk density (0-5 cm) was observed in the
same year (Chapter 5). This may be on the one hand caused by the much moister soil conditions
in the Ecotron compared to the field site, causing higher earthworm activity. On the other hand,
the extraction method at the Ecotron is also much more efficient compared to the octet method
used in the field (Eisenhauer et al. 2008b). Therefore, a correlation between earthworms and
bulk density could also have been undetected at the field size. In general our results highlight

that, while both earthworms and bulk density play an important role for infiltration capacity,
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their interrelation, could not yet be explained. It may by driven by earthworm presence and
population dynamics.

Bulk density was however related to species diversity, while soil carbon content as well
as root biomass (factors that explained bulk density and infiltration capacity in the field in
2012, Chapter 5) only showed a trend, It is however partly in line with the results in 2012,
where plant species richness affects improved soil structural parameters. However the link
between soil structural parameter on the infiltration was not observed, while soil structural
parameters between 5-10 cm soil deep affected earthworm biomass, which in turn affected the
infiltration capacity. Despite the low sample size, the results give a hint that at the soil surface
biotic factors play an important role for the infiltration capacity. Further investigations are
needed to obtain a clear picture of the combined effects and interactions of earthworms and soil

structural parameters on the infiltration capacity.

6.5.2 Factors explaining infiltration capacity over the depth profile

Infiltration capacity at deeper layers was lower and varied much less compared to the
topsoil. As shown above, a great deal of variation in infiltration capacity originates from biotic
factors. The small variation of infiltration capacity at depth indicates that these factors are no
more relevant. The bulk density was increased at 25 cm depth, indicating soil compaction
(plough pan), which can be a result of the destruction of inter-aggregate pores and may be
responsible for the reduced infiltration capacity. This is in agreement with (Horn et al. 1994).
The boundary between top and subsoil was also marked by a color change and reduced root
biomass (Figure 6.2). This zone is likely the result of ploughing before the establishment of the
Jena experiment which was formerly agricultural land (Roscher et al. 2004). At and below this
zone, bulk density increased, while soil organic carbon and root biomass decreased resulting in
a decreased infiltration capacity increasing soil depth (Figure 6.1 and 6.2). Since the field site
was not ploughed for the preceding 10 years, this denser layer is probably an old plough pan. In
our experiment this layer was found at approximately 30 cm of depth. Generally, plough pans
have high bulk densities with a reduced number of macropores and low connectivity of pores
which reduced root growth and earthworm activity (Goss et al. 1984, Reicosky and Archer
2007, Nawaz et al. 2013). This supports the idea that the compacted layer (old plough pan) at
around 25 cm of soil depth hampered penetration of earthworms and plant roots and thereby
eliminated possible biotic influences, which affect infiltration capacity. Surprisingly, not even
texture parameters explained the variation of infiltration capacity at the depths of 25 and 55 cm.
Even a decade after the conversion of arable land into grassland, soil compaction caused by

ploughing, reduced infiltration capacity at 30 cm below the soil surface.
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6.6 Conclusion

The aim of this chapter was to identify drivers of infiltration in different soil depths (soil
surface, within the rooting zone and below the rooting zone) in a grassland biodiversity
experiment that was formerly used as agricultural land. Our study shows that infiltration at the
soil surface was correlated with earthworm biomass, which was interrelated to soil structural
parameters such as bulk density and soil organic carbon at 5-10 cm depth. The different soil
moisture conditions in the field and in the plot of the Ecotron experiment probably lead to
increased activity of earthworms, which in turn also affected infiltration. Remarkably, in greater
depths none of the observed factors in the experiment played an important role for the measured
infiltration capacity.

Grasslands cover approximately one quarter of the world land area, contribute a high
percentage to the world agricultural area and store around 20% of the global terrestrial soil
carbon stocks (Ramankutty et al. 2008, Conant 2012). For grassland management and the
minimization of surface run-off and soil erosion, after 10 years of conversion from arable land
into grassland, at and below the observed compacted layer, biotic effects that impacted
infiltration at the soil surface are suppressed. When applying hydrological models we have to be
aware that anthropogenic impacts resulting in a compacted layer (plough pan) affects vertical

water flow besides above all other soil properties.
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7 Effects of soil depth on the estimation of saturated hydraulic conductivity using

pedotransfer functions (PTFs)
7.1 Abstract

Saturated hydraulic conductivity (Ky) is a crucial input parameter for modeling water
flow and solution transport through soils. Due to the spatial and temporal variation of K it is
difficult to measure. Based on these difficulties and when measured hydraulic conductivity is
not available, indirect methods such as pedotransfer functions (PTFs) were developed to use
easy to measure soil data. We evaluated the performance of various common published PTFs
for estimating K using available input data such as soil texture, bulk density and soil organic
carbon content. We compared the derived K, with measured K; values taken in a lysimeter study
(Ecotron Experiment, Montpellier, France) at several depths (soil surface, within the rooting
zone, below the main rooting zone). The measured Ks values were obtained by using a hood
infiltrometer. At the soil surface the best regression model for estimating K based on two input
parameters (earthworm biomass at the soil surface and root biomass in 20-30 cm depth). At
deeper soil layers (25 and 55 cm) all PTFs underestimated the mean values for all depths.
Regarding the root mean squared (RMSE) and Nash Sutcliffe Efficiency (NSE) values, all
applied PTFs used in this study, except to the Jabro model at the soil surface, are inadequate for
estimating K. For a sufficient application in hydrological models, estimation of K could be

improved by taken into account macroporosity in the PTFs.

7.2 Introduction

For understanding and modeling water flow and chemical transport in the vadose zone,
agriculture and environmental processes and how much water will runoff and causes soil
erosion, hydraulic conductivity is an important physical soil property (Shouse and Mohanty
1998). Generally, the determination of soil saturated hydraulic conductivity (K;) is based on
direct and indirect methods. For the direct measurement of hydraulic conductivity, field
observations have shown that hydraulic conductivity is mainly controlled by the properties of
the porous media, such as size and connectivity of structural pores (Alaoui et al. 2011), and on
the measuring method (Durner and Lipsius 2006), soil type (Wdsten and Van Genuchten 1988),
and on spatial variability (Russo and Bresler , Mallants et al. 1997). Next to these difficulties
direct methods are time consuming and expensive (Schaap et al. 1998). Additionally, due to the
soil heterogeneity and experimental error, results of these measurements are sometimes
unreliable (Schaap et al. 1998).

Based on these difficulties and when measured hydraulic conductivity is not available,

indirect methods such as pedotransfer functions (PTFs) were developed to use easy to measured
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soil data such as texture, bulk density and organic matter content for estimating hydraulic
properties (Hu et al. 2008). In summary, many efforts have been made to develop PTFs at large
scales at the soil surface (see review Wosten et al., 2001). In this study, we therefore investigate
the usability of available soil properties such as soil texure (sand, silt and clay content), bulk
density and soil organic carbon to predict K at the soil surface, within the rooting zone and
below the rooting zone. The objective of this study was to determine the applicability of some
recommended models in the literature, such as the Rosetta (Schaap et al. 1998), Jabro (1992)
and Vereecken (1990) PTFs, to calculate hydraulic conductivity for different soil textures and at
several depths. Additionally, we compared a derived model created with the best explanatory
variables at the soil surface. Furthermore, the differences between measured and calculated
values of Ks were evaluated using two statistical parameters: the mean square deviation
(RSME) and the Nash Sutcliffe Efficiency (NSE) parameter (Nash and Sutcliffe 1970, Tietje
and Tapkenhinrichs 1993). The main aim of this study was to answer the following question:

(i) Can we predict observed saturated hydraulic conductivity using the pedotransfer functions

(PTFs) at several depths?

7.3 Material and Methods

7.3.1 Experimental design

The monoliths originate from a temperate grassland site (Jena Experiment) located in
the floodplain of the Saale river near Jena (Germany; 50°55'N, 11°35°E, 130 m NN) (Roscher
et al. 2004). For more details about the conditions and experimental Ecotron station in

Montpellier see chapter 6.3.1.

7.3.2 Hydraulic conductivity

For the assessment of saturated hydraulic conductivity (K;) we used a hood infiltrometer
(UGT, Miincheberg, Germany; method described in Schwirzel and Punzel (2007)). For each
macrocosm two measurements at each depth were conducted. For the calculation of hydraulic
conductivity see Chapter 2.2.2 Equation 1.3-1.9. For the measurement procedure see Chapter

6.3.2.

7.3.3 Soil parameters

The grain size distribution (soil texture) was determined from soil cores at depths of 10,
30 and 60 cm according to DIN/ISO 11277 (DIN ISO 2002). The determination of soil bulk
density and soil organic carbon content is described in detail in chapter 6.3.6. The soil organic

matter content is taken to be equal to 1.72 times the organic carbon content (in %).
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7.3.4 Models for estimating

Several published PTFs for K were used in this study (Table 7.1). Based on the
availability of the input data (texture, bulk density and soil organic carbon) four different PTFs
were chosen, beginning with a model based on neural network methods containing only soil
texture as input data (Rosetta SSC). For Rossetta SSC-BD bulk density was added. The model
by Jabro (1992) predicts saturated hydraulic conductivity of soil using silt, clay content and bulk
density. Sand content did not play a significant role for predicting hydraulic conductivity and
therefore was not included in the end model. Vereecken (1990) relates K, to soil properties such
as clay, sand, and soil organic matter, as well as bulk density via empirical equations and

multivariate regression analysis.

7.3.5 Performance of models

In order to examine the performance of the PTFs, we compared calculated K, with
measured K values at each depth. We used R?, root mean square error (RMSE) and the Nash
Sutcliffe efficiency (NSE). The RSME gives the mean difference between measured and
calculated K values and is calculated by (Tietje and Tapkenhinrichs 1993):

1 .
RMSD=\/; (g —yi)? (Equation 7.1)

where x; is the measured K value, y; is the calculated K value obtained with various models,
and n is the number of measurements.
The NSE compares the measured and the calculated K value and is calculated as (Nash and

Sutcliffe 1970):

n )2
NSE=1 — [zt &V (Equation 7.2)

Zln:l(xi_xlmean)z

where x["¢%" is the average of measured K values. The NSE determines the relative magnitude
of residual variance compared to the measured data variance, which indicates the fitting of
observed versus modelled values at the 1:1 line. The values can range from —oo to 1. A value of
1 corresponds to a perfect match of modeled to measured values. Values between 0 and 1
indicate that the model calculations are as accurate as the mean of the measured data. When the
measured data is a better predictor than the calculated data, then the efficiency is less than zero

indicating unacceptable performance.
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Table 7.1: Pedotransfer functions and derived model for estimating Ks.

Author PTF mathematical expression

1.Schaap (1999, Rosetta Rosetta neural network requiring percentage sand, silt and
SSC) clay

2. Schaap (1999, Rosetta Rosetta neural network requiring percentage sand, silt, clay
SSC-BD) and bulk densit%/

3. Jabro (1992) {;%i(l((psd)) (cm h™)=9.56 - 0.81 (log silt) - 1.09 (log clay) -

Ks(cm d™)=exp (20.62 - 0.96 (In clay) - 0.66 (In sand) -
4. Vereecken (1990) 0.46 (In OM) — 8.43(py))
5. derived model Ks=203.60 + 4.41 * ew biomass -140.37 * BM root

pd = bulk density, ew biomass = earthworm biomass 1n 0-10 cm, OM=organic matter, BM root = root biomass in 20-30 cm soil depth

7.4 Results

7.4.1 Ksmodel analysis

Based on the presence of the layer condition such as color, bulk density, soil organic
carbon content and root abundance we could determine three distinct layers: topsoil, plough pan
and subsoil (see chapter 6). Correlation tests showed that soil infiltration at saturation was
highly significant to earthworm biomass and plant root biomass, but not to texture (clay, silt and
sand content) (see chapter 6, Tab. 6.1). Using stepwise regression, the best model included two
variables: earthworm biomass at the soil surface and root biomass between 20-30 cm. The
regression results showed that these variables significantly explained the hydraulic conductivity
at the soil surface (Tab. 7.2). The predicted and observed K, were plotted on a 1:1 line (Fig.
7.1). A linear trendline showed that observed and calculated data were highly correlated
(R?>=0.57, p=0.023). For the subsoil layers, none variables explained the infiltration capacity and

therefore we could not develop a model.

7.4.2 Puplished PTFs and model comparison

Based on available input data from the Ecotron experiment (bulk density (p4)), organic
matter (OM), silt (Si), clay (C) and sand (S)) various published PTFs for estimating K were
evaluated in this study (Tab. 7.1). Table 7.2 contains an overview of necessary input parameters
for the PTFs compared to this study. In order to evaluate the performance of the chosen PTFs
and the derived model in predicting K, the estimates were compared to the measured K; values
at each depth (Tab. 7.3). The table shows the mean values for K, with associated minimum
(Min) and maximum (Max) values at the various depths. Calculated and measured values
decreased with increasing depth. At the soil surface, the derived model using parameters from

the soil surface is slightly the best model for predicting Ks at this layer (R>=0.457, p=0.023).
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Figure 7.1: Linear regression between calculated and measured values of saturated hydraulic conductivity

(K, * 10° m * s at the soil surface. Calculated values were obtained with the derived model (see Table
7.1).The red plotted line is the 1:1 and the black plotted line the correlation line.
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Also the model after Jabro (1990) using bulk density and soil texture (silt and clay) explained
some variation of the hydraulic conductivity (R>=0.415, p=0.032). All PTFs underestimated the
mean values for all depths, while the Jabro PTF best performed the mean value of K at deeper
soil layers (Tab. 7.3), but clearly underestimated the minimum and maximum. Therefore the
model performance was inadequate. However, for deeper soil layers none of the used models is
an acceptable model and could not estimate K;. The results showed that for the Rosetta SCC and
SCC-BD models the RMSD between measured and calculated values of K was 2.21%10* m* s
and 2.51*10° m* s, and the NSE were -0.06 and -0.01 respectively. Next to a very low R?
(data not shown), both statistical parameters suggesting inadequate estimations of K. Using
Vereecken’s model the RSMD between measured and calculated values was 2.07 * 10 m* s,
NSE was 0.06, R? was 0.315,which were slightly better than values obtained with the Rosetta
model. The Jabro model showed some improvements with RSMD of 1.65%10* m* s, NSE of
0.406, and the R? was 0.415. Finally, using the derived model, which includes the input
variables earthworm biomass at the soil surface and root biomass between 20-30cm soil depth,
yielded an RSMD of 9.85 * 10° m* s, an NSE of 0.789 and an R? of 0.457. This model
estimated values of K with the smallest RSMD and largest NSE at the soil surface. For the
deeper soil layers R? was very low and the NSE was negative for all tested models (data not
shown). The most negative values were for the Rosetta SCC model, followed by the Rosetta
SCC-BD model and then followed by the Vereecken’s model. The NSE for the Jabro model was
improved, but also negative, implying that all models were inadequate for estimating K in
deeper soil strata. Because soil organic carbon and bulk density were not available at 55 c¢cm soil

depth we could not applied the Rosetta SCC-BD, Jabro and Vereecken’'s model.
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Table 7.2: Measured values of saturated hydraulic conductivity (Kj), bulk density (pg), soil organic carbon
content (SOC) sand, silt and clay of the three soil layers (0, 25 and 55cm) depths for the 11 macrocosm

Soil Soil depth Min Max Mean Median Variance
properties (cm)
K,ms") 0 411%10° 434*10° 180*10% 147*10% 19*10°
25 2.13%10°  1.68* 10" 595*10° 521*10° 1.8*107
55 2.12%10°  1.03*10*  6.13*10°  6.52%10° 7.8*10"°
pa(g m?) 0-5 0.87 1.24 1.06 1.05 0.012
10-15 1.08 1.35 1.24 1.26 0.006
20-25 1.20 1.40 1.30 1.30 0.005
25-30 1.15 1.52 1.32 1.32 0.012
SOC (%) 0-5 2.05 3.59 2.80 2.65 0.274
20-25 1.25 2.39 1.82 1.78 0.136
25-30 1.10 2.19 1.62 1.61 0.117
Sand (%) 0-5 5.30 50.66 20.86 13.44 133.42
20-25 34.30 70.94 54.74 57.98 135.21
25-30 2.45 39.78 16.45 13.66 128.94
Silt (%) 0-5 33.00 69.00 54.27 58.00 133.42
20-25 6.31 50.58 20.93 14.08 251.31
25-30 38.00 68.00 55.46 56.00 77.68
Clay (%) 0-5 15.00 37.00 24.74 26.00 41.02
20-25 15.11 30.76 24.33 27.10 40.93
25-30 15.10 28.40 20.91 21.90 15.39

Table 7.3: Overview of comparison of models

Models Model R? Min Mean Max

0 cm depth

Rosetta SSC ns 1.26 *10° 1.58 *10°  2.27*10°

Rosetta SSC-BD ns 3.54 ¥10°° 2.03 %107 1.78 * 107
R?=0.415, . 1016 . 105 . 1

Jabro (1992) 0,033 1.92 * 10 5.04 * 10 3.77 * 10
R>=0.315, . 1016 .10 . 1S

Vereecken (1990) p=0.079 4.38 * 10 1.53 * 10 4.49 * 10

2—

derived model R_ 0.457, 5.17 %107 1.67*10*  3.71 *10*
p=0.023

Measured 4.11 %107 1.80 *10*  4.34*10*

25 cm depth

Rosetta SSC ns 1.27 *10° 1.60*10° 228 *10°

Rosetta SSC-BD ns 149%10°  2.88*10°  632*10°

Jabro (1992) ns 252%10° 1.74*10°  7.47%*10°

Vereecken (1990) ns 1.20*%10°  1.17%10°  4.53*10°

Measured 2.11 * 107 5.94 * 107 1.68 * 10

55 cm depth

Rosetta SSC ns 133%10°  1.51*10° 1.80*10°

Measured 2.19%10°  6.13*%107 1.03*10*
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7.5 Discussion

This study evaluated the application of various Pedotransfer functions (PTFs, Table 7.1)
at several soil depths (soil surface, within rooting zone, below the rooting zone). In our study
PTFs generally underestimated the real K at the soil surface and were inadequate at predicting
the Ky in deeper soil layers (Tab. 7.3). The calculated hydraulic conductivity matched
observations better, when bulk density and soil organic carbon are included, such as in the PTFs
after Jabro (1992) and Vereecken (1990). Probably because of the high correlation of bulk
density and soil organic matter (data not shown), adding soil organic matter in the Vereecken
model (1990) did not improve model estimation compared to the Jabro model. Furthermore,
other studies have shown that additional variables such as, water content at defined potentials,
can improve the accuracy of the prediction (Aimrun and Amin 2009, Alvarez-Acosta et al.
2012), but these extra variables also increase the amount of effort to obtain and requires their
availability (Tietje and Tapkenhinrichs 1993, Minasny et al. 1999). In our study we were not
able to test the improvement using water content at defined potential, because it not available.

The regression model shows that the relatively high measured K is affected, next to
bulk density, by earthworms and root biomass (at the depth interval of 20-30 cm). This may be
partly, because both earthworm and root biomass carry information on pore connectivity. On the
other hand, soil texture, bulk density and soil organic matter only provide information on pore

space but not on how pores are connectivity (Sobieraj et al. 2001).

7.6 Conclusion

The tested PTFs predicted K very poorly. Next to the high spatial variation of hydraulic
conductivity, the variation in pore structure is probably an important source of uncertainty for
the estimation. For all depths the used PTFs underestimated K. The performance of the PTFs
was improved by including additional data such as bulk density and soil organic matter. The
best regression model for estimating Ks at the soil surface is a two parameter regression model
(earthworm biomass at the soil surface and root biomass between 20-30 cm soil deep). At and
below the assumed plough layer predictions using texture, bulk density and soil organic carbon

content failed to predict K.
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8 General discussion

This thesis evaluated the main direct and indirect mechanisms by which plant
community, earthworms, soil structural parameters, soil texture and soil moisture and
earthworms affect infiltration capacity in a biodiversity grassland experiment (The Jena
Experiment). There is little research on understanding how these interrelated factors might
influence vertical soil water fluxes by modifying soil hydraulic properties. In order to improve
the understanding of factors affecting water flow through soil and their possible interactions I
conducted two field surveys (Chapter 4, chapter 5) along the relevant plant species gradient at
The Jena Experiment field site. In the third experiment we measured infiltration capacity on 11
monoliths with two diversity levels (4 and 16 plant species), originating from The Jena
Experiment site at several depths in the CNRS Ecotron, Montpellier (chapter 6 and 7). . In this
thesis, I distinguish between abiotic soil factors (texture), which are constant in time, and biotic
factors (soil fauna, ecosystem structure), which change dynamically depending on
environmental factors. The main results of this thesis are summarized in the framework of the

research questions formulated in Chapter 1 and summarized with a general perspective.

8.1 Synthesis

Soil hydraulic conductivity is an important input variable for process-based soil
hydrological models (Shouse and Mohanty 1998, Li et al. 2013). For a better understanding of
run-off processes, preferential flow and solution transport the characterization of factors
affecting of the spatial hydraulic conductivity is important (Shukla et al. 2006). It has been
suggested that presence of macropores and the connectivity of pores may influences the
infiltration pattern of soil (Durner and Lipsius 2006). There are a large number of studies for
understanding the water flow through, leading to controversial results. In this thesis the
orthogonal design of The Jena Experiment presents the opportunity to disentangling the effect
on infiltration pattern by plant species loss caused by human activity on a soil structural, texture

and earthworm gradient. I used this setup to address the question:

(1) Which factors shape soil hydraulic properties such as infiltration capacity? — Are
abiotic factors (soil texture) more important compared to biotic factors (earthworms,

plant and functional diversity, root biomass) for the infiltration through soil?

We found a relation between macropores formed by earthworms as well as structural

heterogeneity expressed as soil bulk density with the infiltration capacity (Chapter 4-7).
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Furthermore, results in 2012 showed that plant species richness and its increased root biomass
control bulk density leading to an increase of infiltration capacity (Chapter 5).

The different effects on infiltration capacity do not contradict each other. These separated
effects on infiltration capacity probably depended on seasonal changes in climate affecting the
dynamical patterns of the factors that could lead also to undiscovered interactions. Soil texture
and soil moisture had only subordinate effects on infiltration capacity (Chapter 4-7).

Usually, pore size distribution depends on soil type (Rawls et al. 1982), thus influences
the infiltration capacity through soil. Between clayey and sandy soil there are large differences
in pores size with fine pores in clayey and large pores in sandy soils, leading to a higher
infiltration capacity in sandy soils. Interestingly, legumes presumably reverse this texture effect
by forming additional pores resulting in a lower infiltration in sandy soils.

Biotic processes play a decisive role for explaining the variation of infiltration capacity.

Soil texture and soil moisture did not influence infiltration capacity.

Biotic influences on infiltration capacity are based on shaping pore sizes. In has been
shown that in many terrestrial ecosystems earthworms dominate the invertebrate biomass and
are the most important decomposer groups. They improving soil structure and affect infiltration.
Due to their burrowing and feeding behavior earthworms provide pathways for water flow and
play an important role in the formation of macro- and microaggregates (Lee 1985, Edwards and
Bohlen 1996, Six et al. 2004, Bronick and Lal 2005). For land management high Infiltration
capacity contribute to reduce run-off and soil erosion (Kladivko et al. 1986). I therefore asked

the question:

(2) Does earthworm activity increase infiltration capacity?

(3) How does the plant community influence earthworm activity?

The results of the study presented in Chapter 4-6 showed that with increasing
earthworm biomass the infiltration capacity increases. Smaller macropores (< 1.5 mm (Chapter
4 and 5) and <0.75mm (Chapter 6)) were not affected by earthworm biomass. Interestingly, the
effect of earthworm biomass on infiltration capacity was independent of the effect of bulk
density on infiltration capacity. However, a positive correlation between earthworms and soil
organic carbon content was found. This emphasized that earthworms probably acts on large
macropores, while changes in bulk density are due to other processes (possibly soil aggregation
as shown by Chappell et al. (1999) and Baumgartl and Horn (1991). Several studies suggested
that with increasing plant species and functional group diversity influenced earthworm density
due to the amount and quality of plant residues (Edwards and Bohlen 1996, Hector et al. 1999,

Hooper et al. 2005). Only few studies found an increase of earthworm density with increasing
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plant species (Zaller and Arnone 1999, Spehn et al. 2000) or no response (Gastine et al. 2003).
My study shows not plant species and functional group diversity, but certain plant functional
groups such as legumes and grasses affected earthworm performance (Eisenhauer and Scheu
2008a) (Chapter 4). Remarkably, in absence of earthworm growing grass root presumably
clogged soil pores and thus reduced the infiltration capacity (Chapter 4). Earthworm biomass
explained independently of plant species richness, soil bulk density and porosity some variation
of the infiltration capacity which indicates uncoupled effects on the infiltration capacity. The
responses of earthworm on plant community measures and their effect on infiltration capacity
were not uniform. This suggests that the dynamic of earthworm populations which is, besides
soil and ecosystem properties, also affected by the climate conditions (such as rainfall). This
plays an important role for infiltration and the resulted interactions with other factors.

Infiltration capacity was affected by earthworm biomass. With increasing earthworm

biomass the infiltration also increases. This effect was independent of bulk density.

Besides earthworms, microbial activity improves soil structure, leading to soil
aggregates and a larger pore spectrum. Generally, it is known that biological activity is higher
on higher plant species richness plots leading to higher carbon content, decreased bulk density
and increased porosity (Zacharias and Wessolek 2007; Périé and Ouimet 2008). Other studies
have shown that an increase in soil organic matter content lead to a higher pore development,
which increased soil aggregate stability, water holding rate and water infiltration through soil
(Berglund et al. 1980; Haynes and Naidu 1998; Franzluebbers 2002). The stability of soil
aggregates and the pores between the aggregates improve infiltration, drainage and storage of
water (Lee and Foster 1991; Bronick and Lal 2005). Also, investigations on the influence of
vegetation on soil hydraulic properties are often focused on soil management or topography
(Schwartz et al. 2003, Bodhinayake and Cheng Si 2004, Bodner et al. 2008). Therefore, there is
no investigation on how ecosystem properties, especially species diversity, may reflect on soil

hydraulic properties. I therefore investigated the following questions:

(4) Do patterns in soil organic carbon content, induced by biodiversity gradients, relate
to structural parameters bulk density and porosity?

(5) Do those parameters affect infiltration capacity?

As explained above earthworms had no influence on bulk density. However, bulk
density was related to plant species diversity.
Furthermore, we could show that plant species diversity influenced vertical soil water fluxes by
modifying soil structural parameters such as bulk density and porosity (Chapter 5, 6). In the last

10 years soil structural parameters (here soil bulk density) correlated in more than half of the
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observed years with plant species richness. This suggests that infiltration capacity is often
affected by plant species diversity, whereas in some years other processes (potentially
earthworms) play a more important role for explaining infiltration capacity. For example 2012
was characterized by a dry autumn and we found a more pronounced effect of plants species
diversity on infiltration capacity. This was accompanied by reduced earthworm activity due the
dry soil. After 10 years after conversion of an arable land into grassland, the infiltration capacity
at the soil surface for higher plant species richness plots was comparable to the natural
composition (reference plots-r) plots. In contrast, bare ground plots were similar to plots
containing lower plant species (Fig. 8.1).

Besides earthworms, soil structural parameters such as soil bulk density and porosity
affect the infiltration capacity. However, both are not correlated to each other. Plant

diversity indirectly increased infiltration by improving soil structural parameters.
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Figure 8.1: Relationship between species richness (0, 1, 2, 4, 8, 16, and 60 plant species) and Reference
plots (r) for A) infiltration capacity (log*10-6 m/s), B) Porosity (%) and C) Bulk density (g/cm?).
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Most of the observations were conducted at the soil surface, indicating how much water
can enter the soil. The last part of this research was dedicated to understand the further heritage
of the infiltrated water. Water flow in macropores formed by earthworms and plant roots are
crucial for the prediction of soil run-off and soil erosion (Beven and Germann 1982, Weiler and
Naef 2003). Next to the initiation of water flow into macropores at the soil surface, it has been
suggested that in addition, also subsurface connected macropores could play an important role

in explaining water flow through soil (Ela et al. 1992, Kladivko 2001). I therefore asked:

(6) Do the observed factors influencing soil hydraulic properties at the soil surface also
affect infiltration into deeper soil strata? What factors are important drivers for the
infiltration at several depths?

The observed influence of biotic (earthworm and root biomass) and soil structural
parameters (soil bulk density and soil organic carbon content) at the soil surface played no role
at and below the plough pan (Chapter 6). Above this compacted layer we observed much greater
variation in the infiltration capacity, compared to below. In our study none of the observed
variables could explain the infiltration capacity in deeper soil strata. After 10 years after the
conversion of arable into grassland, soil surface biotic factors, such as soil structural parameters
which are affected by plant diversity and earthworms, could not counteract the compaction in
20-30 cm soil depth, caused by anthropogenic impact. In none of the observed depths, soil
texture was a relevant factor for explaining infiltration capacity.

At the soil surface bulk density, earthworm biomass, soil organic carbon and root biomass
were highly correlated to the infiltration capacity. At and below the plough pan none of
the observed variables, neither soil texture could explain the infiltration pattern. Higher

infiltration at the soil surface not implies a higher infiltration in deeper soil strata.

For the measurement of saturated hydraulic conductivity, direct methods (in situ or in
the laboratory) are particularly difficult, expensive and time intensive (Schaap et al. 1998,
Aimrun and Amin 2009). Therefore, indirect methods such as pedotransfer functions (PTFs)
were developed using easy to measure soil properties such as texture, soil bulk density and soil
organic matter for calculating hydraulic conductivity (Schaap et al. 2001, Wosten et al. 2001).
The estimation of hydraulic conductivity is an important variable in hydrological models for
evaluating water flow, water relationship for plant growth and chemical transport processes
needed in agriculture and engineering applications (Shouse and Mohanty 1998, Wosten et al.

2001). I therefore asked the question:
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(7) Can we predict observed saturated hydraulic conductivity using the pedotransfer

functions (PTFs) at several depths?

In this study, we investigated the utility of available soil properties (texture, soil organic
contant and bulk density to estimate the saturated hydraulic conductivity (K;) at several depths.
The performance of well-common known PTFs such as Rossetta, Jabro and Vereecken were
tested. We calculated and compared the hydraulic conductivity conducted on 11 lysimeter,
because there the depth distributions of factors that are important for the infiltration capacity
(e.g. root biomass) were available, and K; could be assessed at several depths. The best
regression model for estimating the soil saturated hydraulic conductivity at the soil surface
showed that biotic factors from deeper soil layers and earthworms from the topsoil (0-10 cm)
play an important role. This implies that probably larger and longer connected pores up to the
plough pan play an important role for the hydraulic conductivity at the soil surface.
Additionally, this emphasized (as shown in Chapter 5) the independent role to bulk density of
earthworms on the infiltration capacity.

At and below the old plough layer predictions using PTFs based on soil texture, bulk
density and soil organic carbon content were very uncertain. At the soil surface the pedotransfer
function after Jabro (1990) explained 41% of the measured variation of K;. In general, models
including bulk density could better explain the measured hydraulic conductivity. For a sufficient
application in hydrological models, estimation of K could be improved by accounting for roots.
Predicting hydraulic conductivity near saturation remains difficult and uncertain for all
soil layers. PTFs including soil structure are better in estimating soil hydraulic
conductivity, but other biotic factors such as earthworms activity and roots are also

important.

8.2 General Perspectives

At present heavy rainfalls inducing flooding events occur more often leading to a higher
risk of run-off and soil erosion (IPCC 2012). For soil conservation, hydraulic properties such as
infiltration capacity are a very important soil quality indicator reflecting soil conditions. The
change of the soil infiltration capacity by inadequate land-use and land-management is
connected to a loss
of biodiversity (including plant and soil fauna diversity), resulting in negative impact on soil
erosion and surface run-off (Pimentel and Kounang 1998, Tilman et al. 2002, Haines-Young
2009). A high infiltration of soil is important to reduced soil erosion and diminishes the impact
of temporal flooding during high precipitation events (Mannering and Meyer 1963).

The results of this thesis show that the infiltration capacity is affected on the one hand

by large macropores formed by earthworms and on the other hand by plant species diversity,

118



General discussion

which improves soil structural parameters such as bulk density. Both effects can act together
with the strength of their effects depending on other environmental conditions such as climate
(Figure 8.2). For example, in 2012 we observed a strong influence of species diversity (and
hence bulk density), and only a small influence of earthworms on infiltration capacity, probably
in this year climate conditions suppressed earthworm activity.

The results of the thesis indicate that the positive effects of plant diversity at the soil
surface were not transferred into deeper soil layers. For drainage, crop production and water
management a plough layer is problematic. Further work is needed to find solutions for
appropriate measures to minimize risks of subsoil compaction. Therefore, variation of the depth
of ploughing, conversation tillage, incorporating a combination of plants with deep tap and
fibrous roots could improve or correct the subsoil compaction (Ishaq et al. 2001, Hassan et al.
2007). For the estimation of soil hydraulic conductivity at the soil surface and the application in
hydrological models information about soil structure properties are essential.

In summary, this study shows that vegetation cover and earthworms influence explain
patterns of infiltration capacity, although different patterns have been observed in different
years. Measurements in The Jena Experiment on several gradients were an opportunity to
discover these influences, because they allowed for distinguishing interacting effects on the
infiltration capacity. Within the last decades several studies have shown that grassland
biodiversity supports and regulates ecosystem services such as primary productivity, nutrient
cycling, stability and carbon storage (Roscher et al. 2004; Hooper et al. 2005; Cardinale et al.
2007; Steinbeiss et al. 2008; Bessler et al. 2009; Weigelt et al. 2010). Here, I show that species
diversity may also provide an ecosystem service related to erosion and flood prevention by
providing higher infiltration capacity, although this effect varies between years. Despite the
temporal and spatial variation of infiltration capacity, my results underline that biotic influences
on soil hydraulic properties over a longer period of time sustain and improve ecosystem services
and functioning. This study shows that earthworms (then also legumes and grasses play a role)
and plant species diversity (then soil structural parameters play a role) are relevant for
explaining variation in infiltration capacity. Open questions relate to the cause for different
drivers in different years (earthworms vs. productivity).

Further studies on a similar statistical plot design are necessary for observing the single and
interaction effects of earthworms and bulk density and accordingly in which environmental
condition one or both of these factors play a role maintaining ecosystem services and

functioning.
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Figure 8.2: Summary of probable and hypothetical mechanisms by which plant species richness, plant
functional groups, plant roots, earthworms and soil structural parameters such as soil organic carbon, bulk

Plant functional
groups

Soil organic carbon
Porosity Macropores

Plant species
diversity

— Positive effect
Infiltration mmmm)  Negative effect
capacity => Supposed effect

Figure 8.2: Scheme of probable and hypothetical effects of climate, soil texture, plant species richness,
plant functional groups, plant roots, earthworms and soil structural parameters such as soil organic carbon
and porosity on infiltration capacity.
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10. Appendix

Appendix Table Al: Calculated values (in %) for all Plots (plotcode indicated plot number at The Jena
Experiment field site) in 10, 20, 30, 40, 60, 80 and 100 cm depth for clay

clayl10 clay20 clay30 clay40 clay60 clay80 | clayl00 | plotcode

15.60 16.50 15.30 14.10 15.10 18.40 15.50 B1AO1

13.80 14.50 14.90 13.80 16.30 18.90 15.60 B1A02

14.50 15.10 15.20 14.40 16.00 16.10 12.70 B1AO03

13.30 14.00 15.10 14.30 15.20 15.60 14.40 B1A04

13.60 14.30 15.70 16.00 15.30 15.10 11.70 B1AOS

15.40 15.60 15.70 14.40 16.70 18.50 17.60 B1A06

14.80 15.30 15.10 15.70 17.50 16.80 15.30 B1AO7

14.10 14.10 15.30 13.40 18.20 22.10 17.00 B1AOS

13.70 14.50 15.80 13.50 19.10 27.10 15.90 B1A09

14.20 14.20 15.90 16.00 16.80 20.40 16.80 B1All

14.00 15.80 17.50 15.60 16.50 16.50 15.90 B1A12

15.30 16.60 19.20 19.10 17.10 21.90 12.40 B1AI13

16.80 17.40 17.70 18.80 18.20 19.80 9.60 B1A14

16.10 16.40 16.90 17.10 15.60 18.00 12.60 B1A15

16.50 17.00 17.60 18.80 18.00 20.30 19.60 B1A16

18.10 18.40 17.70 19.60 19.40 25.30 20.10 B1A17

18.70 18.70 16.50 19.60 19.90 24.10 22.90 B1A18

20.60 18.60 17.10 18.20 21.20 21.60 22.40 B1A19

20.60 17.50 16.60 17.30 20.70 25.40 17.70 B1A20

16.80 16.80 16.40 17.90 21.00 27.90 19.30 B1A21

16.90 16.90 16.10 17.40 18.10 22.40 19.20 B1A22

13.70 17.60 19.90 16.50 17.20 28.20 26.10 B2AO01

15.60 19.70 21.00 19.10 21.30 24.50 22.90 B2A02

20.50 21.90 20.80 19.10 21.70 20.20 11.50 B2A03

23.20 22.70 22.10 20.90 21.80 21.20 8.60 B2A04

20.40 19.60 21.00 19.60 20.80 21.90 18.50 B2A05

20.90 20.40 19.90 21.30 22.70 26.60 25.70 B2A06

21.90 23.40 21.90 24.60 25.00 29.30 27.50 B2A08

23.30 23.60 21.60 25.10 26.00 31.50 27.50 B2A09

22.60 22.50 18.20 24.40 23.80 25.80 25.60 B2A10

21.90 21.30 16.50 23.90 22.10 23.70 20.90 B2A1l

21.20 21.20 20.80 20.40 22.10 26.80 25.70 B2A12

20.20 23.90 23.10 23.90 24.60 24.60 23.00 B2A13

20.20 21.40 20.10 22.80 23.20 21.20 20.90 B2A14

21.30 20.90 22.20 22.70 21.60 24.10 17.50 B2A15

21.80 20.80 20.90 21.70 19.70 22.30 19.40 B2A16

21.30 20.50 19.40 21.40 23.30 26.70 26.10 B2A17

22.30 22.80 23.00 24.90 28.40 30.70 31.00 B2A18

22.50 23.80 24.50 27.80 26.50 30.90 26.20 B2A19

23.90 24.30 22.30 27.10 27.00 27.50 25.70 B2A20

24.70 24.70 21.30 24.90 24.60 24.80 25.90 B2A21

22.90 22.90 19.80 26.40 23.60 23.10 24.50 B2A22

24.00 24.00 21.80 22.40 28.10 22.10 21.80 B3A01

24.00 24.00 24.20 23.60 26.70 24.70 24.10 B3A02

21.40 22.50 22.20 23.40 25.80 25.70 25.60 B3A03

22.70 23.30 23.40 23.00 26.80 26.40 24.10 B3A04
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clay10 clay20 clay30 clay40 clay60 clay80 | clayl00 | plotcode
24.30 24.50 22.40 22.00 26.80 25.50 21.90 B3A05
24.80 24.30 22.90 25.00 27.80 26.10 17.50 B3A06
23.70 23.10 21.20 26.30 27.50 24.90 21.60 B3A07
21.10 21.10 22.10 27.60 29.20 22.40 20.50 B3A08
22.00 22.40 25.70 27.50 26.50 22.10 18.40 B3A09
21.20 21.20 23.40 24.80 23.00 22.20 19.40 B3Al1
21.00 21.00 23.40 23.20 25.00 20.90 19.90 B3A12
19.80 19.80 20.90 19.60 19.80 16.80 20.00 B3A13
23.60 23.60 23.20 23.80 21.90 24.00 20.20 B3A14
23.60 23.60 23.90 23.80 22.80 27.80 24.70 B3AI15
24.70 24.70 24.20 22.20 25.00 27.40 22.60 B3A16
23.70 23.70 23.40 23.60 25.00 27.70 21.00 B3A17
24.20 23.50 22.60 26.10 29.60 23.80 21.40 B3A19
22.60 22.50 22.30 27.10 27.00 18.00 16.90 B3A20
20.70 20.90 22.00 24.50 25.80 22.50 18.10 B3A21
22.30 22.30 25.50 26.70 21.90 21.50 16.80 B3A22
20.20 20.10 22.90 23.60 22.20 17.60 17.60 B3A23
21.70 21.60 22.90 23.30 22.50 18.80 18.30 B3A24
21.90 21.90 21.20 20.50 16.50 17.10 18.80 B4A01
23.00 23.00 23.60 21.80 17.80 20.80 13.30 B4A02
23.40 23.40 25.20 22.00 20.80 17.80 16.50 B4A03
22.70 22.70 23.40 24.40 22.80 18.40 15.50 B4A04
23.30 23.30 22.20 20.90 20.00 20.30 14.40 B4A06
24.00 24.00 23.00 21.80 20.80 19.90 16.60 B4A07
24.10 24.10 23.40 23.50 21.90 19.40 18.50 B4A08
24.50 24.50 20.60 16.90 19.50 24.10 19.70 B4A09
24.30 24.30 23.00 20.10 20.50 22.70 23.90 B4A10
24.60 24.60 24.10 22.00 22.60 22.40 13.80 B4Al1
23.70 23.70 22.80 23.00 22.50 20.60 17.00 B4A12
20.20 20.20 22.00 19.80 20.20 23.30 27.30 B4A13
24.00 24.00 23.50 21.20 18.30 21.50 24.60 B4A14
24.00 24.00 24.10 22.60 19.50 20.00 18.30 B4A15
22.40 22.40 23.60 23.00 22.70 20.90 18.40 B4A16
22.80 22.80 23.50 21.30 23.10 26.90 28.30 B4A17
22.50 22.50 24.80 22.90 21.40 24.80 24.70 B4A18
22.00 22.00 24.00 23.70 19.90 17.70 16.60 B4A19
22.10 22.10 24.30 21.20 20.40 16.70 18.90 B4A20
21.90 21.90 24.10 23.50 22.90 26.90 29.40 B4A21
21.90 21.90 23.40 23.30 20.70 23.00 24.90 B4A22
21.00 21.00 25.10 23.40 18.80 17.60 22.00 B4A23
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Appendix Table 2: Calculated values (%) for all Plots (plotcode indicated plot number at The Jena
Experiment field site) in 10, 20, 30, 40, 60, 80 and 100 in cm depth for sand

sand10 sand20 sand30 sand40 sand60) sand80 sand100 plotcode

44.80 40.80 46.20 43.10 34.30 33.20 41.30 B1AO1

48.40 45.20 42.50 41.90 32.40 25.40 31.70 B1A02

47.70 45.10 42.70 41.20 36.80 30.10 37.50 B1A03

45.10 42.20 40.90 42.30 40.30 37.80 39.10 B1A04

44.50 41.80 40.70 37.60 42.50 32.60 41.60 B1AOS

40.50 40.80 42.20 37.40 39.40 26.80 30.90 B1A06

39.30 42.80 45.00 35.50 31.80 23.70 30.50 B1A0O7

41.30 43.40 44.10 40.40 22.30 21.80 25.60 B1AO8

44.10 45.00 45.00 43.20 21.70 13.70 28.00 B1A09

43.00 43.00 40.10 38.30 24.40 19.50 31.10 B1All

38.00 35.60 41.40 38.70 35.00 27.80 44.90 B1A12

35.80 33.20 31.90 31.30 33.20 26.60 48.50 BIAI3

38.20 36.10 35.00 32.50 34.00 28.00 59.00 B1A14

38.00 35.60 35.10 33.90 37.50 32.70 46.70 B1A15

39.40 36.80 35.30 32.80 35.00 25.30 33.50 BlAl6

34.80 33.40 35.90 28.00 31.30 15.50 27.40 B1A17

36.20 35.60 38.00 29.00 22.30 16.90 20.60 B1A18

32.90 33.60 37.60 30.90 16.90 17.50 24.80 B1A19

38.90 38.10 38.30 36.10 23.60 16.70 24.60 B1A20

39.20 39.20 37.80 34.40 20.50 20.60 24.00 B1A21

35.20 35.20 31.20 32.50 29.80 16.90 25.80 B1A22

31.80 33.30 37.30 37.60 35.60 12.90 21.40 B2A01

30.00 30.30 31.10 30.80 25.50 18.80 32.50 B2A02

22.30 22.00 22.90 23.30 18.10 19.30 56.60 B2A03

20.60 20.60 21.70 22.70 20.20 18.20 62.90 B2A04

31.60 30.60 25.90 22.90 21.70 20.20 28.70 B2A05

27.10 25.80 21.90 23.80 17.80 15.90 19.50 B2A06

21.40 20.10 29.50 16.70 13.90 15.60 18.80 B2A08

21.90 21.80 26.50 19.40 14.30 12.20 15.60 B2A09

23.80 23.00 28.30 19.00 18.00 17.10 15.20 B2A10

26.50 23.70 18.80 21.40 21.50 20.20 22.90 B2A1l

26.90 26.90 30.60 30.30 28.80 17.20 15.60 B2A12

19.90 20.70 23.30 23.90 23.30 19.10 17.60 B2A13

17.00 17.50 18.90 15.00 15.30 17.40 14.60 B2A14

24.70 25.10 17.00 14.90 15.90 16.40 25.10 B2A15

21.30 21.10 17.60 20.20 16.10 12.20 19.20 B2Al16

16.60 16.30 17.70 18.00 12.70 11.10 14.80 B2A17

16.10 16.10 17.20 14.80 9.80 11.10 13.80 B2A18

15.80 15.50 22.40 11.00 11.80 10.70 18.70 B2A19

15.10 15.30 22.70 10.80 9.90 14.80 17.20 B2A20

13.90 14.00 18.30 15.50 18.50 19.90 14.20 B2A21

15.40 14.90 13.90 13.20 21.90 22.60 19.20 B2A22

21.40 21.40 21.40 27.30 21.90 24.70 27.50 B3AO01

19.80 19.80 19.90 24.90 21.40 15.80 22.30 B3A02

21.30 21.30 20.10 20.50 17.30 12.80 11.20 B3A03

20.00 19.90 19.20 19.60 9.90 10.20 14.10 B3A04

18.80 18.50 21.90 21.30 8.10 16.90 19.90 B3A05
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sand 10 sand 20 sand 30 sand 40 sand 60 sand 80 sand 100 plotcode

17.10 16.80 19.70 15.40 9.00 15.60 29.30 B3A06

14.40 14.40 16.10 10.50 11.20 15.50 31.20 B3A07

17.60 19.40 16.30 9.80 10.30 21.30 32.90 B3A08

11.40 13.80 14.90 6.90 13.10 23.60 28.60 B3A09

16.20 16.70 12.70 11.40 16.50 18.70 23.60 B3All

14.80 15.30 13.50 15.60 15.20 18.80 17.90 B3A12

14.90 14.90 18.00 15.50 16.50 19.00 12.30 B3A13

17.00 17.00 15.80 12.20 13.30 12.00 14.60 B3A14

19.60 19.60 19.30 15.50 12.30 14.40 12.60 B3AI15

17.10 17.10 18.80 17.40 11.20 8.00 18.50 B3A16

19.20 19.20 19.60 17.40 9.70 10.90 24.90 B3A17

14.60 14.80 14.70 15.20 7.10 17.10 31.30 B3A19

11.40 13.30 15.50 8.30 14.00 24.50 38.60 B3A20

15.80 18.40 17.60 12.50 14.90 23.70 33.50 B3A21

16.50 17.70 12.70 6.80 20.40 24.60 27.60 B3A22

14.10 14.50 15.60 13.00 17.90 20.60 20.30 B3A23

13.50 13.50 13.90 14.80 18.00 18.50 17.70 B3A24

21.30 21.30 12.30 14.60 12.30 21.30 20.50 B4A01

19.30 19.30 9.90 7.40 15.00 13.20 26.80 B4A02

16.00 16.00 9.00 10.60 12.20 13.90 27.40 B4A03

15.30 15.30 17.80 12.00 11.00 14.80 33.40 B4A04

16.60 16.60 9.40 10.20 7.60 19.20 23.80 B4A06

12.30 12.30 9.70 7.90 12.30 11.80 23.20 B4A07

13.00 13.00 11.30 8.10 10.00 15.00 21.00 B4A08

11.20 11.20 14.70 13.60 6.60 8.20 15.90 B4A09
9.70 9.70 7.30 4.60 10.60 8.10 7.50 B4A10
8.50 8.50 6.20 5.20 8.30 7.30 17.80 B4All
10.90 10.90 7.90 7.00 10.20 12.00 13.20 B4A12
19.30 19.30 11.90 7.70 7.30 10.60 7.00 B4A13
8.40 8.40 7.20 5.90 14.10 12.20 6.60 B4A14
8.80 8.80 7.80 5.60 11.10 8.70 9.20 B4A15
9.80 9.80 9.10 7.20 10.10 8.10 14.30 B4Al6
7.30 7.30 6.60 15.10 3.80 5.40 6.20 B4A17
6.20 6.20 6.20 7.70 7.40 4.10 4.70 B4A18
8.00 8.00 9.30 6.00 7.30 12.90 8.60 B4A19
7.90 7.90 7.90 11.30 9.80 10.10 5.00 B4A20
10.40 10.40 9.40 10.10 4.80 6.10 7.00 B4A21
7.20 7.20 8.20 13.70 7.40 6.20 4.80 B4A22
10.30 10.30 6.50 8.00 9.90 5.90 9.00 B4A23
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Appendix Table 3: Calculated values (in %) for all Plots (plotcode indicated plot number at The Jena
Experiment field site) in 10, 20, 30, 40, 60, 80 and 100 in cm depth for silt

silt10 silt20 silt30  silt40 silt60 silt80 silt100  plotcode
39.60 42.70 38.50 42.80 50.60 48.40 43.20 B1AO1
37.80 40.30 42.60 44.30 51.30 55.70 52.70 B1A02
37.80 39.80 42.10 44.40 47.20 53.80 49.80 B1AO03
41.60 43.80 44.00 43.40 44.50 46.60 46.50 B1A04
41.90 43.90 43.60 46.40 42.20 52.30 46.70 B1AOS
44.10 43.60 42.10 48.20 43.90 54.70 51.50 B1A06
45.90 41.90 39.90 48.80 50.70 59.50 54.20 B1A07
44.60 42.50 40.60 46.20 59.50 56.10 57.40 B1AO8
42.20 40.50 39.20 43.30 59.20 59.20 56.10 B1A09
42.80 42.80 44.00 45.70 58.80 60.10 52.10 B1All
48.00 48.60 41.10 45.70 48.50 55.70 39.20 B1A12
48.90 50.20 48.90 49.60 49.70 51.50 39.10 BIAI3
45.00 46.50 47.30 48.70 47.80 52.20 31.40 B1A14
45.90 48.00 48.00 49.00 46.90 49.30 40.70 B1A15
44.10 46.20 47.10 48.40 47.00 54.40 46.90 Bl1Al6
47.10 48.20 46.40 52.40 49.30 59.20 52.50 B1A17
45.10 45.70 45.50 51.40 57.80 59.00 56.50 B1A18
46.50 47.80 45.30 50.90 61.90 60.90 52.80 B1A19
40.50 44.40 45.10 46.60 55.70 57.90 57.70 B1A20
43.40 44.00 45.80 47.70 58.50 51.50 56.70 B1A21
47.90 47.90 52.70 50.10 52.10 60.70 55.00 B1A22
54.50 49.10 42.80 45.90 47.20 58.90 52.50 B2A01
54.40 50.00 47.90 50.10 53.20 56.70 44.60 B2A02
57.20 56.10 56.30 57.60 60.20 60.50 31.90 B2A03
56.20 56.70 56.20 56.40 58.00 60.60 28.50 B2A04
48.00 49.80 53.10 57.50 57.50 57.90 52.80 B2A05
52.00 53.80 58.20 54.90 59.50 57.50 54.80 B2A06
56.70 56.50 48.60 58.70 61.10 55.10 53.70 B2A08
54.80 54.60 51.90 55.50 59.70 56.30 56.90 B2A09
53.60 54.50 53.50 56.60 58.20 57.10 59.20 B2A10
52.60 55.00 64.70 54.70 56.40 56.10 56.20 B2A1l
51.90 51.90 48.60 49.30 49.10 56.00 58.70 B2A12
59.90 55.40 53.60 52.20 52.10 56.30 59.40 B2A13
62.80 61.10 61.00 62.20 61.50 61.40 64.50 B2A14
54.00 54.00 60.80 62.40 62.50 59.50 57.40 B2A15
56.90 58.10 61.50 58.10 64.20 65.50 61.40 B2A16
62.10 63.20 62.90 60.60 64.00 62.20 59.10 B2A17
61.60 61.10 59.80 60.30 61.80 58.20 55.20 B2A18
61.70 60.70 53.10 61.20 61.70 58.40 55.10 B2A19
61.00 60.40 55.00 62.10 63.10 57.70 57.10 B2A20
61.40 61.30 60.40 59.60 56.90 55.30 59.90 B2A21
61.70 62.20 66.30 60.40 54.50 54.30 56.30 B2A22
54.60 54.60 56.80 50.30 50.00 53.20 50.70 B3AO01
56.20 56.20 55.90 51.50 51.90 59.50 53.60 B3A02
57.30 56.20 57.70 56.10 56.90 61.50 63.20 B3A03
57.30 56.80 57.40 57.40 63.30 63.40 61.80 B3A04
56.90 57.00 55.70 56.70 65.10 57.60 58.20 B3A05
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silt10 silt20 silt30 silt40 silt60 silt80 silt100  plotcode
58.10 58.90 57.40 59.60 63.20 58.30 53.20 B3A06
61.90 62.50 62.70 63.20 61.30 59.60 47.20 B3A07
61.30 59.50 61.60 62.60 60.50 56.30 46.60 B3A08
66.60 63.80 59.40 65.60 60.40 54.30 53.00 B3A09
62.60 62.10 63.90 63.80 60.50 59.10 57.00 B3Al1
64.20 63.70 63.10 61.20 59.80 60.30 62.20 B3A12
65.30 65.30 61.10 64.90 63.70 64.20 67.70 B3A13
59.40 59.40 61.00 64.00 64.80 64.00 65.20 B3A14
56.80 56.80 56.80 60.70 64.90 57.80 62.70 B3AI15
58.20 58.20 57.00 60.40 63.80 64.60 58.90 B3A16
57.10 57.10 57.00 59.00 65.30 61.40 54.10 B3A17
61.20 61.70 62.70 58.70 63.30 59.10 47.30 B3A19
66.00 64.20 62.20 64.60 59.00 57.50 44.50 B3A20
63.50 60.70 60.40 63.00 59.30 53.80 48.40 B3A21
61.20 60.00 61.80 66.50 57.70 53.90 55.60 B3A22
65.70 65.40 61.50 63.40 59.90 61.80 62.10 B3A23
64.80 64.90 63.20 61.90 59.50 62.70 64.00 B3A24
56.80 56.80 66.50 64.90 71.20 61.60 60.70 B4A01
57.70 57.70 66.50 70.80 67.20 66.00 59.90 B4A02
60.60 60.60 65.80 67.40 67.00 68.30 56.10 B4A03
62.00 62.00 58.80 63.60 66.20 66.80 51.10 B4A04
60.10 60.10 68.40 68.90 72.40 60.50 61.80 B4A06
63.70 63.70 67.30 70.30 66.90 68.30 60.20 B4A07
62.90 62.90 65.30 68.40 68.10 65.60 60.50 B4A08
64.30 64.30 64.70 69.50 73.90 67.70 64.40 B4A09
66.00 66.00 69.70 75.30 68.90 69.20 68.60 B4A10
66.90 66.90 69.70 72.80 69.10 70.30 68.40 B4All
65.40 65.40 69.30 70.00 67.30 67.40 69.80 B4A12
60.50 60.50 66.10 72.50 72.50 66.10 65.70 B4A13
67.60 67.60 69.30 72.90 67.60 66.30 68.80 B4A14
67.20 67.20 68.10 71.80 69.40 71.30 72.50 B4A15
67.80 67.80 67.30 69.80 67.20 71.00 67.30 B4A16
69.90 69.90 69.90 63.60 73.10 67.70 65.50 B4A17
71.30 71.30 69.00 69.40 71.20 71.10 70.60 B4A18
70.00 70.00 66.70 70.30 72.80 69.40 74.80 B4A19
70.00 70.00 67.80 67.50 69.80 73.20 76.10 B4A20
67.70 67.70 66.50 66.40 72.30 67.00 63.60 B4A21
70.90 70.90 68.40 63.00 71.90 70.80 70.30 B4A22
68.70 68.70 68.40 68.60 71.30 76.50 69.00 B4A23
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