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Zusammenfassung

Vegetation und Boden bilden ein hochgradig interaktives System. Wasser ist darin ein wichtiger
Faktor. Beim Eintrag in das System durch Niederschlag wird Wasser von der Vegetation
abgefangen (Interzeption) und umverteilt. Es erreicht den Boden schlieBlich in Form von
Kronendurchlass und Stammabfluss (Bestandsniederschlag) in einer starken kleinrdumigen
Heterogenitit. Diese konnte sich auf nachfolgende bodenhydrologische Prozesse und letztlich
auf das groBerskalige unterirdische Abflussverhalten auswirken. Kenntnis iiber den Einfluss von
Okosystemen auf Wasserfliisse ist von groBer Bedeutung, insbesondere in Zeiten globalen

Wandels, durch den Okosysteme und Wasserressourcen gleichermafen gefihrdet sind.

Aktuell gibt es bei Auswirkungen des heterogenen Niederschlagseintrags in Wéldern auf
unterirdische Prozesse noch viele Unbekannte. Es wurde gezeigt, dass
Bestandsniederschlagsmuster, neben Wettereinfliissen, von der Baumart und -morphologie
abhéngen. Die rdumliche Variabilitit des Kronendurchlasses ist zeitlich stabil, die durch die
Baumkronen erzeugten Muster sind folglich systematisch. Stammabfluss stellt oft Hotspots des
Wassereintrags in den Boden dar, seine Variabilitit und zeitliche Stabilitét ist jedoch kaum
untersucht. Eine Analyse von Stammabflussfaktoren anhand von Einzelbdumen kann diverse
Wilder nur unvollsténdig abbilden, doch Nachbarschafts- und Bestandseigenschaften wurden
bisher wenig beriicksichtigt. Hiufig wurden durch Stammabfluss verursachte préiferentielle
Bodenwasserfliisse beobachtet. Auswirkungen der Bestandsniederschlagsmuster auf den
Bodenwassergehalt konnten dagegen noch nicht abschlieBend nachgewiesen werden. Ebenso ist
das Infiltrationsverhalten von Stammabfluss ungeklédrt. Wenige frithe Studien fanden einen
Gradienten der Bodeneigenschaften abhidngig von der Baumdistanz in Wéldern. Wechselseitige
Einfliisse von Stammabfluss-induziertem Bodenwasserfliissen und Bodeneigenschaften wurden

bisher nicht untersucht.

In dieser Dissertation bearbeite ich folgende tibergreifende Forschungsfragen: (1) Durch welche

Faktoren erzeugt die Vegetationsgemeinschaft systematisch Hotspots des
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Bestandsniederschlags? (2) Wie wirkt sich die hohe Heterogenitidt des Bestandsniederschlags auf

Boden und Bodenwasser aus?

Zu Beantwortung dieser Fragen wurde ein hochaufgelost und statistisch angelegtes
experimentelles Design zur Erfassung raumzeitlicher Muster von Bestandsniederschlag und
Bodenwasser entwickelt. Auf einer 1 ha grolen Waldfldche im Hainich (Thiiringen) wurde
2013-2016 eine umfangreiche Feldstudie durchgefiihrt. Der Standort ist ein unbewirtschafteter
temperater Buchenmischwald auf flachen Cambisolen und Luvisolen aus Muschelkalk mit
geringmichtiger Lossauflage. Die Bestandseigenschaften wurden kartiert. Stammabfluss (n = 65)
wurde flichendeckend auf 11 Subplots (je 100 m?) gemessen. Kronentraufe (n = 350) sowie
Bodeneigenschaften und -wassergehalt (n = 210, jeweils in 7,5 und 27,5 cm Bodentiefe) wurden
in unabhéngigen stratifizierten Zufallsdesigns erhoben. Der Bestandsniederschlag wurde
ereignisbezogen wihrend der Sommer, der Bodenwassergehalt kontinuierlich erfasst. Der
Einfluss von Baum-, Nachbarschafts- und Bestandseigenschaften auf den Stammfluss wurde mit
linearen gemischten Modellen untersucht. Die Muster von Bestandsniederschlag und
Bodenwassergehalt wurden anhand ihrer statistischen Eigenschaften und ihres raumzeitlichen
Verhaltens miteinander verglichen. Aus Bestandsniederschlags-, Niederschlagsintensitéts- und
bodenhydraulischen Leitfahigkeitsdaten wurden Stammabfluss-Infiltrationsflichen und die
Infiltrationsverteilung des gesamten Bestandniederschlags berechnet. Durch den Vergleich von
baumnahen und baumfernen Bodenmesspunkten untersuchte ich die Auswirkungen von

Wassereintrags-Hotspots auf Bodenwassergehalt und -eigenschaften.

Wihrend der Kampagnen wurden ca. 600 mm Freilandniederschlag erfasst, wovon der
Stammabfluss ca. 3 % und die Kronentraufe ca. 65 % betrugen. Die beobachteten Muster des
Bestandsniederschlags (in Bezug auf Kronentraufe als auch Stammabfluss) und des

Bodenwassergehalts waren zeitlich stabil.

Meine Ergebnisse zeigen, dass Nachbarschafts- und Bestandseigenschaften einen wichtigen
Einfluss auf die Bildung von Stammabfluss-Hotspots haben. Der Stammabfluss variierte
betrachtlich von Baum zu Baum, und {iberdies ebenso auf der Skala kleinerer Baumgruppen.
Dies unterstiitzt das Modellergebnis, dass Beschattungseffekte innerhalb des Kronendachs auf
den Stammabfluss von geringer Bedeutung sind. Im Gegensatz dazu erhéhte die Baumdichte den

Stammfluss auf beiden Skalen erheblich. Sie vergroBert die Holzoberfliche, die eine




Zusammenfassung

Auffangfliche fiir Regentropfen und FlieBwege bietet, und verdndert die Baummorphologie
vorteilhaft fiir die Stammabflussbildung. Die Artenvielfalt verstéirkte diesen Effekt, da sie eine

effizientere Kronenraumnutzung durch unterschiedliche Wuchsformen ermdglicht.

Stammabfluss-Infiltrationsgebiete sind meiner Berechnung zufolge deutlich kleiner als bisher
angenommen, und somit die Hotspot-Stirke des Stammabflusses deutlich groBer. Die Infiltration
des Stammabflusses erreichte regelmaBig die Infiltrationskapazitdt des Bodens und war
GroBenordnungen hoher als die Infiltrationshohe der Kronentraufe. Das bedeutet auch, dass
Niederschlags-Hotspots sich auf einen sehr kleinen Flachenanteil beziehen: 3,6 % des

Niederschlagsvolumens infiltrieren auf 0,036 % des Untersuchungsgebiets.

Unerwarteterweise wirkte sich die Heterogenitét des Bestandniederschlags kaum auf die Muster
des Bodenwassergehalts aus. Zunéchst erzeugten Bestandsniederschlagseintrige zusitzliche
Variabilitit, diese war jedoch sehr kurzlebig. Der Haupteinflussfaktor des Bodenwassergehalts
waren die Retentionseigenschaften des Bodens. Daraus resultiert, dass lokal erhohte

Wassereintrdage nicht im Boden verbleiben, sondern in den tieferen Untergrund abflie3en.

Die Bodeneigenschaften in Stammnéhe zeigten signifikante Unterschiede zu stammfernen
Messpunkten. Stammnahe Punkte waren durch erhohte Makroporositét, Tonauswaschung und
Kohlenstoffakkumulation charakterisiert. Daraus folgten eine verdnderte Bodenwasserretention
und -leitfdhigkeit sowie geringere Wassergehalte. Insgesamt signalisieren die Ergebnisse eine
ausgeprigtere Bodenstruktur und beschleunigte Bodenbildung in Baumnéhe, die durch

Stammabfluss-induzierte Hotspots des Bodenwasserflusses angetrieben werden.

Zusammengefasst erzeugte die heterogene Bestandsstruktur am Untersuchungsstandort eine hohe
Variabilitdt des Bestandsniederschlags mit starken Stammabfluss-Hotspot. Die Eintragsmuster
wirkten sich weniger auf den Bodenwassergehalt als auf die -fliisse aus. Stammabfluss-Hotspots
setzten sich im Untergrund fort und erzeugten durch beschleunigte Bodenbildung Boden-
Mikrostandorte. Durch erh6hte Makroporositéit wirkten Input-induzierten Hotspots des
Bodenwasserflusses selbstverstiarkend. Auf diese Weise erzeugt die Vegetation Kurzschliisse der
abwirts gerichteten Wasserfliisse zwischen Baumkrone und tieferem Untergrund. Dies konnte
die Trennung der Niederschlagseintrige in bodengebundenes, pflanzenverfiigbares Wasser

einerseits, oder Tiefenversickerung und Grundwasserneubildung andererseits, beeinflussen.







Summary

Vegetation and soil form a highly interactive system, within which water is one of the most
important factors. By the redistribution of precipitation and its separation into interception,
throughfall and stemflow, vegetation canopies introduce a strong small-scale heterogeneity to
downwards-directed water fluxes in forests and shrublands. This heterogeneity could affect
subsequent hydrological processes in the soil, with a potential to ultimately alter storm response,
plant water availability and groundwater recharge. Understanding an ecosystem’s water
management is important especially in times of global change, where sustainability of both

ecosystems and water resources are at risk.

Yet, to date, the fate of below-canopy (“net”) precipitation heterogeneity in the soil still is
largely in the dark. Throughfall and stemflow amounts are found to depend on tree or shrub
species and traits, and throughfall spatial variability has shown to be stable in time. Thus,
variability and patterns produced by the canopy are systematic. Stemflow often constitutes a
hotspot of water input to the soil. However, stemflow variability and its temporal stability have
rarely been addressed. Especially in diverse forests, the single-tree approach on drivers of
stemflow generation is insufficient, but tree neighborhood and stand diversity have hardly been
considered. Stemflow has been shown to produce preferential flow in near-stem soils. Impacts of
net precipitation on soil water content, meanwhile, are subject mainly to assumptions and
contradicting results of modeling studies and limited field data. Likewise, the discussion about
stemflow infiltration areas is ongoing. Early studies have sporadically reported a gradient in soil
properties depending on the tree distance in forests. The potential impact of soil microsites
around trees on the fate of stemflow, and, vice versa, a potential impact of stemflow inputs on

near-tree soils, has not been taken into consideration yet.

In this thesis, I address the overarching research questions, of (1) By which factors does the
vegetation community systematically generate hotspots of net precipitation? (2) How does the

high heterogeneity of net precipitation translate to soil water conditions and processes?
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In a comprehensive experimental approach, I chose a high-resolution statistical design to capture
overall patterns, and I used hotspot locations — trees — to pin down systematic patterns and define
extreme impacts of canopy-induced water flow heterogeneity on soil water and properties. To
this end, an extensive field study was conducted (2013-2016), surveying stand and soil properties
as well as measuring net precipitation and soil water content collectively on a 1 ha forest plot in
central Germany. The stand was an unmanaged temperate mixed beech forest on shallow
cambisols and luvisols developed from limestone with a thin loess cover. Stemflow (n = 65) was
measured on 11 subplots (100 m?) within the plot. Throughfall (z = 350) and soil properties

(n =210) were measured in independent stratified random designs. Soil was addressed in two
depths (7.5 and 27.5 cm). Stand and soil properties were surveyed once, net precipitation was
measured on an event basis during the summers, and soil water content was recorded
continuously. I approached the impact of tree, neighborhood and stand properties on stemflow
with linear mixed effects models. To link patterning of net precipitation and soil water content, I
compared their statistical properties and spatiotemporal behavior. I used net precipitation, gross
precipitation intensity and soil hydraulic conductivity data to calculate stemflow infiltration areas
and the overall distribution of net precipitation infiltration. By statistically comparing soil areas
near tree stems to the bulk soil, I assessed the impact of net precipitation hotspots on soil water

and soil properties.

Of about 600 mm of gross precipitation measured during the campaigns, stemflow amounted
ca. 3 %, throughfall ca. 65 %. Observed patterns of net precipitation (throughfall as well as

stemflow) and soil water content, were stable in time, and therefore systematic.

I found, that stand and tree neighborhood properties importantly affect stemflow hotspot
generation. Stemflow varied considerably between trees, and what is more, the variation
persisted on the forest patch scale in the same order of magnitude. Variability translating to a
larger scale also confirmed the result that shading within the canopy, which was the most
frequently assumed neighborhood effect, plays a minor role for stemflow patterns. To the
contrary, tree density importantly increased stemflow on both scales. Tree density is associated
with woody surface area, providing catch area for raindrops and flow pathways. Tree density
also changes tree morphology towards more steeply inclined branches, enhancing channeling of

intercepted water to stemflow. Additionally, species diversity had a positive impact on stemflow
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generation. Species diversity allows a more efficient space occupation due to different growth

strategies, increasing tree density and woody surface area.

Calculation of stemflow infiltration areas showed, that they are much smaller, and therefore the
hotspot character of stemflow is much stronger, than previously assumed. Stemflow infiltration
typically reached soil infiltration capacity, and was orders of magnitude higher than throughfall
infiltration. Thus, extreme input hotspots apply to an extremely small fraction of the area: 3.6 %

of precipitation volume infiltrated on 0.036 % of the plot.

Unexpectedly, heterogeneity of inputs induced by the canopy did not imprint on soil water
content patterns. Additional variation introduced by net precipitation patterns quickly dissipated
after rain events. The major driver for soil water content were soil hydraulic properties, namely
field capacity. This means that large water inputs are not retained in the soil, but mostly bypass it

and drain to the deeper subsurface.

Near tree stems, soil properties were significantly altered, forming tree-induced soil microsites.
There was a higher macroporosity, resulting in a lower water retention and higher hydraulic
conductivity close to tree stems. This led to increased drainage and lower water contents at the
microsites. Additionally, clay dislocation and carbon accumulation were increased. Overall,
results signal a more pronounced soil structure and an accelerated soil formation close to trees,

which are driven by stemflow-induced hotspot fluxes.

In summary, the heterogenous and diverse canopy on my investigated site established a high
variability of net precipitation and strong stemflow hotspots. Net precipitation patterns did not
imprint on soil water content, but did imprint on soil water fluxes. Stemflow hotspots persisted in
the soil, and created soil microsites by accelerated soil formation. Due to increased
macroporosity, stemflow-induced soil water flux hotspots were self-reinforcing. Thus, vegetation
induces water bypass flow from the canopy to below the rooting zone. This is likely to influence
hydrological precipitation response and the separation of rainfall to soil-bound, plant-available

water on one hand or deep percolation and groundwater recharge on the other.







“Rather than concentrate exclusively on specific domains, we need to explore the neglected
boundaries along which contiguous domains interact and interconnect within their larger
context. Our science will progress by devoting ever greater attention to details while
simultaneously striving to expand our sphere of inclusion in order to achieve a more

’

encompassing view of the soil's role in terrestrial ecosystems.’

Daniel Hillel, 1998: Environmental soil physics.
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Figures

Figure 1: Experimental setup in the 1-ha forest plot subdivided by a 10 m x 10 m grid yielding
100 subplots. Stemflow is measured on all trees within the pink subplots. Throughfall and soil
water content are measured in a stratified random design with transects on (a) all 100 subplots
for throughfall and (b) 49 selected subplots for soil water content (see Section 2.2 for more
4[5 7231 ) TR SRS 48

Figure 2: Total net precipitation (sum of throughfall and stemflow) and throughfall in relation to
gross precipitation for all measured precipitation events in 2015. Frequency distribution of the
size of precipitation events is given in the small subfigure. .........ccceeviieeniiiiniieiieeeee, 54

Figure 3 Autocorrelation coefficients (Spearman) of (left) throughfall and (right) stemflow
separated by rain event size (small, medium and large precipitation events). Individual
measurement points between pairs of events falling into the event size categories were
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clay content [%], medium clay content [%], fine clay content [%], organic carbon content
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1 General introduction

Plants are the basis of our existence. As autotrophs, they create life from inorganic matter, an
ability which humans — as heterotrophs — completely depend on. What is more, they produce
oxygen in such quantities that it is freely available in the atmosphere, allowing us to gain our
energy most efficiently from respiration (Hillel, 1998). Apart from these vital services, plants
provide us with a set of benefits, as fiber, fuel, medicine, air and water filtration, flood
protection, carbon sequestration, and cooling of the earth’s surface (Lyons et al., 2014; Trumbore
et al., 2015). We share our living space with plants. For the appearance and the organizational
structure of this living space, plants play a dominant role. Vegetation communities strongly
depend on environmental conditions. At the same time, vegetation shapes the environment it is
settled in and establishes ecosystems (Perugini et al., 2017; Bruelheide et al., 2018; Freschet et
al., 2018). Especially at times of strong environmental changes, it is key for us to understand the
feedbacks between vegetation and environmental factors to sustain the sources of our livelihood

(Sheil, 2014; Trumbore et al., 2015).

One environmental factor which interacts highly dynamically with vegetation is water.
Vegetation effects on water cycling create relevant feedbacks on all scales (Pielke et al., 1998).
Most prominently, vegetation removes large amounts of water from the soil and feeds it to the
atmosphere by transpiration. Transpired water forms rain clouds, and forests in particular are
often sources of abundant rainfall (van der Ent et al., 2012; Sheil, 2014; Watson et al., 2018) —
a self-sustaining system at the larger landscape scale (Syktus and McAlpine, 2016). Plants need
large amounts of water. They need it as an ingredient for photosynthesis, but the major part of
water taken up by plants is just a by-product of this process. The moment they open their stomata
to take up COz2 by diffusion, diffusion also causes them lose water. Just like that, incidentally,
plants power the water cycle and weather patterns as well as cool down themselves and their
surroundings (Hillel, 1998; Syktus and McAlpine, 2016; Aubrey, 2020). Plants extract the vast
amounts of water needed in this process from the soil water storage, which is replenished by

rainfall. A less well-known interaction of vegetation with the water cycle, compared to
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transpiration, is the alteration of rainwater inputs to the soil: By its physical existence, the
canopy acts like a porous buffer zone for rainfall before it reaches the earth’s surface. Water is
retained, delayed, and spatially redistributed in the canopy. It is enriched with airborne deposits
and plant surface-associated biological material, and plants can extract water and nutrients from
intercepted droplets (Aubrey, 2020). After passing through the canopy, small-scale heterogeneity
has been introduced to the spatial distribution of rainfall. While overall, water input is reduced,
and therefore, the major part of the vegetated area receives less than above-canopy rainfall, some
hotspots evolve, where water input is highly concentrated (Li et al., 2012). With water
redistribution, also concentrations and inputs of nutrients and pollutants become heterogeneous

(Aubrey, 2020).

Heterogeneity is a principle prevalent in nature on all scales. The importance of large-scale
heterogeneities of environmental variables is evident: They create the gradients that drive
exchanges and processes leading to all environmental phenomena. Gradients force the ocean
currents, the climate and the weather, and global matter cycles (Schonwiese, 2013). Gradients
decide the stability of ecosystems and drive population dynamics (Legendre and Fortin, 1989).
But how relevant are small scale heterogeneity gradients and processes? In general, small-scale
processes can have an effect on larger-scale functioning. This is because of the non-linearity of
relationships between driving and dependent variables, which applies to many environmental
processes. Local extremes due to high variance might be most important for effects that are
visible on a larger scale. For example, plant water uptake from the soil depends on soil water
content non-linearly, with an efficiency optimum for medium soil water content (Hillel, 1998). A
heterogeneous distribution of soil water, in space or time, changes plant water uptake compared
to a more homogeneous distribution. A mean value of soil water content does not consider this
effect, and therefore gives incomplete information (Famiglietti et al., 2008). Feedbacks and
thresholds are additional aspects of non-linear behavior in which heterogeneity becomes
important (Lenton, 2013). We therefore can consent to the famous statement: “The whole is
more than the sum of its parts” (Smuts, 1926). To evaluate the relevance of small-scale
heterogeneities, we need to know them, characterize their organizing elements and point out

couplings, feedbacks and thresholds that impact larger scale functioning.
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The retention and redistribution of precipitation in the canopy is likely to affect subsurface
processes. Interception is the “first process in the chain of interlinked rainfall-runoff processes”,
hence affecting all subsequent hydrological and connected ecological processes (Savenije, 2004).
The introduced small-scale heterogeneity has the potential to, by non-linear coupling, change the
hydrological behavior of the vegetation-soil system at larger scales (Guswa and Spence, 2011).
A series of studies has therefore focused on subsurface effects of below-canopy precipitation
within the last decades (details will be given in Section 1.1). Increased and preferential soil water
fluxes due to stemflow have been observed in the vicinity of trees. Yet, due to the difficulty of
implementing a representative and comprehensive approach, other evidence is fragmented and
contradictive. This includes findings on quantitative fluxes, their spatiotemporal distribution, and
their destination — the question, which hydrological compartments ultimately benefit from the
flow hotspots, arises. Such, soil water storage could also be affected by net precipitation patterns.
The impact of net precipitation on the spatiotemporal behavior of soil water content has not yet
been experimentally substantiated. Changed dynamics of soil water could also impact on flow
processes and pathways, shaping the permeated soil over time. The field of potential impacts of
net precipitation patterns on soil properties has hitherto received little attention. In addition to a
broad data basis, an interdisciplinary understanding is necessary to resolve whether and in which
ways variability of inputs translates into subsurface water storage and flow processes. Water
input heterogeneity underneath canopies opens up a vast field of scientific inquiry. By
precipitation redistribution and coupled soil water processes, the properties of the ecosystem
could impact on hillslope and landscape-scale hydrological functioning, like storm response,
plant water availability and groundwater recharge. This, in turn, carries implications, from the
small-scale distribution of microbial communities (Baldrian, 2017), up to the role of the soil-
atmosphere interface for hydrological catchment as well as climate functioning (Pielke et al.,
1998; Gedney and Cox, 2003), nutrient cycling (Parker, 1983; Levia and Frost, 2003), the health

of ecosystems (Van Stan II and Friesen, 2020) and related vital ecosystem functions.

In this thesis, I seek out small-scale heterogeneities of below-canopy rainfall and trace their fate
in the soil. I approached statistical patterns and hotspots of precipitation inputs experimentally in
a near-natural forest in central Germany. In the following, I will give a brief introduction to the

state of the research and identify the knowledge gaps which my work sets out from.
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Subsequently, I will present the aim of my study and the research questions and hypotheses I
developed to that end. I will then give an overview on my approach and a short outline of the

thesis’s chapters.

1.1 State of the art and research gap

Precipitation constitutes the incoming side of the soil water balance (neglecting lateral water
fluxes and capillary rise), while the outgoing fluxes are runoff, drainage, evaporation (from
various sources) and transpiration (Hillel, 1998; Savenije, 2004). In vegetated systems, a fraction
of precipitation is intercepted by the plant surfaces and evaporates directly back to the
atmosphere, such that the incoming water to the soil is the precipitation minus the interception,
called net precipitation. The incident precipitation above the vegetation canopy is named gross
precipitation. Net precipitation has two components, distinguished by their pathway through the
canopy: Throughfall drips through or from the canopy, while stemflow stays attached to plant
surfaces and flows down to the soil along plant stems. The process of the differentiation of
precipitation into interception, throughfall and stemflow in the canopy is called precipitation

partitioning (Crockford and Richardson, 2000).

While precipitation partitioning occurs in all vegetation, it is mostly studied in forests. Trees are
the giants of the plant world, holding the records for most plant processes, such as transpiration
or primary production (Sheil, 2014; Trumbore et al., 2015; Baldrian, 2017; Watson et al., 2018).
This makes forests the climax vegetation wherever resources allow so, and in spite of human
interference, forests still cover ca. 25 % of Earth’s terrestrial surface (Watson et al., 2018). What
is more, trees open up habitats for other organisms that live in, on and under their canopies,
making them hosts of productivity, diversity, and a whole subset of related ecosystem services
and functions (Trumbore et al., 2015; Baldrian, 2017; Watson et al., 2018). While the global
importance of forest ecosystems is undisputed, their scale additionally makes net precipitation

easier to determine and created patterns likely more influential.

The effect of forest canopies on precipitation inputs has been researched since the 19" century,
and then already have researchers noticed its spatial heterogeneity and looked for its drivers (Van

Stan IT and Friesen, 2020). Net precipitation has been investigated throughout the following
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century, but gained momentum in recent decades. First, the reduction in precipitation depth
caused by the canopy due to interception was inquired, and examined how best to determine
representative values of interception from throughfall and stemflow measurements (Leonard,
1961; Helvey, 1967; Reynolds and Henderson, 1967; Rutter et al., 1971; Gash, 1979). In this
context, the spatial variance of throughfall was approached (Lloyd and de O. Marques F., 1988;
Durocher, 1990; Loustau et al., 1992). Stemflow was found to funnel precipitation to the stem
base, therefore concentrating water inputs, and stemflow studies focused on stemflow yield and
funneling (Herwitz, 1986; Crockford and Richardson, 1990; Hanchi and Rapp, 1997). With the
knowledge about heterogeneity of net precipitation inputs in forests, researchers looked for the
drivers of net precipitation patterns (Navar, 1993; Aboal et al., 1999) and the potential impacts
the patterns might have belowground (Pressland, 1976; Durocher, 1990; Taniguchi et al., 1996).
These topics are still investigated and discussed today, which I will go into more detail about

below.

Canopy interception usually constitutes 10 % to 30 % of gross precipitation, though values can
be much higher depending on the ecosystem and the climate (Savenije, 2004; Llorens and
Domingo, 2007; Miralles et al., 2010). Interception behavior of leaves and bark directly impact
stemflow and throughfall generation. Interception, throughfall and stemflow all depend on
climate and vegetation, though vegetation seems to have a stronger impact (Sadeghi et al., 2020).
In their review, Sadeghi et al. (2020) found global ranges for throughfall and stemflow relative to
gross precipitation of 65.5-83.2 % and 0.8—6.2 %. Abiotic factors of throughfall and stemflow
amounts and variability are precipitation event size and meteorological conditions during
precipitation (Levia and Frost, 2003; Levia Jr and Frost, 2006). Identified biotic factors comprise
canopy structure and plant traits, including plant surface properties as well as plant architecture
(Levia and Frost, 2003; Levia Jr and Frost, 2006; Levia and Germer, 2015; Sadeghi et al., 2020;
Van Stan et al., 2020). Many of these traits are species-specific (Levia and Frost, 2003; Levia
and Germer, 2015). Due to both climate and leaf phenology, there are significant seasonal
differences in throughfall and stemflow, including different types of precipitation (Levia and

Frost, 2003; Levia Jr and Frost, 2006).
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1.1.1 Drivers of stemflow variation

The heterogeneity of net precipitation is well-recognized and -researched. This applies especially
to throughfall variation and stemflow funneling. Yet, the tree-to-tree variation of stemflow has
been reported in only a few studies (Loustau et al., 1992; Holwerda et al., 2006; Terra et al.,
2018). The sample of trees for stemflow measurement does often not allow for an investigation
of stemflow variation, because it is too small and/or not random. Nevertheless, stemflow spatial
variability has been approached in identifying stemflow drivers. Hereby, a main focus lay on the
individual tree (or shrub) stemflow yields. Tree size has been found to be the main driver of
stemflow variation (Reynolds and Henderson, 1967; Takahashi et al., 2011). Additionally, many
morphological traits were identified as drivers of stemflow production, as number and angle of
branches, bark roughness and leaf hydrophobicity (Iida et al., 2005b; Andr¢ et al., 2008; Kramer
and Holscher, 2009; Van Stan and Levia, 2010; Takahashi et al., 2011; Molina and del Campo,
2012; Levia et al., 2015; McKee and Carlyle-Moses, 2017). Few studies researched the effect of
stand properties on stemflow. While tree size increases individual stemflow yield, small trees
and understory increase stemflow per area (Murakami, 2009; Takahashi et al., 2011; Gonzalez-
Martinez et al., 2017). Stand density was observed to increase tree stemflow in a thinning
experiment (Molina and del Campo, 2012), and Krdamer and Holscher (2009) found a temporary
(negative) impact of other species intermixing with European beech on stand stemflow. Stand
properties and tree heterogeneities within a stand, e.g., concerning species or size, are likely to
affect stemflow production on the tree and the stand level. Additionally, single tree architectural
traits are also influenced by their neighboring trees (Frech et al., 2003; Schroter et al., 2012;
Juchheim et al., 2017), which applies also to those traits identified as stemflow drivers. Yet,
rarely have potential influences of neighboring trees on stemflow been included in studies
(Aboal et al., 1999; Terra et al., 2018). Proposed neighborhood effects are typically related to
shading or competition (André et al., 2008; Takahashi et al., 2011). No wider-spread study,
encompassing various possible neighborhood effects, exists. Thus, there is a knowledge gap
concerning tree neighborhood, stand property and stand heterogeneity effects on stemflow

generation.
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Stemflow often constitutes hotspots of net precipitation. It shows a strong variation, which
cannot be explained by tree size alone. Individual tree, neighborhood and stand properties could

affect stemflow hotspot formation on the tree and on the tree community scale.

1.1.2 Infiltration patterns of net precipitation

While stemflow and throughfall shares of above-canopy precipitation are well researched, it
remains unclear how precipitation variability looks at the point of infiltration, where stemflow
and throughfall reunite. To understand the actual hotspot strength of stemflow as it reaches the
soil, and such becomes relevant for plant support and groundwater recharge, we have to know
the soil surface area where stemflow inputs infiltrate (Pressland, 1976; Herwitz, 1986; Tanaka et
al., 1996; Liang et al., 2011; Buttle et al., 2014; Carlyle-Moses et al., 2018; Van Stan II and
Allen, 2020). Different methods to map or estimate stemflow infiltration areas have been
established (Reynolds and Henderson, 1967; Tanaka et al., 1990; Tanaka et al., 1996; Schwirzel
et al., 2012), but have been applied to few (rather large) events and trees. Altogether, estimated
stemflow infiltration areas would imply lateral spreading of stemflow on the soil surface,
effectively reducing stemflow concentration. Recent studies argue that stemflow funneling could
be smaller (Van Stan and Gordon, 2018; Van Stan II and Allen, 2020) or larger (Carlyle-Moses

et al., 2018) than generally discussed based on stemflow infiltration areas.

Knowing the stemflow infiltration area is the prerequisite to a meaningful evaluation of the
hotspot strength of stemflow. Infiltration of net precipitation patterns is the first step of their

belowground fate, where heterogeneity could be destroyed or persist.

1.1.3 Impact of net precipitation on soil water content patterns

Especially the rainfall-concentrating effect of stemflow has inspired research to find out the
subsurface fate of those fluxes. Patterns of soil water drainage could affect groundwater recharge
and the fate of nutrients and pollutants (Taniguchi et al., 1996; Guswa and Spence, 2011; Levia
and Frost, 2003; Levia Jr and Frost, 2006). It has been established by numerous observations that
stemflow causes preferential flow in soils (Johnson and Lehmann, 2006; Li et al., 2013). The

impact of stemflow as well as throughfall on soil water content is less clear. Soil water content
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provides plant-available water and is an important driver for biogeochemical processes and
microbiological habitats (Chang and Matzner, 2000; Drenovsky et al., 2004). An increase in soil
water content near stems after precipitation events was found repeatedly (Pressland, 1976; Li et
al., 2008; Wang et al., 2011; Jian et al., 2014), but also lower water contents were observed near
stems (Rutter, 1964; Liang et al., 2007; Buttle et al., 2014). A number of studies expected
throughfall patterns to imprint on soil water content patterns (Pressland, 1976; Bouten et al.,
1992; Alva et al., 1999; Schume et al., 2003; Jost et al., 2004; Teuling and Troch, 2005; Zehe et
al., 2010; Bachmair et al., 2012; Guswa, 2012; Rosenbaum et al., 2012; Coenders-Gerrits et al.,
2013; Fatichi et al., 2015; Traff et al., 2015). Yet, few studies focused on resolving the problem.
Testing this hypothesis requires an extensive data set from a useful sampling design, measuring
canopy and soil water content at the same location, and achieving spatial and temporal
representativity. To date, these data requirements, which have been repeatedly called for
(Teuling and Troch, 2005; Bachmair et al., 2012; Zucco et al., 2014), could not be fully met.
Several field studies on soil water content distributions found hints of an impact of throughfall
(Zehe et al., 2010; Rosenbaum et al., 2012; Traff et al., 2015), but field studies explicitly
researching the topic could not find a relationship between throughfall and soil water content
patterns (Pressland, 1976; Raat et al., 2002). Additionally, modeling approaches found local
drivers of soil water content to be dominant compared to throughfall effects (Bouten et al., 1992;
Coenders-Gerrits et al., 2013). In summary, despite scientific consideration, results on the impact
of small-scale variability of inputs on soil water content in forests are scarce and the topic

remains unresolved.

The increased heterogeneity of rainfall introduced by the canopy could have consequences for
soil water. The assumption of an effect of net precipitation patterns on soil water content is

common. However, experimental evidence for this assumption is still missing.

1.1.4 Vegetation and single tree effects on soil properties

Vegetation has been observed to impact soil properties in forests and grasslands (Eviner and
Chapin, 2003; Zuo et al., 2009; Thompson et al., 2010; Zucco et al., 2014; Fischer et al., 2015;
Freschet et al., 2018). Focusing on litter and net precipitation chemistry, few early studies found

a single-tree impact on soil chemistry (Gersper and Holowaychuk, 1971; Lodhi, 1977;
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Falkengren-Grerup, 1989; Boettcher and Kalisz, 1990), and acidic rain has been repeatedly
found to have decreased soil pH next to tree stems due to concentrated stemflow inputs (Neite
and Runge, 1986; Falkengren-Grerup, 1989; Rampazzo and Blum, 1992; Koch and Matzner,
1993). Vegetation and water are factors of soil formation (Blume et al., 2010). Because of
chemical signals and large introduced water fluxes, stemflow could impact soil formation
processes around tree stems. There is decisive evidence that stemflow triggers preferential flow
(Taniguchi et al., 1996; Liang et al., 2007; Li et al., 2008; Sansoulet et al., 2008; Li et al., 2009;
Bialkowski and Buttle, 2015). It stands to reason that stemflow could be changing physical
properties in the subsurface, and shape the conditions for its own subsurface fate. The only study
to my knowledge which has touched this subject is Rashid et al. (2015), who recently reported
changed soil hydraulic properties (van Genuchten parameters derived from measurements) near
stems. Overall, possible soil microsites at tree stems, their formation mechanisms and their

potential impact on stemflow-induced water fluxes have been hardly addressed.

Stemflow is known to trigger preferential soil water flow. Subsurface flow mechanisms of
stemflow could be impacted by the evolution of soil microsites around tree stems. As soil
chemistry can be influenced by stemflow, a mechanistic development of discrete microsites with

changed hydraulic properties is possible, but has not been reported yet.

1.2 Contribution

Forest ecohydrology has advanced rapidly in recent decades. It has been established, that
canopies create a spatially variable precipitation pattern, which is systematic. Canopy structure
and tree morphology shape this pattern. While overall, precipitation input is decreased due to
interception evaporation, stemflow can concentrate rainfall, such that water input at the tree base
is a multiple of gross precipitation. Stemflow at many sites triggers soil preferential flow below
trees and likely increases soil- and groundwater recharge. These results prove, that the effect of
the canopy on precipitation inputs is important for the water balance and for water cycling. The
type of ecosystem or forest has an impact not only on transpiration and evaporation, but also on
downwards-directed water fluxes (the two of which are, of course, in a constant exchange).

Knowing this, a lot of the mechanisms which systematically create, and are created by, net
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precipitation variability, are not identified yet. Carving out systematic mechanisms requires
taking a broader perspective. I want to take this broader perspective in a statistical and
interdisciplinary approach. A statistical approach means, taking a step back and evaluating
processes that take place by their relative frequency and strength. An interdisciplinary approach
means, looking at the whole system to identify and understand interactions between vegetation,

water and soil.

With this work, I aimed to further close the gaps in our understanding and evaluation of small-
scale patterning, and resulting hotspots, in downwards-directed water fluxes in the vegetation-
soil system. I focused on advancing our knowledge of below-canopy water heterogeneity into the
soil. The present study was made possible by a comprehensive and elaborate survey, sampling,
and monitoring scheme of net precipitation and soil water content as well as stand and soil
properties in a 1 ha forest plot. For analysis, a set of statistical tools were used to approach
structures and dependencies from different directions. By this strategy, I intended to test popular
assumptions from the research area and integrate the results into a new conceptual framework of

the ecohydrological fate of rainfall, which I developed by the interpretation of the observed data.

1.2.1 Research questions and hypotheses

In the previous subsection, I described the state of knowledge in the field of forest ecohydrology
and addressed research gaps relevant for my thesis. Based on the aforementioned research gaps, I

here derive the overarching research questions and further specify the hypotheses as follows:

Research question 1: By which factors does the vegetation community systematically

generate hotspots of net precipitation?

Tree morphology has been found to impact its stemflow yields. Stand and neighborhood

properties impact a tree’s growth. I therefore pose the hypothesis:

H1.1: Neighborhood and stand properties impact tree individual stemflow generation

(Chapter 3).

Large trees have been found to produce most stemflow, yet, small trees show the strongest

rainfall funneling. Beech trees are known to be stemflow-prolific, yet, in mixed stands, trees can
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make better use of canopy space, and increased tree density has been found to increase stemflow.
On a tree community scale, either cumulating or shading effects on stemflow could predominate.

I hypothesize:

H1.2: In anatural, diverse forest, different forest patches can strongly vary in stemflow
production depending on their community traits. Diverse stands and forest patches increase

stemflow variation and therefore hotspot generation (Chapter 3).

Research question 2: How does the high heterogeneity of net precipitation translate to soil

water conditions and processes?

The strength of stemflow funneling depends on stemflow infiltration areas. By overland flow of

stemflow, and the overlap of stemflow and throughfall, stemflow hotspots could be mitigated.

H2.1: Stemflow infiltrates into the soil in direct proximity to the trunk, and has a distinct hotspot

character compared to throughfall and throughfall dripping points (Chapter 4).

Throughfall and stemflow have been repeatedly assumed to be mirrored in forest soil water
content patterns. Water content patterns affect plant water availability, microbial activity and

biogeochemical soil processes.

H2.2: Net precipitation patterns imprint on soil water content patterns, and points of high inputs,

especially stemflow hotspots, create areas of increased soil water recharge (Chapter 2).

If stemflow creates distinct hotspots of water infiltration to the soil, the soil must be channeling
high water fluxes at the base of trees. Additionally, stemflow waters are chemically enriched.
Vegetation and water fluxes and chemistry are known to impact soil physical and chemical

properties.

H2.3: Soil properties in the vicinity of tree stems differ distinctly from tree-distant areas,

forming microsites, which impact the fate of stemflow fluxes (Chapters 2 and 4).

1.2.2 Approach

Addressing the research questions posed above calls for an experimental approach. Observing

and analyzing small-scale heterogeneity and short-term response processes in the canopy and the
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soil offers a lot of challenges. Both domains are three-dimensional and structured. We realize
structure visually, but we have little means to characterize or even quantify it (Hillel, 1998). The
challenge of experimentally tackling ecohydrological interactions are threefold: (1) Access:
Measurement of fluxes in different layers (i.e., the canopy, different soil horizons, and the deeper
subsurface) disturbs the fluxes in all layers further down, making measurements at the same
locations in different layers and, thus, a direct linking of processes there, impossible. Soil is non-
transparent and rigid, hiding its inner structure from us. Getting direct information about this
structure is always associated with its destruction. Therefore, installing a soil moisture sensor
makes it impossible to determine soil properties at the exact location of the sensor. Similarly,
extracting a soil sample makes resampling of the same exact location impossible, and, thereby,
recording its temporal evolution. (2) Observation: Measurements in high spatial and temporal
resolution are necessary to address the questions. This means, that a large investment of
equipment and time is required. (3) Analysis: A complex, four-dimensional data set measured at
different locations and in different time intervals makes it challenging to extract information
from it. Every analysis can only reveal one fragment of the system. The measured data often
does not meet the preconditions for the application of geostatistical tools: it is not normally
distributed, skewed, and the data which would statistically be considered outliers are
representing focal points of the processes of interest. Thus, there are no well-worn paths of

analysis to follow, instead, new paths must be explored.

To overcome these obstacles, the first objective of my study was to create a design and thereby a
dataset, which allows for a representative measurement of small-scale patterns of throughfall,
stemflow, soil water content and soil properties in the same plot without disturbing each other,
and which at the same time enables the comparison and linking of all different variables. I
addressed this problem by establishing independent statistical designs for net precipitation and
soil water content/properties measurements. The statistical designs were realized in stratified
random sampling, which has been well-researched for throughfall sampling (Zimmermann et al.,
2010; Zimmermann et al., 2016). To allow for autocorrelation analyses, additional transects were
added to cover small distances, resulting in altogether 350 throughfall measurement points. For
stratified random sampling, the plot is subdivided into subplots, within which a regular number

of random sampling locations is determined. Therefore, I subdivided the plot into 100 subplots
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(10 m x 10 m each). I used the subplot-structure to achieve random and representative sampling
of stemflow by dedicating 11 subplots to stemflow measurement in a regular pattern, yielding 65
trees. The area-based stemflow measurement allowed for an exact determination of stemflow
depth as well as a community stemflow analysis for small forest patches. To not measure soil
water content disturbed by the retention of stemflow in the stemflow measurement process, |
excluded stemflow subplots and three adjacent, downslope-directed subplots for each stemflow
subplot from soil water content measurement. In the remaining subplots, organized in a
checkerboard-like design, I established the stratified random sampling design for soil water
content. To this design, as in the throughfall sampling design, I added transects for
autocorrelation analysis. By virtual sampling, I tested different distances to use for the transects,
such that the frequency of all distance classes would be as evenly distributed as possible in spite
of the larger gaps in the design due to the stemflow measurement subplots. For soil water content
measurement, a sensor network was installed. I decided to invest half of the available sensors to
measure in two soil depths in order to cover the soil profile. Additional measurement profiles
were located in tree transects (three profiles, in 0.3 m-1.5 m from the trunk) for analyzing the
potential tree (and stemflow) impact on soil properties and soil water content. For these transects,
trees that randomly already had more than one measurement profile within these distances were
chosen, in addition to randomly selected trees with one measurement profile within the radius. In
this manner, 22 tree transects could be realized by adding 30 measurement profiles. Altogether,
420 soil water content sensors were installed, grouped into 210 profiles of two sensors in 7.5 cm
and 27.5 cm. In the course of sensor installation, one undisturbed soil sample was taken as close
as possible to each sensor position in downslope direction of the sensor. Additionally, soil
profiles were surveyed. From every third soil profile, undisturbed samples were taken in four
depths. Net precipitation was sampled in campaigns on an event bases, soil water content time

series were recorded continuously in 6-min intervals.

Because variables cannot be measured in the same location for the different layers (canopy-soil),
statistical characteristic instead provide a comparison between the layers. A statistical design
also yields the distribution (proportion, frequency) of high and low points, offering a
representative characterization of the whole area instead of unconnected point sites. For the

analysis, a combination of simple statistical methods was used: Rank correlations were applied
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for the comparison of spatial fields to examine temporal stability and similarity of patterns.
Statistical properties of spatial distributions and their temporal developments served to compare
characteristics of different variables or location groups. Additionally, linear mixed effects
models were used to investigate controlling factors, their relative strength, and their share on the
variation of a target variable. As there is no method to process the multi-dimensional,
interdependent data all together, standard geostatistical tools cannot be applied to the data, and
part of the information of interest can only be quantified by proxies or not at all, I could not
follow a fixed procedure. Yet, I based my analysis on some principles: (1) To considerately
select temporal and spatial data chunks representative of certain conditions or processes, to
approach these conditions or processes, (2) to develop (and test) informed hypotheses, such that
significant correlations and differences are meaningful (Nuzzo, 2014), and (3) to carefully and
thoughtfully interpret the results based on the methodical powers and constraints. I did my best
to follow these rules to disentangle the bulk data volume, shift it to figurative angles where
detecting patterns was possible and consider the cause of these patterns. In this manner, I sought
to work my way from what we know to obtaining novel insights into the hydrological

functioning of the researched site.

1.2.3 Study site

The experimental site was established as part of the Hainich Critical Zone Exploratory in the
framework of the AquaDiva collaborative research center of the Deutsche
Forschungsgemeinschaft (German Research Foundation) (Kiisel et al., 2016). The Hainich
forested low mountain ridge is situated in Thuringia, central Germany. It constitutes the largest
coherent woodland in Germany, and almost half of it has been declared a National Park in 1997
and left unmanaged since then. The Hainich National Park is part of the Unesco World Natural
Heritage (Hainich National Park Authority, 2020). The Hainich is situated in the transition zone
between oceanic and continental climate (Hainich National Park Authority, 2020), the K&ppen-
Geiger climate class is Dfb (cold, without dry season, warm summer) (Koppen and Geiger, 1930;

Peel et al., 2007).

The study plot lies inside the borders of the Hainich National Park at a north-eastern facing

gentle slope. The bedrock is formed from interlayered shallow Triassic marl- and limestones
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(Kohlhepp et al., 2017) with a thin Pleistocene loess cover. The stand is a mixed beech forest,
comprising 70 % of European beech (Fagus sylvatica) and, in order of declining fractions,
Sycamore maple (Acer pseudoplatanus), European ash (Fraxinus excelsior), European hornbeam
(Carpinus betulus), Large-leafed linden (7ilia platyphyllos), Norway maple (Acer platanoides)
and Scots elm (Ulmus glabra). The age structure is very heterogeneous with old-growth trees
(about 200 a, estimated from diameter at breast height) and of a lot of juvenescence. Tree density

was 581 ha'! with a basal area of 38 m? ha™'.

1.3 Outline

In this thesis, I follow spatial patterns of rainfall water fluxes from the forest canopy into the
rooting zone to understand their relationships and discover pattern and process couplings
between the different spheres. Especially, I want to highlight systematic flow hotspots due to
stemflow, determine the factors of their evolution in the canopy and track them down into the
soil. This is to evaluate the potential of hotspots due to increased heterogeneity for impacting the

system’s hydrological functioning.

The thesis consists of five chapters, of which this introduction is the first. Chapters 2-4 present
self-contained studies focusing on different aspects of the overarching topic (details below). I
present these chapters in chronological order, first approaching the overall impact of net
precipitation patterns on soil water content, and in the following going into more detail on
origins and impacts of stemflow hotspots. Chapters 2 and 3 have been published as scientific
journal articles in Metzger et al. (2017) and Metzger et al. (2019) (further information in the
appendix, p. 183). I begin by examining the effect of net precipitation on soil water content
spatiotemporal patterns in Chapter 2. It shows that net precipitation has a minor impact, in
contrast to soil properties, which are the main controlling factor for soil water content
heterogeneity. Yet, soil properties show a systematic pattern due to vegetation: I discovered soil
microsites at the base of trees, where increased drainage capacity leads to lower average soil
water contents despite high stemflow inputs. Chapter 3 is concerned with stemflow hotspot
formation and variability, and the impact of neighborhood and stand trait heterogeneity.

Stemflow was highly variable on the individual tree as well as on the forest patch scale. Stand
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density and diversity showed to foster the creation of stemflow on both scales, outweighing
shading and interception effects. Chapter 4 traces stemflow hotspots in the soil. From
throughfall and stemflow amounts and soil properties, the spatial distribution of infiltration into
the forest soil is derived. Stemflow infiltration areas showed to be extremely small, such that
stemflow introduces soil water fluxes that are several orders of magnitude larger than maximum
throughfall fluxes. These high soil water fluxes showed to accelerate soil formation underneath
trees. Interestingly, tree-induced soil microsites were larger in extent than (temporally averaged)
stemflow infiltration areas. Finally, Chapter 5 presents the synthesis of all achieved findings.
Here, I critically evaluate my results, develop a conceptual understanding from them, and give an

outlook into future research opportunities.
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shaping canopy water fluxes and soil properties: High
resolution measurements in a mixed beech forest

plot

2.1 Introduction

Soil water content exhibits enormous spatial heterogeneity, also at small scales (Vanderlinden et
al., 2012). Especially in forests, water input varies considerably on the small scale due to the
redistribution of water in the canopy. This creates niches for microbial activity (Bundt et al.,
2001; Brockett et al., 2012) and nutrient dynamics (Chang and Matzner, 2000; Bischoff et al.,
2015) and affects transpiration dynamics, the formation of hotspots of soil bypass flow (Klos et
al., 2014; Levia and Germer, 2015), expected deep percolation and its spatial variation (Guswa,

2012), and potentially subsurface runoff (Bouten et al., 1992; Zehe et al., 2010; Guswa, 2012).

Ecohydrological and hydrological studies have repeatedly proposed that the heterogeneity of soil
water content in forests may be strongly driven by heterogeneous precipitation input caused by
the interception and redistribution of precipitation in tree canopies (Alva et al., 1999; Schume et
al., 2003; Keim et al., 2006; Liang et al., 2007; Blume et al., 2009; Zimmermann et al., 2009;
Navar, 2011; Bachmair et al., 2012; Guswa, 2012; Rosenbaum et al., 2012). Yet, there is very
limited experimental data to support this proposition, which is partly caused by the fact that both
variables (precipitation input and resulting soil water content) can hardly be measured at the
same place and time. Thus, although soil water content and net precipitation (below canopy
precipitation, consisting of stemflow and throughfall) patterns have frequently been assessed,
there are few cases where they have been studied on the same plot (Raat et al., 2002). However,

observations at larger scales and under a variety of land covers found that both meteorological
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forcing (e.g. precipitation gradients) and other factors such as seasonality, topography, soil
texture, and vegetation characteristics/shading affect spatial soil water content variability
(Famiglietti et al., 1999; Kim and Barros, 2002; Bachmair et al., 2012; Peng et al., 2013; Brocca
et al., 2014; Renner et al., 2016).

Because field data at the plot scale are scarce, models were often used to identify potential
drivers of the observed soil water content patterns (Teuling and Troch, 2005; Lawrence and
Hornberger, 2007; Vivoni et al., 2010; Zehe et al., 2010; Coenders-Gerrits et al., 2013; Martinez
et al., 2013; Bertoldi et al., 2014; Martinez Garcia et al., 2014; Qu et al., 2015). These models’
results point towards a strong impact of soil hydraulic properties as a driver for soil water content
patterns. However, model applications are limited by the type of the equations applied and by
underlying assumptions regarding, for example, the soil water flow and retention curve, and

often lack representation of preferential flow.

To overcome this, several researchers notify a need for comprehensive experimental approaches,
that include observation of temporal evolution of soil water content dynamics and measurement
of soil hydraulic properties and precipitation in concert (Keim et al., 2006; Zimmermann et al.,
2009; Bachmair et al., 2012; Coenders-Gerrits et al., 2013; Klos et al., 2014). Our study provides
such a comprehensive approach. We conducted measurements of soil water content at high
temporal and spatial resolution during the year 2015 on a 1 ha forest plot and analyzed them
together with event-based net precipitation (sampled April-July) as well as soil porosity and field
capacity (sampled once) measured on the same plot. We analyzed temporal stability of and
relationship among these spatial patterns, with the objective of elucidating how spatial variation
in soil water is affected by heterogeneous net precipitation, versus local and more temporally

stable factors, like soil hydraulic properties.

2.2 Material and Methods

2.2.1 Site description

The research area is located on the upper lee side of a forested northeastern facing slope of the

Hainich low mountain range in central Germany. The investigated site is part of the Hainich
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Critical Zone Exploratory, which comprises forest, cropland and grassland sites within a
hillslope monitoring transect (Kiisel et al., 2016). Mean annual temperature ranges from 7.5 C°
to 9.5 C° and total annual precipitation from 900 mm to less than 600 mm between the top of the
ridge and the valley (Kiisel et al., 2016). We established a 1 ha monitoring plot in the forested
upper hill area with an altitude varying between 362 m and 368 m a.s.l.. The parent rock consists
of thin-bedded alternations of lime- and marlstones of the Middle Triassic, overlain by shallow
Pleistocene loess loam. Soils of the area are predominantly cambisols and luvisols (Schrumpf et
al., 2014; Kohlhepp et al., 2017), with a median depth to the weathered bedrock surface on our
plot of 37 cm, varying between a minimum of 15 cm and a maximum of 87 cm. The deciduous
forest has been unmanaged since the founding of Hainich National Park in 1997 (Kohlhepp et
al., 2017). The forest within the plot has a basal area of 38 m? ha'!. The tree community has a
heterogenous age structure and consists of 581 individuals (diameter breast height > 5 cm),
composed of 70 % European beech trees (Fagus sylvatica) accompanied by Sycamore maple
(Acer pseudoplatanus), European ash (Fraxinus excelsior), European hornbeam (Carpinus
betulus), Large-leafed linden (Tilia platyphyllos), Norway maple (Acer platanoides) and Scots
elm (Ulmus glabra).

2.2.2 Precipitation measurements and processing

Both gross (above canopy) and net (below canopy) precipitation were manually sampled using
gauges on a per-event basis for 16 precipitation events from May 7 to July 30, 2015. After each
event, the collected volume of all sampling containers was measured using graduated cylinders.
Sampling started two hours after the end of an event and lasted approximately 8 h. Thus, rain
events are separated by a rain-free period of at least 10 h; shorter interruptions lead to cumulative

events of longer duration and size.

Manual precipitation measurements were collected using circular funnels (diameter = 12 cm),
with the orifice located about 37 cm above the ground surface. They were fabricated from two
polyethylene bottles connected at the necks, with the bottom of the upper bottle removed to form
a funnel and the lower bottle serving as storage container. A table tennis ball was placed into the
opening to prevent evaporation. Throughfall sampling locations were chosen according to a

stratified random design (Zimmermann et al., 2010; Zimmermann et al., 2016). For this, the 1 ha
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plot was subdivided into 100 subplots (size 10 m by 10 m, Figure 1), each equipped with two
randomly located throughfall samplers (kernel points). Additional transect points were
implemented at random kernel points in random directions: 25 short transects, consisting of one
sampler 0.1 m from the kernel, and 25 long transects, consisting of five samplers placed 0.1 m,
0.5 m, 1 m, 2 m and 3 m from the kernel. In total, 450 throughfall sampling points were
established. For the calculation of average plot throughfall, only measurements at kernel points
were used. Canopy cover above the throughfall samplers was estimated by counting the number

of branch layers overcasting it, based on visual assessment by the same person at all samplers.

Stemflow was measured on every tree of 11 selected subplots (size 10 m X 10 m), which yielded
a total of 65 measurement points (constituting 11 % of both the plot’s area and number of trees).
The selected subplots for stemflow sampling were regularly spaced across the plot. Stemflow
was measured using collars made of lay-flat hose that was cut open, wrapped around the tree and

sealed with silicone. A plastic tube connected the collar to a storage container. The mean
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Figure 1: Experimental setup in the 1-ha forest plot subdivided by a 10 m x 10 m grid yielding 100 subplots.
Stemflow is measured on all trees within the pink subplots. Throughfall and soil water content are measured in a
stratified random design with transects on (a) all 100 subplots for throughfall and (b) 49 selected subplots for soil
water content (see Section 2.2 for more details).

48



2 Vegetation impacts soil water content patterns by shaping canopy water fluxes and soil
properties: High resolution measurements in a mixed beech forest plot

per-area stemflow of the stemflow subplots was assumed to be representative of the total plot
mean stemflow. In order to assess the funneling of precipitation towards the tree stem and
compare between different events, we calculated the funneling ratio (Rr) for each tree and each

event according to Herwitz (1986):

Vsk )
Rp=——"—|, 1
F <Pg *Atree )

where Vsr refers to the collected stemflow volume for each tree, Pgto gross precipitation and
Atee to the tree basal area (at breast height). Essentially, the funneling ratio compares the volume
of water collected by the tree with the volume of water that would have been received by a rain
collector of the same size as the tree basal area (Herwitz, 1986), thus showing how many times

the local stemflow input exceeds open precipitation.

Gross precipitation measurements were taken manually from 5 funnels placed in an adjacent
open grassland (distance 250 m), sampled at the same time as each net precipitation sampling.
From March 16 to October 7, gross precipitation was also recorded automatically with an iMetos

AG/CP/DD 300 weather station (PESSL Instruments GmbH, Weiz, Austria).

Interception loss is calculated as the difference of net precipitation, composed of throughfall and

stemflow, and gross precipitation.

In order to compare precipitation in 2015 with the long-term record, we used data on
precipitation collected over the last 30 years (1986-2015) at two nearby German Weather Service
precipitation gauges (DWD climate data center, www.dwd.de/cdc), both also located on the lee
side of the Hainich mountain range in (i) Horselberg-Hainich-Behringen (ID 336, located 12 km
to the southeast) and (ii) Muehlhausen-Windeberg (ID 5593, 20 km to the northeast).

2.2.3 Measurement and processing of soil water content, bulk density and field
capacity
Soil water content was recorded every 6 min by a wireless sensor network (SoilNet; Bogena et

al. (2010)) equipped with SMT100 frequency domain sensors (Truebner GmbH, Neustadt,

Germany). Sampling points were selected based on a stratified random design (Figure 1), which
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is independent of the throughfall design above. Because collecting stemflow potentially
influences soil water content immediately downslope, we chose 49 subplots located upslope of
the stemflow subplots in a checkerboard-like pattern. Each was equipped with two random
kernel measurement points. Furthermore, 24 transects were established at random, with three
measurement points 0.1 m, 2 m and 6 m from the kernel. In order to increase the number of
measurements points proximal to tree stems, we added 40 additional measurement points within
1.2 m of tree stems. In total, 210 soil water content measurement points were established. They
were installed successively, 177 (84 %) in fall 2014 and 33 (16 %) in fall 2015. At each
measurement point, two sensors were installed at 7.5 cm and 27.5 cm depth, representing topsoil
and subsoil. Sensors were oriented pointing uphill in the presumed direction of water flow, with
the long axis parallel to the surface and the blade oriented vertically, to minimize disturbance of

water flow. In this study, we show the monitoring time series of the year 2015.

For analysis of soil water response to precipitation, we identified 15 summer rain events from
June to August, 2015, by identifying singular peak points in the spatial median soil water content
time series. Event states were defined as the soil wetting peak after events, and drained states as
the minimum soil water content before event wetting started. Eleven of these summer rain events

took place before July 30 and thus also were included as net precipitation events.

Undisturbed ring soil samples (volume Vs = 100 cm?) were collected ~0.5 m from each sensor
position at the time of sensor installation (84 % of samples in fall 2015, 16 % in fall 2015).
Water content at field capacity was determined gravimetrically from the weight difference
between the undisturbed samples after letting them saturate with water for 72 h and subsequently
placing them in a sand box with a hanging water column imposing a pressure of —60 hPa for

72 h. Soil bulk density (pb, g cm™) was calculated from the dry weight (msary, g) of the soil core
after drying for 24 h at 105 °C.

We approximated soil porosity (#sapp) from bulk density, assuming a constant density of the soil

mineral component of pm = 2.66 g cm™ as

Mg app = (1 - %). )
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We refer to drainage porosity as the approximated air-filled porosity at field capacity, given by

the difference of approximated porosity and water content at field capacity.

2.2.4 Statistical analysis

For metrics and correlations of throughfall and soil water content, we used only the stratified
random (kernel) measurement points and excluded transect measurement points. We used
quantile-based metrics and tests to characterize and compare patterns in the data. To assess the
spread of the samples, and while allowing for comparison between different variables, we use the
coefficient of quartile variation (CQV):

cQV = (%) , (3)

where Q1 and Qs are the first and third quartile of the sample.

Spearman’s rank correlation was used for all correlations of spatial and temporal patterns.
Differences between data samples were tested using the Wilcoxon rank sum test. Stability of
throughfall and stemflow was assessed as the temporal autocorrelation of spatial patterns, by

mutual correlation of individual measurement points among all events.

To investigate differences in soil water content between areas near the tree stem and further
away, we included all measurement points (random and transect) in order to obtain a larger
sample for tree proximal locations. We separated the data into two groups depending on their
distance to the next tree, defining proximal as being located at a distance < 1 m and distal as a
distance > 1 m from the nearest tree. This resulted in a sample of n = 55 for the stem proximal

group and n = 127 for the stem distal group.

All data was processed and analyzed in R version 3.2.1 (R Core Team, 2016).
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2.3 Results

2.3.1 Hydrological characterization of the measurement period

The hydrological year 2015 was the second driest of the past 30 years (1986-2015) at both
nearby German Weather Service precipitation stations. Each winter (11/2014 - 04/2015) and
summer (05/2015 - 10/2015) were the 3™ driest of the last 30 years. Both seasons received
roughly only 67 % (Horselbach-Hainich-Behringen) and 75 % (Miihlhausen-Windeberg) of the
average precipitation. The preceding hydrological year (2013/2014) and the final winter months

of 2015 received average precipitation.

2.3.2 Net precipitation patterns

The precipitation event sizes, i.e., cumulative gross precipitation, of the 16 manually sampled
precipitation events, ranged widely between 1 mm and 35 mm, with 60 % of events having been
smaller than 5 mm (Figure 2, Table 1) and the largest third of the events contributed 77 % to the
total received rainfall. Throughfall varied substantially in space, especially for small events. The
temporal stability of the throughfall pattern was strong and did not depend much on the event
size (Figure 3). Throughfall decreased significantly with canopy density for some events

(Table 1). Throughfall in tree stem proximal areas (< 1 m from stem) was similar (on average

98.7 %) of throughfall in stem distal locations during the observed precipitation events.

Stemflow contribution to the overall water budget was small, but increasing with event size from
0.01 % for the smallest precipitation event (1 mm) up to 3 % for the largest event (35 mm;

Table 1). Another characteristic of stemflow is the funneling ratio (Rr), which expresses the
concentration of gross precipitation onto the tree’s basal area via stemflow. Funneling ratios
were > 1 for events > 3 mm and reached 32 for the largest event. Local stemflow input rates

exceeded gross precipitation regularly (more than 50 % of the time) by more than fivefold.
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Table 1: Summary of properties of observed precipitation events, ordered by size. The lower part of the table
summarizes the fluxes (totals) and properties (medians) of all events falling into the respective sizes classes: small
(Py < 3 mm), medium (3 mm < Py < 10 mm), large (Pg > 10 mm). Asterisks indicate significant correlations.

Date of P, Prr cav PTF can Psy cav Ry Ex Event
Record [mm] [mm]  Pre[] [] [mm]  Psp[-] Psel-]  [%] Size
2015-06-14 1.1 0.3 0.60 -0.36***  0.00 0.00 0 77 small
2015-05-10 1.2 0.1 1.00 -0.14 0.00 1.00 0 89 small
2015-07-21 1.6 0.6 0.33 -0.27 0.00 0.00 0 58 small
2015-06-28 1.8 0.5 0.34 -0.18 0.00 1.00 0 65 small
2015-06-20 2.1 0.4 0.64 -0.22 0.00 0.60 1 74 small
2015-05-30 2.8 1.7 0.18 -0.21 0.01 0.47 4 37 small
2015-06-18 3.3 1.7 0.28 -0.10 0.02 0.57 3 47 medium
2015-06-02 3.7 1.8 0.24 -0.41*** 0,01 0.78 2 50 medium
2015-05-13 4.1 2.7 0.17 -0.05 0.04 0.65 6 33 medium
2015-07-11 4.6 2.7 0.13 -0.13 0.04 0.44 5 40 medium
2015-07-25 5.7 3.9 0.15 -0.07 0.1 0.58 9 30 medium
2015-07-08 133 9.4 0.07 -0.23%* 0.37 0.74 15 26 large
2015-07-15  13.9 8.3 0.18 -0.15 0.36 0.78 11 63 large
2015-07-28  20.1 13.7 0.16 -0.27 0.89 0.71 23 24 large
2015-06-24  23.0 13.9 0.16 -0.24**  0.67 0.74 13 34 large
2015-07-20  35.2 29.2 0.07 -0.10 1.87 0.71 32 10 large
10.4 3.5 0.47 -0.22 0.02 0.54 0 69 small
21.4 12.7 0.17 -0.10 0.19 0.58 5 40 medium
105.5 74.5 0.16 -0.24 4.16 0.74 15 26 large

Abbreviations: P,: gross precipitation; Prr: median throughfall; CQV Prr: coefficient of quartile variation of
throughfall; p1r can: Spearman’s p for the correlation between canopy cover and throughfall; Psr: stemflow; CQV
Psr: coefficient of quartile variation of stemflow; Rr: funneling ratio of stemflow; Er: interception loss.

Levels of significance: *** : p < 0.01; ** : p < 0.05

Temporal stability of collected stemflow volumes increased substantially with event size and

patterns were extremely stable (p > 0.95) for the large event class (Figure 3).

In summary, positions receiving high or low throughfall and stemflow compared to the spatial
mean did not change considerably over time, and only for stemflow with event size. Hence,
patterns of precipitation input to the soil on the investigated forest plot were relatively stable and

may potentially have caused stable soil water content distributions.
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Below canopy event precipitation [mm)]

Figure 2: Total net precipitation (sum of throughfall and stemflow) and throughfall in relation to gross precipitation
for all measured precipitation events in 2015. Frequency distribution of the size of precipitation events is given in

the small subfigure.
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Figure 3 Autocorrelation coefficients (Spearman) of (left) throughfall and (right) stemflow separated by rain event
size (small, medium and large precipitation events). Individual measurement points between pairs of events falling
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into the event size categories were correlated as indicated in Table 1.
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2.3.3 Patterns of field capacity and soil porosity

Soil porosity decreased about 13 % from topsoil to subsoil, whereas field capacity declined only
about 4 % (Table 2). Compared to the precipitation components (throughfall: CQV = 0.29,
stemflow: CQV = 0.61), the spatial variation was relatively small for the sampled soil properties
with CQVs of 0.1 or less. Field capacity varied almost twice as much in subsoil (CQV = 0.1)
than in the topsoil (CQV = 0.06).

Interestingly, field capacity varied substantially between locations proximal and distal to tree
stems (Table 3). This difference was significant both in the topsoil and subsoil, with larger

differences observed in the subsoil (topsoil: 3 vol-%, subsoil: 8 vol-%).

Porosity had lower spatial variation overall than field capacity. Also, porosity varied less in the
subsoil (CQV = 0.04) than in the topsoil (CQV = 0.05). As total porosity was insignificantly
different between positions proximal and distal to tree stems, but field capacity was lower

proximal to stems, drainage porosity is significantly increased in stem-proximal areas.

Table 2: Soil properties measured at available soil water content sampling points (n = 182), given as median
together with the CQV (Equation (3)).

Topsoil Subsoil

Median cQv Median cQv
Orc [%] 43.5 0.06 41.7 0.10
s app [ %] 55.6 0.05 48.3 0.04
s app — Orc [%] 11.8 0.28 6.2 0.45

Abbreviations: CQV: Coefficient of quartile variation; Grc: water content at field capacity; 7 app: porosity
approximated from bulk density; 75 app — Orc: macropore volume

Table 3: Median soil properties proximal (< 1 m) and distal (> 1 m) to tree stems and their difference. Asterisks
indicate significant differences (proximal — distal).

Topsoil Subsoil

Proximal Distal Difference Proximal Distal Difference
Sample size 55 127 55 127
Orc [%] 42.5 43.7 -1.2* 39.2 42.8 -3.6**
s app [%6] 56.2 55.8 0.3 47.9 48.3 -0.4
Nsapp— Ok [%]  13.6 12.1 1.5% 8.7 5.5 3.3*%*

Abbrevations: Grc: water content at field capacity; 1 app: porosity approximated from bulk density; 75 app — Grc:
macropore volume
Levels of significance: *** : p < 0.001; ** : p<0.01; *: p < 0.05
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2.3.4 Soil water content time series

Soil water content showed a characteristic trough during the growing season from May to
September (Figure 4). Soil water content in the topsoil was generally lower than in the subsoil
and showed stronger temporal variation, whereas subsoil water content varied more in space.
During the growing season, water content did not reach a spatial median of less than 10 vol-% in
the topsoil and 15 vol-% in the subsoil. These are high values, considering the dry summer of
2015, exceeding soil water content measured in the adjacent grassland site (data not shown). This
may be partly due to the fine soil texture and could also result from tree root water uptake from
within the weathered bedrock. The peak water content after precipitation events during the
growing seasons were 25 vol-% in the topsoil and 35 vol-% in the subsoil, well below the winter
soil water content. Wintertime spatial median topsoil water content, varying between 35 vol-%
and 40 vol-%, almost reached median field capacity (43 vol-%; Figure 4), whereas subsoil
median soil water content surpassed median field capacity of 42 vol-% after infiltration events in

winter at 40 vol-% to 45 vol-%, suggesting short periods of inhibited drainage.

2.3.5 Impact of net precipitation patterns on soil water content patterns

The most direct comparison of precipitation input and soil water response is comparing soil
water content measurement points with nearby throughfall measurement points. Both sets of
measurement points were chosen using independent stratified random designs, and 10 pairs of
points happened to be located within 1 m of each other by chance. We compared measured
throughfall depth with soil moistening (expressed as water content increase pre-event to event
peak) at these paired measurement points during twelve summer rain events in June and July,
2015, where we also had measured throughfall (Figure 5). Results show that throughfall and soil
moistening were related for single precipitation events of different sizes. This is an indication

that net precipitation inputs are traceable in soil water dynamics.

To test for a direct impact of stemflow on soil water content, we compared soil water content
response to rain events in areas close to (< 1 m) and distant from (> 1 m) trees during 15 summer
rain events from June to August, 2015. For small and medium events (categorized as in Table 1)

with little stemflow, soil moistening did not differ between measurement points near and far
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Figure 4: Soil water content time series for 2015. (a) Spatial median of topsoil and subsoil water content (lines)
together with the Spearman’s p for the correlation between soil water content and field capacity obtained at
roughly 0.5 m distance from the sensors (dots). Lower panels: Median and quartiles, divided in groups proximal

(<1 m)and distal (>1 m) to tree stems (b) in the topsoil and (c) in the subsoil. Daily precipitation sums are given for
April to October. Abbreviations: 6: soil water content; Orc: soil water content at field capacity; p: Spearman’s

coefficient of rank correlation.
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Figure 5: Correlation of cumulative throughfall obtained at a given position and event with nearby soil water
content increase (between lowest soil water content before and peak water content after the event) for single
measurement points at neighboring positions (distance < 1 m) for twelve precipitation events of different sizes at
given dates in summer 2015 ordered per net precipitation size. The events are the overlap of the net precipitation
campaign events and summer soil moistening events (see methods, Section 2.2) plus one additional event at
2015-07-13, where throughfall and gross precipitation, but no stemflow, were sampled. Abbreviations: P,: gross
precipitation; p: Spearman’s coefficient of rank correlation.
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from tree stems (difference 0.1 vol-% in the topsoil, no difference in the subsoil). In contrast, for
large rain events (Pg > 10 mm) that yielded substantial stemflow, soil median water content
increase was on average somewhat higher proximal to trees compared to further away: The
difference of the group median was 0.2 vol-% in the topsoil and 0.3 vol-% in the subsoil and the
difference between the maximum value in each group was 5.8 vol-% in topsoil and 6.4 vol-% in
subsoil. This indicates that hotspots of soil water content increase were typically situated at

stemflow-influenced locations.

In the preceding analyses, we considered approximate local relationships between net
precipitation and soil water content attempting to draw a most direct link between them.
However, a synchronous measurement of precipitation input and soil water response at the same
spot is impossible. We therefore evaluated the connection between precipitation and soil water
content using statistical characterization of the large amount of high-resolution data we collected

and their spatial and temporal variation.

In order to quantify how temporal stability of soil water content was influenced by precipitation
events, we compared the similarity of spatial fields of water content at time points before and
after rain events (Figure 6). We selected the time points of minima and maxima of soil water
content (i.e., before and after a rain events) and called the two groups ‘drained states’ and ‘event
states’. Separately for each group, we then calculated the rank correlation between the spatial
fields of soil water content (temporal autocorrelation coefficient, y-axis, Figure 6) for all
occurring time lags (x-axis, Figure 6). Thus, all correlation coefficients presented in Figure 6 are
separated by at least one drying and moistening cycle. Regardless, the autocorrelation persisted
even for long time lags, indicating that spatial patterns of soil water content were very stable
over time. Interestingly, drained soil water patterns were more strongly autocorrelated than at
event states (wetted soil). Also, autocorrelation of the drained states deteriorated less with
increasing time lags, even when several drying and moistening cycles took place in the
meantime. This was the case for both topsoil (Figure 6) and subsoil (data not shown). The
persistence time of the event state, i.e., the amount of time until the soil water pattern correlates
more strongly with the one at the following drained state than with the one at the previous event

state, was < 12 h for 50 % of events, and > 3 d for only 25 % of the observed events. These
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Figure 6: Autocorrelation of topsoil water content at different time points, separated for time points at soil
moistening maxima after rainfall (event states) and time points at soil drying minima (drained states), during 15
summer soil moistening events. Given are Spearman’s correlation coefficients between spatial soil water content
fields, separated by the time lag indicated on the x-axis.

observations suggest that the soil water content pattern at event states reflected both the spatial

throughfall pattern and its temporal stability.

Figure 7 shows the relationship between the median and the coefficient of variation (m-CQV) of
the spatial soil water content distribution. The m-CQV relationship was negative, meaning that
variation increased as average soil water content decreased, and was slightly concave.
Particularly in drier topsoil, spatial variation increased strongly in response to rain events. The
blue lines in Figure 7 show three examples of soil water content variation responding to wetting
and drying due to rain events. The variation increased strongly during wetting (upward branch),
but decreased even quicker, as soon as wetting stopped and the soil drained, thus forming a
clockwise hysteresis loop. There, the high variation in net precipitation appears to add onto the
soil water pattern, almost doubling its variation, which implies the creation of spots with very
high water content. However, the disturbance of the local soil water pattern by rain events was of
very short duration. For example, the trajectory of the m-CQYV relationship (June 23-29) depicted
in Figure 7 covered a total of 6 d, with the rising leg comprising 6 h and the majority of the

falling leg lasting only 2 d. Thus, the soil water distribution fell back quickly into a pattern
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Figure 7: Observed median and coefficient of quartile variation (CQV) of spatial soil water content distribution for
the soil water measurements in Figure 4 (a). The shaded areas indicate the water content spectrum corresponding
to macro-porosity (between field capacity and porosity) for topsoil (green) and subsoil (grey).

dominated by local factors after initial drainage following rain events. Subsoil water content was

much less strongly affected by precipitation, which was expected.

2.3.6 Impact of patterns of field capacity on soil water content patterns

During wintertime, spatial soil water content correlated very well (with p ranging from 0.35 to
0.5) with corresponding field capacity obtained near the soil sensor locations (~0.5 m; Figure 4
(a)), particularly in the topsoil. This suggests that spatial variation in soil water content was
substantially influenced by soil water retention at this depth during moist conditions. In summer,
the correlation between field capacity and soil water content in the topsoil was much weaker, but
increased during each rainfall event, when soil water content moved closer to field capacity. This
may be an effect of reduced spatial differentiation in soil water retention in the wet soil range. In
contrast, subsoil water content in summer was increasingly related with field capacity when the
soil dried (for example, between mid-July and mid-August). The rapid decrease of Spearman’s p
between subsoil field capacity and soil water content fields after summer rain events in Figure 7
indicates, that precipitation events destroyed an established soil water content pattern that was

related to soil water retention.
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Soil water content in the subsoil differed systematically and significantly between proximal and
distal positions from tree stems during all drained states (Figure 4 (c)). The temporal median of
this difference was greater and less variable in the subsoil (-2.6 vol-%, CQV 0.14), compared to
the topsoil (-1.1 vol-%, CQV = 0.33). At both depths the difference was more pronounced in
winter, where a local influence of root water uptake can be excluded as potential causative
factor. Instead, the decrease of soil water content near trees corresponded closely with
significantly lower field capacity close to tree stems, in particular for the subsoil (see above).
This difference was prevalent throughout the time series and only disappeared periodically

shortly after bigger precipitation events, probably due to the influence of stemflow.

2.4 Discussion

The primary aim of this study was to detect the impact of net precipitation patterns on soil water
content patterns. Our data show only a short-lived impact of net precipitation patterns on soil
water content patterns. The direct comparison of soil water content response to throughfall
reveals only a weak relationship between the two. We can therefore state three main findings,
which will be discussed in the following: (1) soil water content patterns are primarily controlled
by the soil environment, and specifically are strongly affected by soil hydraulic properties,

(2) precipitation heterogeneity influences soil water patterns for short times after precipitation
events and (3) we find systematic patterns of soil water content and properties depending on the

distance to a tree.

2.4.1 Water retention strongly affects soil water patterns

The spatial distribution of soil water content is mainly shaped by the soil itself. Patterns are
characterized by a high temporal stability. This applies in particular to drained states. Then,
spatial soil water content returns to the same static pattern, indicating that the driver must be a
local property which is stable over time. In addition, the drained states are subject to much less
variation than event states. This becomes most obvious when tracking events in the m-CQV
diagram, which start from and return to the lower part of the graph. Accordingly, the graph can

be separated into two sections: the event-driven section, which is characterized by dynamic and
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high variance (examples represented by blue event trajectories) and the static, soil driven section
(orange trajectory and lower envelope of the point cloud), which shows the typical parabolic
curve commonly observed for the m-CQYV relationship, going from low variance in the wet range
to a maximum in intermediate wet conditions to again low variance in the dry range (Famiglietti

et al., 1999; Brocca et al., 2009; Rosenbaum et al., 2012).

The wet range of the m-CQV curve is formed in winter. Here, soil water content correlates well
with soil water retention properties (e.g. field capacity). The low variance in the wet range can
thus be explained by the low variation in field capacity. Hence, gravity-driven flow drains the

soil quickly after wetting events, and soil water potentials can be expected to be almost balanced.

In the intermediate wet range, the parabolic, soil-driven part of the m-CQV relationship reaches a
maximum. A substantial part of this is formed during an extended drying period in spring
(orange trajectory with lowest variation), demonstrating that evapotranspiration does not increase
soil water content variation at our site much. This might be due to equilibrating soil water
potentials by adaptive root water uptake or redistribution fluxes in the soil matrix, and suggests
that the remaining variance is due to a continued effect of soil water retention. This idea is also
supported by theoretical work, showing that a maximum of the m-CQV curve in the intermediate
wet range can be explained by the wider spectrum of soil water retention functions in that

moisture range alone (Vereecken et al., 2007).

Field capacity (soil water content retained at -60 hPa) explains a substantial proportion of the
spatial pattern of soil water content in our forest plot. The correlation is consistently significant
over the soil water content time series, even in drier soil. However, the correlation is not strong,
which is expected, given that the soil property samples were only collected once and do not
originate from the exact same spot as the soil water content measurements. Soil structure can
vary substantially at a small spatial scale as well as over time because of its connection with
biological activity. Thus, data from sampling in 2014 might become less representative over the

course of the year 2015.

It is noteworthy that soil porosity is less variable than field capacity at both depths, a pattern that
is most evident when comparing locations proximal and distal to tree stems. This implies that

differences in field capacity on our plot have strong impacts on soil hydraulic properties and
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reflect shifts in pore size distribution in a pore size range that is typically affected by biological
processes. Studies investigating soil water distribution frequently comprise soil texture, and
rarely soil hydraulic parameters, yet those that do find a clear dominance of these properties
among the factors explaining soil water content patterns, which is in agreement with our results.
For example, Choi et al. (2007) explained 50 % of large scale soil water content variance in their
first principal component by soil porosity, wilting point and field capacity, while they also tested
soil texture and study extent. Martinez Garcia et al. (2014) tested soil water retention parameters,
different climates, soil textures and vegetation and found that variation in soil water content was
strongly controlled by the shape parameter of the van Genuchten-Mualem model (Van
Genuchten, 1980), as also reported by Vereecken et al. (2007) and Qu et al. (2015). Other studies
have found relationships between saturated soil hydraulic conductivity and porosity (Lawrence
and Hornberger, 2007; Martinez et al., 2013), both of which relate to macroporosity and drainage
dynamics. A lot of studies were unable to clearly attribute a particular factor as the main driver
of soil water content patterns using the data they had available, but indicated that soil hydraulic
properties or water retention might play an important role (Schume et al., 2003; Teuling et al.,
2005; Keim et al., 2006; Famiglietti et al., 2008; Baroni et al., 2013; Bertoldi et al., 2014; Brocca
etal., 2014).

Our results suggest, that soil water retention, especially in the dynamic wet range shaped by soil
structure, plays a key role in controlling soil water content variability, even in the presence of
substantial heterogeneity of precipitation input, and support with data previous propositions by
Keim et al. (2006) and Zucco et al. (2014). Processes balancing soil water within the soil are
probably strong and proceed rapidly. Thus, even though lateral processes play a role, near-
saturation flow is probable to have a vertical dominance. This likely also affects the fate of input

fluxes below ground.

2.4.2 Net precipitation effect on soil water content is short-lived

Our data show only a short-lived impact of net precipitation patterns on soil water content
patterns. This is supported by the high temporal stability of soil water patterns after drying
periods (drained states) even after long time lags, as well as a sharp increase of variation in soil

water content in response to rainfall (event states). It implies that spatial variability in net
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precipitation is added to the temporally stable, locally-governed soil water content pattern for a
limited time of hours to days following rainfall. Accordingly, the relationship between median
soil water content and coefficient of quartile variation (m-CQV) at our site has a strong dynamic
component characterized by high variance in the dry to intermediate summer state produced by
precipitation events. This dynamic range is subject to clockwise hysteresis, demonstrating the
effect of heterogenous infiltration as observed by Rosenbaum et al. (2012).On the moistening
branch, spatial variability rises quickly with the introduction of spatially variable net
precipitation patterns. The drying branch is formed by processes which equalize soil water
potentials such as drainage, transpiration and lateral soil water redistribution. Those equalizing
processes reduce variations in soil water content during the drying process and move the m-CQV

relationship back towards the soil dominated static pattern described above (Fatichi et al., 2015).

Our findings are in contrast to the frequent proposition that throughfall and stemflow drive soil
water content distribution (Pressland, 1976; Schume et al., 2003; Keim et al., 2006;
Zimmermann et al., 2009; Zehe et al., 2010; Bachmair et al., 2012; Guswa, 2012), which was
however limited by available experimental data. The short-lived nature of the net precipitation-
induced soil water content pattern might be one reason that studies to date had difficulties linking

the two processes in field settings (Pressland, 1976; Raat et al., 2002; Liang et al., 2007).

Our observations are however consistent with modelling studies. Coenders-Gerrits et al. (2013)
came to a very similar result by modeling soil water content of a hillslope with heterogeneous
throughfall input in a three-dimensional model based on the Richards’ flow equation:
Throughfall patterns had a very short-time impact on modelled soil water content patterns,
whereas most of the time, bedrock topography was the driving factor, which they anticipated
might also act as a substitute for heterogeneous soil properties. Bouten et al. (1992) used a quasi-
three-dimensional model also with the Richards equation, and concluded that soil physical
properties rather than throughfall variation was the main driver of modelled soil water content
patterns. Notably, both models also found that despite the short-lived influence of throughfall on
soil water patterns, heterogeneous net precipitation still had a strong impact on soil water fluxes,
especially at infiltration ‘hotspots’. Generally, hotspots of infiltration have the potential to trigger
preferential vertical and non-equilibrium macropore flow (Schume et al., 2003; Bachmair et al.,

2012), which would not result in a proportional increase of soil water content in the matrix. A
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quick response of the macropore system (wet or dry) and enhanced macropore flow have been
reported in particular from sites with fine-textured soils, such as ours, which are often strongly
aggregated (Schume et al., 2003; Jost et al., 2012; Jarvis et al., 2013). This is in line with earlier
research emphasizing the role of spatial net precipitation patterns for subsurface stormflow and
hydraulic system response dynamics (Keim et al., 2006; Blume et al., 2009; Guswa and Spence,

2011).

Our observation period is limited to one year and the memory effect in soil water was strong
over extended lag periods, compared to other studies (Vanderlinden et al., 2012). Further longer
lasting effects of net precipitation and soil structure may be revealed in a multi-annual field

study.

2.4.3 Less soil water around tree stems due to systematic changes in soil

structure

A remarkable implication of the strong influence of soil properties on soil water content at this
site is the non-intuitive distribution of soil water observed around tree stems. Soil water content
was reduced around tree stems, especially in the subsoil. Former studies had reported increased
water content in stem-proximal soil areas (Pressland, 1976; Chang and Matzner, 2000;
Bialkowski and Buttle, 2015) or anticipated it (Gersper and Holowaychuk, 1970; Navar, 2011).
Some studies did observe drier soils next to trees, but did not further discuss this fact (Rutter,
1964; Buttle et al., 2014). We can exclude transpiration and net precipitation input as explanation
for this effect for three reasons: (1) the significant difference in soil water content between
positions proximal and distal to tree stems is also present throughout the winter season, when
transpiration is negligible; (2) throughfall is almost equal between positions proximal and distal
from stems and stemflow acts as additional water source, thus water inputs are similar or higher
close to stems compared to further away; and (3) the difference in soil water content between
stem-proximal and distal areas is significant in the subsoil, where water input patterns are less
pronounced. Instead, the lower field capacity near stems suggests enhanced drainage in stem

proximal regions, leading to lower soil water content.
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Beech trees at our site seem to directly or indirectly intervene with pedogenic processes and
significantly decrease field capacity around stems. There has been little notice so far of soil pore
structure showing spatial organization around single trees. We are aware of only one study
(Rashid et al., 2015) that derived soil hydraulic properties from tension disk infiltrometers at a
limited number of stem proximal (n = 3) and distal (n = 4) locations. In agreement with the
observations presented here, they found lower soil water content, higher macro-porosity, and

enhanced saturated hydraulic conductivity in stem proximal compared to stem distal locations.

Shallow-rooting trees are known to compact soil underneath them (Augusto et al., 2002; Eviner
and Chapin, 2003), which has been observed in spruce stands. As the shallow soils at our site
reduce rooting depth, even for typically deeper rooting species like beech, soil compaction could
be potential explanation for lower field capacity near stems. However, because total porosity was
not reduced in tree proximal areas, soil compaction is likely not the main cause for the observed

shift in the pore spectrum.

Single tree effects on chemical soil properties have frequently been reported. Both chemical soil
properties and biota vary spatially at the individual tree scale, as well among tree species
(Boettcher and Kalisz, 1990; Aponte et al., 2013) as depending on the distance to the tree stem
(Zinke, 1962; Lodhi, 1977; Falkengren-Grerup, 1989; Koch and Matzner, 1993; Rosier et al.,
2016). Decreasing pH closer to tree stems was repeatedly associated with acid stemflow input,
especially around beech trees (Koch and Matzner, 1993). Preferential flow and low pH in soil
solution have been shown to increase pedogenic processes by enhancing transport of solutes
(Bogner et al., 2012). A more progressed decalcification due to lower pH in seepage and thus a
deeper chemical weathering close to the tree stems could potentially affect the soil structure near
stems. Recently, soil water repellency of particle coatings has been associated with soil pH in
stemflow affected areas in a beech stand (Krueger et al., 2016). This, besides root water uptake,
may have contributed to the observed drier soils in stem proximal areas during dry conditions in
summer, but does not explain the same pattern in winter. Soil pH is a also a major driver of soil
microbial activity and community composition (Lauber et al., 2009). Shifts in soil microbial
communities and soil organic carbon with tree proximity have been observed (Nacke et al.,
2016) and equivalent changes in soil functions may be expected. Also, enhanced abundance of

root associated biopores, potentially sustained by repeated macro-pore flow during stemflow
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(Schwirzel et al., 2012), may facilitate the transfer of oxygen into deep soils which may

positively affect subsoil microbial activity.

At the ecosystem scale, tree species effects on soil physical properties and hydrological
dynamics have repeatedly been studied (Augusto et al., 2002; Schume et al., 2003; Jost et al.,
2012). Eviner and Chapin (2003) described the impact of different tree species on soil structure
and water retention due to rooting behavior, organic matter and associated soil biota. Thompson
et al. (2010) showed that infiltration capacity was positively related to aboveground biomass in
semi-arid sites, but less so in water-limited environments. However, effects of plant productivity
gradients caused by species diversity on infiltration capacity have also been found in temperate

grasslands (Fischer et al., 2015; Gould et al., 2016).

In general, existing research does not allow us to draw firm conclusions about the reasons for our
observed soil water and soil structure patterns near tree stems. More work on understanding the
local drivers of tree stems on soil physical properties is merited in order to understand effects on
soil patterns and potential effects on seepage fluxes. Stemflow infiltration has been observed to
have a tendency to quick, vertical flow (Durocher, 1990; Spencer and van Meerveld, 2016).
Potentially, the enhanced abundance of macropores resulting from the reduced field capacity
close to tree stems found at this site may affect the ability of the soil to channel stemflow fluxes
to greater depth (Taniguchi et al., 1996; Navar, 2011; Schwirzel et al., 2012; Coenders-Gerrits et
al., 2013).

2.5 Conclusion

We presented a data set of highly-resolved forest stand precipitation, soil water content, and soil
property data from a 1 ha mixed beech forest plot. Our results strongly suggest that, contrary to
common assumptions, soil hydraulic properties (here by proxy of field capacity) are the
dominant driver for spatial patterns of soil water content at the plot scale. Summer precipitation
events only temporarily introduce additional variation to the very stable soil water content
pattern. This supports earlier modelling work with data, but disagrees with a frequently raised
hypothesis on the effect of net precipitation on soil water content raised in the forest hydrology

literature. However, although soil water patterns are not strongly affected, vertical fluxes are
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expected to respond to net precipitation patterns and more experimental work is warranted to

confirm the connection between net precipitation patterns and seepage.

Field capacity was a strong driver of spatial variation of soil water content, and together with
overall similarity in total porosity, this indicates a shift of the water retention curve within the
wet range. Our field data support earlier modelling studies proposing a strong influence of soil
water retention characteristics on soil water content variability. At the same time, our data
indicate that distribution of soil structure (i.e., pore size range affected by biologic processes)
plays a crucial role in shaping soil water content distribution at our site. Therefore, quantitative
assessment of spatial fields of soil structural properties, including spatial autocorrelation, will

greatly improve interpretation of soil water patterns in the future.

The importance of soil structure becomes particularly obvious when comparing the significantly
drier stemflow-influenced areas around tree stems with wetter stem distal areas, a pattern that is
due to decreased field capacity and an increased fraction of air-filled pores at field capacity. The
effect of the distance from tree stems on the spatial organization of soil hydraulic properties is an
aspect unaccounted for so far. The local combination of high soil macroporosity and high
precipitation input near tree stems may have substantial effects on subsurface storm flow and
ground water recharge. A systematic spatial organization of these properties, as observed in the
stemflow-impacted areas around tree stems, is a phenomenon which has received little notice so
far. Whether this setting can be observed at other sites and for longer time spans, and how it

affects water and nutrient flow and biological activity, are questions worthy of further attention.
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3 Neighborhood and stand structure affect stemflow
generation in a heterogeneous deciduous temperate

forest

3.1 Introduction

In forests, precipitation is intercepted by the canopy and reaches the soil partitioned into
throughfall and stemflow. The different pathways of precipitation through the forest canopy
create a strongly heterogeneous pattern of water input to the soil, with consequences for soil
hydrobiochemistry (Levia and Frost, 2003; Zimmermann et al., 2007). These pathways
compartmentalize the forest floor into cold and hotspots of infiltration, with a strong subsequent
impact on subsurface flow and biogeochemical processes (Liang et al., 2007; Guswa and Spence,
2011; Coenders-Gerrits et al., 2013). Thus, an understanding of forest canopy precipitation
partitioning processes is highly important for our conceptual understanding of forest

ecohydrology systems.

Although stemflow constitutes a minor fraction of net precipitation, research shows that
stemflow is important for a site's hydrological functioning (Pressland, 1976; Durocher, 1990;
Levia and Frost, 2003; Hildebrandt et al., 2007; Staelens et al., 2008; Levia and Germer, 2015;
Carlyle-Moses et al., 2018). Stemflow introduces a strong additional heterogeneity to subcanopy
precipitation. Stems potentially act as funnels and can make trees prominent hotspots of canopy
drainage. Concentrated water inputs to the soil can trigger macropore flow (Fliihler and Roth,
2004), bypassing the soil and thresholding subsurface storm-flow processes that contribute to
deep percolation (Taniguchi et al., 1996; Liang et al., 2007). This effect has been called double
funneling of trees (Martinez-Meza and Whitford, 1996; Johnson and Lehmann, 2006; Li et al.,
2009; Liang et al., 2011; Schwirzel et al., 2012; Spencer and van Meerveld, 2016) and renders
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trees important players in the hydrological functioning of forests, on top of their role with respect

to soil water depletion.

Correctly depicting variance of stemflow and understanding its mechanisms can be of utter
importance, because according to the hotspots and hot moments hypotheses (McClain et al.,
2003), maximum fluxes have the strongest impact on the system (rather than site averages).
However, few studies have provided measures of stemflow spatial (i.e., tree-to-tree) variation
(Hanchi and Rapp, 1997; Zimmermann et al., 2015). Most stemflow studies focus on a few trees
to exemplify a site's possible stemflow processes. This is probably because elaborate sampling is
required to capture stemflow variance: a random and representative sample is needed,
encompassing a high coverage and extent within the study stand. The limited data that are
available show that stemflow variation is substantial, and higher for stemflow than for
throughfall (Van Stan et al., 2020). Thus, stemflow contributes importantly and even primarily to
net precipitation heterogeneity and flux hot and cold spots and moments. At the same time, some
research suggests that tree-to-tree stemflow variation is stable in time (Chapter 2), meaning that
during different precipitation events, the same trees produce relatively high or relatively low
stemflow. Although few studies have explicitly investigated this temporal stability in stemflow, a
great deal of research has been conducted to link tree traits to stemflow yield to understand
spatial (i.e., tree-to-tree) variability, and thus inherently implied temporally stabile drivers. Most
prominently, tree diameter (or circumference, basal area, crown projection area) has been
identified as a factor shaping tree-specific stemflow within an event (Reynolds and Henderson,
1967; Aboal et al., 1999; André et al., 2008; Kramer and Holscher, 2009; Takahashi et al., 2011).
However, stemflow yield still shows a great deal of between-tree variation after accounting for
tree size (Reynolds and Henderson, 1967; Takahashi et al., 2011; McKee and Carlyle-Moses,
2017), as trees' traits related to morphology and crown architecture additionally affect individual
tree stemflow. For example, factors such as many and steeply inclined branches (Herwitz, 1987;
Navar, 1993; Martinez-Meza and Whitford, 1996; Iida et al., 2005b; Levia et al., 2015),
smoother bark (Aboal et al., 1999; Iida et al., 2005b; Van Stan and Levia, 2010; Van Stan et al.,
2016), leaf hydrophobicity (Iida et al., 2005b), low LAI/few leaves (Takahashi et al., 2011;
Molina and del Campo, 2012; Levia et al., 2015) and more woody surface (Levia and Germer,

2015; Levia et al., 2015) have been found to enhance stemflow production.
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So far, most of the investigations have targeted species-specific variables. However, some
canopy traits are also affected by stand structure: trees have been shown to strongly adapt their
growth to the space occupation of neighboring trees (Schréter et al., 2012; Juchheim et al.,
2017). Different competition strategies and typical phenotypes of different species complement
each other in mixed forest, allowing for more efficient niche and space occupation (Frech et al.,
2003; Juchheim et al., 2017). Thus, neighborhood characteristics such as species composition,
diversity or size heterogeneity could also impact tree traits related to stemflow. Stand and
neighborhood properties might directly and indirectly influence stemflow formation of the
individual tree. This pattern could also persist on a larger scale, forming forest patches of

structure-induced enhanced and reduced stemflow.

Nevertheless, neighborhood effects have hardly been considered for stemflow analyses. Some
studies have included canopy position (Reynolds and Henderson, 1967; Aboal et al., 1999; Terra
et al., 2018) or neighboring tree proximity (McKee and Carlyle-Moses, 2017) in tree stemflow
models, whereas Krimer and Holscher (2009) tested species composition effects on area average
stemflow. Other studies have discussed a shading effect in the lower canopy (André et al., 2008;
Takahashi et al., 2011) as a possible explanation for their stemflow results. However, a
systematic study explicitly focusing on neighborhood effects on stemflow in a quantitative

approach is currently missing.

In this contribution, we tackle spatio-temporal patterns of stemflow in conjunction with spatially
distributed tree and neighborhood variables using a spatially stratified design. Additionally, by
assessing stemflow area based on 11 small (100 m?) subplots, we obtain a first assessment of

effects impacting areal integrated stemflow patterns at the subplot scale.

Based on the above design, we assess the temporal stability of spatial stemflow patterns and test
the impacts of stand structure and neighborhood parameters (additional to tree size) on individual

stemflow yield as well as whether these factors even out for stemflow variation at a larger scale.
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3.2 Methods

3.2.1 Site description and sampling design

The measurement site is situated in a gently sloping forested area in the Hainich low mountain
range in central Germany. It is a site of the Hainich Critical Zone Exploratory within the
Collaborative Research Center AquaDiva (Kiisel et al., 2016). Annual rainfall ranges between
600 and 900 mm. The mixed beech forest is part of a national park and is unmanaged, with a
high age and species heterogeneity. Within a 1 ha sampling plot, 11 respective subplots of

10 m x 10 m were chosen in a regular pattern and stemflow was measured on all trees within the
subplots (Figure 8). A total of 65 trees were such selected with the following species
composition: 80 % were beech trees (Fagus sylvatica), 12 % were sycamore maple (Acer

pseudoplatanus), and Acer platanoides, Fraxinus excelsior, Carpinus betulus and Ulmus glabra

Stemflow
sampling areas

Tree species

O Acer platanoides
@ Acer pseudoplatanus
@ Fraxinus excelsior
® Fagus sylvatica

O Carpinus betulus
Q© Tilia platyphyllos
@® Ulmus glabra

O NA

Tree DBH [m]

°o 0.00-0.10

o 0.10-0.25

0 0.25-0.50

O 0.50-0.88

N
10m
A —

Figure 8: Position of the 11 subplots (grey shaded areas, 10 m x 10 m) in which stemflow was sampled within the
forest plot.
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also occurred. The diameter at breast height (DBH) showed a negative exponential distribution,
with 54 % of the trees having a DBH that was less than 0.1 m and a maximum DBH of 0.81 m.
Tree metrics within the subplots were representative of the larger-scale stand (see the Appendix,

Section 3.6).

3.2.2 Field sampling

3.2.2.1 Measurement of stand properties

Trees within the plot and a 10 m buffer zone around the plot were surveyed and given and
identification number (ID). The position of each tree was determined using a total station
(Topcon, Tokyo, Japan) combined with a differential GPS (Topcon, Tokyo, Japan). Tree height
was measured using an ultrasonic sensor (Haglof Vertex, Haglof, Jarfalla, Sweden), and tree
circumference at breast height was measured with a measuring tape in 2014. The trees' DBH and
basal area values were calculated from their circumference at breast height, assuming a circular
tree trunk. The leaf area index was measured in summer 2015 using a LAI-2000 (LI-COR,
Lincoln, Nebraska USA).

3.2.2.2 Neighborhood of individual trees

From the stand properties we derived metrics describing the neighborhood of the 65 individual
trees. “Neighborhood” was defined as the area around the tree with a radius of the mean tree

distance on the plot:

Aplot

r=2 trees plot , (4)
T

where 7 is the mean tree distance (which equals 4.7 m on our plot), 4piot is the plot area and
nirees plot 18 the total number of trees on the plot. Within this radius, we counted the number of
trees in the neighborhood, their cumulative basal area, and the neighborhood’s relative height

(/nre1), as follows:

h
hn rel — tree max , (5)

htree j
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where /tree max 18 the height of the highest tree in the neighborhood, and /e, is the height of
reference tree j. Note that relative height, as a neighborhood property, increases for taller

neighborhoods.
3.2.2.3 Subplot characteristics

We calculated heterogeneity measures for each stemflow subplot. We used the Simpson index of
biodiversity D (Simpson, 1949), as it is suitable for small sample sizes, —log D transformed, as
recommended by Buckland et al. (2005):

D=3 (%) ©)

where 7; is the number of individuals of species i per unit area.

Additionally, we derived a size heterogeneity index H, which was calculated according to

Kramer and Holscher (2009) as

q0.75,s490.25,s

H = q0.5,5 (7)

§ 3

with

S = hreeliree » (8)
Here g.,s is the x™ quantile of s, and e and diree are the height and DBH of a tree respectively.
3.2.2.4 Gross precipitation and stemflow measurement

Gross precipitation and stemflow were measured as described in (Chapter 2). For gross
precipitation, five funnel-type collectors were used, which were placed ca. 250 m from the forest
plot on an adjacent grassland, ca. 50 m from the forest edge. Precipitation (in mm) was derived
by referring the precipitation volume in the collectors to the area covered by the funnel and

taking the median of the five parallel measurements.

Stemflow was collected on all trees within the 11 designated subplots (see above) into containers
by way of collars made from lay-flat hose wrapped around the trees and sealed with silicone.

Precipitation was sampled on an event basis from May to August in the years 2014, 2015 and
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2016, recording all occurring events. Sampling started ca. 2 h after the event ended.
Measurements lasted several hours. If measurements were interrupted by new rainfall, events
were treated cumulatively. Over the entire period a total 39 events were recorded. Events during
which overflow of containers could have occurred for at least one stemflow measurement were
excluded from the data analysis. For the statistical model analysis (see below), we also excluded
very small events (< 0.5 L median stemflow per tree), leaving 26 of the 39 sampled precipitation
events. Subplot stemflow was calculated as the sum of stemflow collected from all trees on that

subplot.

The stemflow funneling ratios were calculated from the individual stemflow volumes as follows

(Herwitz, 1986):

RF=< Vs ) )

Pg “Atree

where Rr is the funneling ratio, Vsr is the stemflow volume, Py is the gross precipitation and Atree
is a tree's basal area (at breast height). It shows, the degree to which a tree concentrates the

rainfall to a point water input to the soil.

Normalized tree/subplot stemflow Vsg ,was calculated from the individual tree stemflow volume
(Vsg j¢) for event e, and the event’s median stemflow volume (Vsg ), according to Vachaud et al.

(1985):

Vspn = (M) (10)

Vske

3.2.3 Statistical analysis

3.2.3.1 Descriptive statistics of stemflow patterns

To examine temporal stability of stemflow patterns, we correlated individual/subplot stemflow
yields pairwise for all events falling into an event size class, thereby obtaining a set of
correlation coefficients for each event size class. In order to account for non-normal distribution

of stemflow, we used Spearman rank correlations. Thus, sets of high (or low) correlation
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coefficients signify that the same (or different) trees/subplots produce above and below average

stemflow yields during each event, demonstrating high (or low) temporal stability.
3.2.3.2 Linear mixed effects models

In order to determine the effect of potential driving factors for stemflow yield, linear mixed
effects models (LMMs) were used. LMMs are multivariate linear regression models that allow
the user to control for repeated sampling. Quantified factors, the impact of which is to be tested
in the model, are called fixed effects. Qualitative information of repeated sampling, referring to
individuals, time points or treatments, are called random effects. Random effects can explain
parts of the residual of the fixed effects model by calculating different intercepts for different
category levels. In a random slope model, random effect category levels can also change the
slopes of the linear regression of certain fixed effects (so-called interactions). In this way,
repeated sampling cannot bias the fixed effects models. R software (R Core Team, 2016) was
used for all data processing and analysis. Linear mixed effects models were developed using the
Ime4 (Bates et al., 2015) and ImerTest (Kuznetsova et al., 2016) packages, pseudo-R* values
were calculated using the MuMIn package (Barton, 2018).

We developed models at two spatial scales: (1) individual tree scale and (2) aggregated subplot
scale, in both cases assessing how precipitation, tree size and neighborhood affect stemflow. For
(1) we fitted Pg, tree DBH, tree height, neighborhood number of trees, neighborhood basal area
and neighborhood relative height as fixed effects and precipitation event ID, event year, tree ID,
tree species and subplot ID as random effects. For (2) we fitted Pg, as well as the number of
trees, number of species, the Simpson diversity index, stand basal area, maximum DBH, size
heterogeneity and LAI on the subplot as fixed effects and precipitation event ID, event year and
subplot ID as random effects. Table 4 and Table 5 summarize the fixed and random effects of
both models. We grouped measured precipitation events into size classes (small: <3 mm,
medium: 3—10 mm and large: > 10 mm) similarly to Chapter 2. Because of the exclusion of
events with a median stemflow less than 0.5 L, fewer events representative of the small and
medium size class remained in our data set; therefore, we expanded the range for the small

events class to 5 mm, yielding 5 small, 7 medium and 16 large events. Thus, at each scale
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(individual tree and subplot scales), four linear effects models were developed, three for the

individual event size classes and one including all events.
3.2.3.3 Data selection and transformation for linear mixed effects models

All data were checked for a normal distribution and were log-transformed if necessary (stemflow
volumes and tree DBH). To be able to account for zero stemflow values, one was added to the
stemflow data before transformation. All data were standardized automatically using the “scale”
function in R. This normalization allows for the assessment of the single effects' impacts by
comparing the slopes (fixed effects) and intercepts (random effects) fitted for each factor. All

tested metrics are listed in Table 4 (fixed effects) and Table 5 (random effects).
3.2.3.4 Model development

The model development involved the improvement of the mixed effects model by optimizing or
excluding effects until only significant effects remained and the model had a low error. This was
done successively by repeated comparison of two models which differed in one aspect only; the

model that was significantly better in terms of the AIC (Akaike information criterion) was

chosen. The model development was conducted here in two main steps (Figure 9). Step (1) was

Table 4: Distributed parameters of tree, neighborhood and subplot properties used as fixed effects in the linear
mixed effects models of the named scale.

Fixed effect parameter Used onscale  Median IQR Maximum  Minimum
DBH [m] tree 0.11 0.22 0.81 0.05
Tree (n = 65) ]
height [m] tree 16.0 13.4 36.2 45
# trees tree 4 6 16 0
Neighborhood 2
(n = 65,70 m?) basal area [m?] tree 0.17 0.37 0.64 0.00
relative height tree 1.55 1.64 6.84 0.00
# trees subplot 5 2 21 2
# species subplot 1 1 5 1
Simpson's index subplot 0.00 0.47 0.82 0.00
Subplot )
(n=11 basal area [m?] subplot 0.28 0.41 0.83 0.02
100 m?) maximum DBH [m] subplot 0.55 0.26 0.81 0.10
size heterogeneity subplot 1.37 0.79 16.84 0.56
index
LAI subplot 3.93 0.66 4.95 3.40

Abbreviations: DBH: diameter at breast height; #: number of; LAI: leaf area index
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Table 5: Type, number and range of values of categorical variables used as random effects in the linear mixed
effects models on the named scale.

Random effect parameter Used on scale Number of levels Levels
Event ID tree & subplot 26 Event identification number (1-26)
Year tree & subplot 3 2014, 2015, 2016
Tree ID tree 65 Tree identification number (1-65)
Species tree 5 Acer platanoides,
Acer pseudoplatanus,

Carpinus betulus,
Fagus sylvatica,
Fraxinus excelsior,
Ulmus glabra

Subplot ID subplot 11 Subplot identification number (1-11)

Abbreviations: ID: identification number

the development of the random effects model: starting with a complete model including all
possible fixed and random effects, the significance of random effects was tested separately for
each effect. Here, selection started with the effect with the highest standard deviation, testing all
possible interactions, the simple effect (no interaction) and the exclusion of the effect. Only
significant random effects were retained. Step (2) was the development of the fixed effects
model from the established random effects model. Here, selection started with the effect with the
lowest slope estimate, testing whether the model improved significantly with inclusion of the

effect. Only significant fixed effects were retained.

3.3 Results

3.3.1 Event and stemflow characteristics

We recorded 38 precipitation events with a total Py (gross precipitation) of 626 mm (Table 6).
Roughly half of the events fell into the “large” class (Pg> 10 mm). Overall, only a small fraction
of rainfall (1.8 %) was converted to stemflow, but the contribution changed with event size
(Figure 10). Small and medium events (50 % of the events) only contributed 4 % of total
stemflow in our study area. Most of the stemflow (96 %) was derived from events classified as

“large”. Moreover, 80 % of the stemflow was generated in the largest 30 % of events, and 30 %
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Start with complete model:
all fixed effects + all random effects
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all fixed effects + optimized random effects

Random effects l
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Optimize random effects one by one
starting with the effect with the highest impact
(standard deviation)

Vary one random effect  within the complete model:
1. Model w/for
2. w/ rasrandom intercept
3. w/ rasrandom slope, testing possible interaction with
each fixed effect

l [ "

Select significant fixed effects one by one
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Figure 9: Workflow of the linear mixed effects models’ development steps, consisting of (left) first the optimization
of the random effects and (right) second the selection of significant fixed effects.

of the total measured stemflow was generated in one single large precipitation event of 65 mm

(30 May 2014).

Event funneling ratios increased with event size (Figure 11, left) from a median of 1 for small
events to a median of 7 for medium events and 14 for large events. Maximum values range from
60 for events with a rainfall of less than 30 mm to over 200 for the largest recorded event with a
rainfall of 65 mm. As funneling ratios increase with event rainfall, local input near stems
increases relative to gross precipitation with event size. Thus, large events not only contribute
most to total stemflow, but additionally enhance the funneling effect. Non-beech trees on our

plot are as productive on average as the beech trees (Figure 11, right).

The coefficient of quartile variation (CQV) for all events averaged out at 0.65, for large events it
increased to 0.7. Between subplots, variation for all events as well as for large events amounted

to 0.55 (Figure 12, left).

Spatial patterns of stemflow were temporally stable (Figure 12, right; Figure 13; Figure 14). This

is especially true for large rainfall events (Figure 12, right). The median correlation coefficient
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Table 6: Overview of collected stemflow precipitation events. Measured stemflow depth refers to cumulative
stemflow of one event of all trees that could be evaluated. Events that were excluded from the linear mixed effects
modelling are labelled and the reason for the exclusion given (see Methods section for more detail). Gap filled
stemflow is only available for events included in the modelling analysis. The overall gap rate was 6.2 %, missing a
mean of 5.2 % of the calculated total stemflow.

Event properties Stemflow depth
Measured Gap-filled
ID Date [n}:rgn] Size class Excluded for [ﬂsr:‘] PS[FO/{]Pg [f;sr;] PS[FO/{]Pg

21 6/14/2015 1.1 small median too low <0.01 0.01 - -

17 5/10/2015 1.15 small - <0.01 0.03 >0.01 0.03

31 7/21/2015 1.57 small - <0.01 0.14 >0.01 0.14

25 6/28/2015 1.79 small median too low <0.01 0.08 - -

23 6/20/2015  2.05 small median too low <0.01 0.08 - -

9 6/5/2014 2.35 small median too low <0.01 0.20 - -

19 5/30/2015 2.76 small median too low 0.01 0.40 - -

22 6/18/2015 3.31 medium median too low 0.01 0.44 - -

5 5/19/2014 3.66 medium median too low 0.05 1.24 - -

20 6/2/2015 3.71 medium - 0.01 0.19 0.01 0.19

18 5/13/2015 4.09 medium - 0.04 0.89 0.04 0.94

27 7/11/2015  4.58 medium median too low 0.04 0.77 - -

16 7/26/2014 4.69 medium - 0.04 0.84 0.04 0.86

39 6/28/2016 5.27 medium - 0.01 0.10 0.01 0.11

32 7/25/2015 5.66 medium - 0.09 1.57 0.09 1.67

13 7/11/2014 6.31 medium - 0.17 2.74 0.18 2.92

1 5/4/2014 8.24 medium - 0.06 0.79 0.11 1.29

11 7/2/2014 10.3 large - 0.04 0.42 0.05 0.46

10 6/11/2014 10.5 large - 0.27 2.56 0.29 2.72

6_7 5/26/2014 11 large - 0.23 2.09 0.23 2.13

26 7/8/2015 13.32 large - 0.37 2.75 0.39 2.93

38 6/21/2016 13.68 large - 0.13 0.94 0.13 0.94

28 29 7/15/2015 13.87 large - 0.36 2.60 0.36 2.62

36 6/16/2016 16.92 large - 0.17 1.01 0.19 1.10

43 8/2/2016 19.63 large - 0.24 1.24 0.25 1.26

40 7/4/2016 19.79 large - 0.17 0.88 0.17 0.88

33 7/28/2015 20.12 large - 0.84 4.17 0.90 4.48

34 5/25/2016  20.8 large median too low 0.49 2.36 - -

24 6/24/2015  23.01 large median too low 0.66 2.86 - -

37 6/16/2016 23.15 large - 0.31 1.33 0.31 1.33

41 7/14/2016 24.12 large - 0.67 2.77 0.67 2.77

35 5/31/2016 25.02 large - 0.66 2.64 0.70 2.79

42 7/25/2016  33.51 large median too low 0.98 2.94 - -

30 7/20/2015 35.19 large overflow 1.79 5.07 - -

15 7/23/2014 35.81 large - 1.15 3.20 1.29 3.60

14 7/14/2014 42.24 large overflow 0.91 2.15 - -

8 5/30/2014 64.99 large - 3.53 5.43 3.58 5.51

12 7/10/2014 86.8 large overflow 3.69 4.25 - -

Abbreviations: P,: gross precipitation; Psr: stemflow net precipitation
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Stemflow yield [L]

Figure 10: Ranked cumulated subplot stemflow (bars) per event for each event size class (top: small, <5 mm,
middle: medium, 3-10 mm, bottom: large, > 10 mm) and the contributions of individual trees (alternating light and

dark blue sections of each bar).
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between stemflow in events of the large event class is 0.9 and is significantly (p << 0.001) higher
than in small or medium events both on the tree and the subplot scale. This indicates that
systematic drivers of stemflow are active for large events at both scales. Additionally, higher

stemflow ranks did not always correspond to higher DBH ranks (Figure 13, Figure 14).
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Figure 11: Event funneling ratios of individual trees (n = 65), (left) in relation to event gross precipitation, (right) in
relation to tree species. Grey shaded boxplots contain the data of less than three tree individuals.

1.0 & — 8 1.0 1 — -
- ¥ Tree individual (n = 65) "~ L
S o Subplot sum (n = 11) £ og =T T
Z 08 % ¥ * 55 5 R !
o * * E= Q ! !
* o o
L3} m] = = 08 g :
2 05 X #g g T 5 - = -
S I:I:|'|:| ot ol s 3 — b ~ I °
g o Uo o z 204 ; !
S 04 - %* o q5> 8 : i
> = z 0.2 -
3 * ok - -
T 024 * Kk " 8 oo :
O L 00 4
O %E ﬁ% o o o ez '
0.0 L o o2 o Trees Subplots
T T T T T T T : T T J J T g
O 10 20 30 40 50 60 PR AN S RIS
Gross precipitation [mm] Event size category

Figure 12: (Left) Coefficients of quartile variation and coefficients of variation for stemflow of individual trees and
subplots for all recorded precipitation events in relation to gross precipitation. (Right) Temporal stability of
stemflow on the tree and the subplot scale, calculated as pairwise correlation coefficients (Spearman) of
tree/subplot stemflow between all different precipitation events of one event size class.
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3.3.2 Site, vegetation and neighborhood factors affecting stemflow

3.3.2.1 Individual tree models

All linear mixed effects models for individual tree stemflow cover much of the variation in
observed stemflow yields (R*> = 0.77-0.91, Table 7). However, for medium events, most of the
variance is explained by the random effects, which implies that the non-measured individual and
site properties had a large overall effect on stemflow, whereas included factors were not as

important.

Considering modelled fixed effects, as expected, event rainfall (Pg) is the most important and
significant effect in all event size classes (Table 7). For small and medium events, Pg explains
most (99 % and 83 % respectively) of stemflow in the fixed effects. However, for large events,
P is less important whereas tree size (i.e., DBH) becomes more important: 48 % of stemflow is

explained by Pg and 37 % is explained by DBH in the fixed effects in large events.

Neighborhood properties (number of trees, basal area or relative height) have a significant
impact on stemflow for the small events, and they are a trend in medium and large events

(» = 0.077 and 0.055 respectively). The neighborhood parameters that are important vary with
the event class, whereas the direction of the effects (i.e., increasing or decreasing stemflow) is
consistent in all event classes. Neighborhood effects increase with event size from small to large
events, while gross precipitation concurrently decreases from small to large events. Thus,
neighborhood properties affect stemflow more strongly for large events. During large events, the
number of trees in the neighborhood increases stemflow, whereas stemflow is decreased by a
larger basal area and taller trees in the neighborhood. Overall, neighborhood “crowding” (i.e.,
parameters indicating high biomass, like neighborhood basal area) tends to decrease stemflow
production per tree with one notable exception: the number of trees in a neighborhood increases

stemflow yield.

Additional neighborhood effects may be hidden in the random effects which encompass
unquantified but systematic effects of repeated measurements within a group or individual. Of
those, subplot ID is almost never significant (Table 7). Instead, event ID is the strongest random

effect for all models, accounting for rain event characteristics not captured by total event rainfall.
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Figure 13: Temporal stability of individual tree stemflow over all sampled events. Trees are ranked according to
their median event normalized stemflow and colored according to DBH (diameter at breast height).
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Figure 14: Temporal stability of 100 m? subplot stemflow over all sampled events. Subplots are ranked according to
their median event normalized stemflow and colored according to basal area.
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The interaction with tree diameter shows that the prominent relationship between tree diameter
and stemflow changes with the individual event properties. The second strongest effect is tree
ID, which acts as proxy for tree parameters other than those quantified in the fixed effects, e.g.
tree morphological features. Interaction of Pg with tree ID indicates that individual trees may
yield more or less stemflow, depending on the event precipitation. Furthermore, tree species is

only a significant random effect for large events, interacting with DBH, showing that the relation

Table 7: Results of the linear mixed effects models for individual tree stemflow yield: Slope estimates and
significance levels of significant fixed effects, standard deviations of random effects and their interacting fixed
effects (random slopes). The four models include (i) all precipitation events, (ii) small precipitations events with
rainfall < 5 mm, (iii) medium precipitation events with rainfall 3-10 mm, (iv) large precipitation events with rainfall
> 10 mm. Pseudo-R? are given for each full model (fixed and random effects), for the fixed effects model separately
and for the random effects model separately. Note that data was scaled before model development.

All events Small events Medium events Large events
RZ
Full model 0.91 0.86 0.77 0.84
Fixed effects 0.19 0.73 0.11 0.51
Random effects 0.72 0.12 0.66 0.33
Relative effect size
Fixed effects Gross precipitation N 0.28 *** N 7.72 *¥** N 1.04 *, D 0.28 ***
Tree DBH (log.) D 0.25 *** - M 0.17¢ 1022 %
Tree height - - - -
Neighborhood # trees - ™ 0.1 ** - ™ 0.05.
Neighborhood basal 4 0.05 ** i i 4 0.04.
area
Neighborhood
relative height i i V005, i
Random effects Event ID 0.68 0.24 0.40 0.17
(interaction) (Tree DBH) (Tree DBH) (Tree DBH) (Tree DBH)
Event vear 0.23 ] 0.04
¥ (N. # trees) (Tree height)
Tree ID 0.15 0.17 0.41 0.16
(Tree height) (-) (Gross precip.) (Gross precip.)
Tree species - - - 0.06
P (Tree DBH)
0.09
Subplot ID (Gross precip.) i i
Residual 19.0 0.37 0.30 0.19

LEffect was not significant, but necessary for the model's convergence
Abbreviations: DBH: diameter at breast height; log.: log-transformed; # : number of; n.: neighborhood; precip.:

precipitation; rel.: relative

Levels of significance: *** : p < 0.001; ** : p<0.01; *: p<0.05;.: p<0.1
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between DBH and stemflow is species-specific. Event year only appears in the model for
medium sized events with a very small contribution. Overall, the random effects reflect the
substantial importance of tree properties other than DBH for generating stemflow, specifically

individual tree morphology and position (tree ID) and tree species.
3.3.2.2 Subplot-scale models

All mixed effects models for subplot stemflow explain a large proportion of variance, which are

higher than for the individual tree models above (R? = 0.85-0.95, Table 8). Similar to the

Table 8: Results of the linear mixed effects models for subplot stemflow: Slope estimates and significance levels of
significant fixed effects, standard deviations of random effects and their interacting fixed effects (random slopes).
The four models include (i) all precipitation events, (ii) small precipitations events with rainfall < 5 mm, (iii) medium
precipitation events with rainfall 3-10 mm, (iv) large precipitation events with rainfall > 10 mm. Pseudo-R? are given
for each full model (fixed and random effects), for the fixed effects model separately and for the random effects
model separately. Note that data was scaled before model development.

All events Small events Medium events Large events
RZ
Full model 0.95 0.89 0.85 0.93
Fixed effects 0.21 0.76 0.40 0.74
Random effects 0.74 0.13 0.45 0.19
Relative effect size
Fixed effects Gros's o 2 0.33 #* D 7.44 **+ 4 2.03 * 1 0.32 ***
precipitation
# trees (log.) N 0.30 *** N 0.42 *** N 0.43 *** N 0.42 ***
# species J 0.13 ** - J 0.23 *** J 0.50 ***
Simpson's index - - - N 0.23 **
Basal area - - - J 0.13 **
Maximum DBH N 0.12 *** - - N 0.30 ***
Size
heterogeneity J 0.08 *** - J 0.06 * J 0.12 ***
index (log.)
LAI - - - J 0.07 ***
Random effects Event ID 0.76 0.31 0.36 0.20
(interaction) (# species) (# species ) (Simpson's in.) (Maximum DBH)
Event year - - - -
Subplot ID - - - -
Residual 0.21 0.34 0.21 0.12

Abbreviations: #: number of; log.: log-transformed; DBH: diameter at breast height; LAI: leaf area index; ID:
identification number; in.: index
Levels of significance: *** : p < 0.001; ** : p<0.01; *: p<0.05; .: p<0.1
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individual tree models, in medium events, the random effects explanation more of the variance

than the fixed effects.

Pg and the number of trees on the subplot are the most important fixed effects (Table 8). Their
relative contribution shifts from small and medium events to large events, with Pg losing
andnumber of trees gaining importance (ca. 95 % and 5 %, 75 % and 15 %, 15 % and 20 % for
small, medium and large events respectively). For all event sizes, Pg, number of trees and
maximum DBH increase stemflow, whereas subplot basal area, LAI and most of the diversity
measures (both number of species and size heterogeneity index) decrease it. The exception is the

Simpson species diversity index, which also increases subplot stemflow.

Only one random effect, event ID, is significant for all subplot models (Table 8). Neither event
year nor subplot ID played a role in any of the models, indicating that plot properties were
sufficiently captured by the fixed effects. This is further supported by the high proportion of
fixed effects contributing to the explained variance, specifically in large events (R? = 0.93,

thereof 0.74 for the fixed effects model and 0.19 for the random effects model, Table 8).
3.3.2.3 Comparison of tree- and subplot-scale models

At both the individual tree and subplot scales, the model encompassing all events was dominated
by the random effects, although in both small and large events most of the variance was
explained by (different) fixed effects. This shows that driving factors differ between event size

classes; therefore, we will focus mainly on event class models.

Generally, R? values are higher for the subplot than for the individual tree model. Thus, the
subplot-scale model was better able to explain the data variation. Moreover, the R* values of the
fixed effects are higher at the subplot scale, whereas the R? values of the random effects (as well

as the model residual within the random effects) were higher in the individual tree model.

The regression slopes between predicted and observed data are slightly smaller than 1 at both
scales, indicating a bias towards underestimation (see the example for large events in Figure 15).
The model bias of the subplot model (slope of 0.92) is lower than that of the individual tree
model (0.87). Consequently, when calculating subplot stemflow from individual tree model

predictions, the prediction bias is slightly worse (slope of 0.9) than that of the subplot level
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model itself (Figure 15). The same procedure allows for the evaluation of the role of the tree ID
at the subplot scale. Remember that the tree ID in the individual tree models could potentially
include neighborhood effects, specifically morphology (enhancing individual stemflow without
affecting the neighbor) or shading (enhancing individual stemflow at the expense of the
neighbor). For this, we calculated subplot sums of stemflow predicted by the individual tree
model with and without including the tree ID random effect in the model. The regression slope
for the prediction without the tree ID was only 0.86 (vs. 0.9 with the tree ID included, see

Figure 15). The difference is not significant but a trend exists, showing that tree ID contributes to

increasing stemflow in one (or several) individuals on the subplot without decreasing it in others.

In general, similar patterns emerge for different event size classes at the tree scale and at the
subplot scale: Py is a strong driver for stemflow at both scales and loses influence with increasing
event size, although more so at the plot scale. Instead, tree or stand characteristics affect
stemflow, especially in large events. On both the individual tree and subplot scale, absolute tree

size and the number of trees most strongly increase stemflow, whereas neighborhood/subplot

6.0 1 Subplot model Summed tree model ’

e Without tree 1D

y=0.88 +0.90 x
y=0.35+0.86

Ig(Subplot stemflow [mL]), predicted

T T T T | T T T T T T T T T
30 35 40 45 50 55 80 30 35 40 45 50 55 60

lg(Subplot stemflow [mL]), observed lg{Subplot stemflow [mL]), observed

Figure 15: (Left) Predicted stemflow per subplot using the subplot linear mixed effects model in relation to observed
values for the large event class, (right) stemflow sums per subplot predicted by the individual tree linear mixed
effects model in relation to observed values. The right panel shows additionally the predicted values when
excluding the tree ID random effect from the individual tree model. Dashed lines give the 1-to-1-line, continuous
lines show the linear regressions, equations are given in the graph.
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basal area slightly decreases stemflow. Species become relevant at both scales especially for
large events. Event ID is the strongest random effect on both scales, whereas subplot ID was not

significant as a random effect at either scale.

However, we also observe small differences between the individual tree- and subplot-scale
model patterns: for individual tree models, apart from Pg, individual tree size is most important
for large events and neighborhood effects play a minor role. In contrast, for the subplot model,
several stand structural parameters affect stemflow. Especially, the number of species and the
number of trees are more important than Pg and tree size. Notably, while the size heterogeneity
index significantly decreases stemflow for large events at the subplot scale, we found no effect of

the equivalent measure (relative height) on the individual tree scale.

3.4 Discussion

Stemflow varied substantially in space both at the individual tree as well as at the subplot scale.
At the same time, the greatest share of stemflow volume was created during large events, when
spatial patterns of stemflow were particularly temporally stable, both at the individual tree as
well as at the plot scale. This shows that in addition to throughfall, the temporal stability of
which has been repeatedly reported, stemflow patterns are equally or even more stable in time
(Chapter 2). Furthermore, funneling ratios increased with increasing event size. Our findings
confirm that (1) spatial patterns in stemflow are systematic and can therefore be explained by
tree or stand properties, which we try to identify in this study, and (2) large events generate the
majority of total stemflow, have the highest funneling ratios, and spatial patterns are the most

pronounced and stable.

3.4.1 Tree size only affects stemflow during large events with fully developed

flow paths

Tree metrics are the most important fixed effects for large events (but are less important for
small events), which is likely related to the establishment of fully connected stemflow paths.
Fully connected flow paths lead to the built-up of stable, systematic patterns of stemflow and

increased funneling ratios, relating strongly to tree properties. This agrees with previous research
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on stemflow generation processes: although some studies conceptualized stemflow invoking a
bucket concept, where tree (André et al., 2008) or bark (Aboal et al., 1999) storage need to
saturate before stemflow is initiated, a more dynamic picture is given by Herwitz (1987),
Crockford et al. (1996), Levia and Frost (2003) and Levia et al. (2010) which fits well with our
observation. Levia and Frost (2003) state that “stemflow generation can begin before the woody
frame is completely wetted” due to preferential flow lines resulting from tree morphology or
angled rain. Levia et al. (2011) and Van Stan et al. (2016) go one step further, describing the
development of new flow paths with progressing rainfall duration, as additional tree surfaces are
wetted. Additionally, Levia et al. (2010) observed higher delays in stemflow channeling at
rainfall variation for larger trees of the same species. In either of these cases, stemflow
generation depends on critical event size thresholds. This view is supported by our findings: for
small events, factors shaping spatial stemflow patterns are mostly random and of low temporal
stability, indicating that flow paths are not yet well established. Medium events are characterized
by increased temporal stability of spatial ranks, but low explained variance in the fixed effects,
indicating that flow paths are only partly developed. For large events, tree traits related to water
collection or channeling capability are the most important factors explaining individual tree
stemflow, which indicates that flow paths are fully established. Together, these results suggest
that increasingly established flow paths with increasing event size invoke spatially stable patterns

of stemflow that are more related to tree attributes and less to event properties.

3.4.2 Neighborhood and stand properties affect stemflow

3.4.2.1 Stand structure effects largely explain subplot stemflow

For large events, all proposed stand structural parameters are significant at the subplot scale.
Subplot ID has no random effect; thus, selected stand characteristics in the fixed effects capture
the stemflow generation processes on the subplot scale well, also including those unexplained
morphological factors which are hidden in the tree ID on the individual tree scale. Furthermore,

the subplot-scale model explains more variance than the individual tree model.

For large events on the individual tree scale, neighborhood effects only appeared as trends,

which may have been related to different neighborhood variables, such as number of trees vs.
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basal area, working in different directions. However, the subplot models reveal that those
neighborhood effects identified at the individual tree level act in the same way at the subplot
level: the number of trees still increases the stemflow on the subplot level, whereas basal area
reduces it. This shows that a tree's neighbors systematically affect its stemflow and that those
patterns do not cancel each other out when considering community stemflow at the subplot scale.
Moreover, this suggests that the tree morphologic properties hidden in the tree ID on the

individual tree scale are actually associated with stand and neighborhood dynamics.

It is not surprising that stand structure in a recruiting forest is organized in a patchy fashion. Due
to the enormous competition for light a climax forest cannot regenerate, except in spatial and
temporal niches, e.g. due to the invasion of clearings due to the death of mature trees or other
environmental heterogeneities (Horn, 1971). Consequently, regeneration patterns in an
undisturbed forest, like the one observed here, organize into a juxtaposition of patches with
different stand ages, species compositions and structures. This structural mosaic is also obvious
from the variation in our subplot-scale stand metrics and our data suggest that it propagates to

ecohydrological functioning.

In conclusion, neighborhood effects were better covered by subplot properties than by the
metrics of the individual neighborhood. Accordingly, knowledge of stand structure proves to be

advantageous for stemflow assessment.
3.4.2.2 Tree density positively affects stemflow, while shading plays a subordinate role

Number of trees is the most prominent positive contributor to stemflow on the subplot level,
confirming the intuitive rule that more trees produce more stemflow. Similarly, Reynolds and
Henderson (1967) found higher interception in denser stands, which potentially becomes
stemflow after a certain rainfall threshold. Accordingly, Molina and del Campo (2012) report
increased stemflow for higher stand densities. Levia and Frost (2003), Levia et al. (2015) and
Levia and Germer (2015) argue that more woody surface area (hit by raindrops and providing
stemflow pathways) is a main prerequisite for enhanced stemflow. This implies that — next to
bigger trees or trees with more branches — a higher number of trees also potentially increases
stemflow. Interestingly, the number of trees in the neighborhood also increases individual tree

stemflow, which is far less intuitive than the equivalent at the subplot scale. The number of
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neighbors could also enhance a tree's stemflow by promoting steeper branching angles in dense
stands (Schréter et al., 2012; Juchheim et al., 2017), which are known to yield more stemflow
(Navar, 1993; Levia et al., 2015) (see below). Molina and del Campo (2012) similarly observed
increased stemflow production in denser stands at the individual tree scale in a Mediterranean
climate but attributed the effect to evaporation protection under dense canopies, as they varied
density in their study by thinning and could therefore exclude canopy morphology as a reason.

Alternatively, dripping on smaller trees may contribute to stemflow generation (see below).

In additional to higher tree density, reduced leaf area also increased stemflow, potentially by
increasing the exposed woody surface. This agrees with former studies on the effect of tree
properties on stemflow generation (Van Stan and Levia, 2010; Takahashi et al., 2011; Molina
and del Campo, 2012; Levia et al., 2015); rain intercepted by leaves is rather redirected away
from the stem and becomes throughfall, as leaves are not steeply inclined toward the branch,

especially when they are wet.

The most frequently proposed direct neighborhood impact in the literature is a rain shading
effect, where exposed canopies collect more precipitation than less exposed ones (Takahashi et
al., 2011; Terra et al., 2018). André et al. (2008) discussed the fact that small trees overtopped by
larger neighbors might be deprived of a great part of rainfall. Similarly, amongst others
(Crockford and Richardson, 1990; Navar, 1993; Aboal et al., 1999), Levia and Frost (2003)
found higher stemflow production in the upper canopy. However, in Reynolds and Henderson
(1967), medium height, co-dominant and subdominant trees were the most efficient with respect
to stemflow production. Pointing in the same direction, smaller trees are often reported to have
higher stemflow funneling ratios (Murakami, 2009; Van Stan and Levia, 2010), and our data
support this.

Relative height as a fixed effect was never significant in our models. In contrast, the combination
of number and size (basal area) of neighboring trees impact a single tree's stemflow. Our data
also suggest that the highest or largest tree does not automatically yield the most stemflow (tree
height was not retained in the tree-scale model and ranks of DBH and stemflow yield are not the
same). The highest trees are the best competitors for light, which implies tree traits which are not

beneficial for stemflow production: small crowns, few branches and a low DBH per height ratio
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(Juchheim et al., 2017). Moreover, thick leaf layers in the light canopy could divert rainfall from

the tree, as a high LAI reduces stemflow production (see above).

In conclusion, stemflow is enhanced by tree density, and is limited by trade-offs between trees
when basal area increases. Thus, we find the positive impact of tree density much stronger than

the shading effect between trees, which, in contrast, is much weaker than expected.
3.4.2.3 Neighborhood influences stemflow indirectly by shaping tree morphology

Apart from the neighborhood effects revealed by those factors characterizing the neighborhood
(as discussed above), there is a “dark figure” of potential neighborhood interactions hidden in the
random effects at the tree scale, specifically event year, tree ID and subplot ID. The year of the
measurement covers canopy dynamics as growth and canopy gaps due to windfall and broken
branches, changing both the tree and its neighborhood. The subplot ID represents the properties
of the small tree community that the respective tree is situated in which are not covered by the
fixed effects describing the neighborhood. The tree ID comprises all kinds of tree traits (canopy
architecture) and canopy position effects (shading or exposure) which are not covered by the

fixed effects.

Of those random effects, tree ID is the most prominent significant random effect in all event
classes. Interestingly, when predicting subplot-scale stemflow using the individual-scale model
for large events, the subplot stemflow is underestimated, and more so than by predicting the
subplot stemflow using the subplot-scale model. Therefore, the tree ID-induced variance at the
tree scale does not cancel out at the subplot scale. This further supports the conclusion that

interactions are not shading, but more likely stemflow-enhancing tree morphology effects.

Neighborhood impacts stemflow indirectly, as it shapes the growth of a tree's canopy (Horn,
1971; Schréter et al., 2012; Juchheim et al., 2017) and stands representative for small tree
communities, as species and ages do not mix randomly, but appear in clusters. At the same time,
the morphology of a tree substantially affects stemflow: Aboal et al. (1999) found, that bigger
crown projection area, the position in the canopy and smoother bark yielded higher stemflow
volumes. Navar (1993) reported higher stemflow yields for trees with many, steeply inclined
branches from the top part of the crown. (Iida et al., 2005b) attributed branching angles to

changes in precipitation partitioning and more branches and, thus, higher crown length to higher

95



Dissertation

stemflow. In a study on beech saplings, Levia et al. (2015) identified, from a set of properties,
besides woody surface, more and steeper branches and fewer leaves as significantly promoting

stemflow.

As every tree is a dynamic imprint of its direct environment, the neighborhood and its temporal
development drive a tree's traits. Our results suggest that this reflects on stemflow yield.
Additional measurements of canopy architecture would be required to confirm the potential

effects of stand density on tree morphology in our plot.

3.4.3 Tree diversity increases stemflow, possibly due to effective canopy space

occupation

Most of the parameters capturing the diversity and heterogeneity of the stand decrease stemflow,
with the notable exception of the Simpson index. This may be related to the fact that our forest
plot is beech dominated, and the fully-grown beech trees concurrently produce a great deal of

stemflow (Andr¢ et al., 2008; Kriamer and Holscher, 2009; Van Stan and Levia, 2010).

Our results are in line with observations by Kramer and Holscher (2009), who found a decrease
in stemflow with species diversity (Shannon index) in a nearby forest and attributed this result to
the high beech proportion at their site being a strong driver for stemflow. Schroth et al. (1999)
also observed reduced stemflow in mixed stands, although they argued that this finding would

strongly depend on the species involved and their traits

However, in forest stands dominated by stemflow-prolific tree species, increasing stand
heterogeneity implies both a decrease in tree size and introduces less stemflow-producing
species. Thus, heterogeneity measures need to be interpreted with caution, especially when

measurements from representative trees are used.

The parameter “number of species” rather reflects a reciprocal of the number of large beech trees
on the subplot than a measure of species richness. This is because most trees (80 %) are beech
and the number of species is strongly related to the number of small trees (DBH < 0.11 m,

R? = 0.88) on the subplots. Moreover, size heterogeneity reduces stemflow generation during

medium and large events. Stronger size heterogeneity implies the coexistence of both very large
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and very small individuals, where, in terms of stemflow, the smaller individuals potentially add

little to the effect of the prolific large tree(s).

Furthermore, Juchheim et al. (2017) showed a significant change in beech morphology when
mixed with other species, of a kind potentially enhancing stemflow. Therefore, intermixture of
other tree species in beech-dominated forests may have a positive impact on stemflow
production, specifically for the beech trees, but not necessarily for the intermixed non-beech

trees.

Notably, the Simpson index at the subplot scale is positively related to stemflow. The Simpson
index is a relative measure of species diversity that corrects for the number of individuals
considered (Buckland et al., 2005). The Simpson index illustrates not just the mere number of
species, but the balanced species abundance; therefore, it is sensitive to the strong beech
dominance that we find on most subplots (Magurran, 2004). The Simpson index only
significantly increases stemflow for large events, where flow paths are established, and
individual tree trait effects on stemflow develop their full potential. Frech et al. (2003) showed
that more diverse tree communities are very efficient in using the canopy space. As different
species use different strategies to compete for resources, they form variable canopy shapes which
makes it easier for trees of different species to move closer together. A more efficient occupancy
of canopy space increases woody surface area, the existence and exposition of which has been
shown to be the core of stemflow promotion (see above) (Levia and Frost, 2003; Levia and
Germer, 2015; Levia et al., 2015). Additionally, beech trees growing in concert with other
species are more likely to develop crown morphologies with a higher number of branches

(Juchheim et al., 2017), which further promotes stemflow (Levia et al., 2015).

3.5 Conclusion

In this study, we investigated possible neighborhood effects on stemflow yield on the individual
tree and subplot (patch) scale. Our unmanaged and mixed-species forest produced a high spatial
variance in individual tree stemflow. Spatial patterns of stemflow were temporally stable,
especially for large events. The spatial variance persisted with the same order of magnitude on

small forest patches of 10 m x 10 m.
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Tree size was not the only relevant trait for stemflow generation. Neighborhood and stand
properties contributed importantly to stemflow distribution. On both investigated scales,
stemflow increased with the number of trees in the neighborhood. Tree density particularly
increases woody surface area — a key to stemflow promotion, providing rain receiving area and
flow paths. Because neighborhood effects did not cancel out at the subplot scale, tree
morphology (crown architecture) must have enhanced subplot stemflow. As canopies react
plastically towards their surroundings, neighborhood impacts tree morphological features,
including those affecting stemflow. In contrast, shading within the canopy was much less
important: relative height did not affect stemflow, only neighborhood and stand basal area,
representing larger trees, slightly reduced stemflow which suggests a weak shading effect.
Furthermore, barely decreased stemflow variance at the subplot scale indicates that shading

effects are probably minor.

All impacts are most obvious for large precipitation events. Tree, stand and neighborhood effects
are more important as event size increases. We conclude that the full development and
connection of drainage flow paths through the canopy taps the full potential of systematic factors
in forest structure impacting stemflow yield. Because of positive effects on forest density,
unmanaged and mixed-species forest could be more stemflow-productive than managed ones.
This is supported by the positive effect of the Simpson diversity index on small stand stemflow.

More research is required to understand systematic effects of forest management on stemflow.
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3.6 Appendix of Chapter 3
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Figure 16: Histograms of stand properties on the whole 1-ha-plot (left, n = 581) and the eleven 100-m?3-subplots on
which stemflow was measured (right, n = 65).
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Figure 17: Distributions and correlations of variables included as fixed effects in the linear mixed effect models of
individual tree stemflow. Abbreviations: t_dbh: tree diameter at breast height; t_h: tree height; n_not: number of
trees in the neighborhood; n_ba: neighborhood basal area; n_rh: neighborhood relative height.
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Figure 18: Distributions and correlations of variables included as fixed effects in the linear mixed effect models of

subplot stemflow. Abbreviations: sp_not: number of trees in the subplot; sp_nospec: number of species in the

subplot; sp_simp: Simpson’s diversity index of the subplot; sp_ba: basal area of the subplot; sp_dbhmax: diameter
at breast height of the biggest tree on the subplot; sp_shi: size heterogeneity index of the subplot; sp_lai: subplot

leaf area index.
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4 Infiltration hotspots and tree-induced soil microsites:
The role of stemflow in net precipitation patterns at

the soil level

4.1 Introduction

Stemflow has received much attention in forest ecohydrology research in recent times. As
stemflow concentrates rainfall to the soil by a 3-37 fold of the median precipitation annually, and
funneling can be much stronger for individual events and trees (Levia and Germer, 2015), it
seems to be obvious that stemflow fluxes play a special role in water and nutrient turnover in
some ecosystems. Also, indication has been found that stemflow is likely to trigger preferential
flow in forest soils, enhancing the effect of soil bypass flow and dual porosity flow behavior
(Martinez-Meza and Whitford, 1996; Taniguchi et al., 1996; Johnson and Lehmann, 2006; Li et
al., 2009; Liang et al., 2011; Schwirzel et al., 2012).

The preferential treatment of stemflow has been criticized, as stemflow funneling can be close to
zero for many trees and contribute little (0-5 %) of the overall precipitation input on a larger
scale (Van Stan and Gordon, 2018). Yet, little proof so far exist of the role stemflow actually
plays for subsurface flow mechanisms, soil water fluxes, or even water and nutrient input
concentrations to the soil. While subsurface processes are very hard to observe, especially if they
take place locally (making them hard to find) and short-term (making them hard to capture), it is
also difficult to recapitulate input fluxes, as they are usually measured divided into throughfall
and stemflow. Thus, the fate of net precipitation fluxes is unknown already at the point of
infiltration (Carlyle-Moses et al., 2018; Van Stan II and Allen, 2020). As stemflow spreads on

the forest floor near the tree trunk, and throughfall and stemflow add up in these stemflow

103



Dissertation

infiltration areas, considering throughfall and stemflow in concert could either obliterate or

enhance the hotspot effect attributed to stemflow.

Yet, the difficulty is to define the stemflow infiltration areas (Carlyle-Moses et al., 2018).
Stemflow infiltration has been assessed in the field by observation of marks on the soil surface
(Tanaka et al., 1990; Iida et al., 2005a; Rashid and Askari, 2014), soil water content dynamics
(Voigt, 1960; Buttle et al., 2014), literal observation of the infiltration process, during natural
rainfall (Pressland, 1976; Navar, 2011) or irrigation (Buttle et al., 2014), or dye tracing
experiments (Schwérzel et al., 2012; Carlyle-Moses et al., 2018). Also, calculation methods for
stemflow infiltration areas were introduced, as by Tanaka et al. (1996), who fitted the radii of
observed stemflow marks to a function of the tree’s DBH, a model frequently used later on
(Aboal et al., 1999; lida et al., 2005a; Liang et al., 2011; Rashid and Askari, 2014). Another
calculation method, which is based on stemflow intensity and soil hydraulic conductivity, has
been proposed by Reynolds and Henderson (1967) and also repeatedly used since then (Herwitz,
1986; Navar and Bryan, 1990; Gémez et al., 2002; Carlyle-Moses et al., 2018). Stemflow
infiltration areas are given either as area per tree, ranging from 0.0314 m? (N4var, 2011) to

1.52 m? (Herwitz, 1986), or as the width of a ring around a tree, with results between 0.09 m
(Gomez et al., 2002) and >>1 m (Rashid and Askari, 2014) throughout methods and ecosystems.
Carlyle-Moses et al. (2018) recently hypothesized, that stemflow infiltration areas have been
generally overestimated by obtaining them from extreme conditions. This is supported by
statements made by Durocher (1990), saying that stemflow infiltrated in direct proximity to the
tree trunk without overland flow, and Reynolds and Henderson (1967), who argued that general

estimations “for the area of spread of stemflow [were] rather too large for most storms”.

Gaining insight about percolation behavior of infiltrated stemflow is all the more difficult. While
positively measuring water flux patterns in the soil is near to impossible, we can have a closer
look at soil properties. In Chapter 2, I found soil water retention to be significantly lower in areas
close to tree stems compared to the rest of the plot area. Other studies have likewise found
altered soil properties at the base of trees, as for pH (Neite and Runge, 1986; Wilke et al., 1993;
Jung and Chang, 2013), soil organic carbon (Gersper and Holowaychuk, 1971; Rampazzo and
Blum, 1992; Nacke et al., 2016; Rosier et al., 2016), soil texture (Gersper and Holowaychuk,
1970; Rampazzo and Blum, 1992), and soil hydraulic properties (Rashid et al., 2015). Soil

104



4 Infiltration hotspots and tree-induced soil microsites: The role of stemflow in net precipitation
patterns at the soil level

properties give the framework for possible soil water dynamics, and their differences close to
tree stems or further away would impact on the fate of input fluxes. What is more, soil properties
can also be considered a record of processes they have been exposed to for some time. As
aboveground flux patterns have been found to be highly stable in time (Raat et al., 2002; Keim et
al., 2006; Staelens et al., 2006; Van Stan et al., 2020) (see Chapters 2 and 3), input flux patterns

might weather and model the soil at different rates, leaving an imprint on soil properties.

In this study, I want to address the meaning of stemflow at the forest floor and within the forest
soil. Therefore, based on the large, statistically distributed data set of net precipitation
(n(throughfall) = 350, n(stemflow) = 65, n(events) = 24) and soil properties (n(profiles) = 210),
this study’s objectives are: (1) Investigating the role of stemflow for the spatial differentiation of
area-based, all-year net precipitation infiltration into the soil combining throughfall and stemflow
data, based on the physic-based, dynamic model of Reynolds and Henderson (1967).

(2) Characterizing tree-induced soil microsites, in respect to concerned soil properties and

vertical and horizontal extend, in order to reveal their underlying formation processes.

In this manner, I aim to investigate if stemflow hotspots persist also during soil infiltration and
percolation, with distinct impacts on the direct soil environment. This would set the prerequisite
for, and make it likely, that those stemflow impacts continue into the deeper subsurface and

therein ongoing water-related processes.

4.2 Methodology

4.2.1 Field measurements and sampling

The study site, sampling design, and sampling of the stand properties and net precipitation is
equivalent to the descriptions in Chapter 2 and 3 and the sampling of soil properties is equivalent

to Chapter 2.
4.2.1.1 Study site and sampling design

The field study took place in a mixed beech forest in the Hainich National Park in central

Germany. The measurement plot was installed as part of the AquaDiva Critical Zone Exploratory
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(Kiisel et al., 2016) at the upper part of the gently sloping transect with a southeastern aspect at
an elevation around 365 m a.s.l.. The climate is temperate with annual rainfall of 600 to 900 mm

(Kisel et al., 2016).

The plot area of 1 ha was subdivided into 10 m x 10 m subplots. Measurements were carried out
in a stratified design (Zimmermann et al., 2010; Zimmermann et al., 2016) based on the subplot
grid. Throughfall was measured in all subplots, each with two randomly distributed samplers.
Stemflow was measured on all trees within 11 subplots distributed within the plot in a regular
pattern. The tree properties of the stemflow subplots (n = 65) were representative for the whole

plot (n = 581).

The measurement plot comprises 581 trees with a basal area of 38 m?. The stand consists of a
majority of European beech (Fagus sylvatica, 67 %), Sycamore maple (Acer pseudoplatanus,
20 %) and European ash trees (Fraxinus excelsior, 9 %), accompanied by European hornbeam
(Carpinus betulus), Large-leafed linden (7ilia platyphyllos), Norway maple (Acer platanoides)
and Scots elm (Ulmus glabra). As the stand has been unmanaged since 1997 and was used for
selective cutting before, the age and size structures are very heterogeneous, with a median DBH
(diameter at breast height) of 0.15 m and a maximum DBH of 0.87 m. Trees with a

DBH < 0.05 m were not included in the stand survey.

The soil on the study plot is a shallow, silty and clayey Cambisol (IUSS Working Group WRB,
2006) derived from a bedrock of finely interlayered lime- and marlstones with a thin loess cover.
The median sand, silt and clay fractions are 3, 75 and 21 %, respectively; the median profile

depth (depth to C-horizon) is 0.38 m.
4.2.1.2 Survey of stand properties

All trees with a DBH > 0.05 m were considered. They were given an identification number and
the species was determined. The position coordinates were detected using a differential GPS and
total station (both Topcon, Tokyo, Japan). Tree circumference at breast height was measured
with a measuring tape and then DBH and basal area calculated assuming the tree bole is circular
in cross section. Tree height was measured with an ultrasonic sensor (Haglof Vertex, Haglof,

Jarfélla, Sweden).
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4.2.1.3 Measurement of stand precipitation

Precipitation samples were taken on an event basis in campaigns from May to August in the
years 2014, 2015 and 2016. All components (gross precipitation, throughfall and stemflow) were
collected in samplers that were read out and emptied manually after each event. Between the
ending of rainfall and the beginning of sampling, there was a waiting period of 2 h minimum. If
rainfall started anew during sampling, sampling was stopped and started from the beginning as
described above. The previous (partial) event was then added to the current one. Like that, single

events had to be separated by a minimum of 8 h without rainfall.

Gross precipitation and throughfall were collected in funnel-type samplers. Gross precipitation
samplers were placed on an adjacent grassland in about 250 m distance. Gross precipitation and
throughfall depths were calculated referring the collected water amount to the funnel area

(ca. 0.01 m?). Stemflow was collected by collars of lay-flat hose cut open and wrapped around
the tree. Collars were sealed with silicone and connected to a water barrel. Stemflow depth was
calculated by referring the stemflow amount per subplot to the subplot area. Data gaps were

closed using a tree stemflow linear mixed effects model described in Chapter 3.

A total of 39 events were recorded. Events, where overflow could have occurred, and very small
events with almost no stemflow (median stemflow per tree < 0.5 L) were excluded, leaving 26

precipitation events (for a detailed list, see Chapter 3).
4.2.1.4 Soil sampling

Undisturbed ring soil samples of 100 cm? were taken at 210 locations on the forest plot, at

7.5 cm (topsoil) and 27.5 cm (subsoil) soil depth each. Sampling locations were distributed in a
stratified random design with random transects (Zimmermann et al., 2010). To represent soil
properties close to tree stems, only locations within 1 m from a tree were selected (n = 71). The
sampling rings were driven into the soil with a Teflon hammer, carefully excavated and the soil
surfaces prepared to be even. Additional 250 cm® samples were acquired for measurement of soil
saturated hydraulic conductivity (Ks) as part of a master’s thesis (5 locations in the two depths, 2
of them close to stems, 2 far from stems, and 1 in between, that will not considered here), that

were not hammered into the soil, but pressed in with a shear press (Weckmiiller, 2017).
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Disturbed samples were taken at 50 locations on the forest plot, for each location at the depths of
5-10 cm (topsoil) and 25-30 cm (subsoil). 19 locations were within 1 m distance from a tree by

chance.
4.2.1.5 Precipitation time series

Precipitation time series for rainfall intensity evaluation were gathered from two weather
stations: (1) Weather measurements at the Eddy Flux Tower in the Hainich National Park
provided by the Group of Bioclimatology, Faculty of Forest Sciences and Forest Ecology at the
Georg August University of Gottingen, Germany. It is located at 10.4530 long., 51.0792 lat. with
an elevation of 430 m a.s.l. in about 5 km distance to the study plot. Data was provided in 30-
minute intervals for the years 2014 and 2015. (2) Weather measurements of the DFG (Deutsche
Forschungsgemeinschaft), CRC 1076 “AquaDiva”, subproject D03 (“Site management and
central experiments”, Principal Investigators K. Kiisel and K.U. Totsche) at the Friedrich Schiller
University Jena, Germany. The station is located at H1/Reckenbiihl in the AquaDiva Critical
Zone Exploratory at the Hainich ridge in about 1.5 km distance to the plot (Kiisel et al., 2016).
Data was provided in 10-minute intervals for the year 2016, and I aggregated them to 30-minute

intervals.

To evaluate the events of the observation period at the plot in respect to the region’s climate, the
30-year precipitation record (1986-2015) of the nearest weather station of the German national
weather service (Deutscher Wetterdienst, DWD) “Miihlhausen/Thiiringen-Windeberg”, station
ID 5593, located at 10.5123 long., 51.2712 lat., with an elevation of 345 m a.s.l. in about 20 km
distance to the study plot.

4.2.2 Laboratory analysis of soil samples

4.2.2.1 Hydraulic properties

The undisturbed 100 cm® ring samples were saturated stepwise over several days. For
measurement of field capacity, samples were placed in a lidded sand bed with the manual
appliance of a hanging water column of — 60 cm, left to equilibrate for 72 h, and weighed again.
Saturated hydraulic conductivity (Ks) was measured in the again saturated samples using the

constant head method. The head was kept stable with a Mariotte’s Bottle and the outflow per
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time measured with a graduated cylinder and a stop clock. After all measurements, samples were
dried in a drying oven at 105 °C for 24 h. They were left to cool down in a desiccator before

measuring the dry weight to determine bulk density and calculate all weighted water contents.

The eight undisturbed ring samples of 250 cm® were saturated stepwise and then measured with

the “Ksat” falling head Ks measurement system (METER Group AG, Munich, Germany).
4.2.2.2 Texture analysis

Disturbed samples were air-dried and the organic compounds destroyed with 15 % hydrogen
peroxide solution, let sit under a fume hood for 16 h and after that placed in an 80 °C water bath
for about 1 d. The emulsion was then sieved using stacked sieves of 2, 0.63, 0.2 and 0.063 mm
(sand fractions). The silt and clay fractions were determined from density measurements with a
hydrometer in a 1 L suspension of the sieve passing. After washing the sample twice with 15
drops of magnesium chloride in a centrifuge, it was dispersed mechanically in a mixer and
chemically by adding 15 ml of sodium pyrophosphate. The hydrometer was read after 30 s, 1, 2,
5, 15, and 45 min, and 1, 2, 6, and 24 h.

4.2.2.3 Soil chemistry

Soil chemistry was measured in the 19 disturbed sample profiles that were by chance close to
tree stems, and in 19 randomly selected tree-far profiles, to compliment them. The samples were

air-dried, sieved for organic residues > 2mm, and grinded prior to chemical analyses.

From each soil sample, carbon content was measured for one subsample that had been
incinerated at 450°C to destroy organic compounds, and one subsample that was left original, by
an element analyzer using high-temperature combustion at 1200°C and subsequent
chromatographic gas analysis (“Vario Max CN”, Elementar Analysensysteme GmbH,
Langenselbold, Germany). The first sample gives inorganic carbon content, the second the total
carbon content, and the difference of the two gives the organic carbon content (corg). Tungstic
oxide was added to the sample prior to analysis as an oxidation catalyst, and result values were
corrected after determining the dry weight of the material by drying it in an oven at 105 °C for
24 h.
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For pH measurement, a soil sample was extracted in high-purity water, shook for 30 min by an
overhead shaker, and then letting sit for another 30 min. The pH-value was derived from the
electrical potential at a single-rod glass electrode (“pH 5387, WTW by Xylem Analytics
Germany Sales GmbH & Co. KG, Weilheim, Germany).

4.2.3 Statistical analysis

All analyses were carried out using R (R Core Team, 2016).

For descriptive statistics, quantile-based values were used: The median and the coefficient of
quartile variation (CQV)

cov = (22), (1)

where Q; and Qs are the lower and upper quartile of the sample.

To test the significance of the difference between two samples, if normal distribution was given,
a Student’s t-test was used, if one of the samples was not normally distributed, the Mann-

Whitney-test (two-sample-Wilcoxon rank sum test) was used.

4.2.4 Estimating tree microsite sizes with linear mixed effects models

For a first estimation, soil properties were divided into the two group tree-close and tree-far by
the arbitrary distance of 1 m in Chapter 2. For each soil property with significant differences
between tree-close and tree-far in this step, the most efficient distance from the tree stem to
separate the categories tree-close and tree-far was further examined. For each soil property, a
series of linear mixed effects models was set up using the packages Ime4 (Bates et al., 2015) and
ImerTest (Kuznetsova et al., 2016) in R (R Core Team, 2016), starting with a null model and
following with testing different tree distances to categorize soil sampling locations into the
groups tree-close and tree-far as a random effect. The tested distances from the tree stem (width
of ring around the tree stem) were 0.1 m (n (close:far) = 10:410), 0.2 (28:392), 0.3 (56:364), 0.4
(58:362), 0.5 (74:346), 0.6 (104:316), 0.7 (112:308), 0.8 (126:294), 0.9 (136:284) and 1 m
(158:262). The model qualifying best (depending on the Akaike information criterion, AIC) was

assumed to best represent the differences in the soil property of question by the categorization
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into tree-close and tree-far, and the respective tree distance was assumed the critical distance to
define the size of the tree microsite for that soil property. If the critical tree distance was 1 m,
distances > 1 m were additionally tested to see if the model further improved. K; as a

logarithmically distributed variable was log-transformed for the modeling.

4.2.5 Modeling of net precipitation infiltration areas

To estimate the spatial distribution of infiltration over the whole plot area, measured stemflow

and throughfall were set in reference to an infiltration area.

The calculation was based on the stemflow measurement subplots, were stemflow had been
assessed at every tree. The plot area was divided into areas, where stemflow infiltrated, mixing
with throughfall, and areas, where only throughfall occurred: First, stemflow infiltration areas
were calculated individually for each tree and each event, following different strategies (see
scenarios below). Within the stemflow infiltration areas, the mean event throughfall value was
added to stemflow inputs (except for the basal area scenario, where no mixing of stemflow and
throughfall occurred). Then, for throughfall infiltration area, stemflow infiltration areas and tree
basal areas where subtracted from the total area of the stemflow measurement subplots for each
event. This area was divided by the 200 throughfall measurements in the random design,

assuming their representativity.
Scenarios were calculated event-based and cumulated over all events (Pg = 358 mm).
4.2.5.1 Scenarios

1) Funneling ratio scenario: Stemflow infiltration area is calculated as the basal area of the

tree it is collected by, as proposed by Herwitz (1986):
Ajsp = % dtreez = Atrees (12)

where Ai s is the stemflow infiltration area, diee is the diameter at breast height and Aree
is the basal area of a tree. There is no mixing of stemflow and throughfall.
2) Annular infiltration area scenario: Stemflow infiltrates within an annular area around

the tree stem, calculated as
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3)

Ajsp = (dtree +w)wm, (13)

where w is the width of the infiltration ring around a tree. This is the scenario mostly
present in literature, which I chose different suggestions of as sub-scenarios:
a) Infiltration ring with a width of 0.3 m

w=0.3m (14)

as proposed by Voigt (1960), based on soil water content measurements around the
stem, and further used by Leonard (1961).
b) Infiltration ring with a width of 0.2 m
w=0.2 (15)

as proposed by Buttle et al. (2014), based on soil water content measurements in an
irrigation experiment, and further used by Bialkowski and Buttle (2015).

c) Infiltration ring width based on the stemflow infiltration area measurements by
Pressland (1976), as a logarithmic (because data proposes so) regression of DBH:

w = 0.115In dyree + 0.45 (16)

d) Infiltration ring radius as a function of DBH established by Tanaka et al. (1996)
(based on the radius from the center from the tree, here altered to refer to the

infiltration ring width):

d
w = (23.36Indypee — 34.92) — t;ee (17)

and also/similarly used by Aboal et al. (1999), lida et al. (2005a), Liang et al.
(2007) and Rashid and Askari (2014).

The basal area is excluded from the infiltration area. Within the stemflow infiltration

area, mean throughfall depth is added to stemflow inputs.

Soil conductivity scenario: Stemflow infiltrates depending on the infiltration capacity of
the soil in combination with the stemflow intensity. Within the stemflow infiltration area,

mean throughfall depth is added to stemflow inputs.

Stemflow intensity was calculated from the rainfall intensity as proposed by Carlyle-

Moses et al. (2018), Goémez et al. (2002), Navar and Bryan (1990), Herwitz (1986) and
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Reynolds and Henderson (1967). I used precipitation time series recorded by two nearby
climate stations (Section 4.2.1.5). Manually noted start and end times of events from the
precipitation campaigns on the study plot were compared with the precipitation data from
the stations and showed a good match. Precipitation amounts per event were different at
the two weather stations compared to the study plot, but showed a strong linear
relationship with a R? 0of 0.95 and 0.74 for 2014-2015 and 2016, respectively. I therefore
assumed the precipitation intensity to have similar relative time series at the sites. The
precipitation time series were corrected according to the linear regressions with
precipitation measured on the study plot to make rainfall intensities comparable between
the two weather stations. All time steps with precipitation were grouped into three
intensity categories by the frequency of their occurrence. For each tree, a precipitation
threshold for the onset of stemflow was determined by finding the smallest precipitation
event to yield stemflow for the particular tree. For each time step following on a half hour
period without precipitation, this threshold was subtracted from precipitation (also over
several time steps). The remaining time of a time step, in which precipitation was reduced
because of the subtraction of the threshold, was calculated proportionally to preserve
intensities during that time step. The resulting effective precipitation time series, specific
for each event and tree, was used to proportionally calculate stemflow intensity using the

three intensity categories.

As infiltration capacity of the soil, the Ks value measured on topsoil samples from 5-

10 cm soil depth was assumed to be representative in the order of magnitude and the
spatial distribution. The median K of sampling locations on the plot within 1 m distance
from a tree was calculated to represent infiltration capacity near stems (n = 61,

K= 151.07 mm h™).

Mean throughfall was set in relation to the precipitation intensity following the same
procedure as for stemflow. Throughfall threshold was calculated as the intercept of the
linear function of event gross precipitation from event mean throughfall. To account for
throughfall in the stemflow infiltration areas, the mean throughfall per intensity category
and event was subtracted from the infiltration capacity, leaving stemflow infiltration

capacity. Stemflow infiltration area was then calculated for each intensity category, tree
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and event according to stemflow infiltration capacity according to Carlyle-Moses et al.

(2018):

I
AiSF = S3E (18)

9
Cisr

Where 4i sr is the stemflow infiltration area [m?], /sr is the stemflow input rate [L h™'] and
Cisr is the stemflow infiltration capacity [mm h™'], which is the difference of Ks and the

throughfall infiltration.

For the precipitation input per stemflow infiltration area, for each event, tree and intensity
category, the mean throughfall was added to the stemflow input. To sum up infiltration
areas of the different intensity categories of one event, stemflow and throughfall
infiltration areas were averaged for each data point (tree or throughfall collector)

according to the time each intensity category persisted.
4.2.5.2 Cumulation over the plot

To get the relative, cumulative distribution over the plot, relative input volumes and areas were
calculated and the columns cumulated after ordering the data according to the infiltration depth

(L m™).

To achieve a regular data distribution in 1-%-intervals, the input volume was separated into (1-

%) bins and the proportional area of each bin calculated stepwise.

4.3 Results

4.3.1 Characterization of precipitation and event sizes

By an inspection of precipitation behavior, the representativity of the weather during the

precipitation campaigns for the general climate in the region was inquired.

Figure 19 approaches the statistical distribution of daily precipitation sums by setting the

quantiles of the 30-year-climate and the weather during campaigns in relation. It shows a good
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Figure 19: Quantile-Quantile plot of daily precipitation sums of the 30-year climate measured at the German
Weather Service (DWD) station in Miihlhausen in relation to the weather during the periods when stand
precipitation measurement campaigns took place (May to July 2014 and 2015).

agreement between precipitation within the two periods. A slight overrepresentation of events
larger than 10 mm can be observed when comparing the campaign weather to all seasons, which
disappears when considering the climate during only the summer months, as campaigns took
place in summer. Only very extreme events within the last percentiles of the climate were not
represented in the weather during the campaign. Yet, an extreme event of 65 mm was captured
during the precipitation campaigns on 5/30/2014 and further evaluated (see a table of all
recorded events in Chapter 3). The comparison of daily precipitation sums is practical, but has
the disadvantage of an underestimation of large events (of > 10 mm), as large events are also
likely to have a longer duration, and events spanning from before to after midnight are split up
into two smaller events. The probability of catching a very large event during one calendar day
in a 30-year-period is much higher as during an 8-month-period, which leads to the deformation

of the quantile relationship as observed here.

Similar is the evaluation of the occurrence of events categorized as small (0-3 mm), medium (3-
5 mm) and large (> 10 mm) in climate and during the observation period (Figure 20). The
categories were defined by an equal number of occurrences during the campaign in 2015
(Chapter 2), yet Figure 20 (right) shows an overrepresentation of small events and a

underrepresentation of large events in their occurrence also for the campaign periods. At the
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Figure 20: Relative distribution of the occurrence frequency and the precipitation sums of daily rain events over
three event size classes (small: 0-3 mm, medium: 3-5 mm, large: > 10 mm) for the climate measured at the German
Weather Service (DWD) station in Miihlhausen and the weather during the periods when stand precipitation
measurement campaigns took place (May to July 2014 and 2015).

same time, the high relative amount of precipitation generated by large events shows the
importance of large events for overall water input and fluxes, notwithstanding their

underrepresentation in count.

Secondly, the relative amount of stemflow observed on the study plot is set in relation to global
observations in literature to pigeonhole their representativity for global stemflow processes. The
studies consulted show a high variability of stemflow at the different sites (Table 9). The mean
values for forests from three different climates are all higher than the stemflow amount measured
at the study site (which is 3.2 % in the 2015 events (Chapter 2), 3.0 % in all measured events
2014-2016 (Chapter 3), and 2.8 % in the data used for the current study and the linear mixed
effects modeling of stemflow in Chapter 3). The evaluation of stemflow from this measurements
is thus probably not overestimating the role of stemflow on a bigger scale, which could be much
stronger at many other sites, though sites with very little stemflow might be underrepresented in
stemflow literature in general (Van Stan and Gordon, 2018). It is impossible to give an
estimation of the global role of stemflow on an area basis. Yet, Table 9 makes clear that
stemflow is important at many sites and for a lot of different ecosystems, and that, of those, this

study’s data is within the center span.
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Table 9: Stemflow values as percentage of gross precipitation for three different climates. The compilation is
resumed from three stemflow reviews (as indicated). Excluded from this table were data from juvenile stands,
plantations, agricultural systems or polluted sites. Two studies were excluded because they could not be accessed.

Psy [ Py [%]

Original study Resumed by Ecosystem / Forest type

Tropical humid

Herwitz (1986) Levia and Frost (2003) Tropical montane rainforest 13.6
Lloyd and de O. Marques F. (1988) Levia and Frost (2003) Tropical rainforest 1.8
Opakunle (1989) Levia and Frost (2003) Trees in a cacao plantation 2.0
Kellman and Roulet (1990) Levia and Frost (2003) Tropical dry forest 0.7
Veneklaas and Van Ek (1990) Levia and Frost (2003) Tropical montane rainforest 0.5
Marin et al. (2000) Levia and Frost (2003) Tropical rainforest 1.2
Hofhansl et al. (2012) Levia and Germer (2015) Tropical lowland rainforest 1.0
Chuyong et al. (2004) Levia and Germer (2015) Tropical rainforest 2.0
Oziegbe et al. (2011) Levia and Germer (2015) Secondary lowland rainforest 7.0
Dezzeo and Chacén (2006) Levia and Germer (2015) Tropical primary forest 8.0
Germer (2013) Levia and Germer (2015) Tropical open forest 8.0
Dawoe et al. (2018) Carlyle-Moses et al. (2018) Semi-deciduous tropical forest 1.5
Ghimire et al. (2017) Carlyle-Moses et al. (2018) Tropical secondary low- 1.7
montane forest

Gonzalez-Martinez et al. (2017) Carlyle-Moses et al. (2018) Tropical montane could forest 0.9
Group mean 3.6
Temperate humid

Crockford and Khanna (1997) Levia and Frost (2003) Pine plantation 3.8
Crockford and Richardson (1990) Levia and Frost (2003) Dry sclerophyll forest 4.8
Olson et al. (1981) Levia and Frost (2003) Subalpine balsam fir forest 5.3
Liu et al. (2003) Levia and Germer (2015) Montane evergreen forest 2.0
Masukata et al. (1990) Levia and Frost (2003) Evergreen broadleaf forest 17.0
Tang (1996) Levia and Frost (2003) Slash pine forest 9.4
Taniguchi et al. (1996) Levia and Frost (2003) Japanese pine forest 0.9
Berger et al. (2009) Levia and Germer (2015) European beech forest 6.0
Pilegaard et al. (2003) Levia and Germer (2015) European beech forest 10.0
Lu et al. (2017) Carlyle-Moses et al. (2018) Sikang pine forest 4.9
lida et al. (2017) Carlyle-Moses et al. (2018) Japanese redwood forest 3.2
Soulsby et al. (2017) Carlyle-Moses et al. (2018)  Scots pine forest 1.3
Siegert et al. (2017) Carlyle-Moses et al. (2018)  Yellow poplar and American 1.4

beech forest

Group mean 5.4
Subtropical/Mediterranean semi-arid and arid

Mauchamp and Janeau (1993) Levia and Frost (2003) Chihuhuan desert shrubs 29.0
Navar (1993) Levia and Frost (2003) Semi-arid shrubs 2.3
Martinez-Meza and Whitford (1996)  Levia and Frost (2003) Chihuahuan desert shrubs 7.9
Whitford et al. (1997) Levia and Frost (2003) Creosotebushes 16.8
Navar et al. (1999) Levia and Frost (2003) Thornscrub community 3.0
Aboal et al. (1999) Levia and Frost (2003) Laurel forest 4.6
Rodrigo et al. (2003) Levia and Germer (2015) Holm oak forest 3.0
Bellot and Escarré (1991) Levia and Germer (2015) Holm oak forest 12.0
Cayuela et al. (2018) Carlyle-Moses et al. (2018) Mountain scots pine forest 1.2
Group mean 8.9
Total mean 5.5
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4.3.2 Stemflow infiltration areas and spatial infiltration distribution

Infiltration areas (Figure 21) would be largely overestimated on the study site using the values or
equations reported in literature, and even the basal area of a tree as reference area would still be
an overestimation compared to the mean of the dynamically calculated infiltration areas
depending on stemflow intensity and soil hydraulic conductivity. Consequently, funneling ratios
are underestimated by 2-3 orders of magnitude (annular area models) and still 1 order of
magnitude for the “classic” basal area funneling ratio from Herwitz (1986). It is also noteworthy
that the range of stemflow infiltration areas is less for the dynamic model than for the basal area,

meaning that the size of the infiltration area varies less than the size of the trees.

The relationship of cumulative precipitation input volume to cumulative infiltration area under
the forest canopy (Figure 22) shows a rather even distribution: Ranking the data according to
infiltration depth gives a smooth, symmetrical, slightly convex curve for throughfall. Stemflow
adds some level of asymmetry to the picture, depending on the underlying sizes of stemflow
infiltration areas: While annular infiltration areas around a stem of a fixed width only show a
slightly more convex curve on the left side (scenarios 2a and 2b), it becomes steeper for an

infiltration ring width that grows as a function of tree DBH (scenarios 2b and 2c), and the
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Figure 21: Stemflow infiltration areas and tree funneling ratios for all 65 trees, calculated based on the scenarios
described in Section 4.2.5.
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Figure 22: Cumulative net precipitation volumes infiltrating per area fractions of the study plot, also cumulative,
ordered by infiltration depth [L m™] starting with the highest values. Stemflow fractions of the infiltration volumes
are given in the color code. Relationships calculated for different scenario models of stemflow infiltration areas
(1-3, as described in Section 4.2.5), applied to net precipitation data from the study plot.
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funneling ratio and dynamic infiltration area scenarios (1 and 3) show an almost vertical start of
the relation that abruptly switches to the smooth throughfall curve. This shows a shift along this
gradient towards (1) an occurrence of higher infiltration depths (steep slopes) and (2) the
separation of infiltration rates into two regimes of different characteristics. The color code in
Figure 22 gives the percentage of stemflow in the infiltration input, showing that for scenarios
2a-d, stemflow blends in with throughfall, from a more stemflow-dominated input at higher
infiltration rates, to a throughfall-dominated input on the majority of the area. For scenarios 1
and 3, there is no blending in — in stemflow infiltration areas, throughfall is negligible, and

stemflow does not spread to throughfall-dominated areas.

For scenario 2a, the lowest stemflow fraction when mixing with throughfall is 9 % infiltrating at
a rate of 325 L m? (sum of all measured events, maximum and minimum infiltration was 11941
and 160 L m™), and until then 28 % of precipitation inputs have infiltrated on 22 % of the plot
area. For scenario 2d, all stemflow infiltrates within 5.7 % of precipitation on 2.3 % of the plot
area and has an infiltration depth of 395 L m (sum of all measured events, maximum and
minimum infiltration was 11941 and 160 L m™?) and a stemflow fraction of 31% before it
changes to pure throughfall. For scenario 3, all stemflow infiltrates as 3.6 % of precipitation
within 0.036 % of the plot area, with the infiltration depth dropping drastically from

254005 L m™ to 358 L m™ as highest throughfall infiltration depth (minimum throughfall
infiltration depth was 160 L m™).

The drastic difference between the dynamic model of infiltration areas (Scenario 3) to all the
other scenarios, including the funneling ratio (Scenario 1) shows best when considering
infiltration depths (Figure 23) per percentage of total infiltration volume. While the total input
volume is the same for all scenarios (the stemflow and throughfall measured on the forest plot),
the maxima of infiltration depth are very different between scenarios. For scenario 3, maxima are
multiples of the annular area scenarios and still twice as high as for the funneling ratio. What is
more, this maximum holds for several percent of the input volume, while it only represents 1 %
of input volumes for the other scenarios — in more detail, it holds for the total stemflow amount,
that is 3.6 % of net precipitation, on a plateau which represents the infiltration capacity of the

soil, and then abruptly falls to the throughfall dripping points. Thus, in the dynamic infiltration
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scenario (scenario 3), hotspots of infiltration are much stronger and represent a much higher part

of total inputs as they do in other scenarios.

When considering the relationship of precipitation input volume to infiltration area separated for
different event sizes (Figure 24, left), it becomes obvious that an establishment of two input
regimes is strongest for, and maybe only relevant in, large events. At the same time, the variation

of inputs from the slow input regime is slightly higher for small events. This is also mirrored in a
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Figure 23: Infiltration depth of under-canopy-precipitation input to the forest floor per percent of total input
volume, starting with the highest infiltration depth, for the 10 % of input volume with the highest infiltration
depths, for the scenarios described in Section 4.2.5.

100 — e 5e+04 -
= = small events
2 o
E 80 - r; 1e+04 = = med. events
S 'S, 5e+03 - —— large events
£ £
w60 — = A
£ = 1e+03 - |
S B 5e+02 !
2 40 — o X
s c
E / S 1e+02 41 _
£ 204 /S o T e .
£ / E
0 1e+01
T T T T T T T T T T T T
0 20 40 60 80 100 0 200 400 600 800 1000
Infiltration area fraction [%)] Infiltration area [mz]

Figure 24: Infiltration area and volume relationships and yearly infiltration inputs per area for three event size
classes (small: 0-3 mm, medium: 3-5 mm, large: > 10 mm).
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higher variance and a higher degree of randomness I found for net precipitation at small events
(Chapters 2 and 3). On a log scale, the infiltration depth per plot area has the same form for
small, medium or large events (Figure 24, right), the only difference is a shift along the y axis —
meaning, that for large events, precipitation input peaks are exponentially higher than bulk

infiltration inputs compared to small and medium events.

4.3.3 Soil properties

4.3.3.1 Differences of soil properties in areas close to tree stems to further away

Comparison of the distribution of physical and chemical soil properties within the vicinity of tree
stems and further away shows significant differences in field capacity and saturated hydraulic
conductivity (K5s) in the subsoil, silt fraction in the topsoil, and organic carbon content in both
top- and subsoil (Figure 25). The lower field capacity subsequently causes generally lower water

contents close to tree stems (Chapter 2). Bulk density is higher in the subsoil compared to the
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Figure 25: Distributions of soil properties for locations in the topsoil (5-10 cm depth, “top”) and the subsoil (25-

30 cm depth “sub”) close to trees (< 1 m distance to a stem, “close”) or further from trees (> 1 m distance to a stem,
“far”), n (close:far) in order or appearance: 63:136, 62:136, 64:136, 60:122, 19:31, 19:30 (for further information,
compare Section 4.2.2.3). Asterisks mark a significant difference between tree-close and tree-far samples.
Abbreviations: Field capacity: soil water content at — 60 hPa; K;: the saturated hydraulic conductivity. Levels of
significance: ***: p < 0.001, **: p <0.01, *: p < 0.05.
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topsoil, what means that porosity is lower. Stem-close and -far areas are not significantly
different in bulk density. In Chapter 2, I explained the differences in the field capacity and
concurrently indifferent bulk density and porosity with a shifted pore size distribution towards
more macropores in the vicinity of trees. The shift towards more macropores close to stems also
facilitates saturated flow here, resulting in a higher Ks. The pattern differentiating stem-close and
distant areas is much stronger in the subsoil. This also leads to a Ks in the subsoil equally high as
in the topsoil. Yet, the special conditions in the vicinity of trees show in the whole soil profile.
Organic carbon content is considerably higher here both in the top- and in the subsoil. A higher
carbon input is thus vertically transported into deeper soil layers. pH values were not much
different for stem-close and -distant locations. Yet, they are different for top- and subsoil.
Subsoil pH values are in the range of clay dislocation, topsoil values are already past clay
dislocation and in the range of cation depletion. The clay fraction is smaller in the topsoil

compared to the subsoil; at the same time, silt fractions decrease with depth (Figure 26). The
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Figure 26: Grain size distribution curves: Medians and quartiles for the topsoil (5-10 cm depth) and the subsoil (25-

30 cm depth) close to trees (< 1 m distance to a stem) or further from trees (> 1 m distance to a stem), n in order of
appearance: 18, 25, 27, 28. The clay fraction is significantly different for tree-close and -far in the topsoil (p = 0.03).

123



Dissertation

sand fraction is overall very small (<4 %), being a bit higher in the subsoil compared to the
topsoil. The clay fraction is significantly lower in the topsoil close to stems compared to further

away, while the other texture fractions show no significant differences.
4.3.3.2 Characterization of soil saturated hydraulic conductivity

Topsoil saturated hydraulic conductivity (Ks) at the study site, measured in a simple constant
head setup on 100 cm? samples, has a mean value of 275 mm h! (median of 122 mm h!); in the
vicinity of tree stems the mean is 251 mm h™!' (median of 150 mm h™"). The 250 cm? pressed-in
samples measured more carefully by Weckmiiller (2017) had a mean K of 390 mm h™! (median
382 mm h™') for four topsoil samples and of 363 mm h™! for the two samples in the topsoil close
to tree stems. I can therefore state that Ks was not overestimated by the simpler mass sampling
and measurement methods. The overall higher Ks values obtained by the more careful
measurement could be explained by the higher sampling volume, that give a higher chance to
catch a big macropore in the sample, the presence of which is absolutely decisive for Ks. Using
median values for my calculation of stemflow infiltration adds a second level of conservative

measures.
4.3.3.3 Size of soil microsites

Proposing distances from the tree for the definition of soil microsites around trees showed
different results for different soil properties and soil depths (Figure 27). In the topsoil, the critical
tree distance was 0.3-0.4 m for soil organic carbon and 0.7 m for clay content; for every other
soil property, a tree distance categorization did not improve the model. In the subsoil, the critical
tree distance was 1 m for field capacity, 0.8 m for hydraulic conductivity (Ks) and 0.6 m for soil
organic carbon. In coarse silt content, the model improved for a critical tree distance of 0.7 m,
yet not significantly. Soil microsites at tree stems, thus, are non-uniform concerning different soil

properties and tend to increase in size with soil depth at the study site.
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Figure 27: Results of Akaike Information Criterion (AIC) for linear mixed-effects models accounting for distance
classes of increasing size (x-Axis). The y-axis gives the difference of AIC between the model containing tree distance
classes (close and far) and the Null model (no distance classification included). A higher value than 0 implies model
improvement. The highest positive values correspond to the size of the tree microsite for each soil property.
Abbreviations: Field cap.: Soil water content at field capacity [vol-%]; K: Saturated soil hydraulic conductivity

[mm h] (log-transformed); Co: Soil organic carbon content [%]; Clay: Clay content [%]; Coarse silt: Coarse silt
content [%].

4.4 Discussion

4.4.1 Stemflow infiltration areas might be much smaller, and stemflow

concentration much higher, than generally assumed

My results show much smaller stemflow infiltration areas calculated dynamically from
precipitation intensity and soil infiltration capacity compared to other calculation methods.
Notably, the derived infiltration areas are smaller than the basal area, implying that stemflow
concentration is even stronger than Herwitz’s often-used funneling ratio (Herwitz, 1986). This

means that stemflow funneling has likely been generally underestimated.
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Infiltration areas were mostly observed or calculated for single precipitation or irrigation events,
often of large volumes and high rates (Reynolds and Henderson, 1967; Herwitz, 1986; Navar and
Bryan, 1990; Navar, 2011; Schwérzel et al., 2012). As stemflow infiltration area sizes change
depending on the stemflow rates, study findings vary strongly depending on the
applied/examined precipitation or irrigation intensities. Additionally, observed infiltration areas
have been derived from “infiltration marks” or “litter marks” in some studies (Tanaka et al.,
1990; Iida et al., 2005a; Rashid and Askari, 2014), which can be attributed to maximum
stemflow rates rather than averages: Maximum stemflow rates cause the maximum overland
flow velocities and distances, which are able to transport litter and particles away from the stem.
The same applies to dye tracer experiments: Dye will equally mark the maximum flow extend,
corresponding to the highest stemflow rate, within the measurement period. Most approaches
towards stemflow infiltration areas, thus, have been oriented towards the maximum extent of
stemflow infiltration around a tree, or towards defining the total area that could ever receive

stemflow input.

Therefore, to compare reported stemflow infiltration areas, it is important to consider the
experimental settings. Taking this into account, my calculations using the dynamic model fit well
with observed and calculated values reported in literature. In two dye tracer experiments,
Schwirzel et al. (2012) and Carlyle-Moses et al. (2018) mapped stemflow infiltration areas.
Schwirzel et al. (2012) applied a comparatively large quantity of water (180 L) to a tree stem
within 3 h and found infiltration areas of 0.245 m?. Carlyle-Moses et al. (2018) investigated three
natural precipitation events ranging from 5.9. to 16 mm on three trees and found infiltration areas
of 0.0017 m? per tree. This result is very similar to my study’s result of 0.0029 m?. In an
additional calculation approach (using the same dynamic calculation), Carlyle-Moses et al.
(2018) found a mean stemflow infiltration area of 0.0016 m? per tree. Results from low-intensity
measurements and the dynamic calculation method thus are very similar (even though they
cannot be directly compared, as they are based on different sites). Navar and Bryan (1990),
Herwitz (1986) and Reynolds and Henderson (1967) calculated stemflow infiltration areas of
0.12-0.3 m?, 0.13-1.52 m? and 0.13 m? with the same method, all for single events with very high
precipitation intensities (> 40 mm h''). Gémez et al. (2002) made the calculation for three olive

trees of similar size for twelve events of varying size (average of 15 mm). The mean of the event
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maximum stemflow infiltration areas for all events was 0.097 m?, while the maximum was

0.373 m? (event of 77.1 mm). This illustrates how strongly maximum and mean infiltration areas
differ. Stemflow infiltration areas of larger events in Gémez et al. (2002) align fairly well with
the values calculated by Navar and Bryan (1990), Herwitz (1986) and Reynolds and Henderson
(1967). Conclusively, despite different site, tree, and soil properties, values from observations of
stemflow infiltration areas and calculations with the dynamic intensity/conductivity method

result values all in the same order of magnitude for events with similar sizes or intensities.

Small stemflow infiltration areas result in high stemflow concentration at the soil surface. High
infiltration concentrations imply a generally more variable infiltration pattern. Combining
throughfall and stemflow inputs to derive an overall infiltration distribution, I found that this
distribution is almost even, with the exception of stemflow. Stemflow infiltration depth is
exceptionally high, but only refers to a very small fraction of infiltration volume (3.6 %) and soil
surface area (0.036 %). Thus, my results confirm and stress the hotspot character of stemflow.
Also, due to the small stemflow infiltration areas and the high stemflow infiltration depths,
mixing of throughfall an stemflow is minor. Throughfall infiltration is negligible within
stemflow infiltration areas (< 2 %), while on the major part of the plot area, stemflow infiltration
does not occur. As small events are not important for overall rainfall distributions, and for larger
events, throughfall and stemflow infiltration depths differ by several orders of magnitude
(stemflow is a 80-fold of the highest throughtall dripping point), it can be stated that throughfall
and stemflow indeed represent two totally different input types, which have been called “diffuse”
and “point” inputs (Reynolds and Henderson, 1967; Durocher, 1990; Bialkowski and Buttle,
2015; Liang et al., 2015). These two input types could trigger two different subsurface flow
regimes, a slow matrix flow and a fast-preferential flow. Stemflow has frequently been linked to
preferential flow as well as enhanced deep percolation and recharge (Chang and Matzner, 2000;
Johnson and Lehmann, 2006; Liang et al., 2009; Takahashi et al., 2011; Schwirzel et al., 2012;
Buttle et al., 2014; Bialkowski and Buttle, 2015; Spencer and van Meerveld, 2016). Diffuse
throughfall inputs, on the other hand, are more likely to infiltrate into the soil matrix and
contribute to plant-available soil water storage. Stemflow and throughfall have conceptionally
been assigned to different subsurface flow regimes in the past (Crabtree and Trudgill, 1985;

Tang, 1996). Brooks et al. (2010) raised the “two water worlds” hypothesis, when they
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discovered that precipitation fed two different subsurface pools, one soil matrix pool, which
plants took up water from, and a second pool of mobile and preferential flow soil water,
groundwater and stream water, which did not mix with the first pool and from which no plant

water uptake occurred. Possibly, throughfall and stemflow could answer to these distinct pools.

As the areal distributed infiltration depths differ in magnitude, so do distributed net precipitation
volumes and the areas they are relevant on. While stemflow still only constitutes 3.6 % of net
precipitation on the study plot, it infiltrates on less than 0.1 % of the area, making a total area of
3.6 m* on the 1 ha plot of stemflow infiltration areas. Consequently, (1) stemflow is not a large
proportion of inputs, yet if it, as anticipated, almost completely bypasses the soil and is not
available for transpiration, it could constitute an important figure for groundwater recharge.

(2) Because of the high nutrient loads of stemflow, a direct shortcut between stemflow and the
groundwater could have a considerable impact on groundwater nutrient inputs. (3) The
disproportionately high precipitation inputs have an impact on the small proportion of soil they

apply to, creating microsites of soil formation at the stem bases of trees (Section 4.4.2).

4.4.1.1 Approaches for the determination of stemflow infiltration areas are inconsistent and

constrained

Comparison of different methods and results of assessing stemflow infiltration areas in literature
presents a number of obstacles. (1) Infiltration areas are often given for single events or
irrigation/dye applications, often of large sizes and high intensities (Herwitz, 1986; Navar and
Bryan, 1990; Navar, 2011; Schwiérzel et al., 2012), making results exemplary rather than
representative on a longer term. (2) Infiltration areas have been set in reference to different
measures: tree DBH or species, and rain or stemflow sum or intensity. (3) Results have been
provided in different measures: While a lot of studies give an actual area, others assume a
annular infiltration of the stemflow and give the infiltration area’s radius (center of the tree to
outward border of the annular infiltration area) (Tanaka et al., 1996; Iida et al., 2005a; Rashid
and Askari, 2014) or ring width (outward border of the tree stem to outward border of the
annular infiltration area) (Voigt, 1960; Leonard, 1961; Herwitz, 1986; Gomez et al., 2002; Buttle

et al., 2014; Bialkowski and Buttle, 2015). These different systems hinder comparison of results.
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A frequent implication of approaches in literature is giving stemflow infiltration area as a
function of DBH (Voigt, 1960; Leonard, 1961; Pressland, 1976; Majima and Tase, 1982; Aboal
et al., 1999; lida et al., 2005a; Liang et al., 2011; Buttle et al., 2014; Rashid and Askari, 2014;
Bialkowski and Buttle, 2015). These studies conceptualize stemflow infiltration area as an
annular area around the tree, which means that stemflow infiltration areas increase as a square
function of DBH. This is also true for Herwitz (1986)’s funneling ratio. At the same time,
stemflow often does not increase as a square function of DBH (Crockford et al., 1996; Aboal et
al., 1999; Chuyong et al., 2004), and, additionally, varies considerably depending on gross
precipitation and tree traits. Thus, in my results, stemflow infiltration areas calculated by the
dynamic model correlate well with stemflow amounts, while the relation is scattered for other
stemflow infiltration area calculation methods (data not shown). At the same time, stemflow
infiltration areas calculated by other methods correlate well with DBH, while the relation is
scattered for the dynamic model. Tanaka et al. (1996) tried to take care of this problem. They cite
Rutter (1963), who found a linear relationship of stemflow to the square of DBH, therefore
choosing a logarithmic function for the relation of DBH and the radius of the stemflow
infiltration area. In my data, stemflow increased (already very scattered) linearly with DBH (as
also in Van Stan and Levia (2010)), other studies did not find a relationship between DBH and
stemflow at all (Buttle et al., 2014) — in summary, the relationship found by Rutter (1963) is not
universal. Additionally, in this approach, the scatter in the relation of stemflow infiltration areas
and stemflow still remains. The hypotheses of annular stemflow infiltration areas in general is
unlikely to be true, because it would mean an isotropy of all stemflow impacting factors around
the tree trunk. Factors like weather and tree architecture are usually not isotropic around the
trunk, also not on average over time. Even at maximum stemflow, it is not to be expected that the
whole stem circumference is wetted and acts as stemflow pathway (Levia et al., 2011), and even
if it was, the whole stem circumference would not receive and channel an uniform amount of
stemflow. Other factors of stemflow distribution around a stem are the architecture of the stem
base, which consists of concave and convex segments for a lot of species (shape of the basal
area), and topography, as stemflow has been found to travel further in downslope areas of a stem
(Herwitz, 1986; Liang et al., 2011). Field studies observing annular stemflow infiltration areas
often did not happen under natural condition, e.g. dye and irrigation experiments in which

stemflow was artificially applied evenly all around the trunk (Schwérzel et al., 2012; Buttle et
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al., 2014). While stemflow infiltration might occur annularly around the stem at some sites / for
some species, and the concept is practical to calculate mean impact distances of stemflow from
the tree stem, it is unfunctional for the calculation of stemflow infiltration areas and might be
misleading, as neither the ring width nor the infiltration area are probable to increase

proportionally to tree DBH.

The calculation of stemflow infiltration areas by the scenario 3 model is convincing because it is
dynamic, physics-based and simple. The method has a temporal resolution, thus can be applied
also to long-term precipitation time series and therefore be temporally representative. Stemflow
infiltration areas are directly linked to stemflow input (instead of tree size), and can be assessed
from the tree to the stand scale. The assumptions made for this approach are, as described by
Reynolds and Henderson (1967) “that the steady state has been reached where stemflow volumes
are linearly related to gross precipitation, the rate of stemflow is simply proportional to rainfall
intensity, and infiltration rate into the soil is unaffected by time.” Referring to these assumptions,
Van Stan II and Allen (2020) recently criticized the method, naming explicitly the effects of
unsaturated soils, air entrapment and hydrophobicity. I expect these effects to be small at the
study site: (1) Microclimate in closed-canopy forest keeps the soil from drying completely in the
summer. While the litter layer constitutes an additional interception storage resulting in loss of
precipitation (Coenders-Gerrits et al., 2020), litter as well as the canopy cover also protect the
soil from evaporative forcing (Metzger et al., 2014; Traff et al., 2015; Coenders-Gerrits et al.,
2020). As hydrophobicity is related to dry matter (Hillel, 1998; Blume et al., 2010), it is likely to
play a small role at this site. (2) Soil preferential flow of stemflow inputs has been frequently
observed throughout climates and species (Johnson and Lehmann, 2006; Takahashi et al., 2011).
It is also probable to play a role at this study site, as suggested by nearby observations (Tischer et
al., 2020) and a generally high likelihood of preferential flow in clay-rich forest soils (Demand et
al., 2019). The high hydraulic conductivity values observed on this study’s site are based on
small (100 cm?) soil samples and are therefore largely confined to the soil matrix. Larger
biopores and cracks come on top of the high measured conductivity values. Additionally, for
preferential flow, the moisture state of the matrix is of minor importance, and dry or hydrophobic
soils can even enhance preferential infiltration and flow (Beven and Germann, 1982; Hillel,

1998; Fliihler and Roth, 2004). High occurrence of macropores and bimodality of water flow
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dynamics due to dual porosity also allow entrapped air in soil pores to escape. (3) During long
periods spent on-site, especially whilst measuring precipitation, overland flow or water logging
were not observed. Also, no wash-off of litter or other “infiltration marks” were noticed. Nearby
dye tracer stemflow experiments showed very small infiltration areas in accordance with the
calculations in this study (Tischer et al., 2020). Generally, in bare, dry or sloped soils, a lateral
spread of stemflow fluxes is more likely. Therefore, climate and land use might play a dominant
role regarding stemflow infiltration areas. Agricultural systems do not provide a protection of the
soil by canopy and litter cover, and might results in surface effects like hydrophobicity, silting
and erosion, especially in warm climates. Care should therefore be taken when transferring
stemflow infiltration observations from agricultural sites (Bui and Box Jr, 1992; Sansoulet et al.,
2008; Cattan et al., 2009; Charlier et al., 2009; Rashid and Askari, 2014) to (near-natural)
forests. Overall, determining stemflow infiltration areas in-situ is difficult, and a dynamic or
spatiotemporal representative determination even is impossible. For lack of better methods to
date, I consider the dynamic calculation method used here a good first approach, given a careful

handling of input variables, as discussed in the following.
4.4.1.2 A conservative approach ensures representativity of small stemflow infiltration areas

Calculating the temporal mean instead of maximum stemflow infiltration areas resulted in much
smaller areas in this study compared to the majority of other studies. These results depend
strongly on the data used for the calculation. In the following, I want to discuss the input data

and the consequent validity of this study’s results.

Stemflow infiltration areas in my calculation strongly depend on rainfall intensity: Comparing
rainfall characteristics of the measurement period to the local climate shows, that large events are
slightly overrepresented in this study’s data, showing the same pattern as the summer climate.
The data is thus representative for summer conditions. Large summer events tend to be of higher
precipitation intensities, resulting in larger stemflow infiltration areas. Therefore, it can be
assumed that stemflow infiltration areas are still overestimated in this study considering the
temporal mean of all times, when stemflow occurs. At the same time, it needs to be considered

that inputs in small events are little, and stemflow does not exceed throughfall as much. Thus, in
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total, small events have a negligible (to no) impact on cumulative rainfall amounts and the

distribution of funneling over the plot (see results).

Stemflow infiltration areas in my calculation strongly depend on soil hydraulic conductivity: Ks
at the study site can be quite high (> 1000 mm h™!). The median of the samples, taken in high
number on the plot (n = 182, 150 mm h™"), is smaller than the mean, and is just one third of the
larger-volume samples taken in smaller number and measured in a way that reduces potential
disturbance of the sample. I chose to use the median of the mass approach to also stick to a more
conservative measure of Ks, which again favors an overestimation of stemflow infiltration areas.
Carlyle-Moses et al. (2018) said that “for most forest soils, Ks > 100 mm h™! and may be

> 1000 mm h™'“. Topsoil K; values in forest studies have been reported to be 713 mm h™!
(Durocher, 1990), 415 (Schwirzel et al., 2012), 372 (Herwitz, 1986), 300 (Tang, 1996), 266
(Buttle et al., 2014), 81 (Gémez et al., 2002), 57 (Pressland, 1976) and 50 mm h™! (Reynolds and
Henderson, 1967). Therefore, even though K in forest soils can be quite high, high values are
not representative for a lot of sites. This study’s Ks measure lies within the lower range of the
values reported in literature. Yet, results show, that despite of the comparably moderate K, the
soil at this site is still able to discharge stemflow immediately, producing very small stemflow
infiltration areas. I hope that thereby the results do not only speak for this specific site, but can

also be seen representative for forested sites in more general.

4.4.2 Changed soil properties are in favor of accelerated soil formation at tree-

induced microsites

Soil microsites at the bases of tree stems show distinctly different characteristics to the bulk

forest area. They appear both in the top- and in the subsoil, concerning different soil properties.
4.4.2.1 pH isindifferent of tree distance

In contrast to much of the available literature on soil properties near stems, I found no
differences of soil pH between stem close and distant areas at this study’s site. Increased soil
acidity has been reported repeatedly for soils close to tree stems (Gersper and Holowaychuk,
1971; Neite and Runge, 1986; Falkengren-Grerup, 1989; Wilke et al., 1993; Knoerzer and

Girtner, 2003; Rosier et al., 2016). Lower pH of soils close to tree stems is often set in reference
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to stemflow being more acidic than rainfall, which has been a frequent observation in stemflow
chemistry (Crabtree and Trudgill, 1985; Falkengren-Grerup, 1989; Navar and Bryan, 1990;
Levia et al., 2011). Yet, low stemflow pH can also result from acidic air pollution, and many
studies on effects of stemflow on soil properties were motivated by high pollution rates and acid
rain in the 1970’s to 1990’s, which had dramatic effects on overall soil pH (Neite and Runge,
1986; Falkengren-Grerup, 1989; Rampazzo and Blum, 1992). At this study’s site, stemflow pH
is very similar to rainfall, with a tendency to be more alkaline (data not shown). Also elsewhere,
stemflow has been observed to be more alkaline than rainfall (Shiklomanov and Levia, 2014),
and the tree effect on soil pH has been found to be either acidic or alkaline depending on the tree
species (Jung and Chang, 2013). In absence of pollution, stemflow pH largely depends on tree
species, and the geology and land use of the surrounding landscape as sources of dry deposition.
This study’s site is situated away from industrial activity and in a limestone landscape. Stemflow

pH is therefore not expected to have caused the observed differences in soil properties.
4.4.2.2 Clay dislocation shows accelerated soil formation at tree-induced microsites

Top- and subsoil textures distinctly differentiate tree microsites from the bulk area. They reveal
that clay has been dislocated close to trees to a stronger degree than in further distance. Clay
dislocation occurs during the advance of the soil formation process (in this study’s setting).
Consequently, soil formation has proceeded further close to trees. Clay dislocation is enabled by
a pH of 5-6.5. pH shows no difference depending on tree distance in my study, consequently
allowing for clay dislocation in equal measure. Instead, the differences in clay dislocation must
be due to the larger water fluxes in near-stem areas, which enable clay dispergation and transport
into deeper layers. Precipitation, i.e., water percolation, is a pedogenic factor, as is time, and
consequently does higher percolation promote soil formation in time. Higher weathering indices
and faster podsolisation have been observed in tree-proximal areas in other studies (Gersper and
Holowaychuk, 1971; Rampazzo and Blum, 1992), both also indicators of advanced soil

formation.

Texture differences are significant in the topsoil. Especially fine clay has been strongly
decreased in the topsoil close to trees, as it is dislocated the easiest. Fine clay contents are also

reduced in the topsoil tree-far, and in the subsoil tree-close, showing that clay dislocation has
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taken place here as well. Clay coagulates again when it reaches soil areas still containing
carbonate or when there are water flow obstacles. This explains, why clay dislocated from the
topsoil close to trees is not found in the subsoil. The subsoil has also been already completely
decalcified and shows no decrease in hydraulic conductivity, the whole near-stem soil profile
shows a high fraction of macropores. Clay transport along flowlines and macropores into the
deeper subsurface beyond the subsoil sampling depth of 0.25-0.3 m is therefore probable,
especially with the locally extremely high water fluxes that can be expected close to trees due to
stemflow. The same mechanism that caused the texture pattern in the topsoil — a stronger clay
dislocation at tree microsites due to high water flow rates — could currently take place in the
subsoil. Topsoil pH is already decreased below 5, thus clay dislocation here lies in the past.
Subsoil pH, on the other hand, dropped below 6.5 with a median slightly below 6, indicating

that, here, clay dislocation is currently possible.

4.4.2.3 Soil hydraulic properties and organic carbon show increased macroporosity and

more pronounced structure at tree-induced microsites

A shifted pore size distribution with more macropores close to tree stems may have caused the
observed lower water contents throughout the soil water content time series (Figure 4,

Section 2.3.4), lower field capacity, and somewhat higher hydraulic conductivity.

Soil structure is the main driver of soil hydraulic properties besides soil texture, and is especially
responsible for medium- and macropores. Soil structure is the systematic three-dimensional
arrangement of soil particles due to physical (swelling and shrinking), chemical (electrostatic
interactions, coagulation) and biological (gluing by organic compounds, bioturbation) processes,
forming aggregates of typical composition and shape. The pore space between these aggregates
is the main pathway for air, water and all related soil processes especially in clay soils (Hillel,

1998; Blume et al., 2010).

The changed hydraulic properties close to trees are prominent in the subsoil (0.25-0.3 m
sampling depth). Subsoil structure at the study site is characterized by angular blocky aggregates
consisting of flat faces and sharp corners. They are typical for clayey soils and develop due to
swelling and shrinking (Blume et al., 2010). Clay contents are higher in the subsoil compared to

the topsoil. Also, less bioturbation and general activity by larger organisms and plants can be
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expected in the subsoil, which would remodel soil structure and create a loose, granular

structure. These factors strengthen and conserve subsoil structure. Close to trees, higher organic
carbon content further stabilizes soil aggregates (Blume et al., 2010), potentially accompanied by
higher microbial activity (Rosier et al., 2016). Stronger shrinking and swelling of clay because of
higher amplitudes in the drying-wetting cycle (compare soil water content time series in

Figure 4, Section 2.3.4), growth and decay of roots and push-and-pull movements due to the tree
swaying in the wind might additionally consolidate soil structure and increase secondary

macropore spaces in a wider range around the tree stem.

Clay-rich forest soils on lime- and marlstones have been found to create high proportions of
preferential flow (Demand et al., 2019). These results, which seem counterintuitive at first as
clay soils have low hydraulic conductivities, make sense when considering the soil structure.
They propose, that high rates of preferential flow are likely at the study site, especially close to
tree stems. This also explains a saturated hydraulic conductivity in the subsoil equally high as in
the topsoil, while it is usually observed to decline with depth (Herwitz, 1986; Schwirzel et al.,
2012).

Organic carbon content is considerably higher close to trees both in the top- and in the subsoil.
Higher carbon contents in tree-proximal areas were also observed by e.g. Rashid et al. (2015),
Chang and Matzner (2000) and Gersper and Holowaychuk (1971) and might be the result of high
organic loads in the stemflow (Chang and Matzner, 2000). Zinke (1962) explained the
distribution of organic carbon by the amount of leaf litter, which I observed to accumulate
around the tree stems at the study site due wind blow. Higher litter accumulations would again
attract higher microbial biomass. Because of high water fluxes and a high proportion of
macropores close to trees, higher organic inputs are also carried into deeper soil horizons. This is
supported by findings of increased soil organic carbon in preferential flow lines (Bundt et al.,

2001).
4.4.2.4 Extents of soil microsites at tree stem bases differ between properties

To study potential soil microsites at tree stems, I considered all locations within 1 m distance
from the stem center as “tree close” in a first and simple approach (Chapter 2). In a second, more

detailed study, I determined the critical distance from a tree to define the extent of the microsite,

135



Dissertation

based on the most significant difference, for each soil property. I observed a number of property
changes at the tree-close soil microsites, yet, they differ in extent and combination. According to
the results, (1) areas of altered soil properties do not coincide for different properties, (2) the soil
microsites at tree stems are larger than the average stemflow infiltration area, and (3) soil

microsites spread out with soil depth.

Areas of altered soil properties do not coincide for different properties. Thus, soil property
changes close to trees are not strongly related to each other, could be shaped partly by different
processes, or need different time spans to evolve. One major process shaping tree microsites is
enhanced soil formation/weathering, forced by higher water fluxes due to stemflow. Clay
dislocation is a typical consequence of advanced soil formation. Clay is dislocated from the
topsoil in a ring of 0.7 m width around the tree stems. The impact distance of the other soil
characteristic in the topsoil of tree-induced microsites, enriched organic carbon, is only half as
wide (0.3-0.4 m). The process of carbon enrichment due to higher carbon inputs is thus relevant
on a smaller area, or is partly compensated by higher mineralization rates (Chang and Matzner,
2000). What is more, the change in soil texture in the near-stem topsoil has no significant impact
on soil physical and hydraulic properties here, and there is no correlation between texture and
other properties (see the Appendix in Section 4.6 for correlation charts). In the subsoil, the
change in texture is smaller, but there is a trend for a higher coarse silt content within an area of
0.7 m around the tree. Coarse silt constitutes the bulk of silt content at this study site, and might
represent freshly weathered material from the bedrock or, alternatively, inversely represent clay
dislocation. The extent of the enriched coarse silt content in the subsoil around the tree stem
coincides with the extent of enhanced saturated hydraulic conductivity, and those properties are
also correlated. A positive feedback would be possible due to the facilitation of clay transport by
higher conductivities. Conductivity is not correlated to field capacity, yet, the latter shows a
strong difference in stem-close compared to stem-far areas in the subsoil (ring of 1 m around the
tree). Pore size profiles producing drainage or creating high saturated conductivities might not be
identical, and stretch for different distances from the tree stem. Additional to the influence of
enhanced water fluxes due to stemflow, macropore creation due to bioturbation or coarse root
decay might impact hydraulic conductivity more strongly, while structuring features reducing

field capacity probably comprise direct pressure-related physical influences of the tree roots (e.g.
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wind sway and main root growth). In reverse, reduced field capacity around the tree stem might
enhance soil weathering at depth due to higher drainage. A hint is the correlation of field

capacity and soil profile depth (to the bedrock) in the near-stem subsoil.

The soil microsites at tree stems are larger than the average stemflow infiltration area: There are
several possible explanations for this, which probably work in concert. Firstly, high water fluxes
at large events develop the strongest forces and represent the major part of overall percolation.
At large events, during very short time spans, stemflow infiltration rates increase to their
maxima. Those events are statistically less important for the average size of stemflow infiltration
areas, while they might be the most important drivers for changes in soil properties. Secondly, as
proposed above, the tree stem could have a number of physical effects in the soil unrelated to
water flow. These effects of trees at their stem foot need further research. Thirdly, changed
forcing and properties in tree-close soils might produce feedbacks and responses both physically
and biologically, creating a lateral spread of microsites within the soil into neighboring areas,

which is also supported by the finding that soil microsites spread out with increasing soil depth.

Soil microsites spread out with soil depth: The critical distance from the stem in which soil
properties were significantly different to the bulk area, on average of all soil properties, increases
from around 0.5 m in the topsoil (0.05-0.1 m) to around 0.8 m in the subsoil (0.25-0.3 m). The
only property which was significantly different tree-close and tree-far in both soil depths, organic
carbon content, increased in tree distance from 0.35 m to 0.6 m with soil depth. While the main
water movement seems to be vertical at the study site (based on observed patterns), a lateral
component of percolation still exists. Lateral flow components are produced due to pressure
gradients at high water inputs, and due to tortuosity of flow paths. Pores of all sizes do not lead
straight down, but are contorted. While we cannot know whether there is a systematic pattern of
directions of preferential flow paths from the stem bases into the deeper soil, water potential and
pressure gradients create lateral flow leading from high-input areas as stemflow infiltration areas
into drier soil areas further away from tree stems. Thus, water flow as well as root-induced and
biologically related impacts on soil properties are likely to spread out laterally with increasing
soil depth, depending on flow dynamics and inhibitions by strong vertical pedogenic, geogenic

or biological disruptions. Therefore, the depth to which the spread of soil microsites continues,
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or the three-dimensional shape of subsurface tree-induced microsites, strongly depends on site

and tree characteristics.

In summary, results suggest that soil microsites are formed by a complex interaction of factors,
one of which is high water input due to stemflow. Earlier studies viewed near-stem areas as
“fertile islands” or, opposingly, areas of depletion concerning water and nutrients (Zinke, 1962;
Neite and Runge, 1986; Rampazzo and Blum, 1992; Wilke et al., 1993; Chang and Matzner,
2000; Knoerzer and Gértner, 2003; Rosier et al., 2016). We are only at the beginning of research
on tree-induced soil microsites, and further study is needed to disentangle impacting factors and

processes within the soil as well as their ecohydrological and biogeochemical consequences.

4.5 Conclusion

I calculated average stemflow infiltration areas per tree in the course of 24 precipitation events
based on field measurements of gross and net precipitation and soil hydraulic properties using a
dynamic model (Reynolds and Henderson, 1967). Results show, that stemflow infiltration areas
generally are two orders of magnitude smaller than previously estimated, and even one order of
magnitude smaller than the tree’s basal area. Consequently, stemflow funneling has been
underestimated. By accounting for throughfall and stemflow in combination, I can attest that
throughfall is negligible in stemflow infiltration areas. Stemflow and throughfall infiltration
depths constitute two completely separated regimes, differing by two orders of magnitude. In
contrast to their enormous infiltration depth, the area in which stemflow infiltrates is a
vanishingly small fraction of the plot. It therefore becomes obvious that stemflow creates special

microsites in a forest, with exceptional conditions that differ from the major part of the system.

In a second step, I approached the effect of these extreme flow conditions on the properties of
soil microsites at tree stems. Comparing the statistical distribution of soil properties close to trees
and far from trees in high numbers, I found significant differences in several variables, that led to
two main conclusions: Firstly, the results indicate accelerated soil formation at microsites. The
large water fluxes must be driving this pattern, because higher acidification can be excluded.
Secondly, I detected changes in soil structure, causing higher conductivities and lower water

retention at tree microsites. The different soil structure is caused by the interaction of chemical,
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physical and biological processes, which are partly induced directly by the tree and its roots
themselves, and partly induced indirectly due to water and nutrient fluxes occurring at the base
of the tree. This is shown by a different extent of the impacted soil area at the stem base
depending on the soil property. Interestingly, tree-induced soil microsites are much larger than
stemflow infiltration areas and increase with soil depth, likely caused by the multitude of
processes impacting soil properties around the tree stem, by a lateral component of the enormous
percolation rates induced by stemflow, and by positive feedbacks between different observed

properties and their related processes.

While the overall amount of stemflow and the area affected by it might be negligible for total
sums, the dynamics of stemflow fluxes are enormous and cannot be overseen. They are very
likely to activate different flow pathways, and play a different role for subsurface flow and
transport than bulk or average infiltration, with a relevant impact on hydrological and
biogeochemical processes up to the hillslope and catchment scale. The fate of stemflow in deeper
subsurface is hardly accessible and therefore largely unknown. Tree-induced soil microsites
highlight the repercussion of extreme water flow conditions induced by stemflow, with a
momentum able to change environmental properties within a remarkable radius even for the
shallow soils and within the short average life span of a tree on this study plot. The changed soil
properties further accelerate stemflow-borne fluxes in the subsurface and might penetrate in
deeper areas, as the weathered bedrock, further connecting flow pathways that range outside of

the general soil water flow regime sustaining the forest ecosystem.
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4.6 Appendix of Chapter 4
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Figure 28: Correlation chart of all tested soil properties in the topsoil (0.05-0.1 m soil depth), tree-close (<1 m
distance from tree center), in order of appearance: Water content at field capacity [vol-%], saturated hydraulic

conductivity [m s] log-transformed, bulk density [g cm?], water content at atmospheric pressure [vol-%], profile
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Figure 29: Correlation chart of all tested soil properties in the topsoil (0.05-0.1 m soil depth), tree-far (>1 m
distance from tree center), in order of appearance: Water content at field capacity [vol-%], saturated hydraulic
conductivity [m s1] log-transformed, bulk density [g cm?], water content at atmospheric pressure [vol-%], profile
depth [cm], sand content [%], coarse sand content[%], medium sand content [%], fine sand content [%], silt content
[%], coarse silt content [%], medium silt content [%], fine silt content [%], clay content [%], coarse clay content [%],
medium clay content [%], fine clay content [%], organic carbon content [%], pH.
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Figure 30: Correlation chart of all tested soil properties in the subsoil (0.25-0.3 m soil depth), tree-close (<1 m
distance from tree center), in order of appearance: Water content at field capacity [vol-%], saturated hydraulic
conductivity [m s] log-transformed, bulk density [g cm?], water content at atmospheric pressure [vol-%], profile
depth [cm], sand content [%], coarse sand content[%], medium sand content [%], fine sand content [%], silt content
[%], coarse silt content [%], medium silt content [%)], fine silt content [%], clay content [%], coarse clay content [%)],
medium clay content [%], fine clay content [%], organic carbon content [%], pH.
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Figure 31: Correlation chart of all tested soil properties in the subsoil (0.25-0.3 m soil depth), tree-far (>1 m
distance from tree center), in order of appearance: Water content at field capacity [vol-%], saturated hydraulic
conductivity [m s] log-transformed, bulk density [g cm?], water content at atmospheric pressure [vol-%], profile
depth [cm], sand content [%], coarse sand content[%], medium sand content [%)], fine sand content [%], silt content
[%], coarse silt content [%], medium silt content [%)], fine silt content [%], clay content [%], coarse clay content [%)],
medium clay content [%], fine clay content [%], organic carbon content [%], pH.
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Vegetation cover is a hub of biological, physical and chemical activity, strongly shaping the
processes at the atmosphere-pedosphere interface. Vegetation depends on climate, water
resources and soil, but it has shown to also impact on water cycling and soil formation. One of
these impacts is the retention and redistribution of downwards-directed water fluxes by the
vegetation canopy. The resulting input flux patterning is likely to affect subsequent subsurface

processes, but little has been known about which processes are affected and to what degree.

I wanted to learn more about the character of small-scale heterogeneity in net precipitation and
its impacts on soil water and soil properties. Most prominently, I aimed to evaluate input
hotspots due to stemflow and their fate below the soil surface. Small-scale heterogeneities might
shape a site’s overall ecohydrological functioning, and hotspots have a high potential of

introducing flow mechanisms that play a key role in landscape hydrological responses.

I addressed this goal by the overarching research questions: (1) By which factors does the
vegetation community systematically generate hotspots of net precipitation? (2) How does

the high heterogeneity of net precipitation translate to soil water conditions and processes?

5.1 Review of hypotheses

By approaching stand and soil properties and water fluxes comprehensively and highly resolved
in a mixed forest, [ was able to draw a picture of the ecohydrological processes driving and
driven by downwards-directed water flux patterning. In the following, I will present my major

findings, thereby revisiting my hypotheses and rejecting or accepting them.

I found net precipitation to be characterized by a strong variability, which is stable in time. In
throughfall, this had been observed before in different ecosystems (Keim et al., 2005; Staelens et
al., 2006; Zimmermann et al., 2007), but concerning stemflow, systematic investigations were

lacking hitherto (Van Stan et al., 2020). My research could show for the first time that stemflow
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fluxes are also temporally stable, and especially so in large precipitation events. At the same
time, relative spatial variation is higher in stemflow than in throughfall. This allows a more
differentiated view of stemflow character: Knowing that stemflow in general has a hotspot
function (details below), I can now add that these hotspots themselves vary substantially in
strength. As the variation is temporally stable, this creates long-lasting areas of very large
cumulative fluxes at some trees, making them hosts of considerable fractions of larger-scale,
long-term inputs. Temporal stability of stemflow increasing with event size additionally shows
the important role which connectivity of flow paths in the canopy and down the stems play for
the stability of stemflow patterns. Conclusively, flow paths themselves develop in a recurring
pattern given a certain wetness level. These results indicate a highly organized heterogeneity due
to canopy features for both throughfall and stemflow. Stemflow integrates canopy structure in
the crown volume of the respective tree and therefore is strongly dependent on traits and
morphology of this tree. My results furthermore show that the neighborhood of the tree drives
tree individual stemflow, and that additionally, the neighborhood impacts tree morphological
features. This is because neighboring tree’s sizes and species shape canopy space occupation. I
can therefore accept my first hypothesis: H1.1: Neighborhood and stand properties impact tree

individual stemflow generation.

The variability of stemflow hotspots is not mitigated on a larger scale, but it persists in forest
patches (100 m?) in the same order of magnitude. Forest patches of this size can be
representative for different stages of regeneration after the death of old-growth upper-canopy
trees. Competition and shading have most commonly been suspected to be the main
neighborhood effects on stemflow production (André et al., 2008; Takahashi et al., 2011; Terra
et al., 2018). My results, yet, conclude competition and shading to play only a minor role. In
contrast, stand features work in a way that trees concertedly yield more or less stemflow due to
their community structure. Tree density was the strongest community effect on individual as well
as forest patch stemflow production in my study. Most importantly, woody surface area is
increased by tree density, constituting surface to receive and channel rainwater. Further, tree
density steepens branching angles, such minimizing drip loss of stemflow. An increased density
of mixed forest stands because of more efficient space occupation due to different species’

growth strategies (Frech et al., 2003) might additionally explain the observed positive impact of
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species diversity on community stemflow yield. This confirms my second hypothesis: H1.2: In a
natural, diverse forest, different forest patches can strongly vary in stemflow production
depending on their community traits. Diverse stands and forest patches increase stemflow

variation and therefore hotspot generation.

While my results confirm the hotspot character of stemflow inputs, they moreover show that
stemflow funneling at infiltration has been strongly underestimated in previous studies (Voigt,
1960; Reynolds and Henderson, 1967; Navar and Bryan, 1990; Tanaka et al., 1996; Buttle et al.,
2014). This finding also contributes to a recent debate on the hotspot character of stemflow based
on stemflow infiltration areas (Carlyle-Moses et al., 2018; Van Stan and Gordon, 2018; Van Stan
IT and Allen, 2020). The hydraulic conductivity of the soil allows for the stemflow to infiltrate
within areas smaller than the tree’s basal area (which is conventionally used as reference area to
express stemflow concentration). Thus, net precipitation hotspots are not weakened in the
process of entering the soil, but persist. Stemflow infiltrates almost constantly at soil infiltration
capacity, constituting fluxes that are several orders of magnitude larger than throughfall inputs.
This results in the acceptance of the next hypothesis: H2.1: Stemflow infiltrates into the soil in
the direct proximity of the trunk, and has a distinct hotspot character compared to throughfall and

throughfall dripping points.

While input hotspots persist entering the soil, net precipitation heterogeneity overall has a minor
impact on long-term soil water content patterns. My analyses show additional variance
introduced to soil water content patterns by precipitation events. Yet, superimposed patterns of
net precipitation in soil water content quickly disappeared again with soil drainage.
Predominantly, soil hydraulic properties drove soil water content, creating a stable pattern which
quickly reestablished itself after precipitation events. Discussions in literature, as well as the
present study, frequently assumed a general, long-lasting effect of net precipitation patterns on
soil water content, creating areas of high and low soil water recharge (Alva et al., 1999; Raat et
al., 2002; Jost et al., 2004; Teuling and Troch, 2005; Zehe et al., 2010; Rosenbaum et al., 2012;
Traff et al., 2015). While the findings may be unexpected, they are logical conclusions upon
reconsidering the facts: Additional water input to the soil cannot increase soil water content if the
soil is incapable of retaining it. Less water input to the soil, on the other hand, might be quickly

countervailed by redistribution due to soil water potential gradients. At the same time, if
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precipitation inputs do not imprint on soil water content, this means that they do imprint on soil
water fluxes. As water inputs are not retained by the soil, they likely contribute to deep
percolation (provided that vertical flow predominates). This mechanism is highlighted by the
situation I found at potential hotspot locations — close to tree stems: Surprisingly, near-stem soil
was generally drier than further away from trees. This is in opposition to earlier observations
(Pressland, 1976; Li et al., 2008; Wang et al., 2011; Jian et al., 2014). Yet, these studies
measured soil water content directly after precipitation events, when soil drainage (based on my
results) is still ongoing. I found the explanation for low water contents of near-stem soils in soil
water retention, which is significantly lower in the vicinity of tree stems. This strongly suggests
that water flow hotspots established in the vegetation canopy persist in the soil and induce also
hotspots of drainage. In summary, net precipitation patterns are reproduced in soil water content
patterns, but only for short periods directly after rainfall. For the most part, soil water content
patterns are independent from input patterns, and input hotspots do not result in elevated soil
water recharge. I therefore conclude to reject the hypothesis: H2.2: Net precipitation patterns
imprint on soil water content patterns, and points of high inputs, especially stemflow hotspots,

create areas of increased soil water recharge.

As soil water retention is significantly lower around trees, there is a systematic soil pattern due to
trees. I identified soil microsites near stems, which differ in several properties from the bulk area.
Water retention capacity was lower and hydraulic conductivity was higher due to increased
macroporosity, significantly so in the subsoil. Organic carbon content was higher and clay
dislocation advanced further, significantly so in the topsoil. These results draw a picture of an
accelerated soil formation and a more pronounced soil structure close to trees. Because water
fluxes, as a pedogenic factor, are increased near stems, soil formation has further progressed
here. Interestingly, this induces a coupling of locations of increased input and locations of
increased drainage in the soil. Soil microsite areas at tree stems are larger than mean stemflow
infiltration areas and increase in size with soil depth. It can therefore be assumed that stemflow-
induced soil water fluxes fan out with increasing depth. Yet, the effect is unlikely to explain the
larger extent of soil microsites already in the topsoil. This suggests that stemflow effectively
develops soil microsites even at locations of low frequency occurrence of stemflow infiltration

further away from the stem, to which stemflow water spreads only during high intensity storms.
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Further, soil microsites at trees could be shaped by other factors additional to stemflow, and
more research is necessary on this newly emerged topic. My last hypothesis, nevertheless, can be
accepted: H2.3: Soil properties in the vicinity of tree stems differ distinctly from tree-distant

areas, forming microsites, which impact the fate of stemflow fluxes.

5.2 Evaluation of achievements and representativity

My study’s results provide new insights to below-canopy precipitation patterns’ impacts on
subsurface conditions. Vegetation is known to be a key influence on environmental processes at
larger scales. My research now shows that vegetation shapes soil and water processes also on
small scales. Heterogeneity and diversity of vegetation increase hotspots of downwards-directed
water fluxes on the small (< 1 m) and the forest patch (> 10 m) scale. Results strongly suggest
that elevated input water fluxes locally enhance soil formation, leading to a coupling of both
water input and drainage hotspots at near-stem soil microsites. Thus, vegetation establishes water
bypass flow presumably leading from the canopy right into the deeper subsurface. In this way,
introduced heterogeneity of downwards-directed water fluxes is likely to impact allover

hydrological functioning.

Overall, even though some results were unexpected, the various findings complement each other
to form a conclusive picture. Also, my findings match reported observations, and could even
help to explain and resolve contradictions. For example, in some studies, soil water content had
been found to be impacted by net precipitation inputs, while in other studies, no or no important
impact of net precipitation had been found (see Introduction, Section 1.1.3). As my analysis
showed net precipitation impacts on soil water content to be short-lived, it became apparent that
a lot of measurements confirming the hypotheses were taken in the hours directly after rain
events (Pressland, 1976; Li et al., 2008; Wang et al., 2011; Jian et al., 2014), while long-term
field and model representations found no, or equally a short-lived, impact (Pressland, 1976;
Bouten et al., 1992; Raat et al., 2002; Liang et al., 2007; Coenders-Gerrits et al., 2013). As |
noticed, some studies had even found lower water content close to tree stems, but had not further

discussed this result (Rutter, 1964; Buttle et al., 2014).
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The extensive field sampling provided a comprehensive data set. Its elaborate design results in
robust analyses: A stratified random sampling allows for a statistical evaluation that can be
considered representative for the population (Campbell, 1989). The combination of independent
stratified random sampling designs for different variables on the same plot enabled me to
compare the different variables by their statistical properties, without having to measure different
variables at the same location, and such, avoiding disturbance. Especially for throughfall, the
sample size necessary to cover variance in a stratified random design is well researched
(Zimmermann et al., 2010; Zimmermann et al., 2016). For soil properties and soil water, the
subject of heterogeneity is a more complex one (Price and Bauer, 1984; Western and Bloschl,
1999; Zehe et al., 2010; Vereecken et al., 2014; Zarlenga et al., 2018). The sampling resolution
strongly depends on the scale of interest, which varies largely between studies. I was interested
in the spatial scale of throughfall variation to compare throughfall and soil variations, and thus
used a similar sampling scheme for soil patterns as for throughfall. Less measurement points
could be realized for soil sampling compared to throughfall because of the fixed number of
sensors and half of the sampling points being traded off for measuring soil water content in two
soil depths instead of only one. The stratified random sampling design for soil measurements
was realized in a checkerboard-like arranged subsample of subplots, maintaining a high
resolution within the sampled subplots. As significant systematic small-scale patterns were
captured in the data, I conclude that the applied sampling was sufficient to approach my research
questions, and that the effect of a missing sensor calibration for soil texture was small, owing to
the small sampling area extent with similar soil textures (Bogena et al., 2010; Rosenbaum et al.,
2012; Jackisch et al., 2020). To be certain that the sampling design was sufficient to capture soil

variability, additional sampling and further research would be necessary.

While the results can be considered representative for the study site, the situation is different
regarding the representativeness of the study site compared with sites worldwide, and evaluating
the findings on ecohydrological processes at this site globally. Heterogeneity of net precipitation
has been observed throughout climatological regions and tree and shrub communities (Levia and
Germer, 2015). Yet, the role it has ecologically might differ (Guswa and Spence, 2011),
depending on the water availability of systems. In the tropics and in humid temperate climates,

as in our case, net precipitation distribution has not been reported to affect tree composition,
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patterning or productivity (but Neite and Runge (1986) and Wilke et al. (1993) found different
herb layer species and moss cover related to stemflow). In contrast, the channeling of intercepted
water to the roots is crucial to the survival of vegetation in semiarid shrublands and savannas
(Pressland, 1976; Navar and Bryan, 1990; Martinez-Meza and Whitford, 1996; Whitford et al.,
1997; Johnson and Lehmann, 2006; Li et al., 2009; Zuo et al., 2009; Wang et al., 2011; Zhang et
al., 2013) and cloud forests (Hildebrandt and Eltahir, 2007; Hildebrandt et al., 2007; Gonzalez-
Martinez et al., 2017). As soil water availability and water use efficiency change with different
ecosystems, so do precipitation fractions of deep percolation and groundwater recharge (Troch et
al., 2009). Especially stemflow hotspots could impact on and feed into different water storage

compartments depending on site properties, vegetation and climate.

The impact of vegetation and net precipitation patterns on soil properties can be expected to
importantly vary in size and consequence between sites. The effect probably strongly depends on
the parent material of the soil, the status of the soil formation process, and vegetation and
precipitation chemistry. Different site property combinations could result in different effects. For
example, stemflow has been found to create “fertile islands” in some studies (Whitford et al.,
1997; Li et al., 2008; Zuo et al., 2009), while it was discussed to produce sites of depletion and
structural soil collapse in others (Wilke et al., 1993; Knoerzer and Gértner, 2003; Van Stan and
Gordon, 2018). As a well-drained, relatively young soil on an alkaline bedrock, this site’s soil
might have been perfectly suited as a canvas for impacts of input water flux heterogeneity. Older
and more strongly weathered soils, as in the tropics, would possibly not reproduce patterns of
recent vegetation, because soil formation already is in the final state and cannot be further
differentiated by recent processes. Also, very wet soil with a high overall water content due to
stagnant water or due to lateral water flow would conceal above-surface signals. Yet, soil
microsites can likely manifest in various systems and soils due to high water and element inputs
(as induced by stemflow). Such, an increased podsolization has been observed at acidic sites at
locations of high water fluxes (Price, 1994; Bogner et al., 2012), and I found a further developed
eluvial soil horizon and changed soil hydraulic properties close to trees during field work in

Québec, Canada (data not shown).
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5.3 Implications

This thesis’ results show, how densely intertwined vegetation is with all environmental processes
at the earth’s surface, and how heterogeneity as a principle of life exists, acts, and organizes also

on the small scale.

Vegetation structure has shown to influence the creation of variance, and diversity has shown to
enhance hotspot formation of downwards-directed water fluxes in the canopy and soil. Diverse
forest stands reach higher tree densities, as trees of different species can move closer together
without disturbing each other physically or competing for resources (Frech et al., 2003). This
enables a more efficient ecosystem, in respect to the number of individuals and to the biomass
per ground area (Frech et al., 2003). Species diversity is generally associated with functional
diversity (Chapin et al., 2000; McCann, 2000). My findings confirm this in the sense that forest
diversity increased ecohydrological heterogeneity: A diversification of rainwater flow paths as
well as below-canopy and subsurface water fluxes creates a spectrum of related biogeochemical
and ecohydrological niches (Bundt et al., 2001; Levia and Frost, 2003; Rosier et al., 2016; Van
Stan II and Friesen, 2020). Additionally, I found for the example of stemflow, that diversity
persists at a patch scale. Horn (1971) argued, that climax forests are unable to regenerate
continuously, thus, a stable climax forest ecosystem consists of patches of regeneration in
different stages. Only in that fashion, by opening space for competition anew at the fall of trees,
can diversity persist and thrive. Continuous niche creation is key to stabilize ecosystems: Diverse
ecosystems are more stable and more resistant and resilient against perturbations (McCann,
2000). Diversity-associated niche production in downwards-directed soil water fluxes might help

to maintain forest system diversity, health and stability.

While the diversity of soil ecosystem functions is broadly acknowledged, the diversity of soil
water flow behavior still widely remains in the dark. Yet, the latter might be key to the
segmentation of competing functions and resources of the soil-water system, as feeding the
plant-available water pool, streams or groundwater, as well as filtering water in contrast to quick
infiltration and drainage to prevent erosion and flooding. Preferential quick flow of water in the
soil, be it as finger flow in the matrix, or as macropore and channel flow alongside larger pores,

roots or cracks, is long since recognized to be important, but is only marginally understood
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(Beven and Germann, 1982, 2013). This concerns triggers of preferential flow as well as its
spatial distribution and the drivers thereof (Beven and Germann, 2013; Demand et al., 2019). A
number of studies have shown a stronger occurrence of preferential flow in forests (Zhao et al.,
2012; Demand et al., 2019) or have observed preferential flow of stemflow inputs underneath
tree stems (Martinez-Meza and Whitford, 1996; Taniguchi et al., 1996; Johnson and Lehmann,
2006; Liang et al., 2007; Sansoulet et al., 2008; Li et al., 2009; Schwirzel et al., 2012; Spencer
and van Meerveld, 2016). My study delivers hints to how preferential flow could be spatially
organized. The higher macroporosity and higher hydraulic conductivity I observed close to trees
refer to the soil matrix in relatively small core samples, and thus are not due to large biopores
and channels — yet, these structures might coincide: A higher macroporosity and higher
conductivity might facilitate the infiltration and collection of water before it is further distributed
to macropore flow paths, enhancing the connectivity and accessibility of those preferential
pathways. Small-scale accessibility of potential preferential flow paths could enable preferential
flow to play a role at the landscape scale, and small-scale variability of soil water fluxes and of
soil properties, which form positive feedbacks at tree stems, could produce high preferential flow

rates in forests.

Also, stemflow, as input water hotspot (and hot moment), might actively trigger preferential flow
in soils: Low intensity input fluxes have a higher probability to infiltrate to the soil matrix, while
high intensity fluxes drive macropore flow (Fliihler and Roth, 2004). Throughfall, as a “diffuse”
input, and stemflow, as a concentrated “point” input (Reynolds and Henderson, 1967; Durocher,
1990; Bialkowski and Buttle, 2015; Liang et al., 2015), have been attributed to driving two
distinct flow mechanisms and corresponding hydrological responses by Crabtree and Trudgill
(1985) on the hillslope, and by Tang (1996) on the plot scale. Input hotspots would thus activate
quick flow in the subsurface, bypassing the soil and eventually contributing to groundwater
recharge. Quick and pronounced hydrograph responses towards precipitation signals have been
observed in aeration zone groundwater observation wells close to this study’s experimental site,
which is explained with preferential flow paths at infiltration, within the soil and in the deeper
subsurface (Kohlhepp et al., 2017; Lehmann and Totsche, 2020). These findings highlight the
role of soil-related preferential flow for groundwater recharge, and give evidence of the

relationship in this study’s environmental setting. In catchment hydrology, the phenomenon of
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the “two water worlds” has been much discussed in recent years (Brooks et al., 2010; Phillips,
2010; Goldsmith et al., 2012; McDonnell, 2014; Berry et al., 2018): As isotope data shows,
rivers and plants are fed by two distinct pools of water. In water resources management, the
terms “blue” and “green” water have been long used (FAO, 1993), denominating the closed
water bodies of surface and groundwater in contrast to water bound in soils and plants.
According to the two water worlds hypothesis, the blue and green water pools might be largely
separated, meaning that groundwater has not slowly percolated through the soil first, but has
bypassed it preferentially and immediately drained into deeper subsurface areas, while more
tightly bound water in the soil matrix is used by plants instead of ever percolating into the deeper
subsurface. This is because tightly bound soil water is not replaced by new infiltrating
precipitation inputs, but remains locked in the pores until high pressure gradients caused by plant
roots can extract them (Brooks et al., 2010). As stemflow and throughfall are very likely to
supply these two distinct pools, the separation process between plant available soil water and

groundwater might thus be decided in the vegetation canopy.

Soil is a heterogeneous medium, and its heterogeneity depends on a whole set of factors. Most
soil formation processes are rather slow, such that soil properties are subject to a substantial
memory effect (Zimmermann et al., 2006). A soil can be viewed as the cumulative record of
impacts during its formation process. Considering that soil formation for the young Holocene
soils in most of central Europe has continued for at least 10,000 a, it is no wonder most people
find it surprising that I observe differences in soil formation during the lifespan of a tree — maybe
not even a very old tree. Changes in soil properties due to vegetation within such short time
periods have been observed before, e.g. by Jost et al. (2012) and Fischer et al. (2015), where
beech compared to spruce forest and species diversity in a grassland increased soil
(macro)porosity and infiltration capacity. There, observed changes were caused by differences in
rooting and root decay as well as higher soil organic carbon accumulation and related microbial
and faunal activity, enhancing soil structure. These positive relationships are also mirrored in my
results. Additionally, my findings now show differences in soil properties not only caused by
biological factors, which are in the quick range of soil formation processes, but also by physico-
chemical processes. It is usually assumed that soil heterogeneities are random, and that potential

drivers cannot be defined because they are complex and lie in the past. My study shows, that
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small-scale patterns of soil formation processes and resulting soil properties can be caused by
recent environmental factors. The statistical approach of my study allowed to carve out the
ongoing impacts from background patterns of past impacts by selecting location groups.
Presumably, recent processes of soil formation superimpose on past ones, and even small-scale
soil properties heterogeneity follows systematic patterns, which we are only beginning to

understand.

5.4 Outlook

The newly acquired state of knowledge opens up a spectrum of research opportunities:

I found that tree morphological features, as influenced by neighbors, as well as stand properties,
impact stemflow yields on the tree and on the forest patch scale. These relationships could be
further investigated using Lidar data. While Lidar data point clouds are still difficult to process,
computational tools already exist that are able to describe variables which now appear promising,
due to my findings (Raumonen et al., 2015; Burt et al., 2019; Moorthy et al., 2019). These are
woody surface area, tree density, branch density in the canopy, and woody surface density in
different heights. Also, the connectivity of flow paths along woody surfaces could be considered.
Those data could be evaluated for their impact on stemflow yield and variability on the tree, the
patch and the stand scale. Woody surface area and flow path analysis could also be combined
with surface roughness and resulting bark water storages to understand the spatial and temporal

behavior of stemflow.

Having observed a strong variation of stemflow on the forest patch scale, it would be interesting
to learn more about patchy behavior of stands and stand precipitation patterns. Variations and
mean values of throughfall could be observed and set in relation to stemflow variations.
Characterizing different stage patches by typical stand properties, their heterogeneity could be
related to net precipitation heterogeneity, hotspot creation ability and impact on soil property

heterogeneity within and between patches.

Using a similar approach to this study with statistical sampling of different properties and
comparing their statistical behavior, forests of different diversities, natural forests compared to

managed forests, different climate limitations or land uses could be compared. This would enable
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us to better understand the role of small-scale heterogeneity of downwards-directed water fluxes

in different ecosystems.

In this study, I found that increased soil water fluxes induced by stemflow statistically changed
soil properties around tree stems. Going one step further, the amount of stemflow or tree
properties could be related to near-stem soil properties or soil water content space-discretely.
Making this connection would be feasible by sampling soil properties near trees before starting a
stemflow measurement campaign on the same trees, or by extrapolating stemflow data for trees,
where soil properties or soil water is observed, with a good stemflow model. In this manner, the
effect of stemflow amounts and rates on soil properties and soil water could be more closely

examined.

The predominance of preferential soil water flow of stemflow inputs is unambiguous, as
evidence has been found in so many studies (Martinez-Meza and Whitford, 1996; Tanaka et al.,
1996; Taniguchi et al., 1996; Johnson and Lehmann, 2006; Liang et al., 2007; Sansoulet et al.,
2008; Li et al., 2009; Schwirzel et al., 2009; Liang et al., 2011; Schwirzel et al., 2012; Buttle et
al., 2014; Bialkowski and Buttle, 2015; Spencer and van Meerveld, 2016). Nevertheless, a
comprehensive small-scale observation of preferential flow depending on locations in forests has
not yet been accomplished. Identifying preferential flow behavior by time series analysis of soil
water content data and relating it to stand and soil properties would address this long-running
unanswered question. My results propose, that the distance to the next tree and its species should
also be tested, as they have been found to impact soil properties and stemflow. Also,

precipitation event properties and soil water content state could be taken into consideration.

The phenomenon of stemflow concentration by the tree stem combined with soil preferential
flow along the tree’s roots has been described as the “double funneling” effect of trees
(Martinez-Meza and Whitford, 1996; Johnson and Lehmann, 2006; Li et al., 2009; Liang et al.,
2011; Schwirzel et al., 2012; Spencer and van Meerveld, 2016). My results on soil microsites at
tree stems have as well indicated that stemflow fluxes tend to have a lateral flow component in
the soil. Other studies found evidence that stemflow impact areas become smaller with soil depth
(Tischer et al., 2020). The question arises, how strong stemflow redistributes in the soil: Does the
term double funneling apply, or does the vertical flow component dominate, such that

preferential soil water fluxes induced by stemflow directly bypass the soil? Event response time
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series of soil water content or potential measurements as well as electrical resistivity tomography

in high-resolution short transects from trees could give insights to answer this question.

There are a lot of open questions when it comes to stemflow fate in the subsurface, but especially
so below the rooting zone. Where do stemflow fluxes go, and what is their role for hydrological
processes below the rooting zone? This also leads towards the major question of the ecological
meaning of stemflow: Is it a self-watering and self-fertilizing effect? Or are stemflow hotspot
fluxes a collateral loss to the ecosystem, yet important for groundwater recharge? It even is
conceivable, that both mechanisms exist, and that species, climate or geology decide, which of
the effects prevail. Sampling of quality and quantity of seepage water below the rooting zone
could be a first approach. This could be achieved by lysimeters, suction cups and/or trenches.
Also, high-resolution shallow groundwater sampling would be possible (depending on site
properties), as well as groundwater level response, comparing different land uses or, in forests,
areas of exclusion and inclusion of stemflow. Different water sampling approaches (of different
(eco)hydrological components) could be complemented with the use of tracers or isotope
measurements. Yet, methodology to answer the aforementioned questions needs further

development and concerted creative efforts.

Comprehension of water balances, water pathways and water-related interactions in the
vegetation-soil system becomes increasingly important due to quickly progressing global and
climate change, creating water scarcity and threating forest ecosystems due to drought and pests
in central Europe as well as due to land use change all over the world (Trumbore et al., 2015;
Watson et al., 2018). By studying and drawing attention to the complex interactions of soil,
water and ecosystems, environmental sciences can raise a better understanding and appreciation

of nature’s life-sustaining services.
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Publications from this thesis

Chapter 2 / Metzger et al., 2017

Chapter 2 of this thesis is based on the following publication:

Metzger, J. C., Wutzler, T., Dalla Valle, N., Filipzik, J., Grauer, C., Lehmann, R., Roggenbuck,
M., Schelhorn, D., Weckmiiller, J., Kiisel, K., Totsche, K. U., and Trumbore, S.: Vegetation
impacts soil water content patterns by shaping canopy water fluxes and soil properties,

Hydrological processes, 31, 3783-3795, 2017.

In this publication, the impact of below-canopy precipitation patterns on soil water content
patterns was characterized, connecting vegetation-induced heterogeneity of water inputs to their
fate in the subsurface. The statistical analysis of extensive field measurements on the 1 ha mixed
beech forest plot showed, that soil properties, instead of net precipitation patterns, most
prominently shaped spatial patterns of soil water content. Soil properties, yet, showed to be
spatially organized due to the position of trees, forming areas of enhanced soil drainage around
the trunks. Thus, subsurface fluxes rather than soil water content are driven by water input
heterogeneity. Soil water storage, in contrast, depends on soil properties, which show systematic

patterns based on tree positions.

Chapter 3 / Metzger et al., 2019

Chapter 3 of this thesis is based on the following publication:

Metzger, J. C., Schumacher, J., Lange, M., and Hildebrandt, A.: Neighbourhood and stand
structure affect stemflow generation in a heterogeneous deciduous temperate forest, Hydrology

and Earth System Sciences, 23, 4433-4452, 2019.
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In this publication, the effects of tree, neighborhood and stand properties on stemflow were
identified to assess vegetation controls on precipitation hotspot formation. Stemflow
measurements in complete forest patches were linked to vegetation properties on the tree and the
patch scale using linear mixed effects models, showing that besides tree size, stand density and
species diversity increased stemflow. This could be attributed to a high woody surface area and
efficient canopy space occupation. A high spatial variability and a strong temporal stability of
stemflow, which increases with event size, indicate that vegetational impacts on flow hotspots

are distinct and highly relevant.
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