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Summary

Hydraulic Redistribution (HR) describes the passive flux of water through plants following a
moisture gradient. In the soil, plants take up water in layers with high water potentials (y)
and redistribute it towards layers with low  via reverse flow, when transpiration is virtually
absent, i.e. usually during nighttime. Water may then be released into dry soils and can also
be available to neighbor plants. Several studies have described HR across multiple species
among different environmental conditions from hot and dry to rather mesic conditions.
However, despite showing that it happened, HR has hardly been quantified, especially for
temperate Central European species. Additionally, mechanisms that determine HR and their
influence on HR water quantity are not clear. As HR is among the effects suggested to
potentially enhance forest stability under predicted future climate conditions, it becomes
crucial to estimate the amounts that are redistributed by tree species. Additionally, driving
factors of the effect have to be determined. In this thesis, HR mediated by six common tree
species in Central Europe was determined, amounts of redistributed water were quantified
and HR driving factors assessed under controlled conditions. Beside potential ‘external’,
environmental HR driving factors, a focus was set on possible plant ‘internal’ factors affecting
the amount of HR water. As very few studies have approached root anatomical parameters

yet, their influence on HR is basically unknown. The main research questions were:

1. DoesHRoccurinCentral European tree species and how much water is redistributed?

2. Are drought stressed temperate tree species supported with water redistributed by
neighboring trees?

3. Is the ‘external’ environmental factor y gradient and are the plant ‘internal’ factors
root hydraulic conductivity (ks) and root conduit diameter positively correlated with
the amount of water Central European tree species redistribute?

4. Are conduit sizes equal throughout a tree’s root system and is reverse ks similar to

forward flow in roots?

The questions were tested in controlled environments in a greenhouse and growth chambers,
respectively. Saplings were planted in split-root systems (SRS), where one split-root plant (SRP)
had its roots equally split between two pots, with an additional tree in each pot. The study

plants were chosen to cover a range of different conduit diameters and therefore hydraulic




conductivities. Two conifer- (Picea abies & Pseudotsuga menziesii), two diffuse-porous- (Acer
pseudoplatanus & Fagus sylvatica) and two ring-porous species (Castanea sativa & Quercus
robur) were chosen. Different y gradients were established between both pots of the SRS and
HR was quantified via deuterium labeling. All species redistributed water within their root
systems (0.17 £0.02 ml per night) and released fractions into the rhizosphere soil
(0.26 £ 0.06 ml per night). Redistribution of water reduced percent loss of conductivity (PLC)
of the SRP and contributed between 26 — 60 % to tissue and transpiration water of drought
stressed neighbors (1.63 £ 0.31 ml per night). The y gradient, conduit diameters, but mostly
ks of root xylem were significantly positively correlated with the amount of redistributed
water within SRPs and in the soil. However, for release into the soil, the coefficients of
determination were smaller. Therefore, additional parameters as root-soil contact, bark
thickness or osmotic potential might be relevant factors for HR water release into the soil. For
the amount of HR water taken up by drought stressed neighbors, root characteristics showed
significant correlations. Especially root length and number of root tips of the drought stressed
tree were significantly positively correlated with HR water uptake. Direct root contact or
common mycorrhizal networks (CMN) between the trees may be additional important driving
factors. Opposing to the expectation, redistribution of water could be limited by root
architecture, as conduits became significantly smaller towards primary roots, potentially
reducing reverse flow. In fact, reverse ks was reduced by c. 40% compared to forward flow in

angiosperm species.

Hydraulic redistribution displayed an important water source for all studied species under
drought. It could become more prominent in the future when anticipated increased summer
drought periods lead to increased y gradients in the soil and thus to higher amounts of
redistributed water. To establish more stable forests under future climate, trees with high
potential for HR (e.g. species that retain high ks under drought with a deep root system) could
be planted and used to increase stand water availability. Drought stressed neighbors
substantially benefitted from HR, suggesting that the effect indeed enhances stability of

temperate forests in the future.




Zusammenfassung

Hydraulic Redistribution (HR) beschreibt die passive Umverteilung von Wasser durch Pflanzen
entlang eines Feuchtegradienten. Pflanzen nehmen Wasser im Boden in Bereichen hohen
Wasserpotenzials (y) auf und verteilen es in Bereiche niedrigen y um. Dies geschieht
Uberwiegend nachts, wenn keine Transpiration stattfindet. Das umverteilte Wasser kann
dann in den Rhizosphdren-Boden abgegeben und von Nachbarpflanzen aufgenommen
werden. Viele Studien haben HR bei unterschiedlichen Pflanzen und unter verschiedenen
Klimabedingungen nachgewiesen, sowohl unter sehr trockenen wie auch gemaRigten
Verhéltnissen. Neben einem generellen Nachweis fehlen aber noch Studien, insbesondere bei
mitteleuropdischen Baumarten, welche die Menge des umverteilten Wassers quantifizieren.
Hinzu kommt, dass die Mechanismen die HR antreiben und deren Einfluss auf die Menge des
umverteilten Wassers weitgehend unbekannt sind. Nachdem HR als ein mogliches
Puzzlestick gilt, das kiinftigen Waldern unter vorhergesagter erhéhter Sommertrockenheit
zusatzliche Stabilitat verleihen kénnte, ist es immanent wichtig, die Mengen des durch
verschiedene Baumarten umverteilten Wassers zu quantifizieren. Aullerdem missen
Faktoren, die HR antreiben oder limitieren, erkannt und eingeordnet werden. In der
vorliegenden Arbeit wurde HR von sechs haufig in Mitteleuropa anzutreffenden Baumarten
untersucht, und die Menge umverteilten Wassers unter kontrollierten Bedingungen
quantifiziert. Zudem wurde der Einfluss moglicher treibender Faktoren erfasst: Neben
,externen’, umweltbedingten Faktoren, lag der Fokus auf Pflanzen-,internen’ Mechanismen,
insbesondere da bisher kaum Studien zu wurzelanatomischen Aspekten vorliegen. Deren

Einfluss auf HR ist dementsprechend unklar. Die wichtigsten Fragestellungen der Arbeit sind:

1. Kommt HR bei mitteleuropdischen Baumarten vor und wie viel Wasser wird umverteilt?

2. Profitieren benachbarte, trockengestresste Baume vom umverteilten Wasser?

3. Sind sowohl der ,externe’ Faktor y-Gradient als auch die ,internen’ Faktoren hydraulische
Leitfahigkeit (ks) und GefaB-Durchmesser der Wurzel positiv mit der Menge umverteilten
Wassers korreliert?

4. Sind die GefalR-Durchmesser in primaren und sekundaren Wurzeln gleich? Gibt es einen
Unterschied zwischen ,normalem”, vorwarts-gerichtetem und riickwarts-gerichtetem

Wasserfluss in Wurzeln?




Die Experimente wurden unter kontrollierten Bedingungen im Gewadchshaus und
Klimakammern durchgefiihrt. Sprésslinge der untersuchten Baumarten wurden in Split-Root
Systeme (SRS) gepflanzt, bei denen das Wurzelsystem einer Split-Root Pflanze (SRP)
gleichmaRig auf zwei Pflanztdpfe verteilt war. In beiden Topfen war je ein weiteres Baumchen
gepflanzt. Um ein breites Spektrum an Gefal3-Durchmessern im Xylem und ks abzudecken,
wurden Koniferen (Picea abies & Pseudotsuga menziesii), zerstreut-porige (Acer
pseudoplatanus & Fagus sylvatica) und ringporige Gehdlze (Castanea sativa & Quercus robur)
untersucht. Zwischen den Tépfen wurden unterschiedliche y-Gradienten angelegt und HR
mittels Deuterium Markierung quantifiziert. Die SRPs aller untersuchten Arten verteilten
Wasser Uber ihr Wurzelsystem um (0,17 £ 0,02 ml pro Nacht) und gaben dieses teilweise in
den Rhizospharen-Boden ab (0,26 + 0,06 ml pro Nacht). Durch HR wurde die Embolie-Bildung
in SRPs verringert, und das umverteilte Wasser machte 26-60 % des Wassers in Wurzeln,
Stamm und Transpiration der benachbarten Baume im trockenen Topf aus (1,63 £ 0,31 ml pro
Nacht). Sowohl der y-Gradient als auch die GefaR-Durchmesser, aber insbesondere ks waren
signifikant positiv mit der Menge des umverteilten Wassers innerhalb der SRP korreliert. Auch
mit der Abgabe von HR Wasser in den Boden waren der y-Gradient, die Gefal3-Durchmesser
und ks positiv korreliert. Die Regressionen hatten allerdings ein geringeres BestimmtheitsmafR
als bei der Umverteilung innerhalb des Wurzelsystems. Weitere Faktoren, wie der Wurzel-
Boden Kontakt, die Rindendicke oder das osmotische Potenzial der Wurzel, konnten fiir die
Abgabe von HR-Wasser in den Boden relevant sein. Benachbarte, trocken gestresste Pflanzen
nahmen umso mehr HR Wasser auf, je ldanger ihr Wurzelsystem war und je mehr
Wourzelspitzen sie hatten. Die Aufnahme kénnte maRgeblich vom direkten Kontakt der
Wurzeln oder einem gemeinsamen Mykorrhiza-Netzwerk zwischen den benachbarten
Baumchen abhdngen. Hydraulic Redistribution koénnte, entgegen der urspriinglichen
Erwartung, durch die Wurzelanatomie eingeschrankt sein. Die GefaBdurchmesser in primaren
Wurzeln waren signifikant kleiner als in sekundaren Wurzeln. Bei den Angiospermen war ks in

der Wurzel im Rickwartsfluss um ca. 40 % niedriger als im Vorwartsfluss.

Hydraulic Redistribution stellte eine wichtige Wasserquelle fir alle untersuchten Arten unter
Trockenstress dar. Mit dem prognostizierten Rickgang von Sommerniederschlagen und
damit verbundenen erhdéhten y-Gradienten, ist zu erwarten, dass die Bedeutung von HR in

mitteleuropdischen Waldern zunimmt. Um die Stabilitat kiinftiger Walder im Klimawandel zu




erhéhen, kénnten Bdume mit hohem Potenzial fir HR (v.a. Bdume mit einem tiefen
Wurzelsystem, die unter Trockenheit eine hohe ks behalten) gepflanzt werden, um die
Wasserverfligbarkeit von Waldbestdnden zu erhéhen. Nachdem trockengestresste
Nachbarbdaume stark durch HR profitierten, konnte HR tatsachlich zur Erhéhung der Stabilitat

von Wald-Okosystemen der geméaRigten Breiten beitragen.




1. Introduction

1. Temperate forests under global change
It is very likely that above long-term-average warm days and heat waves will increase in
Central Europe (Flato et al. 2013). There is constitutive evidence that periodic drought events,
especially in summer - during the growing season - will become more frequent (Zimmermann
2011, Flato et al. 2013, Orth et al. 2016). The latest intense dry-years of 2003, 2015 and 2018
demonstrated that temperate forest ecosystems react very sensitive to soil drying and
drought (Brinkmann et al. 2016, Dietrich et al. 2018). Especially shallow rooted plants with
only few sinker roots, like Picea abies (L.) H. Karst. (K6lling 2007) as one of Central Europe’s
most abundant and economically important tree species (Polley et al. 2014), drastically
reduces sap flow (>90 %, Brinkmann et al. 2016) and growth (Dietrich et al. 2018) under
drought conditions. Consequently, trees become more vulnerable to biotic stressors like bark
beetle attacks (Netherer et al. 2015, Huang et al. 2019) or other pathogens (Ayres &
Lombardero 2000), leading to potential economic losses in the forestry sector (Kirilenko &
Sedjo 2007) of estimated up to 50 % of the present value (Hanewinkel et al. 2013). Across
Europe alone, forestland value could thus decrease by more than € 190 billion by the year
2100 (Hanewinkel et al. 2013). Currently, foresters try to change tree compositions in forests
towards more drought-adapted systems, but tree responses to potential future climate
conditions are still uncertain (Spittlehouse & Stewart 2003; Bolte et al. 2009). A promising
method seems to be admixture of several different tree species in forests, as this may pool
hazards of severe ecological and financial damage due to environmental impacts (Knoke et al.
2008). Mixed stands often react more stable against biotic and abiotic stressors (Metz et al.
2016), reducing (financial) risks, and even might have increased yield than respective
monocultures (Morin et al. 2011, Pretzsch 2013). Mechanistic understanding behind this
stability is still scarce, as potentially a huge variety of different factors, such as resource
competition (Forrester 2014), niche partitioning aboveground (Pretzsch 2014) or
belowground (Schmid & Kazda 2002; Bolte & Villanueva 2006) and changes in soil fertility
(Rothe & Binkley 2001) or microclimate (Augusto et al. 2002) have an influence on forest
ecosystems. One factor that might be increasingly relevant for either monospecific or mixed
temperate forest systems, especially under prolonged summer droughts, is enhanced water

availability due to hydraulic redistribution (HR) from moist towards dry soil horizons (Pretzsch




et al. 2014, Ammer et al. 2018). However, relevance and mechanisms behind HR have not

been determined for Central European tree species yet.

2. Water movement from plants to soils: Hydraulic Redistribution

Hydraulic Redistribution is the passive movement of water through plants that follows a
spatial water potential (y) gradient, e.g. between different soil layers within the rooting zone
(Leffler et al. 2005). Roots take up water in moist soil layers with high y, redistribute it within
their root system towards dry soil layers (with low ), and may release it into the rhizosphere
when the vy in the soil is lower than in the roots (Richards & Caldwell 1987). As atmospheric
y is much lower than in both, soil or plant tissues (Littge et al. 2005), HR only occurs when
transpiration is virtually absent and stomata are predominantly closed, typically during
nighttime (Pereira et al. 2006) or during daytime under very low vapor pressure deficit (VPD)
(Espeleta et al. 2004).

Richards & Caldwell (1987) first called the effect hydraulic lift (HL) since they discovered an
up-lift of water through deep-seated roots of Artemisia tridentata Nutt. in desert regions up
into dry shallow soil layers. However, a moisture gradient within the soil and therefore the
redistribution of water can also traverse several other directions, e.g. downward, from moist
shallow layers towards dry deep layers (‘downward HR’, Burgess et al. 1998) or along a lateral
gradient (Smart et al. 2005). In certain ecosystems with regular fog-events and dry soil
conditions or under extreme dry conditions in both, shallow and deep soils, water also moves
from plant canopies towards the soil (Eller et al. 2013, Schreel et al. 2019; summarized in
Prieto et al. 2012). The name ‘HR’ combines all mentioned water reallocation movements

from plants towards dry soil layers (Burgess et al. 1998, Prieto et al. 2012).

3. Hydraulic Redistribution in Central Europe
Hydraulic redistribution has been demonstrated across many species and multiple climatic
conditions, from dry hot (Richards & Cladwell 1987) to mesic (Dawson 1993) surroundings. It
is now seen as a general phenomenon in plant ecology (Quijano & Kumar 2015), potentially
occurring in many ecosystems where a y gradient is present (Nadezhdina et al. 2010).
However, the relevance of HR for different ecosystems and species varies widely. There is
indication that HR water quantities are crucial in the water balance of some plants or

ecosystems (e.g. Kurz-Besson et al. 2006), while its importance is inferior to others (e.g. Scholz




et al. 2010). Although redistribution of water was considered possible in Central European
species already in 1727 (Minch 1930), there are only few studies on HR in native or
introduced temperate tree species among local habitat conditions (Nadezhdina et al. 2006,
2009, Zapater et al. 2011). Lateral HR in P. abies under drought was detected after partial
irrigation of the topsoil via sap-flow measurements. Reverse sap-flow, i.e. from irrigated roots
towards dry soil layers, could be seen in shallow coarse roots overnight, indicating HR.
However, the amount of water was not quantified or put into a mechanistic reference to e.g.
soil water content. Additionally, no evidence was found that non-irrigated drought stressed
neighbor plants took up HR water (Nadezhdina et al. 2006). After partial irrigation, sap-flow
sensors, installed pairwise each on opposite sides in roots of mature Pseudotsuga menziesii
(Mirbel) Franco trees, revealed water redistribution inside the trees: While sap-flow
consequently increased on the irrigated side of the base of the trunk, negative flow was
measured on the opposite trunk side. Again, the amount of HR water was not quantified
(Nadezhdina et al. 2009). Hydraulic redistribution has also been demonstrated in a mixed
species forest in Central Europe. A stable isotope labeling experiment with 180-enriched water
suggested HL of labeled water by Quercus petrea Matt. from moist, deep to dry, shallow soil
layers. The authors could, however, not quantify the lifted amounts of water or demonstrate
an uptake of HR water by shallow rooted neighboring Fagus sylvatica L. trees. Nevertheless,
the authors suggest that also Central European neighboring tree species may take up HR
water under severe drought conditions (Zapater et al. 2011). Thus, for temperate Central
European tree species in particular, it is still not clear what amounts of water are redistributed
by different tree species and also mechanistic understanding on factors that drive HR by tree
species is missing. Further, evidence on a potential uptake and benefit of HR water by

neighboring plants in Central European species is missing.

4. Impact of HR water on plants
Plant health and growth can profit from HR: drought sensitive fine roots in dry soils may
maintain their lifespan (Bauerle et al. 2008) and the rhizosphere may stay hydrated.
Consequently, a sustained root-soil contact (Ryel et al. 2004) preserves accessibility of
nutrients in dry soil layers (Caldwell et al. 1998, Querejeta et al. 2003), and eases the use of
small rain events’ water. Additional available HR water may increase rates of transpiration,

stomatal conductance and photosynthesis and therefore directly improve plant carbon-gain




and growth (Howard et al. 2009). Even the growing season may be prolonged through HR
(Brooks et al. 2002). The increase in carbon gain could be so substantial, that some forest
plantations in the temperate zone would become carbon-sinks only because of HR (Domec et
al. 2010). Downward HR could reduce water losses due to soil surface water run-off or
evaporation and may stimulate root growth in deeper soil layers, creating access to deeper
water tables and nutrient reservoirs (Burgess et al. 1998). These nutrients may then become
part of the nutrient cycle, increasing the nutrition status of shallow soil layers (Prieto et al.
2012). The effect on groundwater differs depending on HR direction: while downward HR may
raise the groundwater-level (Ryel et al. 2004), HL can lower it (Wang et al. 2011). The extent
of all these effects depend on the magnitude of redistributed water. As mechanisms that
determine HR amounts of Central European trees have not been assessed yet, we still do not
know the relevance and extent of possible facilitative HR effects in temperate species.
Therefore, we need a mechanistic understanding on plant characteristics and environmental
circumstances that may favor potential HR benefits to species (Pretzsch et al. 2014; Ammer
et al. 2018).

Hydraulic redistribution may also influence neighboring plants. Plants with only shallow root
systems, like grasses or saplings, may take up and use redistributed water in upper soil layers
(Brooks et al. 2002). It has been suggested that additional water enhances stomatal
conductance (Dawson 1993) and growth (Bogie et al. 2018; Magh et al. 2018) of neighbor
plants and even significantly increase survival in some regions (Pereira et al. 2006, Pang et al.
2013). However, effects of HR on plant-plant interactions may differ with species and
environments (Prieto et al. 2012). Neighboring plants also compete for available
(redistributed) water (Barron-Gafford et al. 2017). Small plants might even grow better
without water redistributing bigger neighbor plants, as additional negative effects like
shading or nutrient competition could overlap the benefit of HR water (Ludwig et al. 2004).
Downward HR may also be a strategy of deep-rooting plants to drain water from shallow
rooted plants to deeper soil layers and hence increase drought stress for them (Yu &
D’Odorico 2014). Therefore, the actual influence of HR to neighboring plants may vary case
dependently. To estimate HR-impact to neighbors for individual trees or ecosystems, the
amount of additionally available water needs to be quantified. For temperate Central

European species, however, even an uptake of HR water by neighboring trees could not be




proven (Nadezhdina et al. 2006; Zapater et al. 2010). Therefore, considerable evidence on HR
effects to neighbor plants is still missing.

Hydraulic redistribution likely facilitates mutualism with microorganisms (MO) and fungi
(mycorrhiza) (Pereira et al. 2006), as water could be transferred directly between plant and
MO/fungus or vice versa (Querejeta et al. 2003). Release of water into the dry soil by hyphae
of mycorrhizal fungi may increase solubilization of nutrient substances that can be taken up
and enhance plant nutrition status (Querejeta et al. 2003). In addition, direct root-contact or
a common mycorrhizal network (CMN) between plants potentially displays a quicker and
more effective pathway to transport and exchange HR water than through the soil (Warren
et al. 2008, Prieto et al. 2016). Therefore, mycorrhizal abundance and mass as well as length
and distribution of the root system could be important for the amounts of HR water that
different neighboring plants exchange (Egerton-Warburton et al. 2007). As different species
may be colonized by the same mycorrhizal fungi, HR water should be exchanged easily via a
CMN (e.g. along a lateral y gradient; Nadezhdina et al. 2009; Prieto et al. 2012). Species
mixture could hence majorly influence the magnitude of HR water that neighboring plants
take up. However, possible differences in the quantity of HR water taken up by neighboring

plants between monospecific and mixed species combinations have not been investigated yet.

5. Quantification
Estimated magnitudes of HR range by nearly two orders of magnitude, corresponding to
0.04 —3.20 mm per night (Neumann & Cardon 2012) across global ecosystems, species and
climates. Reported HR amounts equaled between 2 % of total daily water use in Neotropical
savanna regions (Scholz et al. 2010) and up to 81 % of tree transpiration in Mediterranean
regions (Kurz-Besson et al. 2006). This huge variety exemplifies the need to determine basic
principles and mechanisms that influence amounts of redistributed water among controlled
conditions, where potential HR driving factors can be varied and their influence studied.
Especially for Central European tree species, where even the magnitude of redistributed
water is still unclear, driving factors and capability of different species to conduct HR have to

be systematically determined to estimate the relevance to local species.

6. External and internal factors that influence Hydraulic Redistribution
Several factors are suggested to have an influence on the extent of HR, and their variability

potentially contributes to the huge variation in the studies that quantified HR so far.
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Suggested determining factors can roughly be divided into surrounding environmental
conditions (plant ‘external’ factors) and plant specific characteristics (plant ‘internal’ factors)

(Neumann & Cardon 2012).

‘External’ factors that may have an influence on the magnitude of HR include e.g.
groundwater alignment (Ryel et al. 2002) or physical soil properties e.g. particle size (Prieto
et al. 2010) or soil hydraulic conductivity (Scholz et al. 2008). Additionally, climatic factors,
such as transpiration demand (Smith et al. 1999) might influence the magnitude of HR. All of
the mentioned parameters either determine (groundwater, soil properties) or are
determined (transpiration) by another potential ‘external’ factor influencing HR: the y in the
different soil layers and the resulting moisture gradient (Silvertown et al. 2015). In the shrub
Tamarix ramosissima Ledeb. under dry conditions, Yu et al. (2013) suggested that the
gradient was an important prerequisite and HR driving factor. Between 33 — 45 % of soil
depth- and seasonal variation in HR amounts were related to either climatic, soil y gradient
or VPD variability (Yu et al. 2013). To understand the mechanistic influence of each single
parameter, controlled experiments are ideal tools to estimate the relevance of the respective

‘external’ factors.

Next to site or climate characteristics, also plant specific ‘internal’ factors might influence the
amounts of HR water. An obligate ‘internal’ factor and HR premise is that plants develop a
dimorphic root system (Scholz et al. 2008), spanning soil layers across a moisture gradient.
Only then, plants are able to take up or release water in respective layers (Neumann & Cardon
2012). The potential amount of HR water, however, might be influenced by additional
‘internal’ plant specific characteristics. Firstly, nighttime transpiration (Howard et al. 2009)
that is driven by ‘external’ VPD on the one hand but on the other hand also by the plants
capability to keep the stomata closed during the night. Depending on species, nighttime
transpiration can reach approx. 1 — 25 % of daytime transpiration (Dawson et al. 2007) and
might reduce HR as competitive water sink, accordingly. Secondly, it is suggested that
nighttime refilling of water storage organs, e.g. stems, could significantly reduce HR in some
species (Hultine et al. 2003), as this again displays an additional competitive sink. Nocturnal
storage refilling was estimated to even exceed nighttime transpiration water losses in some
species, probably accounting for up to 30 % of daily sap-flow (Yu et al. 2018). Plants could

additionally limit the release of water into the rhizosphere or towards other plants by specific
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root characteristics such as bark thickness (Ryel et al. 2003) or the regulation and number of
aquaporins in root cell membranes (Prieto et al. 2012; Li et al. 2014; Maurel et al. 2015).
Finally, the ‘internal’ capacity of a species that regulates the flow of HR water over time might
be restricted to the potential magnitude of ‘internal’ root xylem sap-flow (Quijano & Kumar
2015). This magnitude is determined by root-conduit architecture, or, more accurately, xylem
hydraulic conductivity of the roots, as this accounts also for potential drought induced conduit
embolisms (Silvertown et al. 2015). In a conducting element, the diameter of the conduits
influences the potential conductivity for water the most, as given by the law of Hagen-

Poiseuille (Scholz et al. 2013):

7t D%
s = 12807 (Egn. 1)
with
kg: Hydraulic conductivity (in kg MPals1m),
D*: Diameter of the conduit to the fourth power and
n: Viscosity index of the fluid (water: 1.002 x 107 MPa s at

20 °C).
Thus, roots with large conducting elements should have a high water-transport capacity and
accordingly be able to redistribute more water than roots with smaller conducting elements.
Therefore, e.g. angiosperm species that are known to be diffuse-porous or even ring-porous
as classified by stem anatomy, should be able to redistribute more water than conifers with
only small-diameter tracheids as conductive elements. However, few studies have
determined the diameter of xylem conduits in roots of different species (Koecher et al. 2012,
Mrak & Gricar 2016). They indicate that root conduit diameters (i.e. ring-porous, diffuse-
porous) might deviate from known conduit structure of the stem xylem, similar to what is
already known for twigs (Sperry et al. 2008). As a consequence, also root xylem hydraulic
conductivity may be different from known stem conductivity (Eqn. 1; Tyree & Zimmermann
2002). However, as for root anatomy, only few studies actually measured hydraulic
conductivity of roots (e.g. Graham & Syvertsen 1984, Fennell & Markhart 1998). Additionally,
systematic evidence is needed, if different root orders have an influence on anatomy, e.g. if
conducting elements within a species differ between young, primary and older, secondary
roots. As water is taken up and released via primary roots, especially their conduit diameters

could be an important prerequisite for HR amounts. For HR, also the reverse flow of water
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through roots — from the stem towards the soil — needs to be considered, as it could be an
important limitation. To date it is not known, whether reverse and forward flow in plant tissue

might even deviate, as reverse flow of water has never been systematically measured.

2. Objectives of the study

This doctoral thesis aims to clarify basic mechanisms behind the general occurrence of HR in
various economically and ecologically important temperate Central European tree species
with different ‘internal’ HR premises (articles | & Il). Under controlled conditions, the amounts
of water that saplings of different temperate tree species redistribute, release into the
rhizosphere and that neighboring saplings take up are calculated (articles Il & IIl). The focus
of this thesis is to gain a mechanistic understanding behind different HR quantities. Therefore,
‘external’ and ‘internal’ driving factors that determine the magnitude of HR water of different
species are discussed (articles I, 11l & IV). Especially soil moisture status, in a range from rather
moderate to severe drought conditions, as ‘external’ driving factor is intensively studied.
Another focus lies on the ‘internal’ factors root conduit anatomy and xylem hydraulic
conductivity. As mentioned, these parameters are hardly studied yet and potentially differ
from known stem anatomy and xylem hydraulic conductivity. They could have an important
influence on HR amounts for different tree species. Therefore, a systematic analysis of
saplings’ root conduit architecture and xylem hydraulic conductivity (in forward and reverse
direction) is performed (article IV) and their influence on HR (articles Il & Ill) determined.
Finally, root length, number of root tips and root xylem hydraulic conductivities of
neighboring plants are correlated with the amounts of redistributed water that neighboring

saplings receive (article 1ll) as measures of a possible direct exchange of HR water.
The main research questions of the present thesis are:

1. Does HR occur among saplings of Central European tree species and what amounts
of water are redistributed (articles I, Il & I11)?

2. Do saplings of drought stressed neighboring temperate tree species take up and use
HR water (article 111)?

3. Is the ‘external’ environmental factor y gradient and are the plant ‘internal’ factors
root hydraulic conductivity (ks) and root conduit diameter positively correlated with

the amount of water Central European tree species redistribute (articles Il & I11)?
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4. Might there be limitations for HR due to potential resistance in anatomy and reverse

hydraulic conductivity in roots (article 1V)?

To quantitatively capture the redistributed water and specifically determine the influence of
possible driving factors, the experiments were conducted in controlled environments.
Therefore, studies were done with 2 —4 year old saplings in a greenhouse (article I) or growth
chambers (articles Il, Il & V), respectively. Studied species were coniferous P. abies and P.
menziesii, diffuse-porous Acer pseudoplatanus L. and F. sylvatica and ring-porous Castanea
sativa Mill. and Quercus robur L. Plants for all experiments were planted in split-root systems
(SRS), where two pots were bolted together and three trees were planted: one with its root
system split equally between both pots and one additional plant in each of the pots. Using
the SRS, different y gradients could be established between both pots, and HR water within

plants and towards neighbors sampled separately.

The results of this thesis increase our mechanistic understanding of HR among trees under
drought. Determined plant internal and environmental external driving factors of HR may
help for a better understanding of Central European tree species’ reaction to climate change
conditions, especially more frequent summer drought events. Additionally, conclusions and
strategies of potential tree species compositions may be drawn to actively use HR as a

strategy for increased forest health in view of ongoing climate change.
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3. Overview of methods

Detailed descriptions of experimental methods and statistical analyses are given in the
respective articles (I, Il, 11l & IV). Here, a summary of the main work done by the author is

given.

1. Split-root design
Plants for all experiments were grown in split-root systems (SRS, Fig. 1). Two pots with a
capacity of 101 each were bolted together with a semicircular notch at the contact point.
Three trees were planted in each SRS — with one tree in each pot and a split-root plant (SRP)
centrally located above the notch with its root system equally distributed into the two pots.
To avoid injury to the roots of the SRP, a small pad of foam-material was placed between the
roots and the notch in the pots above the soil surface. Moreover, until plant establishment,
each SRP root collar had a soil-filled sleeve made out of foam material to avoid desiccation of
the upper roots. The sleeve and the soil within were removed before the respective
experiments started. Although root systems of the SRPs were protected as good as possible,
the treatment was stressful for the trees and not all plants survived. It has been suggested
that HR might also occur through root systems of senescent grasses (Leffler et al. 2005).
Therefore, desiccated trees were still studied to clarify the general occurrence of HR (article
[). They were, however, excluded in the studies that determined HR driving factors (articles I
& 1), to exclude potential artifacts due to different plant-health preconditions. For
establishment, all trees were well watered and grown in a greenhouse under ambient climate
conditions for one half to two years. During plant establishment, SRS were regularly
repositioned to minimize potential effects of light and temperature heterogeneities inside the

greenhouse chamber.

Using the SRS setup, it was possible to create a moisture gradient between the pots. Irrigation
was maintained in one pot (‘moist pot’ with the well watered, “moist plant” ‘MP’), while
watering was ceased in the other pot (‘dry pot’ with the drought stressed plant ‘DP’), until the
aimed moisture gradient was established. To determine a dependency of HR amount from
the moisture gradient (article 1), various gradients were established for the species in
different SRS. Adjustment of volumetric soil water content (SWC) in the pots was monitored

regularly via time domain reflectometry (TDR probes spanning the depth of the pots; i.e.

15



15 cm; TDR100, Campbell Scientific, Shepshed, UK). Corresponding y in the plants was
measured pre-dawn, i.e. when y was even in all plant tissues and should also be in balance
with soil y (Bauerle et al. 2006). Water potential was measured in either leaves or twigs of
DPs, SRPs and MPs with a Scholander-type pressure bomb (1505D pressure chamber, PMS

Instrument Company, Albany, USA).

Outlet tube
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1 1
1 1
1 1
: : to CRDS
1 1
1 1
1 1
1 1
1 1
1 1
1 1
© 300 ml water : : Ceramic-coated Drvair &
0.2 atm% 2H . . PET/PEbag . . .
e /\ s inflation tube
Exetainer vial
Foam-pad
Moist pot Dry pot

Figure 1: Scheme of the split-root system (SRS) with one tree’s (SRP) root system split equally between a ‘moist’
and a ‘dry’ pot (A, B). Afoam-pad was placed between the roots of the SRP and the pot to minimize injuries (A).
Additional plants (MP and DP, respectively) were planted in the moist and dry pot, respectively (B, C). A moisture
gradient was established between the pots (C). Foliated twigs of the DP were placed in transparent ceramic-
coated PET/PE chambers that were inflated with dry air for DP transpiration analysis (D). Vertical acrylic glass

sheets prevented canopy contact between the plants (E). The soils were covered with aluminum foil to reduce
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evaporation (E). One root branch of the SRP in the dry pot was inserted into an exetainer vial, including

rhizosphere soil to be harvested one night after the experiment started (F).

2. Greenhouse and growth chamber conditions
The experiment in article | was performed in a greenhouse at the “Gewachshauslaborzentrum
Durnast” in Freising, Germany (http://ghl.wzw.tum.de). Day/night mean temperature was
21.2+3.7/15.5+ 1.7 °C (mean + 1 SD) and relative humidity (rH) at 52.9+13.4/70.1+4.5%
(1 SD). Daily global radiation (between 11:00 am and 03:00 pm) was 46.1 + 20.3 W m™ (1 SD),
corresponding to a photosynthetically active photon flux density (PPFD) of c.
96.7 £42.7 umol m2 s (1 SD)?. Saplings were planted in a luvisol (resulting from loess over
Tertiary sediments), mixed with c. 30 % sand to ease soil drying. Soils were retrieved from
different forest stands for the different species, each dominated by mature trees of the
respective study species, to provide species-specific mycorrhizal inoculum to saplings.

However, all soils had a similar, silty texture.

The experiments for articles Il, lll and IV were conducted in two parallel growth chambers (7.7
m? each) at the TUMmesa facility (Technical University of Munich — Model EcoSystem
Analyser; http://www.tummesa.de/home). Day/night temperatures were 24.9 + 0.3 / 15.0 £
0.1°C(1SD)and rHwas60+0/89+ 2% (1SD). At canopy level, PPFD reached 434 + 11 umol
m=2 s (1 SD). Saplings were planted in a potting soil (mixture of topsoil, compost, turf and
lava (20 % organic matter); Wurzer Umwelt GmbH, Eitting, Germany) that was mixed with c.
10 % of soil retrieved from forest stands dominated by mature trees of the study species,

again to provide species-specific mycorrhizal inoculum.

3. Labeling approach: Sampling of tissue and in-situ measurements
To trace the potential flow of water from the moist to the dry pot in the experiments (articles
[, I & 111), soil water in the moist pot was labeled with a stable isotope tracer. Labeling was

performed with deuterium (2H) enriched water.

! Conversion factor: 4.57 (Sager & Mc Farlane 1997). Note that the value of 4.57 converts

W m=2to umol m2 s, assuming that radiation was measured from 400 to 700 nm. However,
the pyranometer used in article | measured total solar radiation. As only c. 45% of the
energy of solar radiation is actually in the 400 - 700 nm range, the conversion factor was
reduced accordingly to 2.1.
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The concentration of H in the water is expressed in the common delta notation, i.e. relative

to aninternational standard (here: Vienna Standard Mean Ocean Water, VSMOW; Craig 1961)

as:
2H
msample
5%H = 77— — 1] %1000 %o (Egn. 2)
mstandard
with
§°H: Delta value of the sample,
’H . .
Ev™ sample: Ratio of 2H to hydrogen in the sample and
2
% standard: Ratio of 2H to hydrogen in VSMOW standard (1/6420).

Before starting the labeling experiments, initial unlabeled samples were collected as
reference for samples after labeling. To keep experimental plants largely undisturbed until
final harvest, only soil samples were used as unlabeled references. Initial cross-references
between unlabeled soil and plant tissues revealed isotopic equality. The labeled water was
applied to the soil of the moist pot during daytime, so that ?H water could be well distributed
within the soil and in MPs and SRPs (Fig. 1). Application was done very carefully with a small
watering can (500 ml), while the soil on the dry pot was covered with foil. To prevent
evaporation losses of the labeled water, also the soil on the moist pot was covered with foil
after the labeling. Additionally, potential contamination with 2H enriched vapor from labeled
soils or plants to non-labeled plants was tested in a pre-experiment but could be excluded
(article 1). Nevertheless, to prevent any possible canopy-contact between labeled and non-
labeled plants, acrylic glass sheets (Fig. 1) were additionally installed for measurements in

articles Il & IlI.

Sampling of soil and plant tissues (leaves, twig-xylem, stem-xylem and roots, respectively)
was done either before dawn (articles Il & Ill) or plants were covered in bags (article I) to
prevent any transpiration of potentially redistributed labeled water. To collect only xylem
water, bark and cambium were quickly removed from samples of twigs and stems with razor
blades, while for root samples the rhizosphere soil was carefully removed. All samples in the
dry pot were taken before respective samples in the moist, labeled pot to avoid

contamination. Stem xylem samples were cut into c. 1 cm long pieces to ease subsequent
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extraction and all samples were quickly transferred in exetainer vials (Labco, Lampeter, UK)
and stored at -18 °C. Depending on the research question, sampling was 1 (article Il), 3 (article
[) or 7 days (article Ill) after the labeling. Water from samples was extracted via cryogenic
vacuum extraction for two hours (West et al. 2006). Sampled water was analyzed either via
an isotope-ratio-mass-spectrometer (IRMS, Isoprime 100, Elementar Analysensysteme GmbH,
Langenselbold, Germany) coupled to a multiflow system (222 XL Liquid Handler, Gilson,
Middleton, USA) or a cavity-ring-down-spectrometer (CRDS, L2120-i, Picarro, Santa Clara, USA)
coupled to a vaporizer module (A0211, Picarro, Santa Clara, USA). Cross measurements of soil,
stem- and root xylem samples revealed no statistical differences between both instruments
(P =0.9; regression: R?=0.99, P < 0.001) or putative contamination with organic compounds
(West et al. 2010). Measurements were calibrated against two working standards, spanning
the majority of measured samples (between -161 %o and 133 %., for details see articles |, Il &

).

To assess HR water in situ in DP transpiration, foliated twigs were placed in ceramic-coated
PET/PE chambers connected to a CRDS (L2120-I, Picarro Inc.; see Fig. 1 and article ). To best
meet isotopic steady-state conditions, %H of transpiration water was recorded during mid-
day. At this time environmental conditions and rate of transpiration were constant.
Transpiration 8%H values were recorded 1 day before harvesting the plants in article Il (i.e. 6

days after the labeling).

4. Mixing model calculations
To estimate the fractions of water that were redistributed within plants, towards the
(rhizosphere) soil or taken up by neighbors (DP), two-end-member mixing models were
calculated. Two possible water sources for the water composition of the respective tissues
were assumed. As mentioned, the soil before labeling served as unlabeled source or initial
end-member, while the closest tissue that potentially transferred HR water served as labeled
source or second end-member. For example, the closest tissue/ source transferring HR water
towards DP roots were the roots of the SRP in the dry pot (see Table 1 for specific end-

members).
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Therefore, mixing models were set up as:

S82?H(tissue)—8%H(unlabeled source)

. = 0

HRyissue 62H(labeled source)—62H (unlabeled source) *100 (/0) (Ean. 3)

with

HR¢isoue: Fraction of HR water in the studied tissue potentially
receiving HR water,

82H (tissue): Delta value of the studied tissue after labeling,

82H (unlabeled source): Delta value of the initial, unlabeled source before
labeling and

8%H (labeled source): Delta value of the second, labeled source after labeling.

Table 1: Labeled and unlabeled end member sources for calculating the fractions of HR water in the studied
tissues potentially receiving HR water (1°t column). Fractions were calculated according to Eqn. 3. In a second
step, fractions were used to calculate absolute amounts of HR water and then related to respective dry root

masses according to Eqn. 4 (last column).

Tissue Labeled reference Unlabeled reference Related tissue
SRP root dry SRP root moist Bulk soil dry pot pefore labeling SRP oot dry
SRP thizosphere SRP o0t moist Bulk soil dry pot before labeling SRP oot dry
Bulk soil dry pot after abeling  SRP root dry Bulk soil dry pot pefore labeling NA

DP root SRP root dry Bulk soil dry pot pefore labeling DP root

DP stem SRP root dry Bulk soil dry pot pefore labeling DP root

DP transpiration SRP root dry Bulk soil dry pot pefore labeling DP (oot

Mixing models were calculated individually for each SRS. Fractions of HR water were then
averaged for respective replicates of the same species. To include possible uncertainty errors,
mixing models were also calculated with average end-member 6?H values per species with
‘Iso Error’ (Philips & Gregg 2001). The approaches were not statistically different from each

other and therefore verified the results.

To quantify absolute amounts of redistributed water (in ml), the fractions of HR water were
multiplied with the water content in the respective tissues, that were either thoroughly

estimated (article I) or carefully assessed at harvest (articles Il & 1l).
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Finally, to compare the calculated HR quantities between species, amounts were related to

DP and SRP root dry masses, respectively (in ml g%; see Table 1):

HR, = —=2— (ml g™ (Eqn. 4)
with

HR,: Amount of HR water per DP/ SRP root dry mass and
HR,: Absolute amount of HR water in tissues (in ml).

5. Root anatomy and length
To assess conduit sizes in the studied tree species, root segments (diameter 1-2 mm and
length c. 10 mm; n = 3-9) of additional plant individuals of the same age and grown under the
same conditions were sampled. Samples were dehydrated in ethanol: 2 hin 70 %, then 3 hin
90 % and finally overnight in 96 % ethanol. Subsequently, segments were cut with laser
ablation tomography (LAT) to get images for anatomical analysis. In brief, a laser beam (Avia
7000, 355 nm pulsed laser) vaporized the root segment as it was incrementally moved into
the beam. Simultaneously, images of the laser-illuminated cross section were taken. Imaging
was performed at a resolution of 25400 dpi with a Canon T3i camera (Canon Inc. Tokyo, Japan)
and 5 x micro lens (MP-E 65 mm) (Chimungu et al. 2015). Pictures of the root cross sections
(Fig. 2) were then analyzed for xylem conduit diameters. All xylem conduits on either three
representative sample areas (0.5 mm? each, article Il & IV) or on about one-quarter of the
total cross-section (article 1) were marked manually with GIMP (GNU Image Manipulation
Program, Version 2.10.2, The GIMP Team, https://www.gimp.org/). Conduit area was
subsequently determined with image) (Version 1.47t, Wayne Rasband, National Institutes of

Health, Bethesda, USA) (Fig. 2) and the equivalent circle diameter retrieved (Scholz et al.

2013):
44
D = = (Egn. 5)
with
D: Equivalent circle diameter and
A: Conduit area.
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Figure 2: Root cross-section of Q. robur cut and photographed via laser ablation tomography. Three analyzed
sample areas (0.5 mm? each) are highlighted. Conduits inside the areas were marked manually, conduit area

was determined and the equivalent circle diameter calculated.

To assess total root length of saplings, fresh and dry mass of individual root branches (average
dry-mass: 0.42 +0.05 g, 1 SE, n=5 per species) were recorded. Root branches were then
scanned (1200 dpi, Epson Perfection 4990 Photo, SEIKO Epson CORPORATION, Suwa, Nagano,
Japan) and images analyzed with WinRhizo (WinRHIZO Reg 2013e, Regent Instruments Inc.,
Quebec, Canada) for root length and root tip determination. WinRhizo results were verified
by manual estimation of root length and number of root tips. To this end, the root lengths

and tips of a subsample of the analyzed scans (n = 4 per species) were assessed by hand with
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GIMP (GNU Image Manipulation Program) and root lengths and tips subsequently determined

with imagel (Version 1.47t).

Root length and tip correction factors were calculated for each species and used to correct

WinRhizo root length/ tip results:

RL/Tipeoy, = " Pelimiiie (Ean. 6)
with

RL/Tipcorr: Root length/ Tip correction factor,

RLyinRrnizo: Root length/ number of tips determined in WinRhizo and
RL¢iup: Root length/ number of tips determined by hand.

Root length correction factors ranged between 1.07 and 1.25 for the different species
(average: 1.13+£0.02, 1SE) and tip correction factors between 0.47 and 2.53 (average
1.43 £ 0.09, 1 SE). Finally, specific root length (SRL, the ratio of root length to dry mass of the

analyzed root branch) was calculated and used to estimate total root length per tree.

6. Hydraulic conductivity of root xylem
For article |, hydraulic conductivity was estimated from root conduit diameters (Scholz et al,
2013) by dividing calculated ks (Egn. 1) by the area of the analyzed cross section. For articles
[, Il and IV, actual (i.e. without removing native embolisms) and maximum hydraulic
conductivities were measured and calculated in DPs and SRPs. To this end, hydraulic
conductance was measured with a ‘xylem embolism meter’ (XYL'EM, Bronkhorst France S.A.S.,
Montigny-Les-Cormeilles, France). Roots (diameter: 2.5 + 0.1 mm (1 SE), length: 2.7 £ 0.1 cm
(1 SE), n =5 per species) were cut several times under water. The bark was removed on the
side that was inserted into the XYL'EM apparatus and the actual hydraulic conductance was
assessed (Kact, in kg MPa™ s1). Roots were flushed with degassed, filtered (0.2 um) water with
10 mM KCl and 1 mM CaCl; added (Barigah et al. 2013) at approx. 0.007 MPa. After measuring
Kact, maximum hydraulic conductance (Kmax, in kg MPa™ s') was obtained by flushing the root
sample several times at approx. 0.12 MPa for 10 minutes, until conductance did not further
increase. Subsequently, the lengths and the conductive areas (Acond) of the root samples were

assessed.
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Actual and maximum specific xylem hydraulic conductivity (ksa and ksm, respectively, in kg s

m™ MPa) were calculated as:

Kact/max*Length

ks a/m —

Egn. 7
Acond ( g )

Finally, percent loss of conductivity (PLC) of the respective root tissue and species was

calculated as the fraction of ksa from ksm:

PLC = =524 100 (%) (Ean. 8)

sm
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4.  Abstracts and contributions to the individual publications

1. Article I: Hydraulic redistribution under moderate drought among English oak,
European beech and Norway spruce determined by deuterium isotope labeling
in a split-root experiment

Hafner, B. D., Tomasella, M., Haberle, K.-H., Goebel, M., Matyssek, R., & Grams, T. E. E. (2017):
Tree Physiology, 37(7), 950-960. doi: 10.1093/treephys/tpx050

Hydraulic redistribution (HR) of soil water through plant roots is a crucial phenomenon
improving the water balance of plants and ecosystems. It is mostly described under severe
drought, and not yet studied under moderate drought. We tested the potential of HR under
moderate drought, hypothesizing that (H1) tree species redistribute soil water in their roots
even under moderate drought and that (H2) neighboring plants are supported with water
provided by redistributing plants. Trees were planted in split-root systems with one individual
(i.e., split-root plant, SRP) having its roots divided between two pots with one additional tree
each. Species were 2- to 4-year-old English oak (Quercus robur L.), European beech (Fagus
sylvatica L.) and Norway spruce (Picea abies (L.) Karst). A gradient in soil water potential (ysoil)
was established between the two pots (-0.55 + 0.02 MPa and -0.29 + 0.03 MPa), and HR was
observed by labeling with deuterium-enriched water. Irrespective of species identity, 93 % of
the SRPs redistributed deuterium enriched water from the moist to the drier side, supporting
H1. Eighty-eight percent of the plants in the drier pots were deuterium enriched in their roots,
with 61 £ 6 % of the root water originating from SRP roots. Differences in HR among species
were related to their root anatomy with diffuse-porous xylem structure in both beech and—
opposing the stem structure—oak roots. In spruce, we found exclusively tracheids. We
conclude that water can be redistributed within roots of different tree species along a
moderate soil gradient, accentuating HR as an important water source for drought-stressed
plants, with potential implications for ecohydrological and plant physiological sciences. It

remains to be shown to what extent HR occurs under field conditions in Central Europe.

Contributions: | finalized the design of the study and collected, analyzed and interpreted the
data and drafted the manuscript. About 25 % of the data were taken from results of my
master thesis (Hafner 2015). Martina Tomasella helped to design the study and supported

me in collecting and interpreting the data. Kar/-Heinz Hdberle originally designed the study
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and helped to collect the data. Marc Goebel helped to run laser ablations for root cross-
sections. Rainer Matyssek originally designed the study. Thorsten Grams helped to finalize the
study design and supported me in data collection and interpretation. All co-authors critically
revised the manuscript and gave final approval for publication. About 70 % of the work was

done by myself.
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2. Article Il: Water potential gradient, root conduit size and root xylem hydraulic
conductivity determine the extent of hydraulic redistribution in temperate
trees

Hafner, B. D., Hesse, B. D., Bauerle, T. L. and Grams, T. E. E. (2020): Functional Ecology, 00:1—
14. doi: 10.1111/1365-2435.13508

1. Hydraulic redistribution (HR) of soil water through plant roots is widely described; however
its extent, especially in temperate trees, remains unclear. Here, we quantified HR of five
temperate tree species. We hypothesized that both, HR within a plant and into the soil
increase with higher water-potential gradients, larger root conduit diameters and root-xylem

hydraulic conductivities as HR driving factors.

2. Saplings of conifer (Picea abies, Pseudotsuga menziesii), diffuse-porous (Acer
pseudoplatanus) and ring-porous species (Castanea sativa, Quercus robur) were planted in
split-root systems, where one plant had its roots split between two pots with different water-

potential gradients (0.23—4.20 MPa). We quantified HR via deuterium labelling.

3. Species redistributed 0.39 + 0.14 ml of water overnight (0.08 + 0.01 ml/g root mass). Higher
pre-dawn water-potential gradients, hydraulic conductivities and larger conduits significantly
increased HR quantity. Hydraulic conductivity was the most important driving factor on HR

amounts, within the plants (0.03 + 0.01 ml/g) and into the soil (0.06 + 0.01 ml/g).

4. Additional factors as soil-root contact should be considered, especially when calculating
water transfer into the soil. Nevertheless, trees maintaining high-xylem hydraulic conductivity
showed higher HR amounts, potentially making them valuable ‘silvicultural tools’ to improve

plant water status.

Contributions: | designed the study, collected, analyzed and interpreted the data and drafted
the manuscript. Benjamin Hesse helped collecting and analyzing the data. Thorsten Grams
provided support for the design of the study and helped interpreting the data. Taryn Bauerle
gave valuable input in data interpretation. All co-authors critically revised the manuscript and

gave final approval for publication. About 85 % of the work was done by myself.
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3. Atrticle lll: Friendly neighbor: Hydraulic redistribution accounts for one quarter
of water used by neighboring drought stressed tree saplings

Hafner, B. D., Hesse, B. D. and Grams, T. E. E. (2020): In Preparation.

Hydraulic redistribution (HR) by tree roots may buffer drought events within individuals for
temperate species, however its relevance for neighboring trees remains unclear. Here, we
quantified HR to neighboring trees in mono- and mixed species combinations. We
hypothesized that the amount of HR water taken up by neighbors positively correlates with
their root length, number of root tips and root xylem hydraulic conductivity. Further, we
hypothesized that neighbors receive more HR water when in monospecific than in mixed
combinations. In a split-root experiment, one sapling redistributed water along its split root
system from a moist to a dry pot. Via deuterium labeling, we quantified HR water in roots,
stems and transpiration in an additional sapling in the dry pot. Amounts were correlated with
its root length, number of tips and hydraulic conductivity of the root xylem. Neighboring
saplings of all studied six temperate tree species received HR water. Overall, one quarter of
HR waterinroots (2.1 £ 0.4 ml), stems (0.8 £ 0.2 ml) and transpiration (1.0 £ 0.3 ml) originated
from the split-root tree. In a 3-factor model considering root length, number of tips and root
xylem hydraulic conductivity of the sapling in the dry pot, especially root length was
significantly positively correlated with the amount of HR water. Trees in mono- and mixed
combinations received the same amounts of HR water. Uptake of HR water by drought
stressed saplings supports the assumption that HR contributes to increased growth and
stability in mixed forests, where some tree species reach moist soil depths by deeper root
systems and may redistribute water towards trees without access to this water source. Root
proximity in monospecific and mixed species communities should be further investigated as

a likely important prerequisite for HR benefit for neighbors.

Contributions: | designed the study, collected, analyzed and interpreted the data and drafted
the manuscript. Benjamin Hesse helped collecting and analyzing the data. Thorsten Grams
provided support for the design of the study and helped interpreting the data. All co-authors
critically revised the manuscript and gave final approval for submission. About 85 % of the

work was done by myself.
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4. Article IV: Reverse conductivity for water transport and related anatomy in fine
roots of six temperate tree species — a potential limitation for hydraulic
redistribution

Hesse, B. D., Hafner, B. D. and Grams, T. E. E. (2019): Journal of Plant Hydraulics, 6 (e-001),
1-15. doi: 10.20870/jph.2019.1-8

Hydraulic redistribution (HR), the passive reallocation of water along plant structures
following a water potential gradient, is an important mechanism for plant survival under
drought. For example, trees with deeper roots reallocate water from deeper moist to
shallower, drier soil layers sustaining their upper fine root system. The relevance of HR for
temperate forest ecosystems is hardly investigated. Both environmental and tree internal
factors limiting the capacity for HR, such as low water potential gradients or root anatomy,
respectively, are not well understood. Here we investigate fine root anatomy and related
capacity for reverse flow of water of six temperate tree species, i.e. Acer pseudoplatanus,
Castanea sativa, Fagus sylvatica, Picea abies, Pseudotsuga menziesii and Quercus robur both
in forward and reverse flow direction. Additionally, anatomy of primary and secondary roots
was analyzed, to test the hypotheses that root anatomy is similar in primary and secondary
roots (H1) and conductivity for forward and reverse flow of water in fine roots is identical (H2).
In contrast to the two conifer species, most anatomical parameters, e.g. hydraulic conduit
diameter and conduit density, were distinctly different between primary and secondary roots
in the angiosperms. Therefore, H1 was not supported for angiosperm trees. The reverse flow
of water in fine roots was reduced by approx. 40 % compared to the forward flow in
angiosperms, while there was no difference in the conifers. Thus, H2 was confirmed for
conifers while there was a significant difference for angiosperms. This reduction may be
caused by vessel structure (e.g. tapering or secondary thickening elements), or perforation
plate and pit architecture (e.g. width of aperture opening). Because of the reduced
conductivity of reverse water flow, the ability of angiosperm trees to redistribute water along

their root system might be lower than expected.

Contributions: | designed the study, and helped to collect, analyze and interpret the data.
Benjamin Hesse collected, analyzed and interpreted the data and drafted the manuscript.

Thorsten Grams provided support for the design of the study and helped interpreting the data.

29



All co-authors critically revised the manuscript and gave final approval for publication. About

45 % of the work was done by myself.
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5. General discussion

1. Hydraulic redistribution by Central European tree species
Although HRis a passive effect, intuitively suggesting that it should occur in any species under
favoring circumstances (Nadezhdina et al. 2010, Prieto et al. 2012), several studies could not
detect HR in different species. These studies have in common that they were performed
either in extreme (e.g. saline) environments (Zeng et al. 2006, Bazihizina et al. 2017) or on
species with root anatomical or functional barriers to prevent HR (Hultine et al. 2003, Espino
& Schenk 2009; chapter 5, paragraph 4). Therefore, a general occurrence of HR cannot always
be presumed and the first question of this dissertation work was hence to clarify if common
Central European tree species showed HR. To estimate HR for a broad spectrum of Central
European species, the trees analyzed for this thesis were chosen to cover a range of different
conduit diameters. The anatomical prerequisites differed between the species, from conifers
with small conduits to ring-porous deciduous species with large vessels in the xylem.
Additionally, soil moisture conditions varied between moderately dry (article 1) to severe
drought conditions (articles Il-1V). Independent of the species and premises, all trees showed
redistribution of water from moist soils towards dry soils (research question 1). In this thesis,
HR has been shown for the first time in A. pseudoplatanus, C. sativa, F. sylvatica and Q. robur,
increasing the number of Central European tree species known to redistribute soil water.
Extreme environments as described above are scarce in temperate regions. Therefore, a

frequent occurrence of HR by common Central European tree species can be expected.

2. Quantified amount of HR water and its implications for the plants
The experimental design allowed for calculating the fractions of water that were redistributed.
In addition, amounts of water that were redistributed within root systems, released into the
(rhizosphere) soil and towards neighboring plants could be estimated (article I) or accurately
calculated (articles Il & Ill; research question 1). Across species, HR within the root system
amounted to 0.20 £ 0.03 ml per night (estimated from article 1) and 0.13 £ 0.03 ml per SRP
root and night in article Il, respectively. For both studies, the quantity of HR water seemed
low, but was enough to decrease PLC of the SRP when compared to the DP (article Il).
Concurring with this finding, it has also been suggested that HR might decrease embolism

formation in roots (Domec et al. 2004, 2006, Prieto & Ryel 2014). Split-root plants also
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released HR water into the surrounding rhizosphere. Released amounts again seemed small
with 0.26 £ 0.06 ml per SRP root and night across species (article 11). However, already small
amounts of water between root surface and rhizosphere may suffice to maintain root-soil
contact (Neumann & Cardon 2012), easing nutrient or water uptake after soil re-watering.
Additionally, roots that retain a hydration shell in dry soils may live longer, reducing carbon-
costs to the plant (Bauerle et al. 2008). Interestingly, after 7 days, the rhizosphere was only
significantly enriched in 2H in A. pseudoplatanus (P < 0.001), C. sativa (P < 0.05) and Q. robur
(P <0.01) (study of article II; data not shown). In addition, the bulk soil was not significantly
enriched in 2H after 3 days (article 1) and only in one species (A. pseudoplatanus, P < 0.05)
after 7 days (study of article Il; data not shown). This indicated that HR water tended to stay
in root proximity, where it potentially was frequently taken up again by the SRP during

daytime without penetrating far into the soil (Caldwell et al. 1998, Meunier et al. 2017).

For neighbor plants, the HR water seemed very relevant, accounting for 25 + 2 % of DP tissue
and transpiration water in article 111 (0.30 £ 0.06 ml of labeled HR water per night in DP roots)
and up to estimated 61 + 6 % of DP root water in article | (5.74 + 0.98 ml of labeled HR water
per night; research question 2). For P. abies and F. sylvatica, uptake of HR water by the DP
also happened if the SRP was of another species (article Ill), demonstrating that HR between
different Central European tree species occurs. The amounts of HR water were not different
for the respective DPs if in mixture or in monoculture (article Ill). In addition, there was no
difference in the amounts of HR water if the SRP was healthy or not (article 1), showing that
HR also occurs in desiccated or dead plants. It has been suggested that HR may only stop,
once the root system is decayed (Leffler et al. 2005). Therefore, HR displayed a very relevant
mechanism for potted saplings in the experiments of this thesis. The results suggest, that HR
may play a crucial role also for mature trees of the Central European species analyzed here
(Pretzsch et al. 2014; Ammer et al. 2018). However, the actual relevance of HR in temperate

Central European forests needs to be tested.

When comparing amounts of labeled HR water in the SRP roots in the dry pot with amounts
taken up by the DP roots in article | (Fig 3a), more HR water was found in the DPs than in the
SRPs in all species, however only significantly in P. abies (P < 0.01). For F. sylvatica (P = 0.07)
and Q. robur (P = 0.1) a distinct trend could be observed. For the species in article lll (including

unpublished data, Fig. 3b), there were no significant differences between HR water amounts
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in SRP roots in the dry pot and DP roots, besides in P. abies. In P. abies, again significantly
more HR water was in the DPs than in the SRPs (P < 0.01). Therefore, especially P. abies DPs
seemed to profit substantially from HR water (article Ill). The ratios were substantially
different between the studies (see different scaling of the y-axis in Fig. 3a &b). Compared to
HR water amounts in the SRPs, DPs in the SRS of article | took up more HR water than DPs in
the SRS of article Ill. Differences in HR water uptake by DPs between the studies will be

discussed in the next paragraph (chapter 5, paragraph 3).
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Figure 3: Amounts of labeled HR water found in roots of the SRP in the dry pot divided by the amounts of HR
water found in DP roots in article | (a) and article Il (including unpublished data; b). Values higher than 1 indicate
more HR water in the SRP than in the DP. Vice versa, values below 1 indicate more HR water in the DP roots
compared to the SRP roots. Abbreviations for tree species are: PA (P. abies), PM (P. menziesii), AP (A.
pseudoplatanus), FS (F. sylvatica), CS (C. sativa), QR (Q. robur). Asterisks indicate significant differences between

HR amounts in SRPs and DPs (** p < 0.01). Note the different scaling of the y-axis between a & b.

3. Amount of HR water in the context of other studies
Several studies quantified amounts of HR water by different species or along different
directions (HL, lateral HR, downward HR) as summarized by Neumann & Cardon (2012). Many
of these studies estimated HR amounts in the field (e.g. Richards & Cadwell 1987, Caldwell &
Richards 1989), while some others studied HR in controlled environments (Hawkins et al. 2009)
or simulated quantities in soil-vegetation—atmosphere water transfer models (Jackson et al.
2000, Scholz et al. 2010). Also, environmental conditions varied between those studies from
mesic (e.g. Dawson 1993, Emerman & Dawson 1996) towards very arid surroundings (Ryel et
al. 2003, Bleby et al. 2010). Finally, also the methods used to determine HR were different.
While some quantified HR via sap flow measurements (e.g. Scott et al. 2008, Bleby et al. 2010)

others detected changes in soil moisture/ y (DaRocha et al. 2004, Domec et al. 2010) or
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applied stable isotope tracers (Kurz-Besson et al. 2006). Differences in environmental
conditions or methodological approaches may be the reason, why reported amounts of HR
water vary by two orders of magnitude (Neumann & Cardon 2012). In this dissertation,
amounts of HR water were not only quantified, but additionally, driving factors were

determined that explain the amplitude of assessed HR values.

When comparing amounts that were redistributed inside the SRPs between articles | & I,
quantities were in good agreement (chapter 5, paragraph 2). When studying HR over several
days, it is difficult to calculate HR water amounts during a single night using stable isotope
mixing models after a labeling event. For this comparison, the amount of HR water from
article | was divided by the number of nights (3). However, this can only give an approximation
of the actual daily HR water amounts and could slightly over- or underestimate the actual
daily HR quantity. That is, because the label signal may accumulate in the studied tissues over
time, while trees also use fractions of the redistributed water during the day (Caldwell et al.
1998, Meunier et al. 2017). Therefore, the study from article Il is unique as it quantified all HR
water during just one night in both, the plant and the rhizosphere. As amounts were still in
good agreement, patterns driving HR within plants were potentially similar between articles
| & Il. Therefore, as the same species were studied, the finding that plant’s ‘internal’ factors
are important prerequisites for HR quantities is supported. When comparing HR amounts
found in the DP, quantities varied considerably (chapter 5, paragraph 2). Several potentially
important ‘external’ factors might explain this variation. First, different types of soils were
used, that potentially influenced root penetration and root-soil contact (Pregitzer et al. 2002,
Carminati et al. 2009) and might have had different water hydraulic conductivities (Prieto et
al. 2010). Second, as indicated by pre-dawn leaf y measurements, drought stress for the DPs
was probably less and the moisture gradients were lower in article | than in article Ill.
Combined with different light regimes (chapter 2, paragraph 2), this probably resulted in
different transpiration rates and therefore uptake of (HR-) water between the species of the
two studies. Finally, also the time that plants could grow in pots before the experiments
varied (0.5 years in article | and 1 to 2 years in article Ill). Therefore, also root length, number
of root tips or the degree of mycorrhization might have been different between the studies.
These parameters have been shown to significantly influence HR water uptake by neighboring

saplings (Warren et al. 2008, Prieto et al. 2016, article Ill), and therefore might explain why
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neighboring saplings in article | took up more water than saplings in article Ill. Studies on
uptake of HR water by neighbors among similar species or comparable environmental
conditions are scarce, but indicate quantities in the range of HR amounts reported in this
thesis (25 + 2 % in article Ill and 61 + 6 % in article 1). In neighboring Acer saccharum Marshall
trees, HR water contributed to 3-60 % of plant tissue water (Dawson 1993), while 0-22 % of
the water found in P. menziesii saplings originated from HR by mature trees (Schoonmaker et
al. 2007). The range of HR water found in these studies is very high and various driving factors
may have an impact on the amounts. As mentioned in this chapter, differences in soil types
or moisture gradients may have an influence on uptake of HR water. Additionally, the
proximity of a neighbor to the redistributing tree and its root system distribution are
suspected as influential factors on the amount of HR water taken up by neighbors

(Schoonmaker et al. 2007).

4. Environmental conditions and plant characteristics influencing HR
As suggested (Neumann & Cardon 2012, article Il), factors that influence HR can be divided
into ‘external’ environmental conditions and plant ‘internal’ characteristics. Some studies
found factors of both categories that may inhibit HR. In saline soils, likely pre-dawn plant vy is
not in equilibrium, but a y gradient between roots and leaves is present, promoting night-
time water flow from roots to shoots rather than HR towards the soil (Bazihizina et al. 2017).
In hyper-arid deserts, no HR could be detected in various perennial desert species. These
species only had few roots in dry soil layers (Zeng et al. 2006), indicating that no dimorphic
root system, i.e. roots being present in moist and dry soil layers, was established, which is
obligate for HR (Scholz et al. 2008). Also other plant ‘internal’ characteristics may suppress
HR: Competitive water sinks in stems (Hultine et al. 2003) or specialized cell structures as
warts in root vessels, the structure of perforation plates or vessel tapering (article IV) may
reduce or even prevent reverse flow of water (Espino & Schenk 2009). In my thesis | focused
on the ‘external’ factor y gradient, indicated as difference between pre-dawn leaf y between
the MP and the DP. As mentioned (chapter 1, paragraph 6), the v gradient combines several
potential external factors as transpiration or soil properties. The gradient should therefore be
a good measure of ‘external’ influences on HR quantity. Further, the ‘internal’ factors root
conduit diameter and actual root xylem hydraulic conductivity (ksa) were intensively studied

as their role on HR is yet underrepresented in the literature.
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a. Factors influencing HR within the SRP
The y gradient had a significant influence on the amount of HR water with higher gradients
resulting in more water being redistributed within the SRP (article Il, research question 3).
Gradients in article | were set up to be equal, whereas gradients in article Il ranged between
0 -4 MPa. However, a distinct range in gradients of 0.0 — 0.6 MPa between replicates was still
present in article |. By trend also for trees in article | higher gradients resulted in more HR

water (R?=0.1, P = 0.05; Fig. 4), supporting the results from article Il.
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Figure 4: Correlation of water potential () gradient with the amount of labeled HR water found in the roots of
the SRP in the dry pot after one night in article | (blue, y = 0.07 + 0.49 x). As reference, also the correlation of
article Il is given (red, y = 0.01 + 0.07 x). Differences in slope and amounts of water may be due to the fact that
amounts from study | were divided by the amount of nights that may only give an approximation of the actual

amount of HR water (chapter 5, paragraph 3).

The influence of the y gradient was, however, not as significant as the influence of ‘internal’
conduit diameters and especially ks, (article I, research question 3). Differing amounts of HR
water between the replicates of the species were best explained by these ‘internal’ factors.

Thereby, SRPs with larger conduits and higher ks, redistributed more water. While for article |
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the conduit diameters were used as a surrogate for ksm, actual measured ks, supported the
dependency of HR from water conductivity in plants (article Il). A trending positive correlation
between estimated amount of HR water and conduit diameters (not significantly though) was

also found for replicates of article | (Fig. 5).
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Figure 5: Correlation of mean root conduit diameters with the average amount of HR water per night and species
in article | (blue, y = 0.10 + 0.003 x). Note that conduit diameters were recalculated as for article | all conduits
(i.e. vessels and tracheids) were assessed for the angiosperm species, while in article Il only the average vessel
diameter was calculated. Therefore, tracheids were excluded for the recalculation of conduit-diameters for F.

sylvatica and Q. robur. As reference, also the correlation of article Il is given (red, y = 0.02 + 0.004 x).

Another plant ‘internal’ factor affecting HR water amounts within plants is a potential
reduction in reverse water flow compared to forward flow (article IV; research question 4).
As reverse flow in angiosperm species was only approx. 40% of forward flow, HR could be
significantly reduced. Additionally, xylem conduit diameters varied considerably throughout
the roots, with primary roots having significantly smaller diameters (article 1V). This could
display an additional resistor slowing HR water movement. This study is the first that shows a

positive correlation of measured HR water amounts in Central European tree species to
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measured ksa, that has previously only been predicted in a modeling approach (Quijano &
Kumar 2015). As suggested in article Il, studies should follow-up that concentrate on whole

root system ks, measurements in forward and reverse direction in more detail.

b. Factors influencing release of HR water into the rhizosphere
Amounts of water released into the soil were less well correlated with the assessed internal
and external factors than for the redistribution of water within the SRPs (article Il). Still, ks,
explained the variation best, but additional factors, e.g. at the border between root and soil,
will certainly play a role for the release of water. Those might be similar to factors controlling
water uptake. For example, diffusion barriers for water in the bark, as embedded suberized
cells or the mere bark thickness might limit release and uptake of water (Brunner et al. 2015).
Under drought, aquaporin activity along root sections may be down regulated, affecting root
ks (Prieto et al. 2012) and therefore decrease water flow in both directions (Maurel et al. 2015,
Li et al. 2014). Additionally, plants are able to adjust osmotic potentials in their roots in order
to take up water from soils with low moisture (Ranney et al. 1991, Wang et al. 1995). A low
osmotic potential in roots in very dry soils may reduce root y to lower values than soil v,
resulting in a moisture gradient from soil to root. Consequently, the release of water into the
soil will be reduced or hindered. Finally, also the contact between roots and soils potentially
influences the amounts of water a plant releases into the soil. As soils dry, roots loose contact
to soil particles and therefore uptake from or release of water into the soil might be reduced
(Carminati et al. 2009). Root-soil contact in drying soils may be dependent on soil type and
fine root diameter, root branching or architecture (Pregitzer et al. 2002). Roots may lose
contact to soils with a stronger swelling and shrinking behavior (e.g. loamy soils) earlier than
to soils that do not form cracks that fast (e.g. soils with a higher sand content; Carminati et al.
2009). However, sandy soils have a coarser texture, and therefore less plant readily available
water than loamy soils. Therefore, water movement between root and soil might be greater
in loamy soils. By trend, higher amounts of HR water have been found in soils with higher
loam and less sand content (Prieto et al. 2010). Additionally, species with thinner fine roots
and higher root branching may be able to maintain contact to soil structures longer under
drying conditions than species that have grosser fine roots that lose contact earlier (Carminati

et al. 2009). A more detailed assessment of soil type influence on HR seems, hence, valuable.
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Studies with different soils and plants are needed to estimate the influence of root-soil

contact on HR.

c. Factors influencing uptake of HR water by neighbor plants
Root system extent was found to be a significant driving factor in uptake of HR water by
neighboring plants (article Ill). Over all species, root length, number of root tips, but also ks,
of the root system of the DP had a significant influence on uptake of HR water. As mentioned
in chapter 5, paragraph 2, very little HR water was found in the soils, with almost no HR water
in the bulk soil. Therefore, probably most of the HR water was transferred either via direct
root contact between species or through a CMN. Previous studies suggest, that a CMN or a
direct contact between root systems of neighboring plants may display effective pathways of
HR water transfer (Warren et al. 2008, Prieto et al. 2016). The chance that roots of
neighboring plants get in contact may increase with root length. Additionally, trees take up
most water through their root tips (Haussling et al. 1988), potentially explaining that longer
root systems with more tips were found to increase uptake of HR water by the DPs (article Ill).
However, as pointed out in article Ill, some species seem to avoid contact (Maina et al. 2002,
Falik et al. 2003) while others increase root growth when close to neighbors (Armas &
Pugnaire 2011). Therefore, also the tendency of a species to make contact to root systems of
neighbors should be assessed. Consistently, P. abies DP trees showed the highest amounts of
HR water in roots and transpiration in articles | & Ill (also in mixture with F. sylvatica). However,
none of the studied factors could explain why (tested also for DPs in article I; not shown).
Neither did P. abies SRS have the highest \ gradients nor significantly different pre-dawn leaf
vy in the DP compared to other species. Also plant internal factors were not related to this
finding, as DP root systems were shorter and root tips less abundant (article Ill) than in other
species. First studies have been performed, suggesting that Picea mariana (Mill.) Britt., E. E.
Sterns & Poggenburg trees tend to increase root branching when growing close to a neighbor
of the same or another species (Paya et al. 2015). However, as concluded in article Ill, all
species should be studied on their tendency to make or avoid contact with their roots to root

systems of other plants.
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6. Conclusion and outlook

1. Importance of HR for Central European tree species and forests
The results of the present thesis show that HR plays an important role in the water cycles of
a variety of Central European species from coniferous over diffuse-porous to ring-porous
trees. For both, water redistributing SRPs and drought stressed DPs, drought-mitigating
effects of HR water could be demonstrated. Therefore, HR might play a key role for species
survival under drought and hence also majorly influence forest ecosystem stability in Central
Europe. The surprisingly high benefits of P. abies DPs sets hope that this species, already
highly affected by drought events, can be sustained in the future on different sites, if it is
“supported” via HR. Systematic field studies should now confirm the relevance of HR
mechanisms and effects demonstrated in this thesis. They should include monocultures and
different mixtures of species on comparable sites to estimate the importance of plant
‘internal’ driving factors. Additionally, field studies with the same species, but among
different climate conditions on various sites should be considered to gain information on the
importance of ‘external’ driving factors. Next to moisture gradients also the soil type could
vastly influence HR, with e.g. soils that build cracks faster when drying, leading to an earlier

loss of root-soil contact and reducing HR amounts, accordingly.

2. Increasing importance in the face of ongoing climate change?
On the one hand, in a warmer and probably dryer climate, the role of HR for the water balance
of trees in Central Europe might increase. Especially in uneven aged or mixed forest systems
on sites with deep soil depths, deeper rooting trees may display “water pumps” under
drought, lifting water from moist, deep soil layers. This HR water may then be used the
following day by shallow rooted neighboring plants or saplings and therefore help to mitigate
forecasted increasing drought events. Additionally, the y-gradient was determined as one of
the main driving factors of HR in this thesis. Increased summer droughts could likely increase
moisture gradients between shallow and deep soil layers, thereby enhancing the amount of
water species might redistribute. On the other hand, HR itself might be affected by future
climate. When the atmosphere gets warmer, it has a higher water holding capacity and
therefore the atmospheric water demand might increase during the day and at night. Thus,

nighttime transpiration rates might increase, which could lower the amount of HR as a
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competitive sink for water (Howard et al. 2009, Domec et al. 2012). The actual influence of a
dryer climate on HR has to be tested in future controlled studies to assess the impacts of

climate change on HR and on Central European species.

3. Potential importance as a tool for silviculture
Foresters are changing Central European forests increasingly into uneven aged, mixed species
stands to deal with climate change driven forest diebacks. Here, | could show that also in
mixture, redistribution of water from a redistributing (SRP) towards a neighboring (DP) plant
occurred (article Ill). In this approach testing mixed species compositions (i.e. mixed SRS),
amounts of HR water were not different as in monospecific SRS. However, the SRS setup could
not incorporate different rooting depths between the species in the field. Therefore, species
that were proven to be able to conduct HR, but only form a shallow root system in the filed
might only profit from HR when in mixture with species that have a deeper root system
reaching moist soil layers. HR in the field might therefore be most relevant in mixed or uneven

aged forests, where trees vary significantly in rooting depths.

A very clear pattern across the studies summarized in this thesis was the importance of ks; on
HR. Species that maintained high root conductivities in dry soils significantly redistributed
more water than species with lower ksa. If one dares to extrapolates these findings under
controlled conditions to the situation in a forest, a strategic planting of “high performance HR
trees”, such as deep rooting ring-porous species with low susceptibility to drought or
embolism formation, may contribute to higher forest stabilities in the future. However, more
driving mechanisms for water transfer between species than root length and number of tips,
have still to be identified. In article | and also in a previous study on a grass (Leffler et al. 2005)
the ability of ‘dead’ trees to conduct HR has been described. As long as the root system is not
decayed, stumps are still capable to redistribute soil water. Therefore, also new strategies in
timber harvesting could be considered. Deep rooted species could be removed first, while
their stumps continue for many years to transfer water to shallow rooting trees or saplings of
the next generation of the forest. Scaling the amounts of HR water by SRPs, determined in
this thesis (0.04 - 0.19 ml per night and g SRP root mass, article Il) to mature trees (about
100 kg of root dry mass assumed), total amounts of HR water could reach 4 - 19 | per tree and
night (article Il). With an average stock of wood of 695 trees ha* (BWI3, 2014), 2780 — 13205 |

per ha and night could be lifted in a forest ecosystem. Therefore, the importance of HR in the
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water cycle of temperate forests would be substantial, similar as indicated in tropic
environments (Lee et al. 2005). However, as the numbers presented here result from saplings
under controlled conditions, mixture composition and impact of HR trees to neighbors have
to be tested in future field studies. The scale is set by this study and further research on HR

in mature stands seems very promising to contribute to solutions for stable future forests.
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Hydraulic redistribution (HR) of soil water through plant roots is a crucial phenomenon improving the water balance of plants and
ecosystems. It is mostly described under severe drought, and not yet studied under moderate drought. We tested the potential of
HR under moderate drought, hypothesizing that (H1) tree species redistribute soil water in their roots even under moderate drought
and that (H2) neighboring plants are supported with water provided by redistributing plants. Trees were planted in split-root sys-
tems with one individual (i.e., split-root plant, SRP) having its roots divided between two pots with one additional tree each. Species
were 2-to 4-year-old English oak (Quercus robur L.), European beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) Karst).
A gradient in soil water potential (ys.;) was established between the two pots (—0.55 + 0.02 MPa and —0.29 + 0.03 MPa), and HR
was observed by labeling with deuterium-enriched water. Irrespective of species identity, 93% of the SRPs redistributed deuterium
enriched water from the moist to the drier side, supporting H1. Eighty-eight percent of the plants in the drier pots were deuterium
enriched in their roots, with 61 + 6% of the root water originating from SRP roots. Differences in HR among species were related to
their root anatomy with diffuse-porous xylem structure in both beech and—opposing the stem structure—oak roots. In spruce, we
found exclusively tracheids. We conclude that water can be redistributed within roots of different tree species along a moderate s
gradient, accentuating HR as an important water source for drought-stressed plants, with potential implications for ecohydrological
and plant physiological sciences. It remains to be shown to what extent HR occurs under field conditions in Central Europe.

Keywords: drought, Fagus sylvatica, isotope labeling, Picea abies, Quercus robur, reverse flux of water in roots, soil water
potential (Wsoi), stable hydrogen isotopes.

Introduction effect as ‘hydraulic lift’, as they discovered an uplift of water from

Hydraulic redistribution (HR) is the passive movement of water deeper, moist to more shallow, dry soil horizons, the flow path of

through the roots of a plant following a gradient in the soil water redistributed water can also be downward (‘inverse hydraulic
potential (ysoi, Leffler et al. 2005). Water is taken up by roots lift’, iHL) (Burgess et al. 1998) or lateral (Smart et al. 2005),
present in moist soil locations and released via roots into drier depending on the direction of the o gradient. In order to cover
soil locations (Richards and Caldwell 1987). Hydraulic redistri- all potential directions of water movement, the effect was named
bution typically occurs during nighttime in the absence of or at HR (Burgess et al. 1998, Prieto etal. 2012).

low transpiration upon mostly closed stomata (Pereira et al. Plants benefit in many ways from HR, for instance, roots in dry

2006). While Richards and Caldwell (1987) first described the soil depths can be kept alive, their lifespan can be increased
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(Bauerle et al. 2008) and consequently, co-located nutrients
become accessible (Caldwell et al. 1998, Querejeta et al.
2003). Hydraulic conductance can be maintained and a decline
in soil water content (SWC) reduced (Hirota et al. 2004,
Meinzer et al. 2004, Domec et al. 2006). Therefore, rates of
transpiration, photosynthesis and growth are increased through
HR, and growing seasons may be prolonged (Brooks et al.
2002, Howard et al. 2009). In a North American sugar maple
(Acer saccharum Marsh.) stand, Jackson et al. (2000) assessed
an increase in stand-level water consumption by 19-40% when
they considered HR in a soil-vegetation—atmosphere water
transfer model. Moreover, Brooks et al. (2002) calculated redis-
tributed water to be 28% of total daily transpired water in a
Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) stand in
Washington, USA. In addition, mutualism with microorganisms
and mycorrhizae is likely to benefit from HR as water moves
from plant to fungus or vice versa depending on the y gradient
(Querejeta et al. 2003, Pereira et al. 2006).

Hydraulic redistribution of one plant may influence its neigh-
boring plants. On the one hand, plants with shallow roots, like
grasses or seedlings, are able to take up redistributed water in
the upper soil (Dawson 1993, Brooks et al. 2002). On the other
hand, iHL may be a strategy of deep-rooting plants to drain water
into deeper soil horizons where it becomes inaccessible for
shallow-rooted plants (Ryel et al. 2003, Yu and D’'Odorico
2014). The effectiveness of HR on plant-plant interactions
awaits case-dependent clarification (Prieto et al. 2012).

The amount of redistributed water could be species-specific
caused by different xylem structures, e.g., conduit diameters in
roots (Bauerle et al. 2008). According to the Hagen—Poiseuille
law, hydraulic conductivity of a conduit is (approximately) pro-
portional to the fourth power of its radius (Tyree and
Zimmermann 2002). Plants with bigger conduit diameters
should be able to redistribute more water over time than plants
with smaller conduit diameters under otherwise identical condi-
tions. However, density, systematic and size of root conduits are
not well known (Koecher etal. 2012).

Authors have predominantly observed HR in very dry regions
or during dry seasons on grasses, shrubs and trees (e.g,
Caldwell and Richards 1989, Schulze et al. 1998, Meinzer et al.
2004), while in temperate Central Europe, only few studies
have addressed HR on native tree species. Nadezhdina et al.
(2006, 2009) detected HR in a 26-year-old Norway spruce
(Picea abies (L) Karst.) stand and in a 53-year-old Douglas fir
(P. menziesii) stand in the Czech Republic under dry conditions
of about 10 vol% SWC. Zapater et al. (2011) showed that HR
occurred in sessile oak (Quercus petraea (Matt.) Liebl.) from a
15- to 25-year-old mixed species forest in France under very
dry conditions (ys.; Up to —2.0 MPa). However, uptake of redis-
tributed water by neighboring plants could not be demonstrated
in any of those studies (Nadezhdina et al. 2006, 2009, Zapater
etal. 2011).

Despite the detection of HR in some tree species in temperate
Central Europe, it remains an open question whether HR is a
general phenomenon, also occurring under moderate drought,
and if neighboring plants gain advantage from HR. Moreover, it
remains to be shown if potential differences in the amount of
redistributed water between different species can be linked to
their anatomical root properties.

The present greenhouse experiment focused on three tree
species native to Central Europe, i.e., English oak (Quercus robur
L.), European beech (Fagus sylvatica L) and Norway spruce
(P. abies). Our aim was (i) to explore if and to what extent the
study species show HR even under moderate drought and (ii) to
estimate the uptake of released water by neighboring trees. We
set up a split-root experiment with a soil moisture gradient
between two pots and traced HR from the deuterium-labeled
moist soil to the drier soil. We tested the hypotheses that (H1)
English oak, European beech and Norway spruce are able to
redistribute soil water via reverse flux in their root systems under
moderate drought and that (H2) neighboring trees take up water
provided by the redistributing trees. To elucidate the impact of
species identity on the amount of redistributed water, we add-
itionally analyzed the anatomy of the root xylem to assess the
hydraulic conductance of the roots of the three study species.

Materials and methods

Experimental site

The study was set up in a greenhouse, automatically shaded and aer-
ated during March—-August 2014 at the ‘Gewachshauslaborzentrum
Dirnast’, Freising, Germany (N 48°24'15.6"; E 11°41'35.7,
473 m altitude). During the establishment of the soil moisture gradi-
ent (July—August 2014), daily mean and daily maximum air tempera-
ture was 23 + 0.5 and 28 + 1 °C, respectively. Corresponding daily
mean and minimum relative air humidity was 58 + 1 and 43 + 2%,
respectively. Mean and maximum global radiation in the green-
house during sampling days (19-22 August) was 28 + 3 and
61 + 13 Wm™2, respectively (for details see Table S1 available as
Supplementary Data at Tree Physiology Online).

Split-root system setup

In March 2014, 2-year-old English oak and European beech and
4-year-old Norway spruce seedlings were planted in the green-
house in split-root systems (Figure 1). In spite of having differ-
ent ages, the mean height of the trees was similar, i.e., 46 =+
1cm (oak,n=41),51 + 1 cm (beech,n =52) and 51 + 1 cm
(spruce, n = 39). Two pots (10 1) were screwed together with a
semicircular notch at the contact point. Three trees were planted
in each split-root system — with one tree in each pot (i.e., moist
side and drier side) and the third tree (split-root plant, SRP)
above the notch with its root system equally distributed into the
two pots (Figure 1). To minimize injury to the roots of the SRP, a
foam pad was placed between the roots and the notch in the pots.
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In the first 5 months after establishing the split-root systems
(March-July), each SRP trunk had a soil-filled collar made out of
foam material to avoid desiccation of the upper roots. The collar
was removed 4 weeks before the labeling experiment started.
The split-root systems were watered manually twice a week with
a hose and, between March and August, repositioned three times
inside the greenhouse to minimize potential effects of light and
temperature heterogeneities.

Three different plant combinations were established, each
with the same tree species as SRP and plant in the drier soil
(DP). The plant located in the moist soil (MP) was either the
same species as DP and SRP or one of the other study species
(Table 1), as we originally assumed an impact by the MPs

Split-Root
Plant
Plant in Plant in
moist pot SRP drier pot
MP | DP
300 ml I SRnyltm |
ml water MP.., DP..
62H2 ~6000 %o xylem ylem — pad
//l\;;
I\ 7
MP,,,, DP,
Soil Soil
moist dry
SRprom moist SRPrnnl dry
Foot dry
Moist side Drier side
Abbreviation Denotation
MP Plant on the moist side of the system
MP__ Root system of the plant on the moist side
MP__ Stem xylem of the plant on the moist side
SRP Split-root plant
SRP_ . Root system of the split-root plant on moist side
SRP .., Root system of the split-root plant on drier side
SRP_.. Stem xylem of the split-root plant
DP Plant on the drier side of the system
DP__ Root system of the plant on the drier side
DP Stem xylem of the plant on the drier side

xylem

Figure 1. lllustration of split-root system and description of the abbrevia-
tions used.

Table 1. Setup of the split-root systems. Species identity is given for
trees planted on the moist side (MP), the split-root plant (SRP) and on
the drier side (DP).

Split-root system MP SRP DP n

Beech Beech/oak/spruce Beech Beech 17
Oak Oak/beech Oak Oak 14
Spruce Spruce/beech Spruce Spruce 13

identity on the water redistributed by the SRP. However, the spe-
cies identity of the MP affected neither HR within the SRP nor
redistribution to the DP.

The soil used for the split-root system setup was a luvisol, ori-
ginated from loess over Tertiary sediments, retrieved from three
adjacent forest stands (~5 km from Freising) and with similar
silty texture. Each stand was dominated by one of the three
study species, thus saplings were planted in soils shaped by
their own species. About 30% of sand was added to facilitate soil
drying. Five grams of controlled-release fertilizer (Osmocote®, ICL
Fertilizers Deutschland GmbH, Nordhorn, Germany) were added
to each pot when the trees were planted.

Soil water content and water potential

Volumetric SWC was assessed for each pot with a mobile
probe (probe length: 14.5cm; TDR100, Campbell Scientific,
Shepshed, UK). Corresponding soil water potential (o) was
retrieved by fitting a soil-specific retention curve between pre-
dawn .o and SWC using pre-dawn eos as a surrogate for
Wsoil (Bauerle et al. 2006). s Was assessed by means of a
Scholander-type pressure chamber on leaves (oak) and twigs
(beech and spruce) from additional trees of the same origin and
age, potted individually in identical soils, saving the plants in the
split-root systems for the deuterium-labeling experiment. The
retention curve was compiled before the experiment started (data
not shown). Soil water content was measured on Day 2 of the
experiment (21 August) and corresponding s derived.

Establishing a soil moisture gradient, deuterium labeling
and sampling

InJuly 2014, the soil moisture gradient was established between
the moist and drier pots of the split-root systems. Over 1 week,
the average daily water consumption of the plants was assessed
by weighing of pots. Based on the water consumption, the moist
side of the split-root system was supplied with water for com-
pensating tree water use while the pot on the drier side was not
watered. Soil water content was monitored by TDR every other
day with 30% and 15% being targeted in the moist pot and drier
pot, respectively. After the soil moisture gradient was estab-
lished, the deuterium labeling started.

On 19 August at 9:00 a.m. CET (Day 0), 300 ml of deuterium-
enriched water (0.11 atom% deuteriumoxide, i.e., 6313%o 62H)
was dripped very carefully and homogenously on the soil surface
of the MP pot using a small watering can (capacity of 500 ml) to
ensure that no labeled water reached the pot of the DP.
Afterwards, the soils of the drier and moist sides were each cov-
ered with a plastic foil throughout the experiment. Putatively
deuterium-enriched water vapor originating from the labeled
soils or transpiration of labeled trees did not increase 8°H in
leaves of neighboring plants (P=0.71).

Eleven out of the 44 SRPs (25%) displayed severe signs of
shoot mortality during the weeks before the experiment, i.e.,
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absence of green bark tissue and all leaves were brown or
shed (for details see Table S2 available as Supplementary
Data at Tree Physiology Online). As HR is a physical phenom-
enon and water passively moves through plant tissue by just
following a sy gradient, we did not exclude those plants
(further referred to as desiccated plants) from the analysis.
Indeed, we did not find significant differences in the calculated
fraction of redistributed water between desiccated and
healthy plants. Our results and conclusion would not change if
desiccated plants were excluded from the analysis (see also
Results and Discussion sections).

On 19, 20 and 22 August (further referred to as Day O, Day 1
and Day 3) before sampling at 7:00 a.m. CET, aboveground
parts of plants were covered with plastic bags to minimize tran-
spiration and therefore to establish similar hydraulic conditions
during sampling. Plastic bags were removed directly after sam-
pling on each day, to reestablish natural conditions.

Prior to labeling on Day O, from 7:00 to 9:00 a.m. CET, soil
samples were taken in all pots with a metal core (diameter of
~1cm) to the bottom of the pot. All soil samples were put into
plastic bags and gently mixed before drawing a representative
10 ml subsample. Pre-labeling samples were taken to determine
the natural abundance of deuterium in the soil and were used as
reference to check for increases in 8°H in roots, soils and stem
xylem (White et al. 1985). Likewise, soil samples were taken on
Day 1 and Day 3.

On Day 3, stem xylem and roots were sampled. Bark and
phloem of stem samples were quickly removed with razor blades
and the stem xylem was cut into ~1 cm long pieces to facilitate
subsequent water extraction. Plants in the drier pots (DPs) were
sampled before SRPs and MPs to minimize potential contamination
with deuterium label. Sampling of stem xylem lasted from 9:00 a.m.
to 12:.00p.m. CET. Subsequent root sampling lasted from
12:00 p.m. to 6:00 p.m. CET and was performed in the same
order as stem xylem sampling (DPs before SRPs and MPs). The
roots of the SRPs were divided into drier side (SRProot ory) and
moist side (SRPoot moist). The rhizosphere soil was carefully
removed, coarse-roots were cut into ~1 cm pieces and a sub-
sample of ~3—4 g (root fresh mass) was taken. All samples were
instantly put into airtight Exetainer (Labco, Lampeter, UK) vials
and stored at 5 °C until cryogenic water extraction.

Dry mass of fine (<2 mm) and coarse (>2 mm) roots of the
SRProot dry @nd SRProot moist Was assessed after drying at 65 °C
for 72 h and total root dry mass was calculated including the
roots sampled for water extraction.

Water extraction and analysis

Water was extracted by cryogenic vacuum distillation for 2 h
(West et al. 2006). Extracted plant water of roots and xylem of
the DPs and SRPs was analyzed for its §°H with an isotope-ratio-
mass-spectrometer (IRMS) coupled with a multiflow system
(Isoprime, Elementar, Langenselbold, Germany). Measurements

were performed against two laboratory standards with 8°H of
—161.21%o0 and +124.36%o, respectively. Measurement preci-
sion for the two standards was higher than £2.5%o. In the case
of water extracted from soils and highly deuterium-enriched root
and stem xylem samples of MPs and SRPs, 8°H was assessed
with a cavity ring-down spectrometer (CRDS, Picarro, Santa
Clara, CA, USA). We used the same laboratory standards as for
the IRMS and analysis precision was higher than +2.1%o. Since
the CRDS may be affected by organic contaminants in the water
extract (West et al. 2010), comprehensive correlations between
the CRDS and the IRMS were performed, revealing no differ-
ences in the 82H of soils and highly enriched stem xylem or root
samples (data not shown).

Calculation of water redistribution within SRP

The fraction of redistributed water in the SRP, o 4y Was calculated
using a two-end-member mixing model. To this end, §°H of water
in SRProot gy ON Day 3 was assumed to result from two water
sources: (i) reverse flux of water from the SRP,oot moist @and (i)
water taken up directly by the roots from the soil of the drier pot:

5 H(SRPootay) — 6°H(so0il dry)

f (SRRoot moist) = > > i
6 H(SRProot moist) -0 H(SOI| dTY)

x 100(%) (1)

with f(SRP.oot moist) Deing the fraction of redistributed water in
the SRP oot dry-

Calculation of water redistribution from SRP,0; 41, to DP

Similarly, the fraction of water in DP. originating from the
SRPoot dry Was calculated from two sources: (i) the water pro-
vided by the SRP,, 4y to the drier side and (ii) the soil water in
the drier pot:

5 H(DPoyr) — 52H(soil dry)

2

f (SRRt dry) = >
6 H(SRRgot ary) — 6°H(soil dry)

X 100(%) (2)

Root anatomy

Roots (diameters of ~1 mm) were sampled to assess conduit
sizes in the studied tree species. The samples were dehydrated
with ethanol; 2h in 70%, subsequently 3 h in 90% and finally
overnight in 96% ethanol. Three roots of each species were cut
by laser ablation tomography (Clabby 2014), while pictures of
the ablated root slices were continuously photographed (reso-
lution of 25,400 dpi). Afterwards ablated pictures of each spe-
cies were analyzed for the size of their xylem conduits. On about
one-quarter of the total cross-section, the conduits were hand-
selected and marked on an extra image layer with gimp 2.8.16
(GNU Image Manipulation Program, The GIMP Team). Conduit
area was obtained with Image) 1.47t (Wayne Rasband, National
Institutes of Health, Bethesda, MD, USA) and the equivalent cir-
cle diameter of each conduit was retrieved according to Scholz
et al. (2013). Hydraulic conductivity per square meter of the
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root cross-section was calculated based on the Hagen—
Poiseuille law (modified according to Scholz et al. 2013, see
Eqg. (3)), assuming all visible vessels and tracheids to be
conductive:

n axD*
Kn = 2%2&7 3)
where K, is the hydraulic conductivity (in kgMPa™'s™"'m™"), D
the diameter of the conduit, 1 the viscosity index of water
(1.002 x 1072 MPa s at 20 °C) and A the area of the analyzed
cross-section.

Statistical analyses

With a one-sided two-sample T-test we checked for increases in
leaf 8°H of unlabeled trees due to water vapor evaporation or
transpiration of labeled soils or plants. A two-sided two-sample
T-test was used to check (i) for initial differences in the isotopic
signature of the soil between the moist and the drier pot prior to
labeling, (ii) for differences in root mass of SRP.q oy and
SRP oot moist: (iii) for effects of the species identity of MPs on the
fractions of redistributed water within SRPs, and (iv) to confirm
that 8°H of unlabeled soil water corresponded to &°H of
unlabeled root and stem xylem samples (White et al. 1985). We
performed one-sided two-sample T-tests to check if 5°H values
in root, soil and stem xylem were significantly increased when
compared with the soil reference °H values on Day O. One-way
ANOVA with post-hoc tests (Tukey HSD test) were used to

compare 8°H of roots and stem xylem of the three plant combi-
nations. Levels of statistical significance were <0.05, <0.01 and
<0.001 and indicated with *, ** and ***, respectively. Means are
generally shown with +1 standard error (SE). All statistical ana-
lyses were performed with R version 3.1.3 (R Development
Core Team 2015).

Results

Soil water content and y.;

Soil water content (SWC) and corresponding s, were twice as
high in the moist pots compared with the drier pots (P < 0.001,
Table 2). Averaged SWC at the moist side amounted to 32.6 +
0.6 vol% and to a g of —0.29 + 0.03 MPa across all split-root
systems. In comparison, SWC at the drier side and corresponding
Weoit Was significantly lower, with a mean of 17.0 + 0.2 vol% and
—0.55 + 0.02 MPa across all split-root systems, respectively.
Comparing species, the SWC and corresponding s, in the drier
pot of spruce split-root systems were about 2 vol% and 0.2 MPa
lower than in beech (P < 0.01) and oak (P < 0.001, Table 2).

Dry mass of fine-roots

The fine-root mass of spruce SRP..q 4y exceeded the corre-
sponding SRPot gy fine-root mass of both, beech (P < 0.05)
and oak (P < 0.001). In the moist pot, the fine-root mass of
spruce SRProot moist tended to be higher compared with beech
(P = 0.056) and was significantly higher than in oak (P < 0.05,
Table 3).

Table 2. Volumetric SWC and corresponding water potential (ysoi) (means = 1 SE). SWC was measured on Day 2 of the experiment. SWC and i
are significantly higher on the moist side than on the drier side for all plant combinations. Letters indicate statistical differences across species.

SWC (vol%) P WYsoil (MPa) P
Moist Drier Moist Drier
Beech 323 +1.12 17.3+0.3% <0.001 -0.29 +0.01° -0.52 + 0.02% <0.001
Oak 33.4+0.8° 17.8 +0.4% <0.001 -0.29 +0.01° -0.47 £0.02% <0.001
Spruce 322 +1.0% 15.8 +£0.3° <0.001 -0.28 £ 0.01° -0.67 £ 0.03° <0.001
Mean 32.6+0.6 170+0.2 <0.001 -0.29 +£0.03 —0.55+0.02 <0.001

Table 3. Fine-root and total root mass of the SRPs (means + 1 SE). Letters indicate statistical differences across species. Note that there was only one

desiccated SRP of spruce.

Beech Oak Spruce Mean
SRP total root mass (g)
Drier side 4,09 +0.72* 3.72 +0.75% 3.76 + 0.50% 3.97 +£0.39
Moist side 3.40+0.87% 513+ 1.212 536+ 1.15% 4.48 + 0.61
Desiccated drier side 1.49 +0.192 0.89 + 0.30% 1.26% 1.20+0.18
Desiccated moist side 0.79 + 0.40% 1.02 +0.35% 0.38° 0.82 +0.24
SRP fine root mass (g)
Drier side 1.32+0.28% 0.58 +0.21% 2.24 £0.42° 1.45+0.22
Moist side 1.75 + 0.46%° 1.17 £0.38° 3.59+0.78° 2.14+035
Desiccated drier side 0.05 +0.02% 0.01 +0.01% 0.26° 0.05+0.02
Desiccated moist side 0.06 +0.02%° 0.00 + 0.00° 0.15° 0.05 + 0.02
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Figure 2. Cross-sections of oak (A), beech (B) and spruce (C) roots and the different distribution of xylem vessels and tracheids in black and white con-

trast (D, Eand F, respectively).

Analysis of xylem conduits in the roots

The commonly assumed diffuse-porous structure in beech stems
(Schitt et al. 2006) was reflected in beech roots, whereas the
characteristic ring-porous distribution of conduits in oak stems
did not match with the anatomy found in oak roots. As assumed,
spruce roots had exclusively tracheids (Figure 2). Maximum
root conduit diameters were 93.7 + 7.1 pm (oak, n = 3), 75.4
+ 2.1 pm (beech, n = 3) and 44.4 + 6.0 pm (spruce, n = 3),
respectively, and were significantly smaller in spruce compared
with beech (P < 0.05) and oak (P < 0.01). The maximum con-
duit size of oak was similar to beech (P = 0.12, Table 4). The
estimated conductivity of spruce (1.95 + 0.19kgMPa™'s™"
m~") tended to be lower compared with beech (8.48 + 1.38
kgMPa™"s™"m™", however this was not significant, P = 0.1)
and was significantly lower than in oak (11.42 + 2.85kg
MPa 's'm™, P< 0.05). The difference between beech and
oak was not significant (P = 0.5, Table 4).

8°H in soils

On Day O, prior to labeling, the 82H in the soil water of the moist
and drier side were identical, and unaffected by species identity
(Table 5). Upon deuterium labeling, 8°H in the soil on the moist
side was evidently deuterium-enriched across all species (972 +
72 and 916 = 47%0 on Day 1 and 3, respectively). Water
extracted from drier soils did not increase in §2H, varying between
—60 + 1 and —63 + 1%o across all species (Table 5).

52H in MP, SRP and DP

Prior to labeling, 82H of root water corresponded to that of sur-
rounding soils (data not shown). MPs were significantly

Table 4. Calculated hydraulic conductivity, maximum and mean conduit
diameter (means + 1 SE) of the roots of the three study species. Letters
indicate statistical differences across species.

Hydraulic conductivity Dinax (rm) Diean (M)
(kgMPa™'s™'m™"
Beech 8.48 + 1.38% 75.4 +2.1° 16.8 +0.2%
Oak 11.42 + 2.85° 93.7+7.1° 16.7 +0.1%
Spruce 1.95+0.19° 44.4 + 6.0° 15.5 +0.0°

deuterium-enriched in their stem xylem water on Day 3 (mean:
763 £ 45%0; P < 0.001 across all species) when compared
with Day O. In the SRPs of all species, water in the SRP,oot moist
was significantly deuterium-enriched on Day 3 compared with
Day O (mean 8°H of 413 + 33%,, Figure 3). There was no dif-
ference between species or between desiccated (337 + 58%o)
and healthy plants (438 + 39%0). The overall mean 8°H of the
stem xylem water in the SRPs of all species was 327 + 44%o on
Day 3 (no difference between the species). We detected a sig-
nificant difference (P < 0.001) when measuring the desiccated
plants (mean of —19 + 7%o) in comparison with the healthy
plants (mean of 443 + 43%o).

Irrespective of species identity, more than 90% of SRP, ot
ary displayed significantly enriched deuterium concentra-
tions on Day 3 compared with Day O (P < 0.001 for all
observed species) with 8°H of =36 + 6, —42 + 5 and —46
+ 4%0 in oak, beech and spruce, respectively (Figure 3).
There was no significant difference between desiccated
(mean over all species of =37 + 6%o0) and healthy plants
(mean over all species of —43 + 3%o) for any of the species
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Table 5. Soil 8°H during the experiment (means + 1 SE). There were no statistical differences between the split-root systems of beech, oak and

spruce.
Beech Oak Spruce Mean
Moist Drier Moist Drier Moist Drier Moist Drier
8°H Day O (%o) —60 + 1 —60 + 1 —60 + 1 -60+2 -60+2 —-61 +1 —60 + 1 —60 + 1
8°H Day 1 (%o) 900+ 115 —61 =1 938 + 91 —63 + 1 1115+ 159 -62+2 972 +72 —-62 + 1
8%H Day 3 (%o) 881 + 66 —61 +1 940 + 81 —-60 + 1 943+ 114 —-62 + 1 916 +47 —61 + 1
800 Beech Oak Spruce Mean 25 Beech Oak Spruce Mean
600 =30
I |
........................................ e -35 B
00 = — =5 ;
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Figure 3. 8°H of the SRPs (and overall means + 1 SE) on Day 3 after
labeling. The solid line (in gray bar) indicates the mean &°H (+1 SE) of
the drier soil on Day O, while the dotted line (in gray bar) represents the
mean 8%H (x1 SE) of the SRP,o0t moist ON Day 3. Both lines are given for
orientation as they represent the two end-members of the linear mixing
model in Eq. (1). The symbols indicate stem xylem (SRP,yiem, Squares)
and root water (SRPyoqt ary, triangles) on the drier side of the SRPs.
Significant increases of 8%H in comparison with Day O are given for
SRProot dary by *** (P < 0.001). Note the different scaling of the Y-axis
above and below O.

(see Table S2 available as Supplementary Data at Tree
Physiology Online).

The DP,.t also showed deuterium enrichment when compared
with Day O. 8°H values were =53 + 1, =51 + 2 and —48 + 1%o
for oak, beech and spruce, respectively, and therefore significantly
higher than before labeling (P < 0.01 for oak and P < 0.001 for
beech and spruce, Figure 4). The increase in 8°H of DP,oor Was
present in 79% of oak, 88% of beech and in all DPs of spruce.
However in DP,yjem, the deuterium label was not found in any spe-
cies on Day 3, as 8°H was not significantly increased above nat-
ural abundance on Day O (mean &°H of —60 + 1%o over all
species, Figure 4).

Fractions of redistributed water in SRP,o0¢ ar, and into DP,qq;

Averaged over all observed species (n = 44), 5 + 1% of the
water in SRP oot gry Originated from SRP ot moist (EQ. (1),
Figure 5A). The fraction of redistributed water within oak
trees (8 + 2%) was similar to beech (4 + 1%, P = 0.1) and was
significantly higher than in spruce (3 + 1%, P < 0.05). There was
no significant difference between desiccated (7 + 1%) and
healthy plants (4 =+ 1%). Regarding all observed DPs of all
species (n = 44), we calculated that 61 + 6% of the water
extracted from DP o originated from SRP oo gry (EQ. (2),
Figure 5B). More specifically, in spruce the contribution of

Figure 4. 8°H values of the DP (and overall means + 1 SE) on Day 3
after labeling. The solid line (in gray bar) indicates the mean &°H
(1 SE) of the drier soil on Day O, while the dotted line (in gray bar)
represents the mean 8°H (+1 SE) of the SRP ot ary 0N Day 3. Both lines
are given for orientation as they represent the two end-members of the
linear mixing model in Eq. (2). The symbols indicate soil water (circles)
of the drier soil, root water (DPoo, triangles) and stem xylem water
(DPyyiem, squares) of the DP. If no error bar is visible, SE was smaller
than the symbol size. Significant increases of °H in comparison with
Day O are given for DPyt by ** (P < 0.01) and *** (P < 0.001).

water from SRPo; gry to the water in DP o was highest (82
+ 8%), while contribution was smaller in oak (46 + 10%, P <
0.05) and tended to be smaller in beech trees (59 + 10%,
however this was not significant). The water taken up by the
DPyoot from the SRP 4t 4ry did not differ significantly in desic-
cated (50 + 6%) versus healthy plants (65 + 6%).

Discussion

Our results support both of our hypotheses, the redistribution of
soil water under moderate drought via reverse flux within root
systems of English oak, European beech and Norway spruce and
the uptake of redistributed water by neighboring plants. The
occurrence and importance of HR under very dry conditions
have been demonstrated (e.g., Wsoi of —2.0 MPa, Nadezhdina
et al. 2006, 2009, Zapater et al. 2011). In addition, our results
now stress the importance of HR for temperate Central European
tree species also under moderate drought.

Hydraulic redistribution within the root system of split-root
plants
Previous studies tracing HR by isotope labeling found plant roots

to redistribute ~3% (Prieto and Ryel 2014) and 17% (Leffler
et al. 2005, Hawkins et al. 2009) of applied labeled water. In
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Figure 5. (A) Fraction of water (+1 SE) redistributed by the SRP from
the roots in the moist pot (SRProot moist) t0 the roots in the drier pot
(SRProot dry). (B) Fraction of water (+1 SE) taken up by the roots of the
plant in the drier soil (DPyoq) released by SRPoqt ary. Letters indicate stat-
istical differences between species. Note the different scaling between
(A) and (B).

the present study, 3-8% of water taken up by the SRP in the
moist pot was redistributed to the SRP.oq 4. The fraction of
redistributed water within the SRP was different for the three
study species, being higher in oak than in spruce and intermedi-
ate in beech (Figure 5A).

In stems, ring-porous oak has the largest conduit diameter in
comparison with diffuse-porous beech and spruce (tracheids
only, Schitt et al. 2006). Based on the Hagen—Poiseuille law
(Tyree and Zimmermann 2002), oak should be able to redistrib-
ute more water per unit of time than beech and spruce under
otherwise identical conditions. As for all our study species Y
was well above thresholds known to cause vessel embolisms
(Cochard 1992, Cochard et al. 1992, 1999), we assumed that
all conduits were fully conductive. Hence, the magnitude of HR
within a single root mostly depends on its transport capacity and
the driving force, i.e., the diameter of (water conducting) con-
duits and the water potential gradient, respectively (Warren et al.
2007). Indeed, spruce roots had significantly lower conduit dia-
meters and hydraulic conductivities than oak, however, not sig-
nificantly different from beech (Figure 2 and Table 4). Oak roots
did not show the expected ring-porous conduit structure but

were similar to diffuse-porous beech in size of conduits and
hydraulic conductivity. The absence of ring-porous conduits in
roots was reported for other stem ring-porous trees, such as
Fraxinus excelsior (L.), Castanea sativa (Mill.) and Q. petraea
(Koecher et al. 2012, Mrak and Gricar 2016). However, as the
anatomy of root xylem was found to be very variable even in the
same species and depending on environmental factors such as
water limitation (Bauerle etal. 2011, Koecher et al. 2012), clari-
fication about root anatomy is generally needed. Nevertheless,
the fraction of redistributed water within the SRP appears to be
positively correlated with the conduit size in the roots.

The potential for HR of the SRPs showing shoot desiccation
was not different from the root systems of healthy plants,
although total root mass and fine-root content were significantly
lower in the desiccated compared with healthy plants (Table 3).
The overall root system of the desiccated SRPs seemed to still
be alive (no black tissue beyond the bark or other signs of
decline) in most SRPs. Actually, 91% of the desiccated SRPs
redistributed water within their root system towards the drier
soil, similar to the 93% of the healthy SRPs. In addition, the frac-
tion of redistributed water was similar between desiccated and
healthy trees, stressing that HR is a passive process of water
moving through plant roots driven by a .o gradient. Thus, as
exclusion of desiccated plants did not affect any result presented
here, we kept them included. Likewise, HR of senescing or dead
plants to dry soil has been reported previously as long as their
root system was not decayed (Leffler et al. 2005, Warren et al.
2008).

Redistributed water in the DP,,;

We did not find deuterium label in the soil of the drier pots, either
on Day 1 or on Day 3. The ys in the drier pot might not have
been low enough (hardly exceeding —0.5MPa) to force the
water out of the roots. To some extent, plants are able to limit
reverse water flux out of their roots by aquaporins (Prieto et al.
2012, Li et al. 2014) or may create other barriers, e.g., by
increasing the suberization of the exodermis and endodermis in
the roots (Bauerle et al. 2008). However, the deuterium-
enriched water might have only penetrated into the rhizospheric
soil directly surrounding water-releasing roots. As not only the
rhizospheric soil water was sampled, but the whole soil profile of
the pot, redistributed, labeled water in the rhizosphere soils
might have been diluted by the surrounding bulk soil water and,
thus, was not detected in the analysis. Likewise, soil sampling
might have missed heterogenically distributed label in the drier
soil, whereas roots of the DP might have reached these spots as
labeled water was detected in DP,. In addition, a putative dir-
ect flux between tree roots through ectomycorrhizal fungi may
be a relevant mechanism (Querejeta et al. 2003, Egerton-
Warburton et al. 2007, Plamboeck et al. 2007). As soils were
taken from forest stands dominated by the study species,
respective mycorrhizae were abundant and frequently observed
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Table 6. Estimated amount of redistributed water in SRPoot oy and
DP,oot (Mmeans + 1 SE). Root water was estimated as: root mass X 3.5
(Sharpe and Mason 1992) and multiplied with the fraction of redistribu-
ted water, i'e'v f(SRProot moist) for the SRProot dry and f(SRProot dry) for the
DPoot, respectively.

SRProot dry (ml) DProot (ml)
Beech 0.5+01 14.0+55
Oak 0.8+0.3 15.0+£50
Spruce 0.5+01 259+48
Mean 0.6 £0.1 183 +3.8

in each pot during root sampling. Although there was no differ-
ence in total root mass (Table 3), the distribution of fine- and
coarse-roots varied between the species. Spruce had a signifi-
cantly higher fine-root mass than oak. Therefore, spruce SRPs
may have had the most abundant mycorrhizal contact to the root
systems of the DPs, explaining the higher fractions of redistribu-
ted water in spruce DPs (Figure 5B) and why we did not
observe redistributed water in few DPs of oak and beech. In fact,
for spruce, we observed root systems of SRPs and DPs to be
strongly attached to each other and sometimes even obviously
connected through a common mycorrhizal network. We did not
assess root morphological parameters such as fine-root surface
area or specific root length that may affect HR and hence the
amount of redistributed water taken up by the DP (Eissenstat
1992, Warren et al. 2007). Those morphological parameters
should be addressed in more detail in future studies.

We roughly estimated the amount of redistributed water in the
SRProot ary @and DPs. To this end we made the assumptions that
(i) total root mass of the DPs was similar to the SRPs and
(i) root water content was 350% of the dry root mass (Sharpe
and Mason 1992, see Table 6 for details of the calculations).
Over all species, we found 0.6 + 0.1 ml of redistributed water in
the SRProot ary and 18.3 + 3.8 ml in the DP. (Table 6). The
total amount of the water redistributed during the three experi-
mental days may be higher as some of the water is likely to be
used by transpiration and thus was not recovered in plants.
Nevertheless, the fraction of redistributed water found in the
root systems of the DPs was 61 + 6% of their total root water.
Similarly, Dawson (1993) found that neighboring plants used
up to 60% of HR water lifted by sugar maple (A. saccharum).
Over all study species, more than half of the plant water in the
DP oot Originated from HR of the SRP. Hence, this transfer of
water by the SRP represents an effective mechanism of water
exchange between plants, stressing the relevance and import-
ance of HR for trees in drought-stressed forest ecosystems.

Conclusion

Hydraulic redistribution represents an important mechanism in
plant responses to dry soil conditions as it improves the water
balance of individual plants and whole stands, leading to

increased growth and higher survivorship, especially of plant
roots. We found HR of soil water in temperate Central European
tree species, i.e., English oak, European beech and Norway
spruce, even under moderate drought conditions. Neighboring
trees growing in the drier soils made use of the water released
from redistributing trees (SRPs). However, our findings result
from a pot experiment, which subjects the study to certain
restrictions, e.g., root growth is bound to pot size and root distri-
bution might be potentially unfavorable (Passioura 1988,
Poorter et al. 2012). As a next step, the occurrence of HR under
moderate drought should be tested under field conditions to
prove and quantify this facilitative effect in Central European for-
ests. In addition, species-specific differences in the potential of
HR due to different anatomical properties of roots should be
addressed more carefully. Dead or senescent plants seem to
provide capacities for redistributing water to living plants that
should not be underestimated and should be further studied on
given forest sites.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.
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1 | INTRODUCTION

Hydraulic redistribution (HR) describes the passive flux of water
through plants and their roots, for example from moist to dry soil
layers. Roots that span soil layers across a soil water-potential (¥)
gradient, take-up, redistribute and release water overnight, when
transpiration is virtually absent. Initially described for (semi-)
arid regions (e.g. Burgess, Adams, Turner, & Ong, 1998; Caldwell
& Richards, 1989; Richards & Caldwell, 1987), HR has also been
demonstrated in mesic environments (Dawson, 1993) and is now
considered a general phenomenon occurring across different cli-
mates and ecosystems (e.g. Quijano & Kumar, 2015; Sardans &
Pefuelas, 2014).

Hydraulic redistribution of soil water can facilitate plant health and
growth in multiple ways. For example, roots in dry soil layers may stay
alive, maintaining root life span (Bauerle, Richards, Smart, & Eissenstat,
2008) and functionality (Scholz et al., 2008) in suboptimal grow-
ing conditions. If water is released into the rhizosphere (Emerman &
Dawson, 1996), roots may retain soil contact (Ryel, Leffler, Peek, Ivans,
& Caldwell, 2004), and consequently, access to nutrients (Caldwell,
Dawson, & Richards, 1998; Querejeta, Egerton-Warburton, & Allen,
2003). Additionally, higher rates of transpiration, photosynthesis and
hence growth can occur as a result of HR, prolonging plant growth
throughout a season (Brooks, Meinzer, Coulombe, & Gregg, 2002;
Howard, Van lersel, Richards, & Donovan, 2009). However, a critical
point remains under debate; what factors play the greatest role in de-
termining the magnitude of redistributed water? For temperate tree
species in particular, it is currently unclear which driving factors influ-
ence the amount of water that is hydraulically redistributed the most,
both, within the root system and into the rhizosphere soil. Therefore,
we have yet to understand which plant and environmental circum-
stances must be given that facilitative HR effects occur (Ammer et al.,
2018; Pretzsch et al., 2014).

While a number of suggested factors drive HR, including ‘ex-
ternal’ environmental and ‘internal’ plant factors (Neumann &
Cardon, 2012), a mechanistic understanding of the role each fac-
tor plays in determining the quantity of HR is still lacking. Reported
‘external’ factors include soil texture, soil ¥ gradients and atmo-
spheric vapour pressure deficit (VPD), while plant-driven ‘internal’
factors affecting HR include xylem vessel conductivity (Quijano
& Kumar, 2015), rates of (night-time) transpiration (Dawson et al.,
2007; Howard et al., 2009) and water refilling of plant storage tis-
sues (Yu et al., 2018). In addition, root characteristics such as bark
thickness (Bauerle et al., 2008) or the regulation of aquaporins (Li,
Santoni, & Maurel, 2014; Prieto, Armas, & Pugnaire, 2012) might af-
fect the amount of redistributed water. Potential seasonal shifts in
‘external’ and ‘internal’ factors could also help to explain seasonal
shifts in the magnitude of HR (Hultine, Scott, Cable, Goodrich, &
Williams, 2004; Priyadarshini et al., 2016). However, a large vari-
ability in the quantification of HR (Neumann & Cardon, 2012) ex-
emplifies the need to tease apart the aforementioned ‘internal’
and ‘external’ factors. In this study, we aimed to quantify both,

the amounts of water that saplings of five common temperate tree

species redistributed within their root system and the amounts
of HR water these saplings released into the rhizosphere soil. We
hypothesized that more water would be redistributed following an
increasing ¥ gradient between dry and moist root branches of the
same plant (‘external’ driving factor for HR). Furthermore, we hy-
pothesized that the amount of redistributed water would increase
with increasing root conduit diameter and, potentially more accu-
rate, with increasing ‘actual’ (unflushed) xylem hydraulic conduc-
tivity of the roots, as it accounts for potential native embolisms in
the conduits due to drought conditions (‘internal’ driving factors).
We chose two conifer-, one diffuse-porous and two ring-porous,
species to cover a range of root conduit diameter sizes and, there-
fore, potential root-xylem hydraulic conductivities. Trees were
planted in split-root systems that enabled us to create and control
different ¥ gradients between dry and moist roots for each spe-

cies and to quantify HR through deuterium labelling.

2 | MATERIALS AND METHODS
2.1 | Plants and growth conditions

In December 2015, trees were planted into split-root systems
(Figure 1), where two pots (10 L each) were bolted together with
one centrally located tree's (split-root plant, SRP) root system split
equally between a ‘dry’ and a ‘moist’ pot (Figure 1). Additional ‘refer-
ence’ trees for water potential and hydraulic conductivity contrasts
were planted in each of the pots (plantin the dry pot, ‘DP’ and plantin
the moist pot, ‘MP’, respectively, Figure 1). Therefore, each complete
split-root system was composed of three trees of the same species.
Replicate systems were composed of 2- to 4-year-old saplings of
Picea abies (L. Karst.), Pseudotsuga menziesii ((Mirb.) Franco, planted
in December 2016), Acer pseudoplatanus (L.), Quercus robur (L.) and
Castanea sativa (Mill.). A soil-filled foam-sleeve was placed around
the root collar of the SRP to prevent root desiccation after planting.
The sleeve and the soil within were removed several weeks before
the experiment. We aimed for seven replicate systems per species;
however, as the split-root setup displayed a stressful environment
for some SRPs, not all plants survived and therefore the number of
replicate systems deviated between the species (Table 1). Over all
species, the height of the studied SRPs ranged from 50 to 95 cm
and root biomass in the ‘dry’ pot from 3.0 to 18.8 g. While most
species were very similar in size, C. sativa trees had larger root sys-
tems (Table 2). We used a potting soil (mixture of topsoil, compost,
turf and lava (20% organic matter); Wurzer Umwelt GmbH, Eitting,
Germany), mixed with 10% of soil retrieved from forest-stands domi-
nated by the respective species to provide species-specific mycorrhi-
zal inoculum. All trees were well-watered and grown in a greenhouse
in Freising, Germany (48°23'57.98"N, 11°43'00.99"E) under ambi-
ent climate conditions until July 2017 to ensure establishment.

The experiment was conducted in two 7.7 m? growth chambers
at the ‘TUMmesa’ research facility (Technical University of Munich

- Model EcoSystem Analyser; http://www.tummesa.de/home) to
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FIGURE 1 Scheme of the split-root
system. Split-root systems consisted of
one centrally located tree's (split-root
plant, SRP) root system split equally
between a ‘moist’ and a ‘dry’ pot. A foam-
pad was placed between the roots of the
SRP and the pot edges to minimize injury
to the roots. Additional reference trees
were planted completely within each of
the pots (‘MP’ and ‘DP’, respectively).
Acrylic-glass sheets were placed vertically
on the pots, to prevent canopy contact

300 ml water
0.2 atm% 2H

1
I
I
I
I
I
I
I
moist pot (MP) 1
I
I
I
I
I
I

Acrylic-glass sheets

Plant in
dry pot (DP)

Plant in

Foam-pad

Exetainer Vial

between the plants. One root branch of

the SRP in the dry pot was inserted into
an exetainer vial, including rhizosphere
soil. The root and the soil were harvested
in separate exetainer vials upon labelling

TABLE 1 Intersecting set of analysed split-root systems and
respective driving factors soil water content (SWC), pre-dawn
water potential (¥,;) and actual root-xylem hydraulic conductivity
(k)

Isotope
analysis swc Yop

n
Picea abies 7 7 6 3
Pseudotsuga menziesii 7 7 7 5
Acer pseudoplatanus 3 3 0 2
Quercus robur 4 4 4 2
Castanea sativa 6 6 4 4

provide strictly controlled environmental conditions. Plants were
acclimated to growth chamber conditions for at least 3 weeks before
the experiment started. Day/night hours were maintained at 15/9 hr
with corresponding temperatures of 25/15°C. Relative humidity
(rH) was 89 + 0% (1 SE) during the night to limit potential night-time
transpiration and decreased to 60 + 0% (1 SE) during the day. During
the day, the mean photosynthetically active photon flux density
at canopy level was 305 + 4 pmol m™2 s™* (1 SE) with a plateau of
434 +0 pumol m™2 s (1 SE) that lasted for 7 hr. Temperature and light
were gradually increased and decreased during morning and evening

hours respectively.

2.2 | Soil water content and leaf water potentials

Volumetric soil water content (SWC) was recorded in both pots

when the experiment started with a TDR probe spanning the depth

T

Moist pot Dry pot

of the pots (i.e. 15 cm; TDR100, Campbell Scientific). Additionally,
we measured pre-dawn water potential (W) in leaves of most of
the DP, MP and SRP (Table 1) with a Scholander-type pressure bomb
(1505D pressure chamber, PMS Instrument Company). A. pseudopla-
tanus trees were excluded from ¥, measurements due to the heavy
exudation of milky sap from the petioles. At pre-dawn, the whole
sapling water potential can be assumed to be in equilibrium, that is
between leaves and roots. The moisture gradient within the SRP be-
tween the roots in the moist and dry pots was calculated as the dif-
ference in ¥, between the SRP and the DP and will be referred to

as ‘¥, difference’ in the following paragraphs.

2.3 | Experimental setup

Because of limited space in the growth chambers, the experiment
was conducted in four campaigns from July to September 2017.
All replicates of a maximum of two species were studied in parallel
in one campaign (timing of the experiment did not influence the
amounts of HR water, p = .2). Replicates of each species were equally
split between both growth chambers. First, we initiated different soil
moisture gradients between replicates of the two pots. Irrigation
was limited to different extents from the ‘dry’ pot, resulting in SWCs
ranging from 6.6 to 19.9 vol%. The ‘moist’ pot was well-watered,
with SWCs ranging from 11.0 to 41.7 vol% (Table 3). In order to cap-
ture all HR water of a root, without losing any amount to the bulk soil
or neighbouring trees, c. 1 week before the experiment, we carefully
excavated a single root branch of the SRP (average 0.28 + 0.06 g
(1 SE) dry mass, Table 2, c. 9 cm length). This root branch with its
attached rhizosphere soil (average dry mass of 5.3 + 0.2 g (1 SE),

Table 2) was put into an exetainer vial (Labco) and buried back
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TABLE 2 Basic tree characteristics of the studied split-root plants (SRP; means + 1 SE)

SRP dry pot

Root biomass
exetainer (g)

Tree Root biomass
height (cm) (g)

Picea abies 57 2% 4.6+0.9 0.16 +0.02?
Pseudotsuga menziesii 67 + 12 3.0+0.7° 0.11 +0.01°
Acer pseudoplatanus 66 + 3% 5.8+ 1.1 0.31+0.05%®
Quercus robur 67 +3° 3.8+1.0° 0.14 + 0.04?
Castanea sativa 49 +7° 18.8 £4.0° 0.68 +0.22°

Root water
content (ml)

Root water
exetainer (ml)

Mass rhizosphere
exetainer (g)

Water rhizosphere
exetainer (ml)

77+17®®  0.27+0.04® 45+0.3° 1.0£0.1°
4.6+1.0° 0.16+0.01%*  6.4+04° 0.8+0.1°
6409  035+0.03®° 50x04% 1.1+0.2%°
3.7+1.0° 0.14+0.04°  56+0.3® 0.8+0.1°
20.5+5.2° 0.67+0.19°  4.8+04° 1.6+0.2°

Note: Different letters indicate significant differences between the species per parameter.

SWC moist pot SWC dry pot
(vol%) (vol%)
Picea abies 29.6 +4.2% 12.2 £1.6***
Pseudotsuga menziesii 20.1 +1.4° 8.5+ 0.4***@
Acer pseudoplatanus 254 +5.2°2 10.3+0.8*
Quercus robur 22.3+4.1° 10.6 + 0.5*
Castanea sativa 21.7 + 3.9° 9.0 + 0.5%**

TABLE 3 Soil water content (SWC) in
the moist and dry pots of the split-root
systems when the experiment started
(means + 1 SE)

SWC difference
(vol%)
17.5+3.7°

11.6 +1.5°
15.1+5.0°

11.7 + 3.6°

12.7 +3.7°

Note: Letters indicate significant differences between the species; asterisks give significant

differences between the moist and dry pot (*< 0.05, ***< 0.001).

into the dry pot soil (Figure 1). We took care that only entire root
branches that were vital in their appearance and therefore repre-
sentative for the whole root system were buried in the vials. Before
labelling, we sampled bulk soil with a metal core (diameter c. 1 cm),
placed the soil into a plastic bag, gently mixed the soil and trans-
ferred a subsample into an exetainer vial. These soil samples served
as reference for soil and root samples after the labelling (Hafner et
al., 2017). Additional xylem sap samples, extracted prior to labelling
from branches with the bark removed, confirmed isotopic equality
between unlabelled soil and plant xylem sap (p = .3, xylem sap and
respective soil measured in nine pots; data not shown).

On the labelling day, 300 ml of deuterium-enriched water (0.2
atom-%) was carefully added to the soil of the moist pot. During
this time, the dry pot was covered with aluminium foil to pre-
vent contamination. Then, the moist soil was covered with foil and
acrylic-glass sheets were placed vertically on the pots, to prevent
canopy contact between the plants (Figure 1). Deuterium labelling
was performed at midday to ensure the optimal uptake of label by
the moist pot's SRP roots before any potential HR was initiated.
Subsequent soil sampling took place as described above before dawn
on the following day, minimizing the chance that redistributed water
in the dry pot was taken up again by the SRP for transpiration. In par-
allel, we harvested the single root branch of the SRP in the dry pot,
removed it from the buried exetainer vial—leaving the rhizosphere
soil—and quickly put it into a separate exetainer vial. Both vials were
sealed and all isotope samples were stored at -18°C until further pro-
cessing. All samples on the dry side were taken before the soil sam-
ples on the moist, labelled side to avoid contamination. The water was

extracted by cryogenic vacuum distillation for 2 hr (West, Patrickson,

& Ehleringer, 2006) and mass difference revealed sample water
content. Additionally, we determined the dry mass for all soil sam-
ples to calculate the relative water content (in mass%), revealing no
difference between bulk and rhizosphere soil (p = .3, data not shown).

Allwater samples were analysed for their H with an isotope-ratio
mass-spectrometer (IRMS, Isoprime 100, Elementar Analysensysteme
GmbH) coupled to a multiflow system (222 XL Liquid Handler, Gilson)
or a cavity ring-down spectrometer (CRDS, L2120-i, Picarro) coupled
to a vaporizer module (A0211, Picarro). Cross measurements of soil
and root-xylem samples revealed no statistical differences between
both instruments (p = .9; regression: R? = .99, p < .001) or putative
contamination with organic compounds (West, Goldsmith, Brooks, &
Dawson, 2010). Measurement precision was determined against two
laboratory standards (‘heavy’: 8°H of 133.3 + 1.7 %o [1 SD] and ‘light:
&H of -159.4 + 1.9 %o [1 SD]) and was better than +0.8 %o (1 SE) for
the IRMS and +1.9 %o (1 SE) for the CRDS respectively.

2.4 | Assessment of root characteristics

We recorded the fresh and dry mass of the harvested root systems
of the SRPs in the dry pot, after the experiment ended to calculate
root water content (Table 2). Roots were separated into root mass in-
side the exetainer vials and root mass of the remaining root system.
Additional root samples (length c. 1 cm, diameter 1.9 + 0.2 mm (1 SE),
n = 3-9 per species) of parallel plant individuals, not used for the
labelling experiment but of the same age and grown under the same
environmental conditions, were dried in ethanol (Hafner et al., 2017)

and subsequently cut with laser ablation tomography (Chimungu,
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Brown, & Lynch, 2014). Pictures of the root slices photographed
with a resolution of 25,400 dpi were analysed for xylem conduit di-
ameters. All xylem conduits on three representative sample areas
(0.5 mm? each) of each cross section were marked by hand with
GIMP (GNU Image Manipulation Program, Version 2.10.2, The GIMP
Team, https://www.gimp.org/) and conduit area was determined
with ImageJ (Version 1.47t, Wayne Rasband, National Institutes of
Health; Figure S1). Following Scholz, Klepsch, Karimi, and Jansen
(2013), the equivalent circle diameter was calculated.

Finally, we calculated the ‘actual’ and maximum root-xylem hy-
draulic conductivity for the SRP and the neighbour plants in the dry
pots. To this end, we measured hydraulic conductance with a ‘xylem
embolism meter’ (XYL'EM, Bronkhorst France S.A.S.). Roots of exper-
imental SRPs plus additional SRPs of the same age and grown under
the same environmental conditions (Table 1, n = 5 per species) were
cut several times under water. Resulting root parts had a diameter of
2.6 £ 0.7 mm (1 SE) and a length of 2.7 + 0.6 cm (1 SE). Subsequently,
the bark was removed on the side that was inserted into the XYL'EM
apparatus. First, the ‘actual’ (unflushed) hydraulic conductance was
measured (K__,, in kg MPa™ s™) at c. 0.007 MPa with degassed, fil-
tered (0.2 um) water with 10 mM KCland 1 mM CacCl, added (Barigah
et al., 2013). After the measurement of K

e We obtained maximum

hydraulic conductance (K .. in kg MPa! s™) by flushing the sample
several times at c. 0.12 MPa for 10 min, until no further increase in
conductance occurred. Subsequently, the length was measured and
the conductive area (A_, ;) was assessed by analysing a picture of
each cross section photographed under a stereomicroscope with
ImageJ. Actual and maximum specific xylem hydraulic conductivity
(ky, and k, in kg st m™ MPa™) were then calculated as:

Kact/maxXIength‘ (1)

k =
sa/m A

cond

The fraction of k_, from k,  revealed the percent loss of conduc-

tivity (PLC) of the respective species:

k., —k
PLC= % %100 (%). (2)

sm

2.5 | Mixing model calculations

The relative fractions (in %) and absolute amounts (in ml) of the re-
distributed labelled water (further referred to as ‘HR water’) were
calculated as a mixture of two end-members for each single split-
root system. We assumed the isotopic composition of the water in
the SRP roots to be a mixture of soil water retrieved from the soil in

the dry pot and HR water from the moist pot:

82H (SRP, 0t dry ) — 8%H (50ilgry g1 )

62H (so“moist,L) —62H (So"dry,BL)

HRggp = x100(%),  (3)

with HRgp: Fraction of HR water in the SRP root in the dry pot,

&H (SRP Delta value of the SRP root in the dry pot upon

root dry_ L):

labelling, &H (soilmoist_L): Delta value of the soil in the moist pot upon
labelling and &H (soildry_BL): Delta value of the soil in the dry pot be-
fore labelling.

Correspondingly, the HR water in each rhizosphere soil of the SRP

root in the dry pot was calculated as:

§°H (SRPrhizosphereiL) —-82H (so“dry,BL)

HR ' ’
82H (50l st | ) —62H (SO'Idry,BL)

%100 (%), (4)

rhizosphere =

with HRrhizospere: Fraction of HR water in the rhizosphere soil of the

SRP root in the dry pot and &H (SRP
rhizosphere soil of the SRP root in the dry pot upon labelling.

rhimsphereiL): Delta value of the

We calculated the absolute amount of HR water in the single root
systems (in ml, HR, sgp) by multiplying each corresponding relative
fraction of HR water (Equation 3) with the respective water content
of the SRP root system in the dry pot (Table 2). We first calculated
the amount of HR water in each exetainer vial (HR, gyetainer) fOr rhi-
zosphere soils and SRP roots, by multiplying the relative fraction of
HR water (Equations 3 and 4) with the water content of the sample
(WCsample) in the exetainer vial (Table 2):

H Ra exetainer rhizosphere/SRP =H Rrhizosphere/SRP

><Wcsample rhizosphere/SRP (ml) . (5)

We then calculated the ratio of HR water in the exetainer vial
between rhizosphere soil and SRP root (Ryyi;osphere/srp):

HR

a exetainer rhizosphere
Rrhizosphere/SRP = HR . (6)
a exetainer SRP

By multiplying the ratio with the absolute amount of HR water in
the SRP root (HR, sgp), and assuming this ratio was consistent for the
whole root system of the SRP, we calculated the absolute amount of

HR water in the rhizosphere (HR, 1iz0sphere) PET POL:

H Ra rhizosphere = Rrhizosphere/SRP xH Ra SRP (ml) . (7)

Finally, we added the absolute amount of HR water in the SRP
root to the absolute amount of HR water in the rhizosphere to cal-
culate total HR of one plant during one night and then averaged the
amounts for each species. To put the redistributed amount of water
into a comparable context, we also calculated the ratio between HR
water in the roots and rhizosphere and the dry root mass of the SRP
in the dry pot (Table 2) to get the amount of HR water per root mass
HR)):

HRa SRP/rhizosphere
root massspp,
ry

HR, srp/rhizosphere = (ml/g). (8)

To verify our results on the fractions of redistributed water, we
also ran the calculations with a mixing model accounting for un-
certainty errors when calculating with average isotope values (‘Iso
Error’, Phillips & Gregg, 2001). Applying the model on the average
&H values of the respective end-members per tree species gave the

same values as our calculations.
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2.6 | Statistics

All isotope data were checked for significant (p < .05) increases of
&H upon labelling. The pot identities served as random factor nested
over the respective growth chamber identities in a linear mixed ef-
fect model (R package NLME, version 3.1-137) where the &H values of
the different samples (soil, root) were tested individually for increases
(day and species as independent variables). Increase of §H upon la-
belling and differences between the species were revealed with the
Ismeans post-hoc test (R package LsmeaNs, version 2.27-62). Residuals
of the model data were checked for normal distribution (shapiro.test)
and the data, where necessary, were transformed to meet residual
normal distribution. Model data were checked for variance homoge-
neity (Levene test; R package car, version 2.1-2). The same model and
tests were applied to check for the differences between the species
in the amount of HR water and driving factors (‘I’PD, conduit diam-

eters, k

» kg 3/m)- Correlations between driving factors and mixing model

outputs were performed via a multiple factor linear regression on
split-root systems, where respective data were completely available
(Table 1, i.e. amount of HR water and measured driving factors ¥y,
difference and ksa). Additional single factor linear models were calcu-
lated for each determining factor to gain slope, intercept, R? and p-
value of the correlation. Finally, as we did not measure root anatomy
of the SRPs that were analysed for their amount of HR water, the
average mixing model output was correlated with the average con-
duit diameter per species. Mean values are shown 1 SE. All statistical
analyses were performed with R version 3.3.1 (R Development Core
Team, 2018) in RStudio version 1.1.447 (RStudio Team, 2015).

3 | RESULTS

3.1 | Soil water content and leaf water potentials

For all species, SWC in the dry pot (mean: 10.1 + 0.5 vol%) was signifi-
cantly lower than in the moist pot (mean: 23.8 + 1.7 vol%) and not differ-
ent between the species (Table 3). Also, the SWC difference between
the moist and dry pot (mean of 13.8 + 1.5 vol%) did not differ across

species (Table 3). This difference in soil moisture between the moist and
dry pot resulted in a mean ¥, difference between the SRP and the
DP of 1.71 £ 0.24 MPa, with the maximum difference found in Q. robur
(Table 4). For all species, a range of Ypp differences, and therefore in
the ‘external’ HR driving factor, of at least 1.03 MPa per species was
established between the moist and dry pot (Table 4). Pre-dawn ¥ of the
SRP was not different to ¥, of the MP (p > .8), while the DP showed a
significantly lower Wy, than MP or SRP (p < .001, each, Table S1).

3.2 | Conduit diameters and root hydraulic
conductivities

The potential ‘internal’ HR driving factors root conduit diam-

eter and k_, were largest and highest in stem ring-porous C. sa-

s
tiva and Q. robur (average over both species: 40.53 + 0.84 pum and
0.55 * 0.06 kg s> m™ MPa™?, respectively). Stem diffuse-porous A.
pseudoplatanus had a smaller diameter but similar k_, (Table 5), while
the conifers—limited to tracheids—showed the smallest diameter and
lowest k, (mean: 10.61 + 0.10 um and 0.30 + 0.03 kg s m* MPa™,
respectively). All deciduous species formed embolisms (mean PLC in
the SRPs: 64 + 4%) in the roots growing in the dry pots, whereas no
difference between k_, and k_, was present in the conifers (Table 5).
Percent loss of conductivity was significantly higher in stem ring-
porous C. sativa and Q. robur than in A. pseudoplatanus.

3.3 | Isotopic enrichment upon labelling

Upon labelling, we found a significant 2H enrichment in the soil
of the moist pot across all species (Table 6) with an average value
of 1,835 + 203 %o. The roots of the SRP in the dry pot were sig-
nificantly 2H enriched upon labelling in C. sativa, P. menziesii and Q.
robur trees (p < .001, each), whereas, despite several samples being
clearly enriched (i.e. 8H after labelling was at least 10 %o higher
than before labelling in seven of 10 samples), average &H values in
A. pseudoplatanus (p = .08) tended to be and P. abies (p = .2) were
not significantly increased above the unlabelled reference (Table 6).

TABLE 4 Pre-dawn water potential

Diff . .
. ifierence (Wpp) differences between split-root
Min Max range lant d plant in the d ¢
¥, difference difference difference (max-min) P ;n s e;]n pian .S grownin de ry p0+51
(MPa) (MPa) (MPa) (MPa) when t e.experlment starte (mear\s +
SE and min and max values respectively)
Picea abies 0.74 £0.15° 0.26 1.29 1.03
Pseudotsuga menziesii 1.54 +£0.26% 0.62 271 2.09
Acer pseudoplatanus NA NA NA NA
Quercus robur 3.17 + 0.40° 2.30 4.20 1.90
Castanea sativa 2.01+0.62%° 0.23 3.12 2.89

Note: Min and Max differences in ¥, were set to differ by at least 1 MPa per species to generate
higher and lower ‘external’ driving factors for each species. The range in ¥, differences per
species is given in the last column. Letters indicate significant differences between the species.
Note that A. pseudoplatanus trees were excluded from the measurements due to heavy milky sap

exudation from petioles.
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TABLE 5 Conduit diameters and Conduit di . K K

hydraulic conductivity (k,; separated ondult diameter = S

into ‘actual’ k_, i.e. considering drought- n (conduit

induced xylem embolism and maximum diameter) pm kgstm1MPa?

k., i.e. full conductivity without . .

. . . Picea abies 6 9.96 +£0.73% 0.27 £ 0.02? 0.27 £0.02°

embolism) of the split-root plants in the

dry pot (means + 1 SE) Pseudotsuga menziesii 3 11.25 +0.43° 0.34 +0.08%° 0.34 +0.08?
Acer pseudoplatanus 9 27.42 +1.12° 0.61 +0.10°¢ 1.18 +0.18°
Quercus robur 9 34.99 +1.45°°  0.64 +0.09° 2.01+0.21**°
Castanea sativa 9 44,22 +581° 0.46 +0.08%¢ 2,28+ 0.48"**

Note: Letters indicate significant differences between the species; asterisks give significant
differences between k_, and k (*** < 0.001).

TABLE 6 Deuterium isotope signals (8°H) of soils and roots (roots of split-root plants in the dry pot) of the split-root system (means + 1 SE)

Before labelling After labelling

Before labelling After labelling

Rhizosphere

Soil moist Soil moist Soil dry Soil dry soil dry SRP root dry
82H (%o)
Picea abies -61+1° 1,846 + 271***@ -55 + 2° -55+3° -40 £ 2*** -43 + 3°
Pseudotsuga menziesii -61+1° 2,033 + 386***@ -53 +2° -53 + 3° —42 + p**¥ab —19 & 11***2b
Acer pseudoplatanus -66+ 37 1,224 + 402*** -61+2° -61+2° -49 + 20 -40 + 9°°
Quercus robur -59 + 32 893 + 154**+ -58 + 2° -56 + 2° -48 + 2% 18 + 30***°
Castanea sativa -68+0? 2,524 + 591***@ -67 +2° -66 + 42 -58 + 4°P —43 + 4***2

Note: Letters indicate significant differences between the species; asterisks give significant increases above reference values after the labelling (° < 0.1,

*** < 0.001).

TABLE 7 Hydraulically redistributed water in roots, rhizosphere soils and combined total amount of the split-root plants (means + 1 SE)

for the whole root system (in ml) and per root dry mass (in ml/g)

SRP root Rhizosphere Total

ml ml/g ml ml/g ml ml/g
Picea abies 0.06 +0.02% 0.01+0.00% 0.29 +0.13° 0.06 +0.02% 0.35+0.13° 0.07 +0.02%°
Pseudotsuga menziesii 0.07 £ 0.02° 0.03+0.01° 0.13 £ 0.04° 0.05 +0.01° 0.19 + 0.04° 0.08 + 0.02%
Acer pseudoplatanus 0.11+0.03%® 0.02 +0.01% 0.20 + 0.05% 0.04 +0.01% 0.31+0.02? 0.06 +0.02*
Quercus robur 0.29 +0.12° 0.08 + 0.03° 0.27 +0.10° 0.11 +0.06? 0.56 +0.15? 0.19 +0.07°
Castanea sativa 0.17 £ 0.04%° 0.01 £ 0.00° 0.42 +0.24° 0.02 +£0.01* 0.59 +0.23? 0.04 +0.01°

Note: Letters indicate significant differences between the species.

The rhizosphere soil in the dry pot was significantly enriched in
P. abies (p < .001) and P. menziesii (p < .01), whereas the &°H tended
to be significantly enriched in A. pseudoplatanus (p = .09) and
C. sativa (p = .08). No enrichment was detected in Q. robur (p = .16,
again despite two of four samples being clearly enriched). The bulk
soil in the dry pot did not increase in 8°H after one night (Table 6).

3.4 | Amounts of HR water in the SRP roots and
in the rhizosphere soil

After one night, the root systems of stem ring-porous C. sa-

tiva and Q. robur redistributed more water (average over both

species of 0.22 + 0.05 ml) than stem diffuse-porous A. pseudo-
platanus (0.11 = 0.03 ml, not significant though) and significantly
more than the conifer species (average of P. abies and P. menziesii
of 0.06 + 0.01 ml, p < .05, Figure S2). All species released similar
amounts of HR water into the rhizosphere soil as they redistrib-
uted within their respective root systems (Table 7). When compar-
ing the combined roots and rhizosphere amounts of HR water by
the SRP, total HR was not different between the species. Total HR
of stem ring-porous C. sativa and Q. robur trees (0.59 + 0.23 ml and
0.56 £ 0.15 ml respectively, Table 7) tended to have the highest
average values (p = .08 vs. conifers, see Figure 52). The amount of
HR water in the root system per root dry mass was significantly
higher in Q. robur trees (0.08 + 0.03 ml/g) than in the conifers
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and C. sativa (Table 7). Per root dry mass, species did not devi-
ate in the amount of released water into the rhizosphere (average:
0.06 +0.01 ml/g), but for total HR water by root dry mass, Q. robur
redistributed more than C. sativa (p < .01), while the other species

were in between (Table 7).

3.5 | Dependence of HR on ‘external’ and
‘internal’ factors

In a single factor regression, we found a positive correlation
in both the amount of HR water in the SRP roots and the total
HR water in the dry pot when a ¥, difference existed between
the pots in our systems, indicating that higher ¥, differences

resulted in higher amounts of redistributed water across the ob-
served species (Figure 2a). Regression and significance level were
higher for HR water in the roots (R?= .2, p < .05) than for total HR
water (R2 =.1, p = .07). The same pattern was true for the amount
of water that was redistributed per root dry mass. The regression
was the same for root water only (R?=.2, p < .05), while for total
HR water no significant correlation was found (R?=1,p=.16;
Figure 2b). Although not significant, a distinct trend in the cor-
relation between the amount of HR water and ¥, difference was
also observed on the single species level. However, the range of
respective ¥, differences and the number of replicates per spe-
cies were too few for a significant regression (e.g. P. menziesii that
had a relatively wide range and seven replicates: R?=.3,p=.10for
the amount of HR water in the SRP roots vs. the ¥, difference).

(a) O P. abies m
1.5 9 @ P. menziesii
] Q. robur
M C. sativa
~ O
8 = - -
s R*=1,p=07 OG-~
X 05- -
e e _-"-
0k R*=.2,p<.05
]
0.0 -
1 2 3 4
Pre-dawn leaf water potential difference (MPa)
(b)
L]
0.3 1

HR water per root mass (ml/g)

FIGURE 2 Correlation of pre-dawn
water potential (¥,) difference with
the amount of HR water (a: whole root
system and b: per root dry mass; blue:
amount in the roots, red: total amount).

Note that Acer pseudoplatanus trees were

Pre-dawn leaf water potential difference (MPa)

excluded from the measurements due to
heavy milky sap exudation. For number of
replicates per species, see Table 1
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With increasing conduit size, the amount of HR water increased
for both, HR water found in SRP roots and total HR water (Figure 3a).
The correlation (R? = .2, p < .01) for HR water found in SRP roots was
slightly better compared to the total amount of HR water (R? = .1,
p < .05). However, we did not find a correlation between either the
root or total amount of HR water per root dry mass and the conduit
size (Figure 3b). A strong positive correlation was found for both, HR
water within the SRP and total HR water, when correlated with k, of
the respective root system (R%= 4, p < .01 for the SRP root and R?=.3,
p < .05 for total HR, respectively, Figure 4a). A positive relationship was
also found between the amounts of water that were redistributed per
root dry mass; regression and significance level were the same for HR
within the root system, while the R? was slightly lower but still signifi-
cant for total HR (R? = .2, p < .05, Figure 4b). On a single species level,

respective k, values were too narrow and replicates were too few to

determine significant correlations (for C. sativa a positive correlation
with R? = .3 was found, though not significant).

When combining ¥, difference and k, in a multifactor model,
a positive correlation for the HR water inside the root system was
found, both for the HR water in the whole root system (R2 = .5,
p < .05) and per root dry mass (R? = .4, p < .05). Within the model,
k., had a significant influence on the outcome (p < .05), while the
influence of ¥, difference was not significant. A positive trend
between HR amounts and the combined driving factors was also
found for both, total HR water across the whole root system and
total HR water per root dry mass (R? = .2, p = .1, each). Within
the model, k

? sa

water per root dry mass (p < .05). A positive trend (p =.07) of k, on

had a significant impact on the total amount of HR

total HR amounts across the whole root system was also detected.

The impact of ¥, difference on total HR amounts was again not

(@ O P. abies
0.8 A o
@ P. menziesii
/\ A. pseudoplatanus
o -
. 06 O Q. robur .- -
E M C. sativa - g =
~ 2 _ -
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Root conduit diameter (um)
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FIGURE 3 Correlation of mean root T 0.0
conduit diameters with the average T T T T T
amount of HR water (a: whole root system 10 20 30 40 50

and b: per root dry mass; blue: amount in
the roots, red: total amount)

Root conduit diameter (um)
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(a) O P. abies o FIGURE 4 Correlation of ‘actual’
154 @P e m st (unflushed) root hydraulic conductivity
; v INeRLIes! (i.e. conductivity considering drought-
YAV pseudoplatanus induced xylem embolism; k_,) with the
[ Q. robur amount of HR water (a: whole root system
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significant. Therefore, most of the variation in HR by the plants in
our systems was explained by the variation of the ‘internal’ driving
factor k..

4 | DISCUSSION

On average, within a single night, saplings of five temperate tree
species redistributed 0.39 £ 0.14 ml (0.08 £ 0.01 ml/g root dry mass)
of water, with 0.13 + 0.03 ml (0.03 + 0.01 ml/g) of HR water held
within the roots, and 0.26 + 0.06 ml (0.06 + 0.01 ml/g) released into
the soil. These amounts represent the minimum quantities of water
transferred via HR over one night. The actual amounts of trans-

ferred water might be larger, as unlabelled water still present in the

roots of the SRP in the dry pot was redistributed first and could not
be detected with our approach. We found significant evidence to
support our hypotheses that plants redistribute more water with
increasing ¥, differences, with larger root conduit diameters and
higher root-xylem hydraulic conductivity. The influence of k_, was
greater than that of the ¥, difference or root conduit diameters
and, therefore presented the main driver for variation in water re-
distribution over one night within our systems.

We note an analogy to Ohm's law in electricity, where a ‘ten-
sion’ (here: ¥, difference) and ‘resistors’ (here: conduit diameter,
xylem hydraulic conductivity) define the extent of the ‘current’
(here: HR).

By establishing a range of ¥, differences between the roots in

the moist and dry pots of the split-root systems, we created different
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‘external’ HR driving ‘tensions’. We found a positive correlation be-
tween the ¥, differences and the amount of HR water across all
species, supporting our hypothesis. While perhaps intuitive that a
moisture difference is an important prerequisite and driving factor
for HR (Caldwell et al., 1998; Yu, Feng, Si, Xi, & Li, 2013), this study
shows that the magnitude of external ‘tensions’ relates to how much
water is redistributed within a root system. As the amount of HR
water increased with the increase in the ¥, difference, HR and its
benefits to trees might increase in those regions where more fre-
quent summer drought events are forecasted (Flato et al., 2013;
Orth, Zscheischler, & Seneviratne, 2016).

There was a positive correlation between xylem conduit size as
k, and the amount of HR water. In light of the ‘resistor’ concept,
species with smaller xylem conduits showed lower conductance
for HR than species with larger conduits and higher k_,. Root con-
duit anatomy (Hafner et al., 2017) and xylem hydraulic conductivity
(Quijano & Kumar, 2015) reflected the magnitude of the internal ‘re-
sistor’ of different species for HR, confirming our hypothesis that
HR increases with increasing root conduit diameter and root-xylem
hydraulic conductivity. Because the deciduous species of our study
had embolism formation in their roots by the end of the experiment
(Table 5; Figure 5), the correlation between the amount of HR water
and k_, as surrogate for conductivity was more accurate and re-
sulted in better correlations than the regression with xylem conduit
diameter.

There was a lack of a correlation for total HR water, as ad-
ditional factors may influence water efflux into the soil. For ex-
ample, depending on species and respective root bark thickness,
suberized cells in the periderm may serve as a barrier for the water
flow into the soil (Brunner, Herzog, Dawes, Arend, & Sperisen,
2015). Moreover, water transport could be limited by the regula-
tion and number of aquaporins in the root cell membranes (Maurel
et al., 2015). Additionally, for the angiosperm species, the maxi-

mum vessel length (not shown) was higher than the length of the

75 A

50 A

PLC (%)

FIGURE 5 Percent loss of conductivity
(PLC) assessed for the five study species 25 4
in the split-root plant (SRP, black) and the
reference plant with its root system only
in the dry pot (DP, grey). The conifers did
not show embolism while the deciduous

trees showed average PLC of 64 + 4% 0 @

segment we analysed. Therefore, total root conductivity of an-
giosperm species could deviate from the values estimated here,
although we found a positive correlation between k_, and root
conduit diameters (R2 =.3, p <.001; not shown). Moreover, within
the root's conduit system, warts inside the vessel, pit aperture,
vessel tapering or the architecture of perforation plates could ad-
ditionally affect the amount of water being moved (Hesse, Hafner,
& Grams, 2019). There is also indication that finer roots have a dif-
ferent water transport capability than larger roots (Dawson, 1997;
Hesse et al., 2019). Hence, additional experiments on the hydraulic
conductivity of whole root systems should be considered. Finally,
poor root-soil contact in dry soils (Carminati, Vetterlein, Weller,
Vogel, & Oswald, 2009) may prevent the movement of HR water
into the rhizosphere (Ryel et al., 2004). At similar soil water poten-
tials, species-specific root branching or number of tips may affect
root-soil contact differently (Pregitzer et al., 2002). Therefore,
the ¥y, presented in this study cannot easily be translated into
soil ¥ but rather represent the ¥ experienced by the roots, in-
cluding overall loss of root-soil contact. As k_, is a parameter that
combines root architecture (conduit diameters, representing maxi-
mum xylem hydraulic conductivity) with environmental conditions
(¥ gradient, reflected through PLC in the roots), it proved to be a
robust driving factor with a strong influence on HR over the one

night frame used in our systems.

4.1 | Potential of the ‘exetainer-setup’

We recognize that placing root branches together with their rhizo-
sphere soil directly into exetainer vials was an uncommon ap-
proach and, therefore, subjected to potential bias. There was no
significant difference between the water content of the bulk soil
and the rhizosphere soil inside the exetainer vials, suggesting that

we did not influence the amount of HR due to altered soil moisture

(1 SE; SRP) and 70 + 4% (1 SE; DP; not .
significantly different, though)

P. abies

P. menziesii  A. pseudoplatanus

Q. robur C. sativa
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conditions. Although the root systems were treated with great
care, we cannot exclude that root-soil contact was affected. Thus,
the difference in ¥, might not necessarily translate into the gra-
dient experienced by the ‘exetainer’ root branches. Additionally,
¥, difference was calculated between SRP and DP and not within
the root system of the SRP. The difference experienced by the
SRP could therefore slightly deviate, potentially explaining why
the regression with ¥, difference was weak compared to k.
Moreover, the presented amounts of HR water in the rhizosphere
soil represent minimum amounts, as more water could potentially
be released in an ‘undisturbed’ root-soil system. Effectively, the
exetainer-setup proved very beneficial, as it allowed us to obtain
all water redistributed by a single root branch in one night. The
minimal chance for water evaporation from the vial and the set-up
ensured that no water penetrated further into the bulk soil or was

taken up by neighbouring plants.

4.2 | Benefits to the SRP

Plants may maintain transpiration and ‘safe’ water potentials even
with only parts of their conductive area (Dietrich, Hoch, Kahmen,
& Kérner, 2018), and only a portion of their root system hydrated,
potentially explaining why we did not find a difference in ¥, be-
tween the SRP and MP. Furthermore, redistributing water within
their root system and releasing it into the soil can be beneficial
to the plant (Prieto et al., 2012; Ryel et al., 2004). In our system,
the additional water held inside the roots due to HR proved to
have a positive impact. When we compared PLC of the SRP to their
neighbouring plants with roots only in the dry pots, PLC was al-
ways lower in the SRP (Figure 5). This is in line with several studies
reporting fewer embolisms to occur or embolisms likely to be re-
paired through HR (Domec et al., 2006; Domec, Warren, Meinzer,
Brooks, & Coulombe, 2004; Prieto & Ryel, 2014). In addition to
the benefit of maintaining well-hydrated roots via HR, these roots
can also live longer, thereby reducing carbon-costs to the plant
(Bauerle et al., 2008).

4.3 | Conclusions

The amount of water, the temperate tree species in our study re-
distributed through their root systems towards dry soil during one
night was significantly dependent on an external driving ‘tension’,
that is ¥, difference and on internal ‘resistors’, that is root con-
duit diameter and especially k_,. The amount of HR water, that is,
0.08 + 0.01 ml/g root dry mass appears rather small. However, if
one scales this number to mature forest trees with dry root masses
of ¢. 100 kg, HR amounts could be in the range of 4-20 L per tree
per day. Daily transpiration in ‘typical’ Central European forests may
reach 30 L per tree per day (Larcher, 1994). Therefore, HR would
account for c. 10%-70% of total daily transpiration. The amounts

presented here result from a strictly controlled environment,

therefore we emphasize this approximation should be treated with
care. However, if applicable, HR would contribute substantially to
the water cycle in temperate forests, as already indicated for tropi-
cal regions (Lee, Oliveira, Dawson, & Fung, 2005). With anticipated
precipitation shifts in the future, HR could become more relevant
in temperate forests facing increasing drought periods and thus
greater soil-moisture gradients. Tree species that retained higher
root k., under the drought conditions in our experiment clearly had
a higher ‘internal’ potential for HR, predestinating them for selective
planting if HR is to be used as a ‘silvicultural tool’ to improve plant

water status in future forests.
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Abstract

1.

Hydraulic redistribution (HR) by tree roots may buffer drought events within individuals for
temperate species, however its relevance for neighboring trees remains unclear. Here, we
quantified HR to neighboring trees in mono- and mixed species combinations. We
hypothesized that the amount of HR water taken up by neighbors positively correlates with
their root length, number of root tips and root xylem hydraulic conductivity. Further, we
hypothesized that neighbors receive more HR water when in monospecific than in mixed
combinations.

In a split-root experiment, one sapling redistributed water along its split root system from a
moist to a dry pot. Via deuterium labeling, we quantified HR water in roots, stems and
transpiration in an additional sapling in the dry pot. Amounts were correlated with its root
length, number of tips and hydraulic conductivity of the root xylem.

Neighboring saplings of all studied six temperate tree species received HR water. Overall,
one quarter of HR water in roots (2.1 +0.4 ml), stems (0.8 +0.2 ml) and transpiration
(1.0 £ 0.3 ml) originated from the split-root tree. In a 3-factor model considering root length,
number of tips and root xylem hydraulic conductivity of the sapling in the dry pot, especially
root length was significantly positively correlated with the amount of HR water. Trees in
mono- and mixed combinations received the same amounts of HR water.

Uptake of HR water by drought stressed saplings supports the assumption that HR
contributes to increased growth and stability in mixed forests, where some tree species
reach moist soil depths by deeper root systems and may redistribute water towards trees
without access to this water source. Root proximity in monospecific and mixed species
communities should be further investigated as a likely important prerequisite for HR benefit

for neighbors.

Introduction
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Hydraulic redistribution (HR) is the passive reallocation of water through roots and other tissues of
plants along a water potential (y) gradient. In the soil, roots redistribute water overnight from moist
to dry layers. The water can subsequently be released into the dry rhizosphere soil (Emerman &

Dawson, 1996, Hafner et al. 2020).

Under drought, HR may facilitate plant growing conditions, by e.g. easing rhizosphere soil re-wetting
or even prolonging the growing season (Brooks et al. 2002, Howard et al. 2009). A beneficial impact
of HR has been suggested for neighboring plants: Under drought, neighboring trees may take up HR
water released by plants with access to moist soil layers (Brooks et al. 2002, Hafner et al. 2017). The
additional water was hypothesized to maintain higher stomatal conductance and growth (Dawson
1993, Magh et al. 2018), with up to nine times higher biomass production in dry regions (Bogie et al.
2018) and to potentially improve survival (Pang et al. 2013) of neighboring plants. It is suggested that
HR, amongst other factors, increases growth and stability (Knoke et al. 2008, Pretzsch et al. 2010,
Morin et al. 2011) of mixed species forests compared to monocultures (Goldstein et al. 2008,
Pretzsch et al. 2014, Ammer et al. 2018). With anticipated reductions of forest vitality (Breda et al.
2006, Allen et al. 2010) under prolonged summer droughts (Flato et al. 2013, Orth et al. 2016), HR
might become a relevant mechanism in temperate forests. However, to estimate the relevance of HR
water for neighbors it is necessary to quantify the amount of HR water neighbors receive and use for
tissue rehydration and transpiration. An important prerequisite for the quantification could be the
mechanism, how HR water becomes available and is taken up by neighboring plants. Rather than
moving through the soil matrix, probably a major fraction is transported directly from plant to plant
or via a common mycorrhizal network (CMN, Warren et al. 2008, Prieto et al. 2016). Abundance of
mycorrhiza, length or the number of tips of the root system might therefore be crucial for the
amount of HR water neighboring plants receive (Egerton-Warburton et al. 2007). Hence, species
composition may play a role in HR water amounts, where neighbors that are colonized by the same
mycorrhizae as redistributing plants potentially take up more HR water (Egerton-Warburton et al.

2007). Therefore, neighbors in monospecific combinations can be expected to receive more HR
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water than plants in mixed neighborhoods. Another factor influencing the amount of received HR
water could be root hydraulic conductivity (ks). There is evidence that roots retaining higher k, under
drought redistribute more water (Quijano & Kumar 2015, Hafner et al. 2020) and are also able to
take up water faster after re-wetting (North & Nobel 1998) than roots with lower k. Therefore,
higher ks in drought stressed neighboring plants could also increase the amount of HR water they
take up. Here, we quantify how much HR water drought stressed neighboring saplings of six common
temperate tree species received from a redistributing tree in a growth chamber experiment. We
hypothesized that the amount of received HR water increases with more favorable root
characteristics of drought stressed saplings, i.e. higher root length, number of root tips and k.
Additionally, we hypothesized that flux of HR water to neighbor trees is higher within individuals of

the same species than across species.

Material & Methods

Plant material and establishment

Saplings of Acer pseudoplatanus (L.), Fagus sylvatica (L.), Castanea sativa (Mill.), Quercus robur (L.),
Picea abies ((L.) Karst.) and Pseudotsuga menziesii ((Mirb.) Franco), between two — four year old,
were planted in December 2015 (P. menziesii in December 2016) into split-root systems (SRS, Fig. 1).
The potting soil was a mixture of topsoil, compost, turf and lava (including 20 % organic matter,
Wurzer Umwelt GmbH, Eitting, Germany). We admixed soil (10 %) taken from native forest-stands
dominated by mature trees of the study species, to provide species-specific mycorrhizal inoculum to
the SRS. Each SRS (Table 1) consisted of three trees with one central split-root plant (‘SRP’) that had
its roots equally split between two pots (10 | each), that contained one additional tree each (Fig. 1,
Hafner et al. 2020). Eight different types of SRS were set up, either as monospecific or P. abies / F.
sylvatica mixed SRS (Table 1). Trees were established in the pots until July 2017 in a greenhouse in

Freising, Germany (48°23'57.98" N, 11°43’00.99" E).

Experimental setup
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We conducted the experiment from July to September 2017 at the TUMmesa facility (Technical
University of Munich — Model EcoSystem Analyser; http://www.tummesa.de/home) in two parallel
growth chambers (7.7 m? each). We established 15 hrs of daytime and 9 hrs of nighttime.
Temperature, photosynthetic photon flux density (PPFD) and relative humidity (rH) were
incrementally increased or decreased during morning and evening hours. The corresponding
temperatures were 24.9+0.3/15.0+0.1°C (1 SD), rH was 60.0 +0.3/88.9+2.4% (1 SD) and PPFD

at canopy level reached 434.2 + 10.7 umol m™?s™ (1 SD) for 7 hrs during mid-day.

Once the plants were inside the growth cambers, we established a soil moisture gradient between
the two pots by withholding irrigation from one pot (‘dry pot’ with the ‘DP’) while keeping the other
pot well-watered (‘moist pot’” with the ‘MP’, Fig. 1). Volumetric soil water content (SWC) was
assessed via TDR measurements at the start of the experiment (15 cm probe; TDR100, Campbell
Scientific, Shepshed, UK). We also measured water potentials in leaves pre-dawn ({e) (Table 2)
using a pressure bomb (1505D pressure chamber, PMS Instrument, Albany, USA). As A.
pseudoplatanus trees exuded a lot of milky sap from the petioles, we discarded them from e

measurements.

’H labeling and sampling

Prior to °H labeling, we sampled initial reference bulk soil from both dry and moist pot using a metal
core (diameter of 1 cm) and transferred a subsample into an exetainer vial (Labco, Lampeter, UK).
We then carefully labeled the soil of the moist pot with 300 ml of deuterated water (0.2 atom-%
’H,0), while the soil in the neighboring dry pot was covered with aluminum foil to prevent
contamination. Afterwards, also the soil in the moist pot was covered with foil to minimize
evaporation, and acrylic-glass sheets were installed, preventing canopy contact between plants (Fig.
1). The experiment ended 7 days after the deuterium labeling. Xylem and roots of DPs and SRPs were
sampled, DPs before highly ’H enriched SRPs to avoid contamination. Before dawn, all trees were cut

at the root collar and a c. 5 cm long subsample of the lower stem xylem, with the bark removed, was
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taken. Representative subsamples of the root systems of the DPs and SRPs each were collected,
quickly but carefully freed from rhizosphere soil, and transferred into exetainer vials. All samples
were stored at -18°C until water was extracted by cryogenic vacuum distillation for 2 hours (West et
al. 2006). We used an isotope-ratio-mass-spectrometer (IRMS, Isoprime 100, Elementar
Analysensysteme GmbH, Langenselbold, Germany) coupled to a multiflow system (222 XL Liquid
Handler, Gilson, Middleton, USA) and a cavity-ring-down-spectrometer (CRDS, L2120-i, Picarro Inc.,
Santa Clara, USA) coupled to a vaporizer module (A0211, Picarro Inc., Santa Clara, USA) to analyze
the samples for their °H. Sample cross measurements between both instruments showed no
statistical differences (P = 0.9; regression: R> = 0.99, P < 0.001) or possible organic compound
contamination of the CRDS (West et al. 2010). We used two working standards (“heavy”: 8°H of
133.3 + 1.7 %o (1 SD) and “light”: 8°H of -159.4 + 1.9 %o (1 SD)) to determine measurement precision

that was better than + 0.8 %o (1 SE, IRMS) and + 1.9 %o (1 SE, CRDS), respectively.

Assessment of leaf transpiration

Between one and five DP replicates per type of SRS were assessed for 8°H of leaf transpiration (Table
3). About half of total DP leaf mass per sapling was placed in transparent 3 L plastic bag chambers
(ceramic-coated PET/PE mix of approx. 115 um thickness, Long Life for Art, Eichstetten, Germany;
Fig. 1) and sealed at the bottom with Terostat-IX (Henkel AG & Co. KGaA, Disseldorf, Germany).
Chambers were continuously flushed with dry air with a flow rate of 1 L/min and outlet air was
connected to a CRDS (L2120-I, Picarro Inc.) via a 16-Port Distribution Manifold (A0311, Picarro Inc.,
Santa Clara, USA), switching every 10 min between the different chambers. Vapor and isotope
concentrations stabilized after ¢. 5 min, and the last 2 min of each interval were averaged. To best
meet isotopic steady-state conditions, 8°H of transpiration water was recorded during mid-day, when
environmental conditions and rate of transpiration were constant. 8°H values were calibrated against
two working standards and corrections for vapor concentration offsets were performed (see

supplements).
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Using a two end-member mixing model, we calculated the 8°H of the transpired water as the

difference to the vapor concentration and isotope signal of an empty reference chamber:

82Hcxppme—62Hgc*ppmec)
52H, = L Hc Eqn. 1
T (ppmc— ppmec) (Eq )

with

85%Hy: d°H of the DP transpiration,

5%H,: 8’H in the foliated chamber,

ppme: Volumetric water vapor concentration in the foliated chamber,

85%Hgc: 8°H in the empty reference chamber and

ppmgc:  Volumetric water vapor concentration in the empty reference chamber.

Similarly, the vapor concentration of the transpired water (ppmy) was calculated as difference
between the vapor concentration of the foliated chamber and of the empty chamber:

ppmr = ppmc — ppMmgc (Ean. 2)

From ppmywe calculated the absolute humidity (aHr, in ml/m3) of the transpired water:

ppmr*Mx px0.1

aHr = B w— (Egn. 3)
with

M: Molar mass of water (18.02 g/mol),

P Atmospheric pressure (in mbar)

R Molar gas constant (8.3144598 J/mol K) and

T Temperature (in K).

By interpolating linearly across measurement steps (each chamber was measured 13 times per day),

we calculated the amount of daily transpired water (T, in ml) of the plants by:

total leaf area

T = ZBAt*Q*aHT* (Egn. 4)

leaf area in chamber

with
At: Time difference between measurement steps and
Q: Flow rate (1 I/min).
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For upscaling to whole-tree transpiration, leaf area (inside and outside the chamber) was assessed. A
conversion factor of 3.2 (P. abies, Homolova et al. 2012) and 2.32 (P. menziesii, Barker 1968) was

used to calculate total needle area from projected area for the conifers (Table 4).

Root characteristics

Fresh and dry mass of DP root branches, DP rootstocks and DP stems were recorded. Individual root
segments (n = 5 per type of SRS; average mass: 0.42 + 0.05 g (1 SE)) were scanned (1200 dpi, Epson
Perfection 4990 Photo) and images analyzed with WinRhizo (WinRHIZO Reg 2013e, Regent
Instruments Inc., Quebec, Canada) for determination of root length and number of tips. Specific root
length (SRL, the ratio of root length to dry mass of the root) was calculated and used to estimate
total root length per tree (Table 4). Total number of root tips was linearly scaled from the fraction of

the analyzed root segment to the total root system (Table 4).

Finally, we measured native k; of the DPs with a ‘xylem embolism meter’ (XYL'EM, Bronkhorst France
S.A.S., Montigny-Les-Cormeilles, France). DP roots (n =5 per species, n=8 for P. abies) were cut
several times under water and their barks gently peeled on the sides that were inserted into the
XYL'EM (measured pieces had a diameter of 2.5+ 0.1 mm (1 SE) and a length of 2.7 £ 0.1 cm (1 SE)).
Hydraulic conductance was measured (K., in kg MPa' s) at approx. 0.007 MPa (i.e. without
removing native embolisms) using degassed, filtered (0.2 um) water, additionally containing 10 mM
KCl and 1 mM CaCl, (Barigah et al. 2013). Length and conductive area (A.nq) of the root sample were

measured and k, (in kg s m™ MPa™) was calculated as:

ks _ KgctxLength (Eqn. 5)
Acond
Model calculations

We calculated the relative fractions (in %) and absolute amounts (in ml) of HR water in roots, stems
and transpiration for each DP using two end-member mixing models. For the DP root, we assumed
the 8%H in the root water to be a mixture of soil water in the dry pot and redistributed labeled water

released by the SRP:
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52H(DProot)_ 52H(50ildry_BL)

HRpp roor = 82H(SRProot)— 82H(Soilgry pr) *100 (%) (Ean. 6)
with

HRpp root: Fraction of HR water in the DP root,

852H(DPyyor) : 8°H of the DP root 7 days after labeling,

62H(Soildry_BL) : 8°H of the soil in the dry pot before labeling and

852H(SRP,o0r) : 8°H of the SRP root in the dry pot 7 days after labeling.

Similarly, we calculated the isotopic composition of water in the DP stem as:

82H(DPgtem)— 62H(Soilgry p1)

HRpp_stem = 82H(SRProot)— 82H(S0ilgry B *100 (%) (Ean.7)
with

HRpp stem: Fraction of HR water in the DP stem and

52H(DPgrom) : 8°H of the DP stem 7 days after labeling.

We used the transpiration 8°H of day 6 (i.e. 1 day before harvesting the plants) to calculate the

fraction of labeled HR water in DP transpiration:

52H(DPtranspiration)— SZH(SOildry_BL)

. . = 0,
HRDP_transplratwn 52H(SRProot)— 52H(Soilary 51) * 100 (%) (Egn. 8)
with
HRpp_transpiration: Fraction of HR water in the DP transpiration and

62H(DPtmnspimtion) . 8”H of the DP transpiration on day 6 after labeling.

The respective fractions of HR water were multiplied with the amounts of water in DP roots, DP
stems and total DP transpiration of day 6 (Eqn. 4) to gain the absolute amounts of HR water per tree.
As root masses significantly differed between species (Table 4), we divided the absolute amounts of

HR water by the dry root mass of each DP to compare HR amounts between species.
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We also ran the mixing model calculations (Eqn. 6-8) using the average d°H values per type of SRS
with a mixing model accounting for uncertainty errors (‘Iso Error’, Philips & Gregg 2001), giving the
same results as our single-value based calculations.

Statistics

The isotope data were checked for significant (P < 0.05) increases in d°H after labeling. We used the
pots as random factors nested over respective growth chamber identities in a linear mixed effect
model (R package nlme, version 3.1-137). We tested the §’H values of the samples (SRP root, DP
root, DP stem and DP transpiration) individually for increases (using day and type of SRS as
independent variables). Increases in and differences between the 8°H values of the types of SRS were
revealed with the Ismeans post-hoc test (R package Ismeans, version 2.27-62). Model data were
checked for residual normal distribution (shapiro.test) and variance homogeneity (leveneTest; R
package car, version 2.1-2). Where necessary, values were transformed to meet residual normal
distribution. Differences between the types of SRS in the amounts and fractions of HR water and
between plant or soil characteristics (biomass, root length, leaf area, Pie.r, SWC, ks) were checked
using the same model and tests. We performed a 3-factor linear model to determine a potential
correlation between mixing model outputs and root characteristic parameters (root length, number
of tips, ks). Mean values are given + 1 standard error (1 SE). All statistical analyses were performed
with R version 3.3.1 (R Development Core Team, 2018) in RStudio version 1.1.447 (RStudio Team,

2015).

Results

Plant and soil characteristics

Volumetric soil water content in the dry pot ranged between 8.5+ 0.4 vol% (P. menziesii) and
16.8 + 2.5 vol% (P. abies mix, Table 2) and was significantly lower for all types of SRS than in the
moist pot (average in the moist pot: 28.7 + 1.4 vol%). Pre-dawn s of the DP ranged from -
0.8 £ 0.1 MPa in P. abies to significantly lower -2.8 + 0.7 and -3.5 + 0.4 MPa in C. sativa and Q. robur,
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respectively (Table 2). The root systems of C. sativa DP trees were significantly heavier (27.7 + 4.4 g)
and longer (149 + 25 m) than the systems of all other species (average of other species: 5.5+0.6 g
and 48 + 6 m, respectively, Table 4). Accordingly, the stems of C. sativa had the highest biomass (14.4
+ 1.9 g), while stems of P. abies trees (1.6 + 0.1g in mono and 1.2 + 0.1 g in mix SRS) had a
significantly lower biomass than all other species (Table 4). Root hydraulic conductivity (k;) was
highest in A. pseudoplatanus and F. sylvatica mix (0.64 + 0.08 kg s'm?! MPa™t and 0.64 +0.02 kg st
m™ MPa™, respectively) and lowest in P. abies mono, P. menziesii and C. sativa (0.28 + 0.07 kg stm?
MPa™, 0.29 +0.03 kg s m* MPa® and 0.33 +0.08 kg s mt mpPa’, respectively, Table 4). Root
systems of Q. robur had the highest number of root tips (1850 + 424), while P. menziesii trees had
the lowest number of tips (287 + 63). Total leaf area was highest in C. sativa (1648 + 261 cm?) and Q.
robur (993 + 173 cm?), while all other species had significantly smaller leaf areas (from 89 + 18 cm?in

P. abies mix to 389 + 101 cm? in A. pseudoplatanus, Table 4).

Enrichment in *H upon labeling

Before labeling, 8’H was at -59 + 1 %o across all SRS. Upon labeling, 8°H of the SRP roots in the dry
pots were significantly increased in all types of SRS ranging from -14 + 7 %o in C. sativa to 168 + 68 %o
in P. menziesii (average value of 54 + 14 %o, Table 3), confirming a translocation of labeled water
within the SRP from the labeled, moist to the dry pot. The DP roots showed significantly increased
values in all types of SRS except for F. sylvatica mix (-51 + 3 %) and Q. robur (-46 + 3 %) with the
same tendency (P = 0.05). In the stems, all DP were significantly enriched in d°H with the exception of
again F. sylvatica mix (-42 + 4 %o, P = 0.07) and Q. robur (-51 * 2 %o). Finally, the transpired water was
significantly enriched in P. abies (mono & mix), P. menziesii, F. sylvatica mix and Q. robur (Table 3); by
trend also in F. sylvatica mono (-51 = 1%, P=0.1), while no enrichment was found in A.

pseudoplatanus and C. sativa (-58 + 1 %o and -69 %o, respectively, Table 3).

Amounts of HR water in roots, stems and transpiration of DP in monospecific SRS

11
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Seven days after labeling, the DP roots growing in monospecific SRS contained on average
2.26 £+ 0.48 ml (25 = 4 %) of HR water (see blue bars in Fig. 2). The absolute amount was highest in P.
abies trees (5.07 £ 1.82 ml) and significantly higher than in Q. robur and F. sylvatica with the lowest
amounts of 0.43 £ 0.22 ml and 0.72 + 0.36 ml, respectively (Table 5). The results were consistent also
for the fractions of HR water in total root water, with highest fractions in P. abies (50 £ 13 %) and
lowest in Q. robur roots (9 +3 %, blue numbers in Fig. 2). In DP stems, we found 0.79 £ 0.19 ml
(fraction of 17 £ 3 %) of HR water over all species (green bars in Fig. 2). The absolute amount was
significantly higher in C. sativa (3.18 £ 0.50 ml) than in all other species (Table 5). The relative
fractions were highest in P. abies and C. sativa (30 + 8 % and 34 £ 5 %, respectively), while the lowest
fractions were found in P. menziesii and Q. robur (8 £+ 2 % and 4 + 1 %, respectively; green numbers in

Fig. 2).

In total daily transpiration, HR water amounted to 1.02 = 0.34 ml (fraction of 22 + 6 %) over all plants
with two individuals almost entirely transpiring HR water (see data points close to the 1:1 line, Fig.
3). C. sativa did not transpire HR water and also the fraction in A. pseudoplatanus was very low

(4 £ 0.4 %). However, both species had the lowest daily transpiration of about 1.3 ml (Fig. 3).

In a 3-factor regression, we found significant correlations of root length, number of tips and ks with
absolute amounts of HR water in roots (R*= 0.8, P < 0.001) and stems (R*= 0.7, P < 0.01), but only by
trend in transpiration (R>=0.7, P = 0.1; Table 6). Within the model, root length and the interaction
root length and number of tips were significantly positively correlated with the amount of HR water
in roots and stems (Table 6). In the roots, k; had a (trending) negative effect on the quantity of
labeled HR water, either as single factor (P = 0.1) or in interaction with root length (P < 0.01), number

of tips (P = 0.05) or both (P = 0.08; Table 6).

Amounts of HR water in mixed SRS

In the mixed SRS, DP roots of P. abies contained 2.51 + 0.75 ml (i.e. 45 + 11 % of 7.30 + 3.00 ml total

root water) of HR water redistributed by F. sylvatica SRPs. Conversely, DP roots of F. sylvatica
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received 0.20 £ 0.07 ml (i.e. 6 £ 2 % of 3.14 + 0.92 ml total root water, Fig. 4) from P. abies SRPs. In
the DP stems we found 0.27 £ 0.10 ml (29 + 11 % of 0.93 + 0.04 ml total stem water) of redistributed
water in P. abies, whereas 1.46 + 0.64 ml (47 + 20 % of 3.11 + 0.20 ml total stem water) of the water
in F. sylvatica DPs originated from the other species (Fig. 4). The transpired water on day 6 contained
0.66+0.19 ml (30+9 % of 2.66 + 0.55 ml total transpired water) of HR water in P. abies DPs and
1.43+1.14 ml (48 + 25 % of 2.48 + 1.16 ml total transpired water) in F. sylvatica DPs in mixture (Fig.
4). Divided by DP dry root mass, there was no difference for both species in the amounts of HR water
in roots and transpiration whether the neighbor was the same or another species (Table 5). For P.
abies, the received amount of water per dry DP root mass in the stems was not different if the SRP
was also P. abies or F. sylvatica, while the amount in stems per dry DP root mass was significantly

higher in mixture than in the monospecific SRS for F. sylvatica DPs (Table 5).

Discussion

Hydraulic redistribution displayed an important process for the water supply of the drought stressed
saplings of all tested temperate tree species. On average, one quarter of the water in the DPs
originated from HR. Root length was the best predictor of variations in HR water amounts,
supporting our first hypothesis, that more favorable root characteristics increase HR amounts.
Among F. sylvatica and P. abies, it was insignificant whether the SRP was of the same or another
species. Therefore, our second hypothesis that DP in monospecific SRS take up higher amounts of HR

water than in mixed SRS was not supported by our findings.

Amounts of HR water taken up by DPs in monospecific SRS

We found HR water in the DPs of all types of SRS, confirming the general occurrence of the effect in
our study species (Hafner et al. 2017). The contribution of HR water was different for the species: In
Q. robur and F. sylvatica, we hardly found HR water in roots or stems. These species used the HR
water directly in their transpiration, as the amounts of daily transpired HR water were high

(20.7+1.7% in Q. robur and 31.1+259% in F. sylvatica, respectively). Conversely, A.
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pseudoplatanus and C. sativa hardly transpired but largely kept the HR water within their roots and
stems. For these species, HR water played a bigger role for refilling of internal water storages (Yu et
al. 2018) as transpiration rates were rather low. Within the 3-factor model, the amount of HR water
taken up by neighboring DPs was especially dependent on their root length and the interaction of
root length and number of tips. Concurring with our expectations, longer root systems with more tips
lead to higher amounts of HR water in roots and stems. It has been reported that HR water amounts
increase with higher root densities (Aanderud & Richards 2009). Instead of mere root length or
number of tips, the actual contact between root systems could be essential here. Distribution and
proximity of roots has been suggested as an important driving factor for HR and HR between species,
with higher root contact increasing HR amounts (Hultine et al. 2003, Schoonmaker et al. 2007, Scholz
et al. 2008). Some species seem to avoid contact with other roots, to reduce (self-) competition
(Maina et al. 2002, Falik et al. 2003), while others show increased growth when root systems are in
close vicinity with their neighbors (Armas & Pugnaire 2011). We detected a negative correlation of
amounts of HR water in roots with root ks in our model. Potentially, labeled HR water was
transported faster from roots to stems and then transpired in plants with higher k,, reducing the
labeling signal. There was no significant correlation of root length, number of tips or root k; with HR
amounts in DP transpiration. For HR water in transpiration, potentially additional driving factors have
to be considered that also influence plant stomatal conductance, e.g. vapor pressure deficit or
temperature (Lange et al. 1971, Will et al. 2013). Interestingly, coniferous P. abies trees, where root
length or number of tips were not significantly different to the other species, showed the highest
amounts of HR water in roots and transpiration (Table 5). Also, SRPs of P. abies did not redistribute
more water from the moist to the dry pot than the other species (Hafner et al. 2020). Rather, the
potential amounts of water redistributed from moist to dry soils by coniferous P. abies SRPs with low
ks and conduit diameters is expected to be low compared to the other study species (Hafner et al.
2020). It has, however, been shown that Picea trees tend to increase root branching when growing

with neighbors (Paya et al. 2015). Therefore, the high amounts of HR water in P. abies DPs might be
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explained by closer root proximity of P. abies trees to its neighbors. However, no clear hierarchical

pattern or mechanistic background on root proximity is known yet (Armas & Pugnaire 2011).

Mixed combinations

In contrary to our hypothesis, neighbor saplings grown in monospecific SRS did not receive more HR
water than DPs in mixed SRS, at least for the tested combinations of F. sylvatica and P. abies.
Preconditions for HR such as SWC, root mass or leaf area were not different between saplings in
monospecific and mixed SRS, allowing for direct comparison between the two. With the exception of
HR water in stems of F. sylvatica mono vs F. sylvatica mix, where more HR water was found in DPs of
the mixed SRS, we did not find differences in amounts of HR water between monospecific and mixed
SRS. We did not quantify mycorrhization or determine mycorrhizal morphotypes, however frequently
observed invested root tips of both, P. abies and F. sylvatica during harvest. It has been described
that P. abies and F. sylvatica are partially colonized by the same mycorrhizae (Trappe 1962),
therefore potentially allowing for a HR-pathway via a CMN. However, the influence of species
mixture on either benefit or competition on HR water seems to vary widely with involved species, as
water can be provided to or drained from neighbors (Prieto et al. 2012) and might even change from
facilitation to competition across a growing season (Priyadarshini et al. 2016, Muler et al. 2018).
Based on our results, P. abies and F. sylvatica both profit from HR in mixture with each other,
indicating a predominant facilitative interaction between these two species. Occurrence and
seasonality of HR in a grown mixed-species forest of P. abies and F. sylvatica should be further
investigated to estimate the relevance of water redistribution for both species in mixture under field

conditions.

Conclusions

All observed species benefited from HR, either by refilling water storages or for transpiration,
irrespective of growth in mixture or a monospecific SRS. Therefore, HR could be an important

process in temperate forests increasingly facing periods of water limitations under ongoing climate
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change. Rooting patterns, especially root proximity between same and different species need to be
investigated as close proximity and even direct contact might have an important influence on the
amount of HR water uptake by neighbor trees. Our results further support the assumption that HR
between different species contributes to increased growth and stability in mixed forests, in particular
among species with different rooting depths (Pretzsch et al. 2014; Ammer et al. 2018). The actual
relevance of HR in temperate forests in either mixture or monoculture needs to be tested to

determine to what extent the considerable benefit, found in this study, also translates into the field.
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Tables

Table 1: Types of split-root systems (SRS) analyzed in this study. The SRS consisted of one tree in a
moist pot (MP), one tree in a dry pot (DP) and one tree with its root system split between both pots
(SRP; see also Fig. 1). In total eight types of SRS were set up: six monospecific SRS and two mixed SRS
with mixtures of P. abies and F. sylvatica trees.

P. abies mono

P. abies mix

P. menziesii

A. pseudoplatanus
F. sylvatica mono
F. sylvatica mix

C. sativa

Q. robur

N N U NN

A. pseudoplatanus
F. sylvatica

P. abies

C. sativa

Q. robur

A. pseudoplatanus
F. sylvatica

P. abies

C. sativa

Q. robur

n MP SRP DP
7 P.abies P. abies P. abies
7 F. sylvatica F. sylvatica P. abies
P. menziesii P. menziesii P. menziesii

A. pseudoplatanus
F. sylvatica

F. sylvatica

C. sativa

Q. robur
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533 Table 2: Volumetric soil water content (SWC) in dry pots and measured pre-dawn leaf water

534 potentials (YPear) Of plants in the dry pots (DP). Letters indicate significant (P < 0.05) differences
535 between the types of SRS. Note that 1. of A. pseudoplatanus trees could not be assessed due to
536 heavy milky sap exudation.

537

SWC (vol-%) Y teaf (MPa)
P. abies mono 11.2+18% -0.9+0.3°
P. abies mix 16.8+2.5° -0.8+0.1°
P. menziesii 85+0.4° -20+£03%
A. pseudoplatanus 11.1+0.6 NA
F. sylvatica mono 11.9+1.1°% -1.6+0.5%®
F. sylvatica mix 16.7+2.6° -09+0.1°
C. sativa 9.0+0.4° -2.8+0.7"
Q. robur 11.2+0.7% -35+0.4°
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Table 6: Output parameters of a 3-factor linear model for regression between amounts of HR water
found in roots, stems and transpiration of DPs with root length, number of tips and hydraulic
conductivity (k) of the DPs. The linear model includes interactions between the independent
variables. Coefficients of determination and P values are each given for the whole models for roots,
stems and transpiration. Significant correlations are highlighted in bolt.

HR water in Root

HR water in Stems

HR water in Transpiration

Estimate tvalue Pvalue Estimate tvalue P value

Estimate tvalue P value

Root length 0.0555 4.81 <0.001 0.0299 5.61 <0.001 -0.0041 -0.31 0.8
Tips 0.0010 1.20 0.3 0.0004 1.06 0.3 -0.0009 -1.29 0.3
ks -3.9140 -1.81 0.1 0.2531 025 0.8 -2.3250 -1.66 0.2
Root length x Tips 0.0001 255 <0.05 0.0000 2.31 <0.05 -0.0001 -2.84 0.07
Root length x k; -0.3741 -395 <0.01 -0.0156 -0.36 0.7 -0.3090 -0.36 0.7
Tips x ks -0.0177 -2.21 0.05 0.0040 1.09 0.3 -0.0072 -1.88 0.2
Root length x Tips x k, -0.0005 -1.95 0.08  0.0002 1.49 0.2 -0.0006 -1.94 0.1
Adjusted R? 0.81 0.70 0.72
P value <0.001 <0.01 0.1
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Figures

300 ml water
0.2 atm% ZH

Acrylic-glass sheets

Outlet tube

to CRDS
e

Ceramic-coated

PET/PE bag Dry air

inflation tube

\

Figure 1: Scheme of the split-root systems (SRS) with one tree’s (split-root plant, SRP) root system

split equally between a ‘moist’ and ‘dry’ pot. A foam-pad was placed between the roots of the SRP

Moist pot

Foam-pad
Dry pot

and the pot to prevent injuries. Additional trees were planted in both pots (‘MP’ and ‘DP’,

respectively). Vertical acrylic-glass sheets prevented canopy contact between the plants. Foliated

twigs of the DP were placed in transparent ceramic-coated PET/PE chambers that were inflated with

dry air. Outlet air went via PVC tubes to a cavity-ring-down-spectrometer (CRDS) for °H isotopic

analysis.
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566 Figure 3: Amount of transpired HR water versus total daily transpired water of the DP in

567 monospecific split-root systems. The dotted line indicates equality.
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Supplemental Material to Friendly neighbor: Hydraulic redistribution accounts for one quarter of
water used by neighboring drought stressed tree saplings by Benjamin D. Hafner, Benjamin D. Hesse

and Thorsten E. E. Grams.

Calibration and transformation of the CRDS transpiration data

To calibrate the CRDS we used two laboratory standards (kept in bags in a refrigerator at a constant
temperature of 10 °C) spanning the range of the transpiration values (-65 %o and 77 %., respectively).
Standards were measured twice a day. As the CRDS measured the vapor phase above the liquid
standards, measured standard values (liquid) were transferred to vapor values via equilibrium-
fractionation-equations (taken from Majoube, 1971; Friedman & O’Neil, 1977; Kakiuchi & Matsuo,
1979 and Horita & Wesolowski, 1979). Additionally the &°H signal drifted with the vapor
concentration (“ppm-drift”). Therefore, we ran a linear regression (in a range from 6000 -
30000 ppm; P < 0.001, R? = 0.9, slope: 0.0019) with water of a known &°H signature and referred all
measured values to a vapor concentration of 12000 ppm. Finally, an offset of the vapor
concentration was corrected by fitting a linear regression between known concentrations produced
by a dew point generator (Heinz Walz GmbH, Effeltrich, Germany) and corresponding measured
concentrations by the CRDS (P <0.001, R*=0.9,y=1.1 x + 472).

After the corrections, unlabeled transpiration and soil 8’H values showed an offset of about 10-

T

20 %o. The specific offset was added to the end-members of each replicate system (i.e. day 7 §°
values of the split-root plant’s root in the dry pot and day 0 soil 8°H values) to calculate the

respective mixing model (Eqn. 7).
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Abstract

Hydraulic redistribution (HR), the passive reallocation of water along plant structures following a water
potential gradient, is an important mechanism for plant survival under drought. For example, trees with deeper
roots reallocate water from deeper moist to shallower, drier soil layers sustaining their upper fine root system.
The relevance of HR for temperate forest ecosystems is hardly investigated. Both environmental and tree
internal factors limiting the capacity for HR, such as low water potential gradients or root anatomy,
respectively, are not well understood. Here we investigate fine root anatomy and related capacity for reverse
flow of water of six temperate tree species, i.e. Acer pseudoplatanus, Castanea sativa, Fagus sylvatica, Picea
abies, Pseudotsuga menziesii and Quercus robur both in forward and reverse flow direction. Additionally,
anatomy of primary and secondary roots was analyzed, to test the hypotheses that root anatomy is similar in
primary and secondary roots (H1) and conductivity for forward and reverse flow of water in fine roots is
identical (H2). In contrast to the two conifer species, most anatomical parameters, e.g. hydraulic conduit
diameter and conduit density, were distinctly different between primary and secondary roots in the
angiosperms. Therefore, H1 was not supported for angiosperm trees. The reverse flow of water in fine roots was
reduced by approx. 40 % compared to the forward flow in angiosperms, while there was no difference in the
conifers. Thus, H2 was confirmed for conifers while there was a significant difference for angiosperms. This
reduction may be caused by vessel structure (e.g. tapering or secondary thickening elements), or perforation
plate and pit architecture (e.g. width of aperture opening). Because of the reduced conductivity of reverse water
flow, the ability of angiosperm trees to redistribute water along their root system might be lower than expected.

Introduction

Prolonged and intense drought periods are one of the consequences of ongoing climate change (IPCC 2007, 2014) as
predicted by most climate change scenarios (Burke et al., 2006). Central Europe experienced extreme droughts during
summers 2003, 2015 and 2018 (Tonita et al., 2017; Hansel et al., 2019). The ramifications of such extreme events were
drastic for temperate European (Ciais et al., 2005; Leuzinger et al., 2005) and North American forests (Asner et al.,
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2016; Hartmann et al., 2018). Long and severe drought periods often lead to a severe shortage of water for plants
which may result in hydraulic failure, the collapse of the water conducting system, often resulting in tree death
(Brodribb and Cochard, 2009; Urli et al., 2013). In particular trees as long-living organisms possess versatile
strategies against drought such as hydraulic (Tomasella et al., 2017a) or photosynthetic acclimation (Watkinson et al.,
2003). Another strategy is hydraulic redistribution (HR) of water from moist (e.g. deeper) to drier soil layers via the
root system (Neumann and Cardon, 2012; Prieto et al., 2012), a phenomenon hardly explored for temperate forests
(Emerman and Dawson, 1996). If deeper roots have access to more water-saturated soil layers, the complete root
system will equilibrate at high water potentials, in particular during the night when stomata close. The water potential
gradient within the soil is the driving factor for the redistribution of water towards the soil layers with lower water
potential along the root. A wide range of plant species, including conifers and angiosperm trees, are able to redistribute
water (e.g. Prieto et al., 2012; Hafner et al., 2017), while the amount of redistributed water can strongly vary (from
0.04 to 4 mm water per day) even within one ecosystem (Neumann and Cardon, 2012). Nevertheless, on average HR
water can represent up to 15 % of water used for transpiration (Neumann and Cardon, 2012) or up to 80% of root
water (Hafner et al., 2017) and therefore play an important role for the water balance of plants. Several empirical
studies report a suit of factors that define the amount of HR and consequently are used in model predictions (Neumann
and Cardon, 2012 and citations within). Among these are ‘external’ factors, such as the water potential gradient (Ryel
et al., 2004) or root-soil contact and ‘internal’ driving factors, such as root conduit anatomy (Hafner et al., 2017).
However, fine root anatomy and related hydraulic conductivities are hardly studied. Especially conductivity
measurements of roots are scarce and in the reverse direction, i.e. from the rootstock to the fine roots as it is the case
of HR, unreported.

In a conducting element, the diameter of the pipes is the most confining factor for the amount of transported water, as
given by the law of Hagen-Poiseuille. Thus, roots with high water transport capacity should also redistribute more
water. During HR water flows against the “usual” direction; nevertheless, we expect the conductivity of fine roots for
water to be independent of its direction. To this end, we investigated the fine root systems of six temperate tree
species, i.e. Norway spruce (Picea abies L. Karst), European beech (Fagus sylvatica L.), sycamore maple (Acer
pseudoplatanus L.), sweet chestnut (Castanea sativa Mill.), English oak (Quercus robur L.) and Douglas fir
(Pseudotsuga menziesii Mirb. Franco). We chose these species not only for their importance in forestry and natural
forests stands, but also for their differences in anatomy. As spruce and Douglas fir are conifers, they have only
tracheids as conductive elements. Among the four angiosperms, two species were stem-diffuse porous (beech and
maple) and two had a ring porous stem anatomy (chestnut and oak). Hence, we examined a broad spectrum in conduit
sizes and wood traits, which are controlled by genetic and environmental factors (Schreiber et al., 2015). To test
whether root order has an influence on anatomy, we compared primary roots with older, secondary roots,
hypothesizing that fine root anatomy is similar in primary and secondary roots (H1). Closely related to anatomy is the
root conductivity for water. As the reverse flow of water in roots could be an important limitations for HR, we
compared the conductivity of forward and reverse flow in secondary roots of the six study tree species. Based on the
analogy between roots and pipes and the law of Hagen-Poiseuille we hypothesized that there is no difference between
forward and reverse water flow in fine roots (H2).

Materials and Methods

Plant material

The study was done on two — four years old saplings of two conifers (P. abies and P. menziesii) and four angiosperms
(A. pseudoplatanus, C. sativa, F. sylvatica and Q. robur). Plants were potted two years before the start of the
experiment in potting soil (90 %, mixture of topsoil, compost, turf and lava (20 % organic matter; Wurzer Umwelt
GmbH, Eitting, Germany) mixed with soil taken from respective native stands (10 %), except for Douglas fir which
was potted the year before the experiment. During these two years, plants were kept in a greenhouse under near
ambient climate conditions in Freising, Germany (48°23°57.98” N, 11°43°00.99” E).

Fine root anatomy in laser ablated cross-sections

Five individuals of each species were harvested prior of the experiment for assessments on fine root anatomy. Root
systems were carefully freed of the soil and one sample of approx. 1 cm length was taken. The sample preparation and
drying in different concentrations of ethanol (first 70 %, 95 % and finally 99 %) followed the protocol of Hafner et al.
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(2017). Primary roots (diameter 0.23 + 0.14 mm), with only primary growth, secondary roots (diameter 1.46 + 0.50
mm) and stem segments (diameter 3.89 + 0.70 mm) were cut by laser ablation tomography (Chimungu et al., 2014)
with cross-sections photographed continuously (resolution: 25400 dpi, figure 1). The complete cross-section was
analyzed for primary roots, whereas for secondary roots three areas of interest (AOI, each area 0.5 mm?) of a square
shape were selected randomly and representatively in each cross-section and analyzed for their xylem conduit size and
distribution. In each AOI, the xylem conduits were marked by hand on an extra layer using GIMP (version: 2.8.16,
GNU Image Manipulation Program, The GIMP Team, https://www.gimp.org). The conduits were then analyzed with
ImageJ (Version 1.47t, Wayne Rasband, National Institutes of Health, Bethesda, USA) for the area (C,, in pm?) of
each xylem element. Calculations and analyses of the pictures followed Scholz et al. (2013) and Zanne et al. (2010).
From the conduit area, the equivalent circle diameter (D, in jum) was calculated:

D:1/4§A 1)

Via the equivalent circle diameter, the hydraulic diameter (Dy in pm) was calculated following Tyree and
Zimmermann (2002), (equation 2). The hydraulic diameter is the weighted diameter of vessels that contribute to the

overall conductivity.
0.25
2. D'
D.. = 2
AZZ o

Conduit density (Cp, in mm™) was calculated by dividing the number of conduits by the respective AOI. The vessel
lumen fraction (F, unitless) shows the proportion of an area covered by vessel lumen (see equation 3). The higher F is,
the lower would be the support tissue fraction, and it can be used as an indicator for mechanical strength and hydraulic
conductivity (Jacobsen et al., 2005, Preston et al., 2006). It is calculated as:

F=Cp*C, 3

The vessel composition index as introduced by Zanne et al. (2010, S, in mm*) indicates how resistant a plant is against
cavitation. Low values indicate a higher resistance against drought and frost induced cavitation, but also a less
efficient water transport (Zanne et al., 2010).

s=—*~ )

For the angiosperms, the vessel grouping index, Vg, (Carlquist, 2001) was assessed additionally. The V¢ gives an idea
about the number of solitary versus grouped vessels (see equation 5). The total number of vessels (Nyessess) is divided
by the number of vessel groups (Ngroupings), Where solitary vessels also count as a group. A Vg of one indicates that only
solitary vessel are present.

N

N

VG — vessels (5)

groupings

Conductance measurements and conductivity calculations

Five plants per species were harvested between July and September 2017. The whole root system was quickly and
carefully cleared from the soil and one subsample, after the first branching and without side roots, was cut under
water. We chose roots with a similar diameter (average diameter was 2.6 + 0.7 mm) to the secondary roots used for
anatomical measurements (average diameter 1.46 + 0.50 mm). The sample was then cut several times under water,
until it reached about the double of the desired length. Next, the sample was cut in half and randomly one piece was
used for assessment of the forward conductivity and the remaining piece for the reverse conductivity. To measure the
hydraulic conductance (Cochard et al., 2013), the xylem embolism meter (XYL’EM, BRONKHORST France S.A.S.,
Montigny-Les-Cormeilles, France) was used. The bark was removed on the side that was inserted into the XYL’EM
apparatus and from each side of every sample several thin cuts were made and preserved for the assessment of the
conductive area. Every conductance measurement was made at approx. 7 kPa and with degassed, filtered (0.2 pm)
water with 10 mM KCI and 1 mM CaCl, added (Barigah et al., 2013). This happened to avoid clogging and the
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formation of microbubbles within the xylem elements. Salts were added to mimic the ion concentration of natural
xylem water, to avoid swelling of cell walls. After each measurement, every sample was flushed several times at
approx. 0.1 MPa for 10 minutes and measured until there was no further increase in measured conductance (K max, kg
MPa™ s, for details see Tomasella et al. (2017b)). Subsequently, the length (L [m], mean over all species: 0.027 +
0.006 m) of each sample was measured with a caliper for conductivity calculations. The thin sections, cut from each
sample before the conductance measurements, were photographed using a stereo-microscope and analyzed for the
conductive area (Acns in m*) using the software ImageJ 1.47t. From A cnq the diameter (Dcond in mm) for every sample
was calculated. There was no difference between the six species in Dn (average diameter was 2.6 + 0.7 mm) and no
difference between the distal and proximal diameter of each segment (P = 0.97). Maximum specific hydraulic
conductivity for both forward (K max, kg s m™ MPa") and reverse conductivity (K mar, kg s m' MPa™) was
calculated as:

K, _*L

max

k = 6
SmaxfIT A ( )

cond

Forward and reverse hydraulic conductivity of stems (Ks max semf and Ke max semr, Tespectively) was assessed on
additional plants of maple and oak. Two consecutive pieces of the stems were measured following the same procedure
as for the roots.

Statistics

The data were statistically analyzed using R (version 3.5.2, R Development Core Team, 2008) in RStudio (version
1.1.442, RStudio Team, 2015). A linear mixed effect model (Ime function of the package: nlme, version: 3.1-137) was
used to test for differences in the conductivity and anatomy parameters. For every model, the residuals were tested for
normality (shapiro test of the package: stats, version: 3.5.2) and for homogeneity of variances (levene test of the
package: car, version 3.0-2). For the conductivity, the plant species, the conductivity direction (forward vs. reverse, n
= 5 for both directions and each species) and their interaction were used as fixed factors and the plant pot as a random
factor. For the anatomy, plant species, root orders (primary vs. secondary roots, n = 5 for both orders and each species)
and their interaction were used as fixed factors and the root system from which the samples were taken as the random
factor, for all examined anatomy parameters. If the Ime showed any significances, we used a post-hoc test (emmeans
function with Tukey correction of the package: emmeans, version: 1.3.1) to test for differences between the single
groups. Data in text and tables is given as the mean + 1 SD.

Results

Anatomy of primary and secondary roots

For the two conifers, within and between, there was no difference in the hydraulic diameter (D) between primary and
secondary roots (P = 0.86, overall mean: 10.9 + 2.1 pm, figure 2). For all angiosperms, primary roots had significantly
smaller Dy compared to secondary roots (P < 0.05, figure 2). Among angiosperms, Dy in primary roots did not differ
(P = 0.47, overall mean 19.4 + 4.9 pm) (figure 2). For secondary roots, angiosperms showed significant differences
between the species (P < 0.01, figure 2), with chestnut (47.0 + 14.0 pm) having the largest Dy, followed by oak (37.1
+ 3.2 pm) and maple (29.9 + 2.7 pm) and beech (29.2 £ 3.5 pm) having the smallest Dy. Overall, angiosperms showed
a significantly larger Dy than conifers for both root orders (P < 0.001, figure 2).
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Figure 1: Examples of laser ablated cross-sections.

Laser ablated cross-sections of stem segments (upper row), secondary (middle row) and primary (lower row) roots of spruce (a, g
& m), Douglas fir (b, h & n), beech (c, i & 0), maple (d, j & p), oak (e, k & q) and chestnut (f, 1 & r). Bars represent 1000 pm for
a-f and 100 pm for g-r.

The same pattern was found for the conduit diameter (D, table 1). No differences in D were found for conifers, neither
between root orders nor between the two species (table 1). Secondary roots in angiosperms showed on average 1.9
times larger D than primary roots (table 1). While no differences in D were found in primary roots between the
angiosperm species (P > 0.05, table 1), in the secondary roots, chestnut showed significant larger D, than oak, being in
between, and beech and maple showing the smallest D (table 1).

Conduit density (Cp) of conifers was 17 times in primary and 32 times in secondary roots higher than of angiosperms
(P < 0.001, table 1). While spruce tended to a higher Cp than Douglas fir, especially in primary roots, there was no
intraspecific difference between primary and secondary roots within both species (table 1). For angiosperms, Cp was
on average about five times higher in primary roots compared to secondary roots (P < 0.05, table1), however, no
differences were found between the four species in each root order, respectively (table 1).
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Figure 2: Mean hydraulic diameter per species
Hydraulic diameter (Dy) in primary roots (white) and secondary roots (grey); asterisks indicate significant differences within one
species between primary and secondary roots (*** < 0.001, ** < 0.01, * < 0.05, ns > 0.05).

For the vessel lumen fraction (F) and the vessel composition index (S) a similar pattern was found. For both indices,
no differences were found in primary roots within the four angiosperm and the two conifers, respectively (table 1).
However, conifers tended to have double the amount of vessel lumen (F) (0.25 + 0.07) than angiosperms (0.10 +
0.05). In primary roots on the other hand, conifers (3.05E-8 + 2.13E-8 mm*) had an almost sixty times lower vessel
composition index (S) than angiosperms (1.76E-6 + 1.21E-6 mm*). Overall, F for angiosperms was similar in primary
roots (0.10 + 0.05) compared to secondary roots (0.07 + 0.03, table 1) and the same for conifers (0.25 £ 0.07 vs. 0.25
+ 0.07). For angiosperms, the vessel composition index (S) of secondary roots (2.06E-5 + 3.12E-5 mm*) was on
average about 19 times higher compared to primary roots (1.10E-6 + 1.22E-6 mm*) (P <0.001, table 1), in particular in
oak. Conversely, conifers showed very similar S in both root orders, but 37 times lower S in primary and 623 times
lower S in secondary roots compared to angiosperms (table 1). Despite the high Cp in primary roots, only maple
showed significant vessel grouping (V¢ in table 1). In primary roots of maple, Vs was more prominent than in
secondary roots (2.89 + 0.33 to 2.01 + 0.22, respectively). The three other angiosperms did not show any vessel
grouping (table 1), neither in primary roots (1.09 + 0.05) nor in secondary roots (1.11 £ 0.04).

Root hydraulic conductivity

The diameter of the root pieces used for forward (2.35 + 0.95 mm) and reverse conductivity (2.36 + 1.00 mm) did not
show any significant difference. Both the flow direction and the plant species had a significant influence on the
hydraulic conductivity (figure 3a). In forward direction, the species with the highest conductivity (ks mx ) was
chestnut (2.39 + 1.19 kg s* m™ MPa™), followed by oak (2.05 + 0.43 kg s™ m™ MPa™) and beech/ maple with similar
values (1.35 + 0.24 kg s* m™" MPa" and 1.21 + 0.29 kg s* m™" MPa’, respectively). Douglas fir and spruce had
relatively low and similar values (0.32 + 0.12 kg s™ m™ MPa™ and 0.28 + 0.09 kg s* m™ MPa", respectively). The
same pattern was found for the reverse direction (ks maxr figure 3a). For the two conifers there was no difference
between the forward and the reverse conductivity, whereas the four angiosperms showed a highly significant
difference (figure 3a). The reverse conductivity was reduced by 39 + 11 % compared to the forward conductivity in
angiosperms, irrespective of species (figure 3b). Conversely, hydraulic conductivity in stems (Ks_max_stem_t and Ks max_stem r)
of maple and oak was not different between forward and reverse direction (P = 0.30, figure 3c). Concurring with the
results in the roots, oak had a higher conductivity in stems than maple in both directions (P < 0.001, figure 3c).
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A) Root order: Primary

species Spruce Douglas Fir Beech Maple 0Oak Chestnut

D [um] 85 = 23 11.0 £ 2.0 192 £ 36 b 16.6 + 4.3 153 £ 06 b 209 + 7.2
ns ns * ok ke Aok ok Aok ok

Cp[mm-2] | 4408 £ 1467 2755 £ 747 403 £ 261 c¢ 591 + 265 298 £ 175 ¢ 375 + 216
ns ns * Aok * Ak

F 0.23 + 0.03 0.26 + 0.09 0.10 £ 0.03 b 0.11 £ 0.04 0.06 £ 0.03 b 0.12 £ 0.07
ns ns ns ns ns ns

S [mm?*] 1.8E-8 + 3.9E-8 + 1.0E-6 + b 6.8E-7 + 8.7E-7 + b 1.7E-6 +
1.9E-8 ns 2.2E-8 ns 6.3E-7 *** 8.7E-7 *¥** 6.0E-7 *** 2.1E-6 ***

Ve - - 1.10 £ 0.02 a 2.89 £ 0.33 1.13 £ 0.05 a 1.05 £ 0.04

ns ook ns ns

B) Root order: Secondary

species Spruce Douglas Fir Beech Maple Oak Chestnut

D [um] 100 £ 1.8 113 £ 1.2 279 £ 38 B |274 £ 27 35,0 £ 3.5 BC |44.2 £ 138
ns ns * Aok ok Feokok ook ok

Cp[mm-=2] | 3091 + 595 2681 + 414 121 + 69 B 118 + 56 54 £ 20 B 65 = 44
ns ns * Aok * *k

F 0.24 £ 0.09 0.27 + 0.04 0.07 £ 0.03 B | 0.07 £ 0.03 0.05 £ 0.02 B 0.08 + 0.02
ns ns ns ns ns ns

S [mm?*] 2.8E-8 + 3.8E-8 + 6.8E-6 + B | 6.4E-6 + 2.1E-5 + BC | 4.8E-5 +
1.5E-8 ns 1.2E-8 ns 3.9E-6 *** 3.7E-6 *** 1.2E-5 *** 5.4E-5 ***

Ve - - 1.14 £ 0.01 A |2.01 = 0.22 1.14 £ 0.01 A 1.06 = 0.02

ns ook ns ns

Table 1: Anatomical parameters

Anatomy parameters conduit diameter (D), conduit density (Cp), vessel lumen fraction (F), vessel composition index
(S) and vessel grouping index (V) in primary (A) and secondary roots (B). Asterisks indicate significant differences
within species between primary and secondary roots with *** < 0.001, ** < 0.01, * < 0.05 and ns > 0.05. Different
letters indicate significant differences between species with small letters for primary roots and capital letters for
secondary roots (values are given as the mean + 1 SD).

Discussion
In this study, reverse conductivity in fine roots was systematically tested for the first time. Opposing to H1, differences
in several anatomical parameters (e.g. Du, Cp, S) were found between young, primary and older, secondary roots.
Furthermore, we found differences in the magnitude between forward and reverse hydraulic conductivity in fine roots
of angiosperms, contradicting H2. Reverse conductivity was reduced by about 40 % compared to the forward
conductivity.

Root anatomy of primary and secondary roots

Roots with predominantly primary growth, showed different xylem anatomical structures compared to older,
secondary roots. Additionally, primary roots of rather unrelated species (e.g. angiosperm genera) were anatomically
rather similar. Conversely, for older, secondary roots, clear differences between species were found in D, Dy and S.
For the two conifers, the conduit size was consistent for both root orders, which is contradictory to findings along the
stem to branches, where conduit size is decreasing (McCulloh and Sperry, 2005; Woodruff et al., 2008). Therefore we
accept H1 for the two conifer species. Additionally, anatomy of fine roots in conifers seems to be very similar to
anatomy of twigs in many parameters (D and Cp, Tomasella et al., 2017a). For the four angiosperm species, on the
other hand, we found distinct differences between the two root orders, showing that with increasing age, roots seem to
change their xylem anatomy. Especially the increase in diameter and the decrease in density of water conducting
conduits is obvious. We therefore reject H1 for the four angiosperm species.
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Figure 3: Maximum specific hydraulic conductivity and loss of conductivity.

Maximum specific hydraulic forward (white) and reverse (grey) conductivity of roots (ks msx, @), proportional loss of conductivity
of the reverse direction compared to forward direction in roots (proportional loss of ks max f vs. 1, b) and hydraulic maximum
specific forward (white) and reverse (grey) conductivity of stems (Ks_max_sem, C). Asterisks indicate significant differences within
one species between forward and reverse conductivity (3a & c). In 3b asterisks indicate significant differences to zero (*** <
0.001, ns > 0.05).
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Whereas conifers seem to be very conservative in their anatomy, angiosperms tend to be more plastic. Over the four
angiosperms, the two stem ring porous species (chestnut and oak) showed bigger vessels in the roots than the two stem
diffuse-porous species (maple and beech), which is consistent with anatomical measurements of the stem (McCulloh
et al. 2010). However, vessel distribution in all analyzed fine roots seemed more diffuse-porous, i.e. even distribution
of similar-sized conduits over the whole year-ring, including chestnut and oak, which is in conflict with their vessel
arrangement in stems (Barbaroux and Bréda, 2002; Fonti and Garcia-Gontalez, 2004). This may be related to the
longer growth period of roots, depending on water availability and soil temperature (Tryon and Chapin, 1983) with
vessels being formed over the whole root growing season unlike stem growth peaking in early summer (McDougal,
1916; Alvarez-Uria and Korner, 2007). Vessel density also supports the diffuse porous anatomy of roots, as no
differences were found among angiosperm species, neither in the primary nor in the secondary roots. Typical vessel
densities in stems for ring-porous species are at 52 + 17 mm™ (for 3-year-old oak from Steppe and Lemeur, 2007) and
for diffuse-porous species at 872 + 113 mm™ (beech twigs, Tomasella et al., 2017a). In the roots the four angiosperm
species showed values in between with on average 417 mm™ in primary and 78 mm™ in secondary roots despite their
consistent diffuse-porous distribution of vessels. The higher vessel density in primary roots emphasizes the importance
of vessel structures for the water transport in angiosperms (Sperry, 2003). At the same time the high density of vessels
is at the expense of mechanical strength, which is more important for stems and coarse roots (Preston et al., 2006), as
they need to withstand harsh compressive stress during storms and snow load (James et al., 2006). Vessel lumen
fraction (F) in stems of angiosperms is around 0.136 (Zanne et al., 2010) and similar to those in fine roots (0.083 for
both ages). Therefore, roots seem to build xylem with a similar amount of conductive area as stems. Otherwise, the
vessel composition index (S) for angiosperms in primary roots is about 90 times and in secondary roots 5 times lower
compared to aboveground values (9.6E-5 mm* from Zanne et al. (2010)). Hence, the conductive area in angiosperm
roots is composed of more but smaller conduits than in stems (Zanne et al., 2010). According to the vessel
composition index, roots seem to follow a more conservative strategy, reducing the risk of embolisms at the cost of a
lower water transport (Zanne et al., 2010), with primary roots being even more conservative than secondary roots.
However, as roots face very different environmental conditions than stems/twigs, the vessel composition index might
not be a useful tool to predict cavitation resistance in roots, especially as our measured species are all mesophilous
with similar cavitation resistances (Pso of -2.2 MPa for Acer pseudoplatanus (Lens et al., 2011), -4.74 MPa for
Quercus robur (Lobo et al., 2018) and -3.4 MPa for Fagus sylvatica (Tomasella et al., 2017a)). This could be an
important issue under drought stress conditions, as hydraulic failure in the water up-taking organ would consequently
kill the plant (Jackson et al., 2000). Therefore, the higher safety margin against embolisms in roots may be one
strategy of plants to avoid hydraulic failure (Delzon and Cochard, 2014). Overall, stem anatomy is not a reliable proxy
for root anatomy, especially for fine roots of angiosperms.

Reverse vs. forward hydraulic conductivity in roots

Direction of water flow in roots, i.e. forward or reverse, did not affect conductivity in conifer roots, yet for all
angiosperms a 40 % reduction in the reverse compared to forward conductivity was found. Looking at the conductive
system, the xylem, the main difference between the two groups are the existence of vessels, which are only in
angiosperms (Liittge et al., 2005). Hence, the anatomy/structure of vessel elements in angiosperm wood most likely
plays a decisive role in the reduction of conductivity of reverse water flow. To our knowledge, only very few studies
have dealt with vessel anatomy in detail. Deducted from this knowledge we identified four putative reasons for the
conductivity reduction in reverse direction (figure 4).
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Figure 4: Schematic figures for possible anatomical causes of reverse conductivity reduction

Schematic figures for possible anatomical causes of reverse conductivity reduction: A) asymmetric vessel cell wall elements (e.g.
warts), B) Asymmetric pit aperture, C) tapering/narrowing of vessels and D) tapering of perforation plate openings (Arrows
indicate flow direction and the length is indicating the magnitude of the conductivity).

a) Asymmetric vessel warts

Independent of the type of thickening, vessels have elements pointing into the lumen (e.g. warts, Bailey, 1944; Ohtani
et al., 1983, Jansen et al., 1998), possibly causing some disturbances in the conductivity. If these elements were
asymmetric, they could cause higher resistance and turbulences for one flow direction (figure 4 a). Such disturbances
in the conductivity would then hinder the reverse flow (Karino et al., 1987). However, this would mean that the
manner of secondary thickening of vessels and especially its remnants are different between root and stem xylem, as
no difference was found in the conductivity for the stem xylem.

b) Asymmetric pit aperture

Pits and the connectivity between vessel elements are supposed to play an important role in safety and resistance for
the hydraulic system of plants (Choat et al., 2008). If the pits opening would be smaller on one side, the conductivity
could be reduced (figure 4 B). If the smaller opening would be consistently at the vessel side closer to the root tip, this
could result in a reduction in the reverse conductivity (Steven Jansen, personal communication, figure 4 b). But as no
reduction in the reverse conductivity was found in the stem segments, this would indicate, that pits of the stems are
built differently from the pits in roots. Up to this point however, most studies about pits were made in aboveground
organs (Choat et al., 2008 and citations within). However, it appears unlikely that the pits themselves are responsible
for the reduction of reverse conductivity. First, pits in angiosperms are well studied (e.g. Choat et al., 2008) and so far
there are no indications that they would favor one direction, as they have to “seal” either vessel in case of cavitation.
Second, as the vessel grouping index (V) in the four angiosperm roots was diverse, with only maple showing a
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considerable amount of vessel grouping, it appears unlikely that reverse conductivity reduction is related to pits
anatomy. Plants with a high vessel grouping index would be considered to have more connecting pits between the
vessels than plants with a low vessel grouping index. Nevertheless, we saw no differences in the amount of
conductivity reduction between maple with high and the other three angiosperms with lower V.

c) Vessel tapering

Another reason for the reduced conductivity along a conduit could be tapering towards one end (Petit et al. 2008).
Vessel tapering is known to occur in stems and branches (Anfodillo et al., 2006; Petit et al., 2010) and is assumed to
happen in roots (Enquist, 2003). As given by the law of Hagen-Poiseuille, the conductivity is dependent on the fourth
power of the vessel radius (Sperry et al., 2006). Tapering of vessels towards the root tip would limit reverse flow
compared to forward flow (Walander and Prasassarakich, 1976; Rubenstein et al., 2011). However, the reduction of
reverse conductivity was only found in angiosperms, but tapering is known to happen in conifers too. Nevertheless,
the degree of tapering may be related to the size of conduits and xylem dimension and may therefore be neglectable in
tracheids and large diameter stems but not for vessels and small roots/twigs respectively.

d) Perforation/end plates

Perforation plates, i.e. the remnants of cell walls between connected vessels (Christman and Sperry, 2010), increase
the resistance for water flow. While there are different forms, scalariform perforation plates are common in
angiosperms (Ellerby and Ennos, 1998). If the openings in these plates would taper to one side (e.g. conical shaped),
the resistance for one direction would increase (figure 4 d, Walander and Prasassarakich, 1976; Rubenstein et al.,
2011). Again, this would imply a different structure and/or building process of root xylem compared to stem xylem, as
no reduction of conductivity was found in stems.

As conifers showed no difference between the conductivity directions, H2 was accepted for them. For angiosperms,
H2 was rejected, as a reduction of 40 % was found in the reverse conductivity compared to the forward conductivity.
The four points mentioned above are based on the physical principles of resistance and turbulent flow, although flow
rates under HR are relatively low compared to maximum forward flow and therefore the impact of turbulences might
not be very big. None of them has been examined so far and will hopefully stimulate future work. However, reverse
root conductivity seems to limit internal HR in angiosperm trees stronger than assumed (Neumann and Cardon, 2012).
Transfer of water into the soil might be additionally limited as the conductance of the whole root system is
additionally limited by other mechanisms such as forcing of water through the symplasm by the casparian stripe
during water uptake or root suberization. The reduction in reverse conductivity in roots can also be interpreted from an
evolutionary point of view. As HR is a passive phenomenon, trees reducing the loss of water into the soil to some
extent may benefit during drought events and therefore may be favored during selection processes. As conifers only
have tracheids, which conduct smaller amounts of water compared to vessels, the losses might be bearable anyway.

Conclusions

Wood structure of conifer was very similar between primary and secondary roots but showed distinct differences to
angiosperms. While primary roots were similar among angiosperms, secondary roots show clear anatomical
differences between species. Fine root anatomy of angiosperms cannot be predicted by stem anatomy, as angiosperm
fine roots tended to build more but smaller and generally diffuse-porous conduits.

The reduction in reverse conductivity in angiosperm roots sheds new light on the potential of HR in general.
Especially under drought scenarios, when embolism already reduces conductivity, the amount of redistributed water
might be lower than expected and the reduced root conductivity in the reverse direction in angiosperm roots should be
considered. Whether this reduction is due to the anatomical structure of vessels should be tested e.g. by assessing
reverse conductivity in vesselless angiosperms (Hacke et al., 2007). In general, more detailed information about vessel
anatomy (e.g. structure of cell walls and perforation plates) will help to understand the process of water transport and
its limitations in plant roots.
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3. This permission is limited to the particular use authorized in (1) above and does not allow
you to sanction its use elsewhere in any other format other than specified above, nor does it
apply to quotations, images, artistic works etc that have been reproduced from other sources
which may be part of the material to be used.

4. No alteration, omission or addition is made to the material without our written consent.
Permission must be re-cleared with Oxford University Press if/when you decide to reprint.

5. The following credit line appears wherever the material is used: author, title, journal, year,
volume, issue number, pagination, by permission of Oxford University Press or the
sponsoring society if the journal is a society journal. Where a journal is being published on
behalf of a learned society, the details of that society must be included in the credit line.

6. For the reproduction of a full article from an Oxford University Press journal for whatever
purpose, the corresponding author of the material concerned should be informed of the
proposed use. Contact details for the corresponding authors of all Oxford University Press
journal contact can be found alongside either the abstract or full text of the article concerned,
accessible from www.oxfordjournals.org Should there be a problem clearing these rights,
please contact journals.permissions@oup.com

7. If the credit line or acknowledgement in our publication indicates that any of the figures,
images or photos was reproduced, drawn or modified from an earlier source it will be
necessary for you to clear this permission with the original publisher as well. If this
permission has not been obtained, please note that this material cannot be included in your
publication/photocopies.

8. While you may exercise the rights licensed immediately upon issuance of the license at
the end of the licensing process for the transaction, provided that you have disclosed
complete and accurate details of your proposed use, no license is finally effective unless and
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until full payment is received from you (either by Oxford University Press or by Copyright
Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and Oxford University Press reserves the right to take any and all action to protect its
copyright in the materials.

9. This license is personal to you and may not be sublicensed, assigned or transferred by you
to any other person without Oxford University Press’s written permission.

10. Oxford University Press reserves all rights not specifically granted in the combination of
(1) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and
conditions.

11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, and
their respective officers, directors, employs and agents, from and against any and all claims
arising out of your use of the licensed material other than as specifically authorized pursuant
to this license.

12. Other Terms and Conditions:

vl4

Questions? customercare @copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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