Charles University

Faculty of Science

Doctoral study programme: Physical geography and geoecology

0

oL

Jan Tumajer

Quantitative vessel parameters of broadleaves as a tool for reconstruction of physical

geographical processes

i

Kvantit f —< eA "f"fe

Doctoral thesis

Supervisor: D ...

Praha 2018



""SZfee—E<ad T Eeote 'AttTZ Fo'— @273t — V7. @ f.TFZ ofete
— «—+% <°A‘"°f«°A e t"'uBRt ]T—?(’ii.”..fi——f—-"( ETEA te—f—e7 «Ze— ot >7>
EAeeioA EeodS of, oot @etS® fofthoc. o288 —c——7—3

Q_Jo
Q_)o
Q_Jo
Q_)o
QD

Q_Jo
Q_)o
Q_)o
Q_)o
Q_)o
Q_Jo
Q_)o
Q_Jo
Q_)o
Q_Jo
Qo
Qo
Qo
Qo
Qo
Qo
QD

V Praze, 296. 2018



Acknowledgements

My special thanks go to my supervisor D...& %0"& Z..Zf~ "t+Z& S&a & """ co=""1-
dendrochronology, and for his patience, help and support during my doctoral study. |
f..oe'™MZt1%t foe—, fe'f’a fo —"1Tf fet t"tcef ‘e‘...e2 " —Sit«

stimulating discussionson progress of our researches. Financial support to my research was
provided by Grant Agency of Charles University (project no. GAUK 174214 and GAUK 996216)
and Ministry of Education, Youth and Sports of the Czech Republic (project no. SVV 260078 and
SVV 260438). Institute of Atmospheric Physics CAS and Czech Hydrometeorologicatituie
provided part of hydrological and meteorological data. Finally, I am sincerely grateful to my
family for their unlimited support during my whole study.



Abstract

Trees adjust wood anatomical structure to environmental conditions, predisposing time series
of quantitative wood anatomical parameters to be valuable source of palaeoenvironmental
information. In this doctoral project we analysed the response of vessel parameters of i)
floodplain Quercus roburto groundwater level fluctuation, hydroclimate variability and extreme
events (droughts and floods), and of iiBetula pendulato mechanical damage caused by various
disturbances.

Although climatic signal as well as pointer years stored in tree-ring width chronologies
of Quercus roburlargely differ between sites, quantitative vessel parameters contain spatially-
homogenous positive signal of previous year summer temperature and current year
winter/early spring temperature. The only between-site difference in wood anatomical
chronologies is negative effect of moisture on vessel size in floodplaiwhich does not occur in
not-flooded lowland sites. We suggest that while tree productivity benefits from high water
availability, the wood anatomical structure ofQuercus roburis constrained by high soil water
saturation in floodplain zone. In addition, the response of tree-ring widths to moisture
availability is not uniform inside single stand, but subgroups of trees with copletely opposite
response coexist (drought limited and moisture limited individuals). The first group oftrees
significantly reduced their growth after decline of groundwater level, meanwhile the latter
group increased productivity. Existence of subgroups with contrasting response groundwater
fluctuations was not observed in case of vessel anatomical series, where indivadurees share
common climatic signal.

In addition to climate and hydrological conditions, processes causing mechanical damage
also alter wood anatomical structure. Vessel size observed in the first tree-ring after stem
scarring was by 60 % smaller compared to value expected based on linear age trend. In the
following period, vessel size continuously increased, reaching pre-event level in third tre@g
after disturbance. Considering various types of mechanical damage, scarring of baakd
cambium, stem tilting and decapitation cause the strongest decrease of vesselesin Betula
pendula which significantly outweighs ontogenetic trends and climatic signal. Wood anatomat
anomalies spread along and around entire tree stem in case of tilted and decapitated individuals;
contrary, xylem compartmentalization through adjustment of vessel size takes place only nearby
callus tissue in scarred trees. Root exposure and stem base burial represent disturbasa with
less apparent response in wood anatomical structure. In case of most serious deformations, it
takes more than 3 years to recover pre-disturbance wood anatomical structure. Decline in vessel
size is not adequately compensated by increase in vessel number during this period, régg in
significant drop in xylem specific hydraulic conductivity. This indicateghat predicted increase
in intensity and frequency of disturbances related to climate change may alter transpiration
capacity of forest stands.

The results of presented studies indicate that quantitative wood anatomical parameters
of broadleaves should be perceived as multi-source driven parameter integrating effects of
ontogeny, climate, soil hydrology and disturbances. Vessel size contains different enviroantal
signal than tree-ring widths. Moreover, their signal is less between-site and between-tree
variable than signal stored in tree-ring widths. This makes vessel parameters valuable proxy for
reconstruction of former fluctuations in hydroclimatic conditions. In addition, abrupt
adjustment of vessel size may be used as a tool to date former mass-movements and otheesy
of disturbances. However, proper approaches are required for extraction of desired part of
information and filtering out the noise from time series of wood anatomical parameters.

Keywords

Betula pendula dendrochronology, disturbances, floodplain forest, mass-movemen@Quercus
robur, vessel, wood anatomy
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1. Introduction

Quantitative wood anatomical parameters are a group of plant traits, which are promising

source of paleoenvironmental data for reconstruction of physical geographical processes.

Anatomical time series have been successfully applied for instance in fieldspzlleoclimatology
‘eezZta feot ..ee—fce trrud ‘e—< f— fZa trr{&aléehydrofogy (Sf.eete tr.

George 2010; Wertz et al. 2013mass-movements dating (Hitz et al. 2008; Arbellay et al. 2010,

2012b) and fire events reconstruction (Kames et al. 2011; Arbellay et al. 20143reat potential

of quantitative wood anatomy has become increasingly used and explored since approx. 2000s;

in Europe mainly in Mediterranean (Cd”1+” - fZ4&a trslelds et alf 2016; Souto-Herrero

et al. 2017; Castagneri et al. 2017Xhe Alps (Fonti et al. 2007, 2009; Eilmann et al. 2009;

Arbellay et al. 2010) and Baltics (Matisons et al. 2013, 2015).

Based on metaanalysis performed in March 201%ia ISI Web of Science by Borghetti et
al. (2016), there were 25 primary studies published since 1993 focused on climate effect on time
series of wood anatomical parameters. Recently (i.e., June 2018hen searching for topics
fuantitative wood anatomy AND climateifand year 2015-2018 | ISI Web of Science returng4
additional articles, from which 19 are based on newly presered primary data (the others
represent reviews and methodological articles). This indicates increasing applicationf o
gquantitative wood anatomical time series in dendrochronological research. Increasing mber
of dendrochronological studies using wood anatomy may be related to development of
standardized procedures simplifying laboratory and statistical processing (von Arx et al. 2016)
as well as preference of multi-trait approaches to understand complex plant-environment
interactions.

Climate change and increasing frequency of various types of disturbances including
floods, windstorms and mass-movements was observed in recent decades and predicted
near future "Zzoet<«Z t— fZ& trr{& Teef FI— fZ& trdtws thuss b¥criicial fZ4a tr.
importance to understand the mechanisms trees use to cope with both abrupt and continuous
changes of environment at various levels - from the level of single cells to whole forest
ecosystem. Wood anatomical structure affects hydraulic conductivity of xylem (Pallardy 2008)
and, through its modification, may alter transpiration of individual trees and forest stands. Thus,
patterns of wood anatomy should be considered as important driver of climatic systerand
possible feedback amplifying recent climate change.

The main goal of this doctoral thesis was to quantify the response of wood anatomical
structure of Central European native broadleaves to climat variability, changes in river
discharge, groundwater level fluctuations and mechanical damage caused by disturbanck®re
specifically, we asked following questions:



Are quantitative wood anatomical time series sensitive to climate and soil water
variability?

Is there between-site and between-tree variability in environmental sensitivity of wood
anatomical parameters? If so, is it comparable or does it differ from other
dendrochronological proxies?

What is the intensity of wood anatomical anomaly caused by mechanical damage? How
does the anomaly spread along and around tree stem?

What is the contribution of individual external and internal factors (including ontogeny,
disturbances and climate) to inter-annual variability in wood anatomical structure?



2. Physiological explanation of sensitivity of anatomical traits to
physical geographical processes

Xylem is a complex tissue consisting of various types of cells, however, vessel elemgent
(angiosperms) and tracheids (gymnosperms) are crucial for water transport in a plant body
(Tyree and Zimmermann 2002) Evolution of conduits (vessels+tracheids) specialized for long-
distance water transport probably permitted existence of plants taller than 0.3 m (Pallardy
2008). Small diameter of conduits enables existence of strong cohesion-tension forces estimated
between 2-30 MPa (Tyree and Zimmermann 2002). These strong forces result in formation of
continuous water column from absorbing surface at fine roots to evaporating surface in the
leaves. Transport of water molecules is driven by water potential (i.e., water pressure difference
between roots and canopy) existing due to the stomatal transpiration (Pallardy 2008).

The theoretical maximal transportable amount of water during conditions with specific
water potential (specific hydraulic conductivity) is largely affected by the number and
distribution of conduits (Sperry et al. 2006; Pallardy 2008; Hacke et al. 2017According to
Hagen-Pouseuille law, the flow rate of water along the tube increases with the fourth power of
tube radius, indicating larger contribution of large vessels to water transport. However,
increasing conduit size not only increases efficiency of water transport, but also reducése
ability of a tree to prevent cavitation (safety-efficiency tradeeff; Sperry et al. 2006). In
temperate conditions, cavitation may occur mainly during (i) extremely high water potentials
(very dry conditions), when metastable water column is disrupted by air, (ii) during freeze-thaw
cycles of xylem water, or (iii) as a consequence of mechanical damage to bark and loiaum
(Sperry et al. 2008).

Ensuring safe and efficient water transport is crucial for survival of plants in changin
environmental conditions, and thus woody plants adjust their xylem anatomical structure
during single year as well as inter-annually in response to contemporary water potential and
stressful events. Because water potential is largely driven by climatic conditions (precipitatn,
evaporation) and soil water holding capacity, quantitative parameters of conduit size often
correlate with climatic series and may be used as their proxy ‘e—«< fet feefe trsta f”..A

‘ee?Z7%tce f- fKlaredverx stress response after mechanical damage to cambium
(scarring), stem displacement, fires, floods, windstorms and biotic disturbancezquires local
conduit size adjustment to balance between safety-efficiency of xylem tissues. rapt
adjustments of conduit size and density may later be used for dating of both biotic and abiotic
disturbances (Hitz et al. 2008; Tumajer and Burda 2013; Arbellay et al. 2013; Axelson et al.
2014).



3. Internal and external factors influencing variability in xylem

anatomical traits

Dimensions of individual conduits of single tree vary from year to year due to various factors
External factors are related to effects of geographical processes and include mainly climatic
variability, extreme hydrological events (floods and variation in groundwater level),
disturbances induced by windstorms or mass-movements, forest fires, biotic disturbaes and

nitrogen deposition ‘e—«< fet feete trsta‘e@ZZA® - fZ& trsxa f...ot -
Internal factors include mainly age trend driven by increasing stem size (Olson et &014).

Genetic and phenotypic plasticity of wood anatomical structure was also documented (Schreiber

et al. 2015)

3.1. Climate

Time series of quantitative wood anatomical parameters are sensitive to fluctuationia climatic
conditions f”.~AsfezZioe fel ‘e—c trrza ‘e—tegeZfZtpd tNFA f—cotee f—
2012). Xylem plasticity to climate was proven in two types of studies correlative analyses
based on annually resolved chronologies of quantitative wood anatomical parameters and local
climatic data ‘e—< fet feete trsta‘'eg2ZAg® f- faddiortbg wbservation of
phenotypic plasticity in wood anatomical structure of single or multiple species over large
geographical gradient (Schreiber et al. 2015; Borghetti et al. 2016). As cell expansion is a turgor-
driven process (Hacke et al. 2017), both types of analysis mainly observed the relationship
between conduit size and precipitation f” .~ AfoezZtoe fet ‘e—< trrza ‘e—< feof
‘ee 771 ce,temperature (Fonti et al. 2007; Matisons et al. 2012, 2013) or their aggregate -
drought index (Eilmann et al. 2009; Fonti et al. 2009).

From the perspective of timing of climatic forcing of wood anatomical structure, three
key periods includei) time of vessel formation, ii) quiescence and dormancy an iii) previous
growing season f”.~ AdfezZtce f- [ Didectreffects of climate through modifying
intensity of xylogenesis (Cuny et al. 2014) or turgor pressure (Hacke et al. 2017) are probably
responsible for significant correlations of monthly climatic parameters with conduit dimensns
in the growing season of tree-ring formation year. Contrary, climatic forcing from previougear
might be related to indirect effects, e.g., storage of non-structural carbohydrates from year to
year «<of”t I— fZ& trsud’'eteezZobot— fRnallyrtemperature during winter,
when cambium is dormant, alters the sensitivity of overwintering cambial derivative by
reactivation of auxin carriers (Fonti et al. 2007) and affects the amount of carbohydrates
required next growing season for replacing damaged tissues (e.g., through modifying amount of
snowpack and its insulation effect; Suvanto et al. 2017)ndirect effects from periods prior to
tree-ring formation growing season and dormancy are typically observed in case of vessel
anatomical parameters of ring-porous broadleaves f—«<s‘se t— fZ& trsta‘eoeezi70k of —



al. 2014) due to the onset of cambial activity up to one month before bud opening (Fonti et al.
trrya ‘ecezZvezZtoe f- fZa-dekis ét alx2@1@), when cambial activity is driven
solely by previous year storages (Simard et al. 2013).

Specific climatic signal of quantitative wood anatomical time series geograiailly varies
due to different dominant limiting factors of xylogenesisFor instance, vessel sizef Quercussp.
was documented to contain positive signal of summer precipitation/moisture index in
Mediterranean ‘ecezZtce fet ..3Allhand Camarero 2012; Castagneri et al. 2017)
but negative in Alpine regions and Baltics (Font fet f-"‘séeftZfae trrza f—c<e'ee -
2015). Similarly, negative correlations of vessel size with temperature frequently occur in xeri
sites (Castagneri et al. 2017) and positive in moist sites (Matisons et al. 201R)eta-analysis
(Borghetti et al. 2016) of studies extracting climatic signal from wood anatomical tienseries in
Europe observed (i) slightly decreasing trend of conduit size with increasing prgatation and
temperature, and (i) vessel density increasing with temperature and decreasing with
precipitation.

As processes limiting vessel formation differ from those controlling productivy, vessel
anatomical parameters often contain climatic signal alsas Z‘...f—<‘sed ™S<¢...S f"1 Te‘t1”
weak signal based on tree-ring width time series ‘e—< fet f™s0dZ#Zfce .t#though
specific climatic signal of quantitative wood anatomical time series depends aite conditions
(see previous paragraph)it is assumed, that they are less site dependent comparing tree-ring
widths (Granda et al. 2018) and thus represent promising paleoenvironmental proxy In
addition, quantitative wood anatomical parameters have low level of temporal autocorrelation,
which makes the extraction of climatic signal easier f” .- AsfoezZfoe 1-— .fOhidhd other
hand, the application of quantitative wood anatomical chronologies for paleoclimate
reconstructions might show some drawbacks due to variable climatic signal stored in their
different frequency domains (Fonti et al. 2009).

3.2. Floods and variation in groundwater level

Floods and subsequent long lasting inundation of stems and roots significantly aftectree
growth through disruption of mitochondrial respiration, onset of alcoholic fermentation with
low energy yield and associated decrease of productivity (Glenz et al. 2006; Ferner et al. 2012)
The intensity of flooding effect on wood anatomical structure of flooded trees is influencedyb
parameters including flooding character (culmination, amount of transported debris), tree
tolerance to flooding (Glenz et al. 2006) and period of inundation (Copini et al. 2016). Ring-
porous broadleaves affected by flooding and long-lasting inundation often build tree-ringsith
characteristic anomf Z‘—e fef—‘e> —37"e¢1t TJ(ToOpini et <@ %2016). Typical features
include reduced vessel size, increased vessel density and scattering of vessels fe@arlywood to
latewood (St. George 2010; Wertz et al. 2013). Earlywood vessel development is stopped in
submerged part after less than 4 weeks of inundation, although process of lignification probably



continues also in hypoxic conditions. The vessel size reduction compared to referenceot(n
flooded) trees may exceed 50 % (Copini et al. 2016) resulting in significant drop in beyn
theoretical conductivity. If the inundation took place during cambial activity, higher frequency of
collapsed sickle shaped vessels occurs (Copini et al. 201B)ood rings occur only in roots and
submerged segments of the stem, and are absent in parts of tree which remained above the
culmination water level (St. George 2010; Kames et al. 2016; Copini et al. 201Blpod rings
were successfully used to identify former flood events (Wertz et al. 2013) as well as to date
paleofloods up to 350 years back (St. George 2010).

In addition, flooding often results in various types of mechanical damage tdem that
trees need to cope with during current and following growing seasons through adjustment of
wood anatomical structure. Most frequently occurring deformations after flooding include stem
scaring, stem tilting, stem base burial and root exposure (for review see Ballesterog ¢~ f ¢ 1 —
al. 2015). Significantly reduced size (up to 77 % comparing pre-event period) and increag
frequency of vessels (475 %) and parenchyma rays (115 %™ f+ ‘,¢1"" 11 wideusegment
of wood adjacent to flood scar inFraxinus excelsiofArbellay et al. 2010). Similar results were
reported also for other broadleaved species (Ballesteros et al. 2010). The occurrence of wood
anomalies restricted only to zone adjacent to scar may be interpreted as a compartmentalizati
of damage on tissue level - local preference of safety-strategy in close vignitf the scar, which
might be compensated by increased conductivity of xylem in more distal partsf tree-ring
(Sperry et al. 2008). Significant anatomical adjustments are limited only to the year of flooding,
indicating fast recovery of wood anatomical structure after flooding injury (Arbellay et al2010;
Ballesteros et al. 2010)

Floodplain sedimentation may bury stem bases, affecting tree growth and wood anatgm
through hypoxia in root layer (Copini et al. 2015) This results in modified wood anatomical
structure of buried part of stem, resembling wood anatomical structure of roots - this nialy
includes larger conduit dimensions, thinner conduit walls and (in case of ring-porous
broadleaves) scattering of vessels over entire earlywood and latewood (Friedman et al. 2005).
The sensitivity of individual trees to stem base burial probably differs beteen species, burial
depth and sediment properties. For instance, two North American species in xefriloodplain
immediately significantly responded to burials exceeding 30 cm in depth (Friedmast al. 2005);
contrary, no response of wood anatomical structure ofQuercus roburwas observed after
experimental burial with 50 cm of sandy soil (Copini et al. 2015). In addition, lagged response of
wood anatomy for more than three years after the burial (Copini et al. 2015) represents another
pith-fall for analyzing response of wood anatomical structurgo stem burial. The response of
flooded trees to tilting from vertical position mainly includes reduction in conduit size and
reaction wood formation; decreased vessel size is often observed after root exposure due to
erosion (for additional information about the effect of tilting and root exposure on wood
anatomical structure see chapteg.3).



The effect of high groundwater level and low soil aeration is not limited only to years
with large flooding events, but negative effect of moisture on vessel size was docaemied using
correlation analysis over periods without flooding event in floodplains and wetlands with
permanently high water level(Kames et al. 2016). These correlations reveal negative effect of
precipitation, moisture and/or discharge on conduit size and tree-ring width (Polacek et al.
2006; Kames et al. 2016; Koprowski et a018), pointing out the limitation of tree growth and
xylem development through low soil aeration (Ferner et al. 2012). However, if the groundwater
level is artificially reduced below some critical threshold (e.g., due to river regulation), conduit
size tends to decrease and conduit density increase with increasing drought stress (Schume et al.
2004; Lageard and Drew 2008; Scharnweber et al. 2015).

3.3. Disturbances

According to Process-Event-Responséprinciple (Shroder 1980), trees respond to mechanical
damage affecting their growth through adjustment of wood anatomical structure or altering
speed of growth, which later may be used for dating purposes. Wood anatomical anomalies after
mechanical damage represent mechanisms, which trees use to mitigate the risk of malfunction of
tracheids and vessels under stress conditions (Sperry et al. 2008). Abrupt decrease in conduit
size partly compensated by increasing conduit number was often observed as a consequenf
mechanical damage to stem (Ballesteros et al. 2010; Arbellay et al. 2012a, 2013), which prevents
cavitation of large vessels or tracheids (Hacke et al. 2017). Abrupt decline after stem saag in
conduit size may reach almost 60 % comparing pre-damage tree-rings (Ballesterosagt 2010),
however, it often occurs only in the small part of stem circumference adjacent to wound
(Arbellay et al. 2012b) Formation of higher number of small conduits is probably driven by
restriction of polar auxin flow from crown to roots by ethylene synthetized in wound level,
which reduces the duration of enlarging phase of conduit development (Aloni 2007).

After stem tilting, trees form so-called feaction woodito regain vertical orientation of
stem (Groover 2016). Typical features of tension wood (reaction wood of angiosperms formed
on the upper side of inclined stem) is reduced vessel size and gelatinous layer insidessals and
fibers; contrary, compression wood (reaction wood of gymnosperms formed on loweride of
inclined stem) contains highly lignified thick cell-walls and high frequency of intercellular spaces
(Schweingruber 2007; Groover 2016) Gravitational forcing on cambium together with
redistribution of phytohormones around stem circumference are often believed to be drivers of
reaction wood formation and decreased conduit dimensions (Aloni 2007; Groover 2016).
Although reaction wood and conduits narrowing appear simultaneously after tilting, results of
experimental studies based on both trees f<e”<...S fet ("—ef” trrzda —ef@E&3" fo
2018) and seedlings (Gartner et al. 2003) reveal, that decreasing conduit dimension is not
causally linked to reaction wood formation andvice versa For instance, tilting of broadleaved
species—* urt ""fe —St “Tf"—«. fZ "fte—Z—e <o —feecte ™If "iVef_cted



vessel dimensions (Gartner et al. 2003)In addition, tilting s—fe¢ —* ¢*”f —Sfe vw! <ot —
tension wood formation restricted to upper part of stem, but reduction of vessel size along
whole stem circumference f<s”<...S fet ("—eF” trrza —efEL” fet "feZ trsz

Due to different function of conduits in roots (water conductivity) and stem (water
conductivity + mechanical support), their anatomical structure largely differs j”"—<¢%” trrya
Pallardy 2008; Crivellaro and Schweingruber 2015)Vessels and tracheids in roots are larger
and have thinner cell walls; moreover, diffuse vessel distribution dominates in roots a<of ring-
porous species (Hitz et al. 2008). Abrupt change in vessel size may be used to identify the year,
when the root was exposed from the soil due to geomorphological processes (e.g., mass-
movement, bank erosion). In addition, abruptness of wood anatomical adjustment might be used
to distinguish between gradual and abrupt (e.g., gradual soil erosion x mass-movemgnt
processes j"—e<1” tr.rQpposite process to root exhumation stem base burial may be also
used for dating geomorphological processes (e.g., accumulation of debris-flow material nearb
stem base) through analysis of wood anatomy adjustment (Friedman et al. 2005). For its
description see chapter3.2.

3.4. Forest fires

Forest fires affect tree growth and wood anatomy through burning lezges and wooden segments
of tree (Kames et al. 2011; Arbellay et al. 2014) and through excessive heating of the bamim
(Bigio et al. 2010) In both cases, response of coniferous and ring-porous species usually
includes reduction of conduit size and increased conduit density in order to increase hydraell
safety at the expense of reduction of hydraulic efficiency (Sperry et al. 2008; Arbellay et al.
2014). The wood anatomical response may occur in the year of forest fire or during subsequent
years, depending on the timing of fire during growing season. If the fire affisctree growth
during cambial activity, newly formed vessels are smaller and thyloses tend to appear insidé
previously developed vessels, suggesting vessel occlusion as another safety mechamiticing
risk of cavitation (Bigio et al. 2010) The reduction in vessel size in subsequent years after forest
fire may be linked to (i) lower amount of stored carbohydrates from year to year due to canopy
destruction, or (ii) indirect effect of changing microclimate after large scale land-cover change
due to forest fire (Kames et al. 2011). Wood anatomical anomalies persist for long tinfe 8
years) in coniferous species (Arbellay et al. 2014), but are mostly limited to singleeg-ring in
broadleaves (Bigio et al. 2010; Kames et al. 2016).

Fire events cannot be dated using dendrochronological and wood anatomical methods
with sub-annual precision due to effect of delayed cambial death (Bigio et al. 2010), i.e.
observed lagged termination of cambial activity and onset of callus tissue formatian heated
part of stem. The lag between fire and cambial death is highly tree-dependent and probaldy
related to bark water content in the time of forest fire (Bigio et al. 2010). As a result,osd
anatomical anomaly cannot be used as indication of forest fire precise timing.



3.5. Biotic disturbances

Biotic disturbances affect wood anatomical structure of infested trees through defoliation and
associated reduction in amount of carbohydrates and phytohormones available for cambial
activity. Pseudotsuga menziensproduces tree-rings with reduced diameter and wall thickness
of latewood tracheids in periods ofChoristoneura occidentalioutbreaks; no wood anatomical
modifications occur in earlywood part of tree-rings due to specific timing of budworm
phenology (Axelson et al. 2014). Periodical outbreaks of cockchafer causing significant
defoliation of Quercussp. are apparent as tree-rings with abrupt transition between large
earlywood vessels (formed before bud opening from previous year storages) and extraordinarily
small or almost lacking latewood vessels (formed in the period, when tree investemhost of
energy into rebuilding leaves; Schweingruber 1995 Uniform anatomical structure composed
from tracheids may be distorted by traumatic resin ducts in some coniferous spesiafter attack
of stem-boring insects (McKay et al. 2003; DeRose et al. 2017); similarly, various chespecies
form intercellular canals producing rubber-like material after fungal attack (Schweingruber
1996). In addition, lower specific hydraulic conductivity of xylem was observed also inase of
severely browsed shrubs by herbivores (Pittermann et al. 2014).

3.6. Nitrogen fertilization

There is limited support on the effect of nitrogen deposition on long time series of quantitative
wood anatomical parameters of trees. However, metaanalysis of previously published studies
observed increasing conduit density but not increasing conduit size in geographical regionsth
high level of nitrogen deposition (Borghetti et al. 2016). This suggests that envirorental stress
related to nitrogen load and associated change in soil chemical composition "—a<f fet
Cienciala 2005) results in formation of safety-preferring small conduits, and imeased water
transport capacity is achieved through their increased number. Contrary, experimental studies
based on exposition of juvenile seedlings to high levels of nitrogen rather suggestreasing
conduit size with increasing nitrogen concentrations (Hacke et al. 2017). It isnportant to note,
that in Central Europe both direct and indirect effects of nitrogen divergently affect tree gwth
(Cienciala et al. 2018) directly, nitrogen acts as fertilizer stimulating growth (Laubhann et al.
2009), indirectly, it reduces tree vitality and growth through soil basic saturation depletion
"—aef fet <fe..ReEgonseralgrowth and wood anatomy to indirect effects of acid
deposition tends to be delayed due to soil neutralization capacity ‘Z74 t— fZ&a trswa & —.
et al. 2017) and thus it might not be properly captured in short term laboratory experiments.

3.7. Ontogenetic scaling of xylem conduits

Conduits dimensions tend to ontogenetically scale with increasing stem size due to phoai
constraints (Olson et al. 2014; Rosell et al. 2017) and changing polar flow of phytohormones,
mainly auxins (Aloni 2007). The idea of physical constraint on conduit size ibased on



assumption that resistance of water transport is increasing with increasing stem Ight, because
of increased area of water-wall friction. However, this must be compensated in tall plants to
maintain sufficient water transport through increasing conduit diameter (Rosell et al. @17). In
addition, the relative amount of auxins per number of cambial cells is lower at bottom partsf
tall stems, resulting in a slow cell differentiation and long phase of lumen expansion, leadito
small number of large conduits (Aloni2007). Hence, typical age-related trend in conduit
dimensions follows the trend in tree height (Carrer et al. 2015)

Ontogenetic scaling of conduit parameters represents a noise for extracting
environmental signal from quantitative wood anatomical time series, which should be
considered and removed using appropriate standardization approach (Carrer et al. 2015;

f".-AfezZte f- [fReledingxypical shape of age trend in conduit sizehe most
frequently applied functions for its estimation are smoothing splines f” .- AfezZtce feot
2008; Fonti et al. 2009; Matisons et al. 2015; Castagneri et al. 2017) or positive exponential
(Tumajer and Treml 2016, 2017). In case of short time wood anatomical series (<2@as),
linear trend approximation (Zhao 2015) or no detrending (Arbellay et al. 2014) are acceptable
as well.
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4. Material and Methods

4.1. Studied geographical processes

Individual papers included in this doctoral thesis focus on the effect of climatic variability
extreme hydroclimatic events (floods and droughts) and various types of disturbances on wood
anatomical structure of two native broadleaved species. We selected above listed environmental
factors to represent the most important drivers of tree growth and ecosystem dynamics in
lowland forests of Central Europe. For instance, climatic forcing is a dominant lirmg factor of
growth of trees at the edge of their species ecological amplitude (Fritts 1976) and important
driver of large-scale dieback of forests in specific regions of the world (Anderegg et al. 2016). In
addition, composition of floodplain forest ecosystems is adapted to periodic floodingnd
inundation, and thus alteration of discharge regime may affect vitality of individual trees and
species composition of forest stands (Thomas et al. 2002; Janik et al. 2008haffliy, mechanical
types of disturbances (including mass-movements and windstorms) are responsiblr the
largest damage to harvestable timber in managed forests in Europe, and due to climate change,
their effect is expected to further increase (Seidl et al. 2017).

Forest ecosystems over large parts of the Czech Republic (and temperate zone in

general) recently face increasing spring and summer drought stress ZZ %+ t— fZ& trsra ZzZee
fZ& trsva ’'<e'ec f— fZ& trswad "Zet<«Z f- fZ& trswa T3 %% 1— f:
is driven mainly by increasing trend of air temperature, which in the Czech Replib accounted
ratz 1 «d961%mean annual temperature) and which is the most pronounced in summer

"zet<Z t- fAthough {nsignificant trends in annual precipitation were observed in the
Czech Republic during the same period, their redistribution from spring/summer to winter
occurred during recent decades "zdik et al. 2009). This redistribution together with
decreasing amount of snow in winter ‘—‘'*~Z f— f Z &uttherxamplifies growing season
drought stress "eof f— fZ& trswa teA«tfe t— fZ4 trsx

In addition, discharge regimes of Central European rivers respond to climate change as
well (Middelkoop et al. 2001; Stahl et al. 2010). In case of the Elbe river and its tributaries, this
mainly includes increasing discharges in January and February and decreasdischarges in the
period from May to July (Bormann 2010) Due to its pluvio-nival discharge regime, flooding
events occur in the Elbe river floodplain mainly during spring (e.g., 1940, 1941, 1947 and 2006)
or July-August (e.g., 1954, 1981 and 2002) "z t<Z t— fZ& trrw

Finally, the response of forest stands to mass-movement damage is of a speci@rsific
and economical importance, because forests frequently reduce the risk of mass-movement
reactivation (surface stabilization) or protect settlements from energy of mass-movements
Zete fet "ftF..eVatiogxtypes of slides, rockfall and flows (typology according to
Varnes 1978) represent the most dangerous mechanisms of mass-movements in the Czech
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Republic 2”—,f fet fe..Z s{x{a& >,Z4 ¥—- fZ& trrDéferéhttypes of magZa trsy

movements occur preferentially in different regions of the Czech Republic - for instance, kball
occurs mainly in areas with highly weathered rocky outcrops, landslides in regionsith layered
geological structure (e.g., E Czech Republic), flows are characteristic for mountain g

2"—,f fet te...Z s{x{& Zsfe feot.LOdaly(e.g.yint Nk Czech Republic), the
risk of mass-movements was increased by human transformation of landscape (Burda et al.
2011).

4.2. Study areas and sampling design

We used different sampling strategies and analytical approaches to address interaction between
different geographical processes and wood anatomical structure of broadleaved=igure 1).
First, living trees were sampled to analyze the effect of climatic variability, floods and
groundwater level fluctuations on wood anatomical structure ofQuercus roburWe established
robust chronologies of quantitative wood anatomical parameters. Four of them were assembled
in periodically flooded floodplain segment T1Z<e<—11t ,> —*™ee 7 37eAe fof
Labem in central Czech Republic), where, recently, riparian forests also face increasing drought
stress "zet<«Z f- fZ& trrwa ’eAdditionalft@dichiroaslogies were gathered from
adjacent not-flooded river terrace slope to capture differences in climatic signal of floodin
limited and drought-limited sites.

Further site chronologiesof Quercus roburwere established in Zbytka Nature Reserve
and its surrounding, where forest ecosystems were previously influenced by overexploitatioof
artesian water aquifer in the bedrock ,1 E«‘~2 fe1 ‘77« ' TFharesnas abrupt decline of
groundwater level due to water pumping in the early 1980s (for more than 5 m in 5 yearsand,
later, abrupt rise of groundwater level (for 3 m) due to legal restriction on the amount of
pumped waterin the 1990s. Both groundwater level and amount of pumped water were directly
monitored using boreholes, and thus this study area represents ideal setting for analyzing
response of Quercus roburto variation in groundwater level. Locations of site chronologies
reflected depression of groundwater level and ranged from the site with most depressed level to
the site with limited effect of water pumping on groundwater level oscillation.

Moreover, we analyzed wood anatomical adjustment of tree€étula pendulg wounded
by the rockfall e+ f”,> ...fe—-Z%f tcetaA patiousStypds’ of nrass-mévements
naturally occur in NW part of the Czech Republic due to geologicahda morphological

I_T.

TEfetecocee 0 SSE "—es 8 ek fe WEZZ fo f—f = 2 fZ7 o3

coal mining (Burda et al. 2011, 2013; Tumajer and Burda 2013). Natural forest stands composed
mainly by early-successional species (e.detula pendulaPinus sylvestrisdevelop in abandoned
parts of mines, where forest stands are frequently influenced by mass-movements. In November
2013, we sampled cross-sections and wedge cuts from overgrowing scars originating during
single rockfall event in winter 2010-2011. We quantified i) the intensity of wood anatomical

12



adjustment nearby wound margin and in more distal parts of the tree-ring and )iispeed of
recovery of wood anatomical anomaly during three subsequent growing seasons.

In addition to sampling living trees influenced by various geographical process, we
established experimental plot in NW Czech Republic, where we simulated deformations of tree
stems caused by disturbances (mass-movements, floods and windstormsgle®ted treatments
included stem tilting, decapitation, root exposure, stem base burial with soil and stemasting.
Experimental species wasBetula pendula Cambial activity of treated trees was monitored for
three years after the treatment. Later, trees were cut down to quantify the effect of treatments
on wood anatomical structure and function. Experimental approach in the study of wood
anatomical response to disturbances was motivated by high level of uncertainties (about fotes
stand structure and disturbance dynamic} in studies based on trees damaged by natural
disturbances without knowledge about their precise dating.

4.3. Tree species

The response of wood anatomical structure to environmental conditions was studied for
Quercus roburand Betula pendula Quercussp. covers 7.8 % of forest stand area in the Czech
Republic (Forest Inventory CzechTerra 2015), mainly in lowlands below 400 m a.s.l. It prefers
sites with deep soil horizon and is adapted to periodical short-term inundation and soil water
saturation (Glenz et al. 2006). It is a slow-growing light-demanding tree and represents
dominant species in final successional stages of lowland foresBetula pendulacovers 2.8 % of
stand area in the Czech Republic (Forest Inventory CzechTerra 2015). It is light-demanding,
poor-soil-tolerant, early-successional species with fast juvenile growth, early maturity and shio
lifespan. It often represents initial woody species colonizing abandoned post-mimj or post-
agricultural areas.
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Figure 1: Overview of publications listed in this thesis with their basic description
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4.4. Sample processing

All samples were processed using modern approaches used in quantitative wood anatomy

i"—et” fet ...S™ice%”"—, 1" trsua 7 ‘with’'spedific stepa td lirscxease vessel
lumen-wall contrast, captue microimages and measure quantitative parameters of vessel
structure. The procedure differed betweenBetula pendulaand Quercus roburdue to their
contrasting wood anatomical structure (Crivellaro and Schweingruber 2015 andrigure 2).
Surface area of entire core was cut using CoreMicrotome j”—«f” fet <3~ 1" % $tdiredrsr
with black ink and covered with white chalk powder to fill large earlywood vessels of ring-
porous Quercus robur Large resolution EPSON scanner was later used to scan cores at
resolution of at least 1200 dpi. Contrary, small vessels of diffuse-porouBetula pendulaare
hardly visible macroscopically, and thus permanent microscopic sections had tee lprepared.
This included cutting thin section of wood (Ltr J3 using microtome, staining using Safranin
and AstraBlue solution, dehydration and fixation of the sample j”—<¢f” fet ...S™fce% " —
2013). Finally, microimages were captured using camera attached to microscope in 40x
magnification.

Figure 2: Wood anatomical structure of (ABetula pendulaand (B)Quercus robur
Blue triangles indicate positions of tree-ring boarders, yellow arrows point-oubne vessel. Scale-bars at right bottom
corner of images indicate 0.5 mm

The measurement of vessel parameters was performed using software WinCell 2011Pro
T%oFe— eo—"—ete_o Differént stgdies included in this thesis were based on different
sets of quantitative wood anatomical parameters of tree-rings (seEigure 1). Average vessel

lumen area, total vessel lumen area and vessel density were provided as an output of WinCell

15



analysis; contrary, specific hydraulic conductivity was calculated according to salz et al. 2013
In addition, tree-ring widths were measured in case oQuercus roburon scanned images using
WinDendro 2009b £ %o ¥ * —ruments Inc. 2011).

Thorough cross-dating of all series was the first step of data processirBecause wood
anatomical parameters are not reliable for cross-dating purposes f” .- AsfoezZ7%tce t— ,fZ&a trs;
we based cross-dating on measured tree-ring widths. Coherence of cross-dated series was
further verified using time series of vessel parameters. Because both tree-ring widths r{fEs
1976) and quantitative vessel parameters (Carrer et al. 2015) contain significant age trend,
series were standardized to remove age effect from time series. In case of long time serid
Quercus robuy negative exponential was used for standardization of tree-ring widths and
positive exponential for vessel parameters. Short time series of average vessel lumen aréa o
Betula pendulawere standardized linearly, or their trend in specific hydraulic conductivity was
approximated as linear in mixed effects-model. The quality of chronologies was quangifi using
commonly used coherency statistics (e.g., Rbar, EPS; Wigley et al. 1984). The existence of
subsamples with contrasting long-term trends in tree-ring width and vessel anatomical time
series of Quercus roburwas verified using modified Principal Component Gradient Analysis
(Buras et al. 2016).

Analysis of interaction between hydroclimatic conditions and growth or wood
anatomical structure of Quercus robur was based on bootstrapped-correlation analysis (Zang
and Biondi 2015); and the effect of extreme events (floods and droughts) was estimatading
pointer-years (Schweingruber 1996) Correlation analysis was based on site chronologies or so-
called fesponder chronologiesi(chronology based on subsample of trees with similar trend;
Buras et al. 2016). Contrary, modelling approach was used to quantify the effect of mechanical
damage on wood anatomical structureof Betula pendula In case of trees injured by natural
rockfall, the long-term trend in average vessel lumen area was predicted in pre-event period and
then extrapolated into post-event period. Subsequently, the deviance between predicted and
observed values of vessel lumen area was used to quantijythe intensity of wood anatomical
anomaly in different segments of the stem and ii) the speed of anatomical recovery in follmg
years. Between-tree and between-year variability in specific hydraulic conductivity of artifially
damaged trees was decomposed into components driven by ontogeny, climate and disturbance
using linear mixed-effects models (Zuur et al. 2009); and sensitivity of the adel to omitting
specific component was used to quantify its effect size.
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5. Author & contribution statement

The presented thesis is composed of four publications related to extraction of envirorental

signal from time series of vessel parameters iBetula pendulaand Quercus robur Their citation

and contribution statement are provided inTable 1.

Table 1: List of publications included in this thesis

Nr. Reference Jom:lr:nal contr_ib;ti)n |
(%)

1 Tumajer J., Treml V. (2016): For. Ecol. Manage. 379, 1B%4. 3.064 80

2  Tumajer J., Treml V. (2017): Trees-Struct. Funct. 31, 194857. 1.842 80

3 Tumajer J., Burda J., Treml V. (2015): IAWA J. 36, 286-299 0.403 70

4 Tumajer J., Treml V. (2018): Plant, Cell Environ. in rev 6.173 80

I confirm contribution of Jan Tumajer to papers listed inrable 1.
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6. Individual scientific papers

Chapter 6.1: Tumajer J., Treml V. (2016): Response of floodplain pedunculate oaRugercus
robur L.) tree-ring width and vessel anatomy to climatic trends and extreme
hydroclimatic events. Forest Ecology and Management 379, 185-194.

Chapter 6.2: Tumajer J., Treml V. (2017): Influence of artificial alteration of groundwater level
on vessel lumen area and tree-ring width oQuercus roburTrees-Structure and Function
31, 1945-1957.

Chapter 6.3: Tumajer J., Burda J., Treml V. (2015): Dating of rockfall events using vessel lumen
area inBetula pendulalAWA Journal 36, 286-299.

Chapter 6.4: Tumajer J., Treml V. (2018, in rev): Disentangling the effects of disturbances,
ontogeny and climate on xylem hydraulic conductivity oBetula pendula Plant, Cell &
Environment, in rev.

18



Forest Ecology and Management 379 (2016) 185194

Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.else vier.com/loc ate/foreco

Response of Boodplain pedunculate oak ( Quercus robur L.) tree-ring

CrossMark

width and vessel anatomy to climatic trends and extreme hydroclimatic

events

Jan Tumajer , Viclav Treml

Charles University in Prague, Faculty of Science, Department of Physical Geography and Geoecology, Albertov 6, 12843 Prague, Czech Republic

article info

abstract

Article history:

Received 17 May 2016

Received in revised form 4 August 2016
Accepted 6 August 2016

Keywords:

Climate change
Dendrochronology
Drought

Flood

Vessel lumen area
Wood anatomy

Increasing temperatures and recent changes in runoff regimes observed in Central Europe might alter the
growth and relative water uptake of Boodplain trees. To predict responses of Boodplain forests to climate
change, it is necessary to determine the climatic controls over tree growth and vessel anatomy. We anal-
ysed the responses of tree-ring width and earlywood vessel anatomical parameters (average vessel
lumen area, vessel density and total vessel lumen area) of pedunculate oak ( Quercus robur L.) growing
in a Boodplain to hydroclimatic conditions represented by temperature, the drought index (scPDSI), river
discharge, groundwater level, and occurrence of Boods and drought events. Site chronologies were
assembled for Boodplain and reference sites and, subsequently, correlated with time series of hydrocli-
matic conditions. Our results show that radial growth of Boodplain trees is particularly positively inBu-
enced by temperature during the growing season and during previous yearOs summer. By contrast, the
growth of reference trees is highly drought-limited. Earlywood average vessel lumen area chronologies
from both Boodplain and reference sites share a positive temperature signal from January to April.
However, the effect of water availability (indicated by the drought index) on vessel size is mostly
negative for Roodplain trees (with a maximum response to the autumn of the year preceding tree-ring
formation) and positive or non-signibcant for reference trees. Vessel density chronologies contain the
inverse environmental information as tree-ring width, however, with amplibed negative correlations
with current year temperatures at 3oodplain sites. Total vessel area is associated mostly with tempera-
ture in previous May and June. The drought index recorded exactly the same information in tree-rings as
did river discharges and groundwater levels. The results of both correlation and trend analysis evidence
that tree-ring width of Boodplain Q. robur unambiguously increases with increasing temperature; on the
other hand, droughts can become a serious problem affecting the productivity of reference trees growing
in more distal parts of the lowland. Vessel size of Q. robur growing outside the 3oodplain recently tends to
increase with increasing temperatures, making xylem more effective at water transport but also more
vulnerable to cavitation.

2016 Elsevier B.V. All rights reserved.

1. Introduction

Schneider et al.,, 2013) and observed (Middelkoop et al., 2001,
Bormann, 2010; Stahl et al., 2010 ) in the broader area of Central

Temperate Roodplain forests are ecosystems with a high level of
productivity and rapid nutrient turnover ( Kozlowski, 2002; Hughes
and Rood, 2003). Recently observed increasing frequency of
extreme hydroclimatic events, including Roods and droughts,
inBuences ecological parameters of Roodplain forests such as spe-
cies composition, productivity and relative water uptake of indi-
vidual trees ( You et al., 2015). Shifts in run-off regimes from
spring/summer to winter have been predicted ( Arnell, 1998;

Corresponding author.
E-mail address: tumajerj@natur.cuni.cz (J. Tumajer).

http://dx.doi.org/10.1016/j.foreco.2016.08.013
0378-1127/ 2016 Elsevier B.V. All rights reserved.
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Europe, resulting in more frequent droughts during the growing
season and winter/spring 3oods ( Lehner et al., 2006). This regime
shift, together with climatic trends, might have considerable eco-
logical consequences, including the loss or narrowing of riparian
forest bands, changes in their species composition and increasing
vulnerability to hydroclimatic events (  Thomas et al., 2002; Rood
et al., 2008). However, there is still lack of studies dealing with
the complex growth response of Roodplain trees to changes in
hydroclimatic variables.

Extreme Roods and associated long-lasting inundation affect
radial growth, apical growth and transpiration of trees through
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decreased photosynthetic activity or even defoliation (  Glenz et al.,
2006). Moreover, permanent soil water saturation and limited
availability of oxygen to roots also limits physiological processes
and tree growth ( Jackson et al., 2009; Rood et al., 2010) through
replacement of mitochondrial respiration by fermentative metabo-
lism with signibcantly lower energy yield (  Ferner et al., 2012).
Glenz et al., (2006) classibed factors affecting the growth response
of trees to Rooding into biotic (morphological and anatomical
adaptations and the development stage of the plant) and environ-
mental factors (Rooding duration, depth, timing, frequency and
water quality). Generally, Rooding tolerance is usually higher in
angiosperms than in gymnosperms, in adults compared to juve-
niles, in short compared to long periods of inundation and during
dormancy than during the growing season ( Glenz et al., 2006).
Moreover, the effect of the water culmination level is also impor-
tant for the extent of Rood-induced anatomical anomalies ( Copini
et al., 2016).

Floodplain tree species, and, in general, trees with shallow roots
located in the aerated zone of the soil proble, are well adapted to
high groundwater levels; however, they can be limited by a lack
of moisture in periods of very low river discharges during drought
events (Stella et al., 2013; Singer et al., 2013 ). Tree-ring width in
Quercus sp. growing in Boodplain areas with artibcially reduced
water availability (e.g., due to the construction of levZes) has
indeed been reported to positively correlate with moisture ( Gee
et al., 2014; Gater and Levanid), 2015). The direct response of tree
growth to climatic conditions is, however, often masked by
responses to frequent Boods, long-lasting inundation and excess
water availability ( Gee et al., 2014). Floods (Gee et al., 2014),
droughts ( Kozlowski, 2002 ) as well as shifts in river discharge sea-
sonality ( Rood et al., 2008) have also been observed to affect seed
dispersal and seedling germination, resulting in alterations of for-
est species composition and the intensity of competition.

Both tree growth and xylem conductivity can be studied retro-
spectively using dendrochronological methods. Tree-ring widths
(TRW) serve as one of proxies for estimating trunk biomass
growth. By detailed analysis of tree-ring width time series, it is
possible to identify the most important environmental factors that
limit growth ( Fritts, 1976; Schweinguber, 1996 ). Besides tree-ring
widths, vessel anatomy also records signals of past environmental
variability ( Fonti et al., 2010; Garc’a-Gonzflez et al., 2016 ). Annual
RBuctuations of vessel size and number are related to balancing
between hydraulic efbciency of the xylem and safety from cavita-
tion and embolism ( Hacke et al., 2006; Sperry et al., 2008 ). The lar-
ger the vessel, the more effective it is at water transport; however,
the risk of cavitation/embolism also increases with increasing ves-
sel diameter ( Tyree, 1997). ModiPcations to the size and number of
the vessels thus serve to ensure effective and safe xylem water
transport under varying external conditions and intensity of envi-
ronmental stress. Fluctuations in vessel anatomical parameters
(most commonly average size of earlywood vessel lumina) have
proven to be sensitive to climate conditions ( Garc’a-Gonztlez
and Eckstein, 2003; Fonti et al., 2007, 2013; Fonti and Garc’a-
Gonzilez, 2008; Eilmann et al., 2009; Galle et al., 2010; Abrantes
et al., 2013; Gea-lzquierdo et al., 2012 ), Boods and inundation
(St. George, 2010; Tardif et al., 2010; Ballesteros et al., 2010;
Wertz et al., 2013 ) or groundwater level changes ( Schume et al.,
2004). Most of the studies mentioned above focussed on ring-
porous species, in which the environmental signal is maximized
in time series of earlywood vessel properties ( Garc’a-Gonzflez
et al., 2016), though vessel parameters of diffuse-porous species
also contains environmental signal (e.g., Ballesteros et al., 2010;
Oladi et al., 2014; Schuldt et al., 2016 ).

Flooding-induced anomalies in TRW and vessel anatomy most
commonly observed in Roodplain ring-porous species such as
Quercus sp. and Fraxinus sp. are called OORood-ringsCs( George,

2010; Copini et al.,, 2016 ). Reduced average vessel lumen area,
increased vessel number and slightly reduced TRW are typical fea-
tures; moreover, vessels are usually spread randomly throughout
the tree-ring ( Wertz et al., 2013 ). This anomaly appears only in
Rooded part of the stem as a consequence of hypoxia ( Wertz
et al., 2013; Copini et al., 2016 ). Experimental study with Quercus
robur seedlings revealed signibcant reduction of vessel size after
two weeks of stem Rooding, being most signibcant if occurred dur-
ing bud swell or internode expansion period ( Copini et al., 2016).
Flood-rings occurrence was marginally inuenced by the duration
of inundation of seedlings ( Copini et al., 2016 ); however, as the
tolerance of trees to Rooding usually increases with age ( Glenz
et al., 2006) this effect should be considered when analysing
responses of mature trees. Moreover, OORood-ringsO have been
observed also in ring-porous broadleaves affected by low soil
aeration due to a high groundwater level (  Astrade and Begin, 1997).
In this study, we aimed to discern the response of radial growth
and earlywood vessel anatomy (average vessel lumen area, vessel
density and total vessel lumen area) of RBoodplain pedunculate
oak (Quercus robur L.) to local hydroclimatic conditions. We
hypothesized that growth of temperate Roodplain trees with sufp-
cient water saturation would record temperature signal because of
the absence of drought limitation. We also evaluated recent trends
in tree-ring width and wood anatomical chronologies in relation to
trends in water availability and temperature.

2. Material and methods
2.1. Study area

The study area is located in the Boodplain of the Czech section
of the Elbe river (East-Central Europe, Fig. 1). Average annual tem-
perature, precipitation and the river Elbe discharge are 8.5 C,
550 mm and 256 m s ! (M&in’k gauging station), respectively.
The climate is transitional between oceanic and continental, result-
ing in signibcant inter-seasonal variability in both temperature
and water availability (Fig. S1a). The river has a pluvio-nival runoff
regime with the highest discharges in late winter and early spring,
and minimum discharges in summer and autumn ( Bormann,
2010). The Roodplain sites lie on Rat terrain underlain by Buvial
sediments (predominantly sands and gravels) covered by Buvisols
(FAO, 2006). The RBuvial sediments underlying the sites reach sev-
eral tens of metres in depth, and the ground water level is high
(Rugigkovt and Zeman, 1994 ). Reference sites are situated outside
the Bood area, and their soils are represented mostly by cambisols
(FAO, 2006). The elevation of individual sites ranges from 195 to
215ma.s.l.

The study area experienced a temperature increase since the
second half of the 19th century ( Pi,oft et al., 2004 ). This trend
has become more pronounced since the 1980s, when the increase
in temperatures became faster (Fig. S1b); for example, 13 of
20 years with the highest temperature in the period 177592010
occurred after 1980 ( Brfzdil et al., 2009 ). Mean annual tempera-
tures have been increasing on average by 0.28 C per decade since
1960, with a maximum increase in summer (0.4 C per decade) and
a minimum increase in autumn (0.07  C per decade) (Huth and
Pokorni, 2005; Brizdil et al., 2009 ).

In contrast to temperatures, there is no signibcant trend in pre-
cipitation and water availability over the last 50 years (Fig. S1cbe).
However, precipitation seasonality has been changing recently B
decreasing during spring/summer and increasing in winter
(Brfzdil et al., 2009 ). Due to warming, the number of days with
snow cover and average snow depth has decreased signibcantly,
especially in the lowlands and at mid-elevations, which has also
resulted in seasonality shifts in the Elbe runoff regime.  Bormann

20
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Fig. 1. Location of study sites.

(2010) reported increasing discharge in January and February and
decreasing discharge from May to July.

Besides the gradual component of climate change, extreme
hydroclimatic events (droughts and RBoods) occurred in the study
area throughout the 20th century, with a signibcant increase in
the frequency of droughts between 1990 and 2010. Brizdil et al.
(2015) identiPed the most extreme drought events in 1953,
1959, 1976, 1992, 2000, 2003 and 2007 for the area of Czech
Republic. Since 1920, Roods with discharges greater than Q5
occurred in spring (March and April) in 1940, 1941, 1947 and
2006, and summer/autumn Rooding events (July and August)
occurred in 1954, 1981 and 2002 ( Brizdil et al., 2005 ).

In the study area, the phase of bud break (opening) of Q. robur
starts around 20th April, and all leaves start to develop around
7th May. Leaf yellowing starts during the second half of September,
and leaf fall begins by mid-November. The in-leaf period thus lasts
an average of 210 days (Htjkovt et al., 2012).

2.2. Fieldwork and sample processing

The Peldwork was conducted from March 2014 to October
2015. Samples were taken from 98 trees growing at four sites
located on the Roodplain and from 50 trees growing at two refer-
ence sites in the adjacent lowland not affected by Rooding
(Fig. 1, Table 1). All the sites on the Boodplain were located next
to the river banks. Canopy level individuals of Q. robur were
sampled.

One core was extracted from each stem at breast height using
an increment borer. The cores were stuck to wooden supports
and their surfaces were cut using a core microtome ( GSrtner and
Nievergelt, 2010 ). The contrast of vessel lumina and walls was
enhanced by applying black ink and white chalk on to the core
surface (GSrtner and Schweingruber, 2013 ). The cores were
scanned at the resolution of 3200 dpi and image contrast was
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Table 1
Characteristics of sampled stands.

Site Number of Mean DBH Height The oldest
trees age (cm) (m) measured tree-ring
UPO 23 103 62+9 305+05 1856
ROU1 24 90 62+ 6 30.0+0.8 1916
ROU2 27 147 74+13 29.2+0.9 1823
ZAL 24 97 56+7 24.0+1.4 1900
MYS(r) 28 150 53+11 27.7+05 1831
BYS(r) 22 95 48+ 4 235+05 1903

DBH D breast height diameter, DBH and height are indicated as mean + standard
deviation; (r) b reference site.

enhanced using ImageJ. Measurement of tree-ring widths was per-
formed in WinDendro 2009 (tree-ring borders were determined
visually) and, subsequently, earlywood vessel anatomical parame-
ters were measured using the software WinCell 2011 Pro ( RZgent
Instruments, 2011 ). All vessels larger than 6000 | m? were mea-
sured and used to calculate average vessel lumen area (VLA), vessel
density (VD) and total vessel lumen area (TVA) of each tree-ring of
each sample. The selected threshold size of measured vessels
roughly corresponds to the lower size limit of earlywood vessels

in mature tree-rings of Q. robur (Matisons et al., 2013 ), and there
is low systematic error in the scanning procedure for larger vessels
(Fonti et al., 2009 ). The selected threshold is only an estimate of the
minimum size limit of earlywood vessels of Q. robur; however, the
minimum-size threshold is a commonly accepted approach to
debning earlywood in ring-porous species because environmental
signal of the smallest vessels is usually weak ( Garc'a-Gonzitlez
et al., 2016). The automatic detection and bltering of earlywood
vessels was checked by the operator; however, manual modibca-
tions were seldom necessary, for example, due to diffuse transition
between earlywood and latewood in juvenile tree-rings or due to
cracks in the wood.
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Average vessel lumen area as the simple quantitative anatomi-
cal parameter was measured for several reasons. It, for example,
ensures comparability of our results with the Pndings of most
other studies, provides acceptable within-tree correlation
(Kniesel et al., 2015), provides a uniform and easily extractable
age trend (Carrer et al.,, 2015), and there is a straightforward
connection between variability in VLA and environmental forcing
(Tyree and Sperry, 1989; Hacke et al., 2006 ). Total vessel area
(i.e., the sum of all earlywood vessel lumen areas in the tree-
ring) is usually highly correlated with earlywood width, which in
most ring-porous species contains environmental signal of the pre-
vious growing season ( Kniesel et al., 2015). Vessel density was
debned as the total number of earlywood vessels divided by the
total area of the tree-ring ( Stojnic et al., 2013; Kniesel et al.,
2015), thus making this parameter signibcantly correlated with
TRW (and especially latewood width). Although we are aware that
it would be more appropriate to include the total area of earlywood
in the calculation, the exact determination of the earlywood-
latewood boundary in ring-porous species is affected by uncer-
tainty related to its subjective detection ( Garc’a-Gonzflez et al.,
2016).

2.3. Data analysis

Visual cross-dating of raw series was performed for all types of
proxies under investigation. However, because common signal in
vessel anatomy time series is usually weaker than in TRW
(Garc’a-Gonztlez et al., 2016), and because trees on average had
wide tree-rings ( Table 2) with no missing rings or any other
anomalies in tree-ring series, cross-dating based on TRW was pri-
oritized. Since there is a signibcant age trend in vessel time series
caused mainly by apical growth ( Anfodillo et al., 2013; Carrer et al.,
2015), we removed this trend from each series in a two-step pro-
cess. First, we adjusted heteroscedasticity by applying an adaptive
power transformation ( Cook and Peters, 1997). Then, we standard-
ized our time series by computing ratios between observed growth
curves and expected growth curves (i.e. the process called
O0Odetrending(rritts, 1976 ). Detrending was performed by btting
a regression curve, the shape of which is in line with ontogenetic
trends in specibc types of time series ( Carrer et al., 2015). In case
of VLA, positive exponential was used. The regression curve was
dePned as:

VLAY;Ap e® Year &

where A, B and C are parameters and Year is the calendar year. VD
and TVA contained the least signibcant age trend, so linear detrend-
ing was preferred. A similar approach was used also in case of TRW
series, which were detrended using a negative exponential function.
Most of series were signibcantly autocorrelated (substantially more
than climatic time series), the brst-order autocorrelation was thus
removed using autoregressive modelling ( Cook and Kairiukstis,
1990).

Finally, average chronologies of all types of series were
computed for each reference and Roodplain site. The common sig-
nal retained in the chronologies was estimated using expressed
population signal (EPS; Wigley et al., 1984 ) B a measure of the sim-
ilarity between a given tree-ring chronology and a hypothetical
chronology that had been inbnitely replicated from the individual
radi ® and mean inter-series correlation (Rbar; Cook and
Kairiukstis, 1990 ). The period since 1933 was further used for
growth-climate analysis, where all chronologies exceed commonly
used EPS threshold 0.85 for TRW and lower threshold 0.70 for
vessel anatomical parameters. The lower EPS threshold for
anatomical chronologies compared to TRW was applied because
other studies have already emphasized naturally lower values of
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Table 2

Basic statistics of individual raw site series and chronologies for the period 1933D2012.

Vessel density Total vessel area

Vessel lumen area

Tree-ring width

Site

AC1Y

AC1Y

AC1Y

AC1Y

Rbar

EPS

Mean

Rbar

EPS

Mean

Rbar

EPS

Mean

Rbar

EPS

Mean

Mean
sensV

(mm2)?
0.96
0.97
0.99
1.09
067

Mean
¥}
sens.

(mm 2)?
2.23
2.92
217
2.21
3.16
281

Mean
sensV

(1031 m?)Y

Mean
sens!

(10 Zmm)Y

304
275

0.35
0.29
0.43
0.22
0.37

0.19
0.18
0.16
0.19
0.15

0.24

0.10
0.23
0.15
0.12
0.16

0.20

0.72
0.87
0.82
0.76
0.84

0.25
0.24
0.35
0.23
0.38

0.48

0.22
0.21
0.21
0.21
0.21

0.20
0.33
0.19
0.17
0.25

0.85
0.92
0.87
0.82
0.90

0.34
0.42
0.20
0.30
0.25

0.40

0.17
0.12
0.14
0.18
0.11

0.12

0.07
0.15
0.16
0.10
0.17

0.10

0.76
0.81
0.83
0.79
0.85

51.7

0.65
0.70
0.61
0.66
0.52

0.63

0.20
0.21
0.25
0.25
0.23

0.31
0.41
0.26
0.29
0.41

0.91
0.94
0.90
0.90
0.95
0.96

UPO

51.7

ROU1

55.4

214
280
136

ROU2
ZAL

54.6
48.6

MYS(r)

0.44

0.84

0.73

0.51 0.28

0.91

0.71

48.0

0.25

0.56

222

BYS(r)

Cook and Kairiukstis, 1990 ), AC1 b brst order

EPS D expressed population signal (Wigley et al., 1984 ), Rbar-average correlation between individual series, Mean sensitivity  average year-to-year f3uctuation of time series (

autocorrelation.

Statistics derived from raw series are marked by asterisks. The remaining characteristics were derived from detrended series.
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Fig. 2. Site standard chronologies of tree-ring widths (a), vessel lumen area (b), vessel density (c), and total vessel area (d). Chronologies in Roodplain are blue, those in distant
zones of the lowland are red. Small squares represent pointer years. Vertical lines indicate drought (solid), spring Bood (dashed) and autumn 3ood (dotted) according to
Brizdil et al. (2005, 2015) . Note the different scales (variance) of different types of chronologies. (For interpretation of the references to colour in this bgure legend, the reader

is referred to the web version of this article.)

EPS as well as Rbar in vessel time series in comparison to TRW (e.g.,
Fonti and Garc'a-Gonztlez, 2008; Gea-lzquierdo et al., 2012;

Kniesel et al., 2015; Matisons et al., 2015; Garc’a-Gonztlez et al.,

2016).

Similarities in medium-frequency variability were visualized
using a 20-year smoothing spline, which was further used to
describe general trends in chronologies of different sites. Further,
breakpoints in linear trends of standard chronologies (i.e., the
points where regression coefbcients change) were identibed using
the R package Ostrucchange@¢ileis et al., 2003) with minimum
segment length of 20 years.

All calculations were performed using the software ARSTAN
(adaptive power transformation, detrending of series, EPS and
other descriptive statistics of chronologies;  Cook, 1985), MYSTAT
(parametrization of VLA regression curves) and R (identibcation
of breakpoints, R Development Core Team, 2014).

2.4. Growth-climate relationship

As climatic data, we used monthly resolved temperatures (CRU
TS3.23; Jones and Harris, 2008) and the self-calibrated version of
the Palmer Drought Severity Index (scPDSI) (CRU TS3.21; van der
Schrier et al., 2006) with a common timespan 190192012. Data
on discharge of the river Elbe in the 0st’ nad Labem gauging station
and groundwater levels from the Kly measurement station (Czech
Hydrometeorological Institute) were also included in the growth-
climate analysis (both as monthly average). Time series of ground-
water level and river discharge were available for the year 1966
onwards. Therefore, growth-climate relationships were computed
for two periods, the full period in which tree-ring and CRU data
overlapped (1933D2012) and a shorter period for which all hydro-
climatic data were available (1966©2012). Bootstrapped correla-
tion coefpcients over the period from the May preceding the
tree-ring formation year to August of the ring formation year were
used to describe the growth-climate relationship (  Biondi and
Waikul, 2004 ). Besides the quantitative detection of the effect of
hydroclimatic variables on tree-rings, we also identibed pointer
years in all types of series and subsequently checked their synchro-
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nization with the occurrence of Roods and droughts in the study
area (Brfzdil et al., 2005, 2015 ). Pointer years were debned based
on the algorithm of Becker et al., (1994) as years when for at least
50% of the raw series at a site the difference from the previous tree-
ring exceeds a specibc threshold. Because the level of year-to-year
variability differed between the four types of series investigated,
the threshold was set to the mean sensitivity (average year-to-
year difference) of each type of raw time series.

3. Results

The oldest tree-ring measured at a Roodplain site dates back to
1823, and the oldest one measured at a reference site dates back to
1831. Tree-ring width and vessel density always contained
stronger common signal (expressed by EPS and Rbar) compared
to vessel lumen area and total vessel area. Inter-annual variance
expressed as mean sensitivity was also higher in TRW and VD than
in VLA and TVA (Table 2).

Inspection of TRW and pointer years in relation to Roods and
droughts ( Fig. 2a) revealed, that some reductions in tree-ring
widths of reference trees were related to drought years (1976,
2007). In the same drought years, Roodplain TRW chronologies
usually record a reduction of lower intensity (or no reduction)
compared to the reference chronologies. The most abrupt reduc-
tion in TRW of reference trees was observed in 1976, with signib-
cantly weaker response in Roodplain sites. However, there were
pointer years that were not associated with any kind of extreme
hydroclimatic event. On the other hand, there were also drought
or Bood years with no response in both Roodplain and reference
chronologies (e.g., 1941, 1959). Vessel-based chronologies
recorded a substantially lower number of pointer years compared
to TRW. Some reductions were not of sufbcient intensity in more
than 50% of series to be classibed as pointer years. For example,
VLA chronologies displayed abrupt reductions related to spring
Rood events (1940, 1947, 2006) or to autumn Rooding in the year
preceding tree-ring formation (1954) ( Fig.2b). These events,
however, usually appeared simultaneously in both reference and
Roodplain chronologies. Vessel density chronologies from
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reference sites responded positively to the 1976 drought, and
anomalies of lower intensity occurred also in 2000 ( Fig. 2c). Finally,
there are synchronized reductions of TVA chronologies in drought
years (1953, 2000), although not conbrmed by pointer years
(Fig. 2d).

Correlations between TRW chronologies and monthly mean
temperatures and the drought index revealed that Roodplain sites
contain stronger temperature signal in comparison to reference
sites, where drought signal prevails ( Fig. 3). A positive effect of
temperature on the growth of Roodplain trees is most signibcant
for previous October, for the months preceding the beginning of

the growing season (January-March) and the months of the brst
half of the growing season (May-July). Moreover, tree-ring width
at the UPO and ROUL1 sites is also signibcantly negatively related
to water availability during the growing season preceding the
ring-formation year. Both reference sites are positively correlated
with scPDSI from previous November onwards; moreover, growth
is negatively linked with high temperatures during previous
autumn at the BYS(r) site. The environmental signal in tree-ring
widths of the ZAL Roodplain site seems to be mixed, as it also
contains a positive response to water abundance (albeit weaker
compared to reference sites).

Fig. 3. Correlation coefbcients between site chronologies and monthly temperatures and drought index (scPDSI) for period from May preceding to tree-ring formation year

(pM) to August of the ring formation year.
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Fig. 4. Low-pass Ppltered tree-ring widths (a), vessel lumen area (b), vessel density (c) and total vessel area (d) chronologies of

Q. robur of four Boodplain (blue) and two

reference sites (red). The buffer indicates the max-min span of chronologies with dashed line representing average. Triangles represent trend breakpoints with size of the
triangle indicating synchronization of breakpoints amongst chronologies on Boodplain or reference sites into the same year. Note the different scales (variance) of different
types of chronologies. (For interpretation of the references to colour in this bPgure legend, the reader is referred to the web version of this article.)

Most site chronologies based on VLA of earlywood vessels are
positively correlated with temperature during the January-April
period of the tree-ring formation year ( Fig. 3). The chronology of
the ROU1 Roodplain site also positively correlates with tempera-
ture during the previous growing season as well as with tempera-
ture during summer months of the tree-ring formation year. Three
out of four Boodplain chronologies exhibit signibcant negative
correlations with scPDSI that are the strongest for months of the
previous year and become weaker or even non-signibcant for the
tree-ring formation year. The size of earlywood vessels in BYS(r)
site is, on the other hand, stimulated by water abundance during
previous yearOs autumn and early winter (October-December).

The pattern of correlations of VD chronologies appears to be
partly reversed compared to TRW. In other words, VD at Roodplain
sites is negatively related to temperature in the tree-ring formation
year (and partly also in the previous year), and negative signibcant
correlations occur between scPDSI and VD of reference sites and
ZAL Roodplain sites ( Fig. 3). However, the signal of previous yearOs
growing conditions is shifted from October in TRW to August in VD
chronologies. Furthermore, the effect of the tree-ring formation
year conditions is amplibed in VD (e.g., the temperature signal in
the March-August period for most of the Roodplain chronologies
is stronger than that in TRW).

Total vessel area chronologies signibcantly correlate with previ-
ous yearQOs conditions and almost lack signibPcant correlations with
current-year temperatures and scPDSI ( Fig. 3). In all Boodplain and
reference TVA chronologies, there is a common signal of previous
May and June. The correlation with previous August temperature
is negative at all sites (signibpcant for 2 of them). The UPO and
MYS(r) sites share a common negative response to scPDSI during
the previous growing season.

A comparison of correlation coefbcients of chronologies with
scPDSI and those based on river discharge or groundwater level for
the period 196602012 (Fig. S2) conbrmed that TRW of reference
sites is signibcantly inBuenced by scPDSI and not by the groundwa-
ter level orriver discharge (i.e., correlations with scPDSI are substan-
tially higher than correlations with hydrological data). The same is
true also for VD chronologies. For all Roodplain chronologies, and
for VLA and TVA chronologies of reference sites, correlations based
on groundwater level and river discharges revealed almost the same
kind of environmental information as scPDSI.

A comparison of smoothened TRW chronologies and trend
breakpoints revealed that Roodplain sites share a negative trend
approximately between 1955 and 1980, followed by a positive
trend since 1980 ( Fig. 4a). On the other hand, the reference TRW
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chronologies had limited long-term variability, with no common
trend in recent decades. Trends in VLA are less obvious compared
to TRW. An increasing trend is visible in Roodplain VLA chronolo-
gies since 1980 to the 2000s, when it became almost constant, and

in reference chronologies since 1980 to the present ( Fig. 4b). Vessel
density, again, copied the opposite trends of TRW, i.e., a positive
trend from the 1950s to the 1980s turned to be negative in the
most recent decades at Roodplain sites ( Fig. 4c). Total vessel area
at Boodplain sites had a negative trend in 195001975, then a stable
trend until 1995 and an increasing trend thereafter. The respective
chronologies for reference sites revealed an increasing trend since
the 1990s, although the trends and distribution of breakpoints in
TVA reference chronologies (MYS(r) and BYS(r)) apparently
differed ( Fig. 4d).

4. Discussion and conclusions
4.1. In uence of climate on growth and wood anatomy

The growth of Roodplain Q. robur is stimulated mainly by
temperatures during the growing season preceding the tree-ring
formation year and the spring and summer of the ring formation
year. Sejkovi and Poltkovi (2012) reported the same growth-
climate relationships for oaks growing at waterlogged sites in the
upper Elbe basin, suggesting that temperature forcing on to Q.
robur growth is common at sites with high water availability.
Latewood of Q. robur is produced mainly after leaf maturation
and is responsible for the majority of annual variability in TRW
(Saas-Klaassen et al., 2011; Gonztlez-Gonztlez et al., 2013). In con-
trast to latewood, inter-annual variability of earlywood width is
smaller ( Garc’a-Gonzflez and Eckstein, 2003; Kern et al., 2013;
Hafner et al., 2015). The effect of previous yearOs conditions on
Roodplain chronologies observed in this study can be attributed
to a signibcant correlation between earlywood width and latewood
width in the previous year in Q. robur (Garc’a-Gonzflez and
Eckstein, 2003). In contrast to Roodplain stands, trees growing in
the lowland outside the Roodplain, and thus at sites with deeper
groundwater levels, showed drought-limited radial growth.
Evidence for drought-limited growth of oaks has been reported
also from other areas in the broader region of Central Europe
(Cedro, 2007; Friedrichs et al., 2009; Scharnweber et al., 2011,
Kern et al., 2013).

While for TRW, we observed different responses to climate con-
ditions between the Boodplain and adjacent reference sites, most
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earlywood VLA chronologies share a positive temperature signal of
the period before and at the beginning of the growing season for
both Roodplain and reference localities. Other studies on ring-
porous broadleaves, not specibcally dealing with Roodplain stands,
also report late-winter and early-spring temperature signal in ear-
lywood VLA ( Fonti et al., 2007; Fonti and Garc’a-Gonztlez, 2008;
Eilmann et al., 2009; Matisons et al., 2015 ). Earlywood vessel size
depends on the duration of the enlargement period before the lig-
nibcation of the vessel secondary wall, which in ring-porous spe-
cies is further limited mainly by the time of the onset of cambial
activity ( PZrez-de-Lis et al., 2016). As the onset of cambial activity
is driven by temperature and the photoperiod, climatic conditions
during late winter and early spring become crucial for vessel size
parameters. Moreover, the onset of vessel enlargement starts in
Q. robur approximately one month before bud swelling ( Saas-
Klaassen et al., 2011; Gonztlez-Gonzflez et al., 2013; PZrez-de-
Lis et al., 2016). Hence, earlywood vessel development takes place
mainly during the period with limited crown production of phyto-
hormones and assimilates necessary for the regulation of xylogen-
esis, during which trees use previous year storage ( BrZda and
Granier, 1996) and phytohormones produced in situ ( Aloni,
2007), resulting in the retainment of the signal of the previous
growing season in VLA chronologies.

We found the difference in response of VLA to water availability
between reference and Roodplain sites. Excessive water amounts
limit vessel size in Roodplain trees (with the strongest inBuence
during previous growing season) which can be linked with the
low amount of air available to roots of Roodplain trees, limiting
the efbciency of photosynthesis ( Ferner et al., 2012; Kniesel
et al., 2015). A positive response of VLA was observed at the BYS
(r) site, which is probably the driest site under investigation (e.g.,
growth is limited by high temperatures in the previous year),
and the lack of available water results in smaller vessels with a
low cavitation risk ( Tyree, 1997).

The formation of ring-porous earlywood vessels mainly from
previous yearOs storage, as described above, is in line with the
prevailing previous yearOs signal in chronologies of TVA. Positive
correlations with previous summer temperatures are common to
all site chronologies, making this parameter a good candidate
climate proxy that is not affected by site-specibc hydrological con-
ditions. Vessel density chronologies are proportional to TRW due to
the approach applied when calculating this parameter. However,
VD chronologies retain a stronger signal of current yearOs temper-
ature at Roodplain sites. These results suggest better performance
of VD compared to TRW in growth-climate analysis, as observed in
some diffuse-porous species ( Oladi et al., 2014).

4.2. Recent trends in growth and vessel anatomical series

Since the 1960s, the study area has experienced a temperature
increase and slightly decreasing growing season precipitation
(Huth and Pokorn¥, 2005; Brfzdil et al., 2009 ). While studied trees
in RBoodplain have been increasing their growth as a result of
warming, there was no distinct growth trend in reference trees,
probably due to an interplay between increasing temperatures
and increasing water demand and drought stress. We can thus con-
clude that unless the ground-water level in Roodplains drops
below a critical level, radial growth and productivity of Roodplain
Q. robur is favoured by the ongoing warming, which is not true for
lowland oaks growing outside the Roodplain.

Similarly to TRW, trends in chronologies of earlywood VLA and
TVA also re3ect growth-climate relationships and revealed a pre-
vailing increasing trend due to gradual warming since the 1980s
(VLA) or 1990s (TVA). Whereas at the reference sites, the increas-
ing trend in both vessel area proxies remained stationary until
recently, Roodplain VLA and TVA trends became stable in 2000s.

Frequent small Boods in the 2000s and 2010s, and the ensuing
higher saturation of the soil proble, might be responsible for the
detected recent stagnation of VLA and TVA chronologies in 3ood-
plain sites ( Brfzdil et al., 2005; Ka,ptrek, 2007; Danyhelka et al.,
2014). In fact, frequent or long-lasting high soil saturation was
observed to reduce vessel size (Astrade and Begin, 1997).

4.3. The in uence of droughts and oods on tree growth and vessel
anatomy

The relatively low effect of Roods on conduit size observed in
this study can be explained by the high Rood tolerance of Q. robur,
which is one of the highest among ring-porous species ( Glenz et al.,
2006). Q. robur is adapted to withstand high ground-water levels
mainly due to a high density of intercellular spaces, an ability to
form shallow adventitious roots, the presence of hypertrophied
lenticels, and specibc metabolic adaptations ( Glenz et al., 2006).
Although all spring Boods considered in this study (1940, 1941,
1947 and 2006) occurred during the key period of earlywood ves-
sel ontogenesis in Q. robur (Saas-Klaassen et al., 2011; PZrez-de-Lis
et al., 2016), i.e. March-April, the duration of inundation was prob-
ably too short to be recorded in earlywood VLA. For example, the
inundation during the most extreme recent Bood in July/August
2002 (Qk =100 years) lasted only 7D10 days ( Bougek, 2003). More-
over, the effect of Roods on tree growth and wood anatomy could
be also underestimated because of taking a core in a breast height,
as the strongest anatomical anomalies due to Rooding are usually
observed close to the stem base, i.e., in Booded parts of the stem
(St. George et al., 2002; Wertz et al., 2013; Copini et al., 2016 ).

As regards to single drought events, there were some differ-
ences in the response of reference and Roodplain TRW chronolo-
gies. In 1976, for example, there was a very strong and abrupt
TRW decrease in the reference chronology yet almost no signal
in Boodplain chronologies, which is a common negative pointer
year observed in different parts of Europe ( Bridge et al., 1996;
Fischer and Neuwirth, 2013; Matisons et al., 2013 ), especially at
low elevations ( Fejkovi and Koltry, 2009). This abrupt growth
reduction was caused by extremely dry late winter/early spring
followed by a hot summer, resulting in insufbcient water availabil-
ity during the growing season at low-elevated sites. However, our
results document that the effect of this drought was marginal in
Roodplain stands, i.e. at sites with high groundwater level.

4.4, Conclusions

Unlike lowland stands situated far from the river, which are
drought-limited, Boodplain Q. robur forests unambiguously benept
from the recent warming, which increases their radial growth.
Although earlywood vessel anatomy parameters (average vessel
lumen area and total vessel lumen area) share a temperature signal
common to Boodplain and reference sites, the response of average
vessel size to water availability is negative for trees growing in the
Roodplain and non-signibcant or positive for reference trees. A
reduction of tree-ring widths as a consequence of extreme drought
events (as in 1976) was observed in reference chronologies, but
Roodplain trees lack this kind of response, because of sufpcient
water availability. We did not observe any direct response in
growth and wood anatomy to 3ood events, indicating that this pro-
cess causes stress of a minor intensity in - Q. robur growing in 3ood-
plains of pluvio-nival rivers with short water stagnation following
a Bood event.
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