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Abstract

Forests are key biomes linked to biogeochemical cycles, important species reservoirs and
major ecosystem services providers. The observed global climate change in the 20th cen-
tury has the potential to deeply affect the conservation, functioning and structure of these
ecosystems. Expressed as rising average temperatures due to the increase in atmospheric
concentration of greenhouse gases such as carbon dioxide, nitrate oxide and methane, pol-
lutants which are mostly product of burning fuel for industrial activities. These long-term
changes will be heterogeneous in time and space throughout the globe. For northeastern
Germany, predictions indicate that summer temperature and winter precipitation will be at
a constant rise, whereas summer precipitation is expected to decrease, conditions will in-
crease the risk of drought conditions. The changes in long-term means will be accompanied
by increased frequency of weather extremes. The overall effect of climate change, both its
long- and short-term components and their interaction with forest growth is uncertain. Tree
species in the temperate forest are highly adapted to seasonal growth, active in late-spring
and summer when temperature thresholds activate primary and secondary growth as well as
leaf development, given sufficient water availability. During winter, they become dormant
as an strategy to decrease damage by freezing temperatures. These adaptations ultimately
determine species distributions as they occur along climate gradients within their ecological
optima. Thus climate change can have a significant effect on species distribution ranges
and more locally it can change species abundances. Trees being sessile organisms, possess
limited dispersal capacities and rely on their adaptation potential, both genetically through
selection over generations and through phenotypic plasticity (e.g. the capacity of adapting
to changing conditions within a lifetime).

Tree growth can be explored by dendrochronological methods, that is, by analyzing traits
of annual xylem bands as produced by the vascular cambium. These traits are width, wood
anatomical properties (e.g. cell wall thickness, lumen diameter), and isotopic composition.
Tree-rings are integrators of environmental conditions and indicators of vitality and produc-
tivity of trees and forests. Studying these traits allows to understand the effect of climate
on growth and physiological function over decadal to centennial scales in the past and by it
inform about future growth performance. However, environmental information is not triv-
ially extracted from tree-rings. Environmental signals in tree-rings are often the result of
complex interactions of lagged meteorological conditions and tree-scale characteristics such
as size, canopy status (i.e. social status), competition and stand density, among other fac-
tors. For this reason the monitoring of secondary growth as it unfolds, for example through



dendrometer monitoring (i.e. record of the stem-radial variations at intra-annual temporal
scales) and repeated sampling for the study of xylogenesis, is of major importance to under-
stand climate-growth relationships and bridge the gap between dendroecological analysis at
different ecological scales (from single trees to stands to populations). Therefore this thesis
contains contributions a) to the understanding of long-term climate shifts and its effect on
tree growth for species in the Central European temperate forests through dendrochronolog-
ical assessments and contributions b) to understanding intra-annual growth dynamics and
its relationship to meteorological conditions through the analysis of monitoring records.

In the retrospective analysis chapters (I-III), first an assessment was performed of the
climate-growth relationships of important species of these region which indicated that decid-
uous species’ growth (Fagus sylvatica, Quercus robur and Q. petreae) was influenced mostly
by summer water availability. For Pinus sylvestris was late spring temperature. Negative
correlations between winter temperatures and growth indices of deciduous species increased
over the last decades, possibly linked to less snow cover of the soil leading to root damage
causing growth reductions. Scots pine presented the opposite, as positive correlations with
winter temperatures became more frequent, indicating that this species’ growth rates might
benefit from an elongation of the vegetation period. Afterwards the effect of stand char-
acteristics in the climate response was explored. The climate signal of solitary oak trees
growing in northeastern Germany was compared to oaks in closed stands. Solitary trees
expressed higher growth rates and drought signals, which endanger its conservation as dry
conditions are expected to increase in the region. As in the temperate forest crowding ef-
fects are variable throughout a tree’s lifetime, as well as other limiting factors (e.g. climate),
we subsequently developed a methodology based on analysis of individual tree-ring series
rather than chronologies (site means) to disentangle these effects on heterogeneous samples
and quantify them. By sampling all present crown classes in a site near Rostock (Ger-
many), we found beech was mostly affected by water availability in the previous summer
and this effect was well represented throughout the population. For oak the main climatic
driver of growth was previous October temperature with a low representation throughout
the obtained sample. For beech, the main trait governing the variability around the response
to the main climate driver of growth was cambial age, and for oak was crown-projection/size.

On the prospective analysis chapters (IV-VI), monitoring datasets from the years 2013-
2019 were used for the analysis of meteorological forcing of dendrometer series, the effect
of a multi-year drought event and for the development of a method to combine continuous
dendrometer records with discrete histological observations from xylogenesis analysis. The
analysis of meteorological forcing on stem-radial variations indicated all observed species
(beech, oak, hornbeam in this case) respond similarly to atmospheric water content whereas
the growth phenology displayed contrasting species differences. These findings indicate high-
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frequency variations in stem dynamics are similar between species as it reflects transpiration
and water transport in the stem, whereas the timing of growth reflects life strategies and
wood anatomical adaptations. Next we evaluated the effect of the consecutive drought years
2018-2019 using dendrometer data (beech, oak, hornbeam and sycamore maple). The incre-
ment levels after the onset of drought in 2018 were not reduced for the observed individuals,
whereas in 2019 all species showed decreased growth levels, particularly beech. Most likely
the water moisture reservoirs were adequately filled in winter and spring before summer
2018, which lead to increased buffer capacity to withstand the harsh conditions for radial
growth. However in winter, and the spring before the summer of 2019, there was not suffi-
cient precipitation which lead to less resistance to the second bought of the drought event.
This illustrates the complex lagged meteorological effect on radial growth, which is easily
obscured in retrospective dendroecological analysis and emphasizes the pivotal role of soil
moisture and soil water storage in tree-growth analysis. As a final contribution, while rec-
ognizing the importance of prospective growth monitoring, we developed a software tool to
visualize and combine dendrometer stem-radial variations with images of histological events,
such as those obtained by microcores for xylogenesis analysis. Growth signals in dendrom-
eters are often of smaller magnitude than variations related to stem-water dynamics. By
comparing them with histological images of wood-formation it is possible to accurately as-
sign growth phases to dendrometer series and optimize their assessment. The advancement
in methodological approaches to study intra-annual tree growth data is of major importance
in the context of permanent ecological monitoring plots and its role in the assessment of the
consequences of climate change on forest growth and conservation.

Overall the findings of this thesis indicate that climate change impacts in the temperate
forest of Central Europe will be and have been varied depending on the species considered
with stand, site and tree-level conditions strongly modulating its consequences and even
direction. Deciduous species, particularly beech, will be at risk due to decreased water
availability during summer for which beech shows a high sensitivity. While oak seems to
be less prone to drought related growth reductions and it is plausible to consider changes
in dominance towards drier sites, it is still at risk if vulnerability thresholds are crossed.
Scots pine appears to be favored by the increased temperatures during late winter, although
these are naturally found on poor sites or sites either too dry or too wet for other dominant
deciduous species to establish. Nevertheless, Scots pine has been planted on a variety of site
conditions and especially in northeastern Germany is among the most widespread and eco-
nomically important forest trees. Furthermore, the individual variability we have found in
climate responses indicates that heterogeneous stands contain resilient sub-populations that
could guarantee survivorship of the species after stark changes in climate means. However,
it appears that strong enough stressors such as hotter droughts can trigger wide ecosystem
changes with more efficiency than shifts in climate means. Due to this intra-annual growth
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monitoring is particularly relevant to foretell ecosystem changes and to understand the com-
plex relationships found in climate-growth analysis performed in dendroecological studies,
as it permits to mechanistically understand how conditions outside the tree-ring formation
period affects wood formation.
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Introduction

Climate change is one of the most important challenges to society in modern times. Since
the start of instrumental weather recording, we arguably are for the first time evidencing
a large-scale, global-wide shift in climate trends with wide repercussions to ecosystem
functioning and biodiversity. Although historically mankind has probably experienced
shifts in long-term climate trends, for the first time we can observe large-scale climatic
change as it unfolds, aided by technological advancements that influence our capacity to
record environmental changes at fine temporal and spatial scales.

As it is well known by the time of publication of this dissertation, anthropogenic climate
change has caused a rise of 1.0°C (± 0.4°C) over the second half of the 20th Century
and until today, with a high likelihood to increase further up to 1.5°C in average until
year 2030 (Masson-Delmotte et al., 2018). A steady increase in atmospheric greenhouse
gas concentration is believed to be behind the key drivers of the global warming trend,
specially carbon dioxide (CO2), but also by accompanying increments in methane (CH4)
and nitrogen oxide (N2O), all of which are a result of industrial and agricultural activity
as well as land use changes (Pachauri et al., 2015). The climate shift is mostly reflected in
rising global average temperatures, however, locally regions will present different predicted
seasonal trends. In the case of northwestern Germany, temperature is expected to increase
in summer and winter whereas precipitation will increase mostly in winter (Pachauri et al.,
2015). As a side effect of shifted averages in climate, the variability of weather is expected
to increase as well, with more frequent heat-waves. A schematization of the increase in
weather variability due to higher temperatures is found in Figure 1. Included herein is the
expected higher frequency of drought occurrence, and particularly the so called "hotter
droughts" or "global change type droughts", which are characterized by being longer in
duration and combining high temperatures with low precipitation (Adams et al., 2009;
Allen et al., 2015).

These changes in climate can affect plant growth. The increase of greenhouse gases alone
can alter it, since CO2 can provide a fertilizing effect as a substrate in the photosynthetic
pathway and nitrogen is usually a limiting factor for forest growth (LeBauer and Treseder,
2008). The increase in nitrogen deposition has enhanced the productivity of forests
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in modern times (Scharnweber et al., 2019), although complex, negative impacts can
occur at the ecosystem level from an excess of nitrogen availability, such as acidification
and eutrophication which lead to changes in species composition and function (Greaver
et al., 2016). Nitrogen enhances the fertilizing capacity of elevated CO2 concentrations
until a certain optimum, after which less available elements necessary for growth become
limiting (Greaver et al., 2016; Maes et al., 2019). Adding to the complexity of the
effect of increased nitrogen depositions due to anthropogenic causes, climate conditions
interact strongly with its effect on plant growth (for instance, water stress reduces the
nitrogen assimilation potential of plants) (Greaver et al., 2016). Ecologically, the complex
interactions between increased concentration of greenhouse gasses and reactive nitrogen
in the atmosphere and the warming trends can cause shifts in distribution ranges, where
at the same times species can also genetically adapt to the new conditions (Parmesan, 2006).

There is still a large uncertainty on how forest ecosystems will be affected by these rapid
changes. Covering around 30% of the globe’s terrestrial surface, forests are an important
component of the global carbon cycle and their system properties are highly linked to
climate, where at each forest biome their relationship to ecosystem functioning differs in
strength and direction (Lorenz and Lal, 2010). Among these biomes, temperate forests
are an important type, they accumulate around 13.9% of the terrestrial carbon pool and
under current circumstances they are accounted as net carbon sinks making up for 13.8%
of the global carbon sink (Robinson, 2007). Their relevance in the global carbon cycle,
the biodiversity reservoirs that they represent and the ecosystem services they provide
underlie the importance to understand how environmental change affects these ecosystems
at different ecological scales, from individual organisms to populations and communities.

Rapid environmental change has the potential to alter the composition, distribution and
functioning of forests and a necessity to understand these complex relationships in order
to protect and maintain natural processes of forest ecosystems is called upon. Uncertainty
regardiing how these two components of climate change (changes in averages and more
frequent extremes) couple and might synergize is large, as trees being large lived species
with a highly plastic potential are inherently difficult to study, given the large observation
time required for changes in population dynamics and range shifts to become evident.
It is however considered that extreme events can trigger and speed up key changes in
ecosystems, such as vegetation shifts (Smith, 2011) and reductions in forest vitality with
varying severity ranging from partial crown dieback to increase in tree mortality rates
to wide-spread forest dieback Allen et al., 2015; Jump et al., 2017). Furthermore, pest
dispersion and the occurrence of severe wild fires will be also positively enforced due to the
increasing optimal conditions for such events to be triggered, increasing the propensity of
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Figure 1. Upper diagram displays historical observations of August average temperature
(purple line and polygons) from 1900 to 2019 and projected values for the period 2020 to
2100, according to model runs under the Shared Pathways Scenario number 3 (SPS3) under
high socioeconomic challenges for adaptation of emission control measures and moderate
challenges for the implementation of mitigation measures (O’Neill et al., 2014). Output
from the AWI-CM-1-1-MR climate simulation model for the locality of Eldena forest near
Greifswald (Semmler et al., 2018). Lower diagram displays the density distribution of the
values for the historical and projected period. Notice the change in means and the increase
of spread in the projected period, suggesting that frequency and severity of climate extremes
is expected to increase in the future.

deep changes in current forest ecosystems.
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Tree growth and climate change - insights from the past

Tree-rings are excellent integrators of environmental conditions during a tree’s lifetime
and represent an archive of growth variations that can extend to hundreds and even
thousands of years in the past (Schweingruber, 1988). Dendrochronology is a relatively
young science, developed around 100 years ago by A.E. Douglass, an astronomer who
conjectured and demonstrated that tree growth, climate and sun cycles were interacting
processes and the imprint of this dynamic could be found in tree-ring series (Rump, 2018).
From this moment on, a large body of knowledge started building around the information
encoded in tree-rings and their use as indicators of past environmental variability was
exploited. Climate reconstructions based on dendrochronology abound and are widely used
especially where seasonality is marked and thus ring production is usually regular (i.e.
boreal, temperate and semi-arid forest biomes around the globe). Climate reconstructions
at geographical ranges of boreal, temperate, alpine, arid and semi-arid ecosystems abound
and are paramount at understanding the variability of past climate (Fritts, 1976). The
base of our body of knowledge used currently to tackle important societal challenges, such
as climate-change modeling and paleoclimatology (e.g. temperate Europe and Europe wide
precipitation reconstructions) Cook et al., 2015; Scharnweber et al., 2019 is largely based
on insights provided from tree-ring studies (Wilmking et al., 2020).

As archives of past variability, the current trend in tree-ring science faces a shift towards
considering them not just a climate proxy but as organismic traits to study the ecology of
tree growth (Smith, 2008). Large dendrochronological networks and well planned sampling
designs can unravel the effect climate trends have on forest growth. Dendrochronological
data sets, well resolved at the decadal and centennial scales, are adequate to answer
questions related to modern climate change since they are indicators of tree vitality,
ontogenic development and its relation to the environment (Schweingruber, 1988). The
main driver of climate change, CO2 is theoretically expected to enhance tree growth from
a fertilizing effect in boreal and temperature mesic forests, in sites with sufficient water
availability (Silva et al., 2010). However, the net growth-promoting effect of CO2 can be
neutralized with warmer temperatures which increases tree transpiration rates, which has
led to a large amount of forest sites presenting negative growth trends in response (Huang
et al., 2007). Although historical growth rates were likely much lower in pre-industrial
and pre-historical forests, the reaction of forest ecosystems to environmental change de-
pends largely on site conditions and species involved (Bhuyan et al., 2017; Kint et al., 2012).

To empirically confirm and accurately predict forest-growth effects, local factors such
as species composition, stand structure, history and site (abiotic) factors need to be
accounted since they mold the relationship to large scale exogenous factors such as climate
(Schweingruber, 1988). Historical legacies of forest stands such as silvicultural management
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can also play a role in the growth response to current climate trends (Jump et al., 2017;
Mausolf et al., 2018). For this purpose dendrochronology can be applied to assess these
complex interactions and quantify their effects. Carefully curated data sets and sampling
designs can and have been used to study, at different ecological scales, tree-growth and
changing climate conditions.

The main procedure to extract the climatic signal, that is, the effect that climate has
on radial growth, in tree-ring series is based on the conceptual aggregate model of tree-ring
formation (Fritts, 1976). The model definition is,

Ri = Ai + Ci +D1i +D2i + Ei

where Ri is the tree-ring of a given i year, A is related to the age effect (the decrease in
ring-width with increasing tree age), C to climatic forcing, D1 to internal disturbances
such as tree diseases, D2 to stand wide disturbances such as silvicultural interventions and
E is the inherent error or non-atributtable variance.

Through an adequate sampling and detrending method, effects related to the model
components can be removed or retained from tree-ring series. Age-trends are usually
removed by fitting a curve that matches the decline in ring-width through time (e.g. a
negative exponential curve, or a smoothing spline fitted over time-windows) Cook and
Kairiukstis, 1990. In this way, low or high frequency signals in tree-ring series can be
retained. Since it is usually the stand history and the ontogenic development of the
tree in question what is contained in the low-frequency signals in tree-ring series, the
high-frequency signal is mostly related to climate and meteorological variability (Fritts,
1976). The extraction of either low- or high-frequency signals in tree-ring series comes at
the cost of loosing information, since detrending methods based on individual series can not
always clearly separate influences related to one or another factor. In spite of the caveats of
current methodology, tree growth integrates abiotic conditions sufficiently enough to obtain
useful insights on variability of growth that is related to climate, as shown by countless
studies (Babst et al., 2012; Tejedor et al., 2020).

With this conceptual approach it is possible to disentangle confounding effects on tree
growth and allows for their study. The characteristics of the obtained tree-ring series can
be then used to infer dynamics at different integrations scales, from single tree to stand and
further to regional and hemispherical scales (Carrer, 2011; Galván et al., 2014; Rozas, 2015;
Tejedor et al., 2020; Zang et al., 2014). Current insights provided by dendrochronological
studies on temperate forest performance indicate that the warming trend is having already
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noticeable impacts in the growth dynamics of its dominant trees, in forests all around the
world. By analyzing the synchronicity of growth, Tejedor et al., (2020), demonstrated that
within-population-synchrony, derived from the average correlation between tree-ring series
(or inter-series correlation, RBAR a time-series property), is decreasing in the majority
of studied sites corresponding to temperate forest biomes Cook and Kairiukstis, 1990. An
increase in synchrony would signify that conditions over broad geographical ranges are
becoming more determinant, as it would happen if climate is becoming more limiting.
Due to the properties of autocorrelation in space and time for ecological phenomena,
an increase in synchronicity of growth in a population can make them more at risk to
high-magnitude disturbances (i.e. if all components in an ecosystem are synchronized, the
impact of a negative disturbance would have more penetration throughout the population).
Some studies have concluded that growth rates of trees in the temperate forest are
increasing due to warmer temperatures (Fang et al., 2014; Kim et al., 2020; McMahon
et al., 2010; Pretzsch et al., 2014), although at smaller scales the impacts of climate change
will be diverse and some of them negative, as species show distinct growth responses to
environmental conditions depending on their location in their range distribution and are
affected by local site conditions (Cavin and Jump, 2017; Scharnweber et al., 2013).

In the temperate Central European forest, an increasing number of studies suggest
that changes in regional climatic trends are affecting tree growth. Large scale assessments
on the drivers of tree growth during the 20th and 21st century indicate that temperature
limitation is being displaced by atmospheric water demand, specially on boreal and
temperate forest biomes (Babst et al., 2019). In general, meteorological conditions affects
tree growth by mediating plant hydraulics in mainly two levels, in the leaves it impacts
photosynthetic rates and on the stem-root system the mobilization of photo-assimilates
(Babst et al., 2019). Warming without an increase in precipitation rates can cause
mortality by two intertwined mechanisms, namely hydraulic failure and carbon starvation
(Sevanto et al., 2014). However, responses to drought are highly variable between
individuals and further research is needed to accurately predict tree mortality in a fine spa-
tial and temporal resolution (Hartmann et al., 2018; Jump et al., 2017; Sevanto et al., 2014).

The climax species Fagus sylvatica L. (beech) is generally sensitive to changes in soil-
water budget and exhibits limitation by this factor, either from the previous or current
year of growth, throughout its distribution range although with variations on this gen-
eral pattern due to stand and site characteristics (Cavin and Jump, 2017; Dittmar et al.,
2003; Lebourgeois et al., 2005; Maaten-Theunissen et al., 2016; Scharnweber et al., 2011).
Beech responds also to drought trough mechanisms that include allocation of growth into
fine-rooths as an adaptive measure and as a trigger for mast seeding which favors fruit pro-
duction over radial growth (Hacket-Pain et al., 2018; Zimmermann et al., 2015). Recent
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evidence indicates a significant threat from global warming to beech growth throughout its
distribution range, with lower growth rates and an increasing water-availability limitation
in the lowlands (Dulamsuren et al., 2017; Hacket-Pain et al., 2016).

Another ecologically and economically important tree species in Central European
forests and handled in this dissertation is Quercus robur L. or pedunculate oak. It is
a widely studied species that is also at risk by increased drought events, presumably at
a lower level than beech (Rubio-Cuadrado et al., 2018; Scharnweber et al., 2013). It is
regarded as less drought-sensitive as beech due to its deep rooting system, which is able
to reach into groundwater when precipitation rates are low (Skiadaresis et al., 2019). The
occurrence of natural oak stands is limited to sites with too dry or poor nutrient conditions
for beech, as in stands where both species are present beech outcompetes oak and displaces
it (Leuschner and Ellenberg, 2017). Oak is an early successional, light-demanding species,
reason why it is hardly able to rejuvenate in closed canopy stands (Leuschner and Ellenberg,
2017). It has been found by several studies that pervasive drought effects affect oak growth
negatively specially in its core distribution range (Perkins et al., 2018; Scharnweber et al.,
2013). This species’ tree-ring anatomy corresponds to ring-porous (type 8) according to
Carlquist (2001), where earlywood vessels’ area is much larger than in latewood and their
density is higher in latewood. This represents an adaptation to circulate high volumes of
water in earlywood and maintaining conductance safety in latewood, although at lower
circulation rates. This adaptation is typical of decidious species, where seasonality is
marked (such as in temperate zones) and trees have a large leaf area.

Recent evidence implies that the growth of these and other species in the Central
European forest will be impacted by the projected climate trends, but most importantly by
drought events (Bauwe et al., 2016; Cavin and Jump, 2017; Scharnweber et al., 2011; Zang
et al., 2014). However, the majority of studies that rely on tree-rings to forecast future
vulnerability apply the traditional sampling method in dendrochronology, where dominant
or co-dominant trees are non-randomly selected with the goal of obtaining the largest
climate signal and make inferences on its relationship to population growth (Schweingruber,
1988). It has been shown that this approach can severely overestimate climate effects since
forests can be highly heterogeneous in crown classes and tree sizes/ages (Klesse et al.,
2018; Nehrbass-Ahles et al., 2014). For this reason there is also a necessity to adjust the
dendroecological methodology to capture the individual signals that arise throughout a
population, given that trees respond dynamically to climate and their response is constantly
been adjusted according to the phenotipic plasticity inherent of a species and its ontogenic
development (Carrer, 2011). The following Figure 2 illustrates the consequences of changes
in climate parameter’s mean and extreme events on forest ecosystem structure.
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Figure 2. Left diagram displays three scenarios for the response of tree growth to long-
term average changes in the mean of driving climate parameters. The distribution of the
correlation coefficients for a given climate variable in population X and Y are presented in
all diagrams on the left side. In panel a trees present heterogenic responses to a climate
variable on a given climate range (population X has a wide spread whereas Y has a narrower
response with a more left skewed distribution). Panel b displays how changes in means for
important climate drivers might lead to reduced growth and vitality for trees whose response
is outside the shifted climate range. The range of responses to climate allows for the species
to survive, as there is significant population variability. The net effect can result in a gradual
redistribution of species abundances and sub-populations, with the possibility of a switch in
the ecosystem state, which is represented on the right panel under "Changes in long-term
trends". Extreme events potentially can trigger these changes in an abrupt manner leading
to ecosystem changes in a more direct pathway, as is displayed in panel c on the left side and
under "Extreme events" on the right side. Figures modified from Pederson et al., (2020)
and Millar and Stephenson, (2015).

By applying an individual approach, Galván et al., (2014), analyzed the growth of Pinus
uncinata L. on a large geographical area with altitudinal and latitudinal gradients. The data
shows how the population response was highly coherent over the large latitudinal gradient
while the heterogeneity within the sites was high, which leads to a better understanding of
how future species distributions and performance will look like. Characteristics such as tree
size/age and management legacies can interact with the climatic response (Mausolf et al.,
2018; Mérian and Lebourgeois, 2011; Trouillier et al., 2019). Using an individual approach
and an unbiased sampling design in dendrochronology, more accurate inferences on the
ecology of a species can be obtained and the local dynamics of mixed size classes stands
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can be better understood. Furthermore, risk evaluations for sites under climate projections
can be enhanced through individual approaches.

As a consequence, it is necessary to locate the sources of heterogeneity found in the
climate response at the stand and population level to be able to derive better informed in-
terpretations of tree-ring studies and increase their applicability. Information on individual
variability of climate responses in a site can inform foresters on how to apply competent
management strategies which consider future weather variability. More importantly, tradi-
tional studies based on non-random sampling (only dominant, codominant trees) can not
inform of climate risks on sites with a high canopy variability, as the reaction of (possibly a
few) dominant trees which might not be abundant in a site, can not represent the reaction
of the whole forest (Klesse et al., 2018; Nehrbass-Ahles et al., 2014).
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Monitoring tree growth

Although tree-rings can teach us how past climate affected tree growth and by this have an
idea about what future changes will cause, observing tree growth as it unfolds is invaluable
to understand how forests are being impacted by current changes. Most importantly, it can
help unravel the information stored in the tree-ring archive.

The biological process behind tree-ring formation in dicots is called xylogenesis or wood
formation. This process accounts for the largest part of biomass production in forest ecosys-
tems and how it is affected by climatic change is a current research priority (Micco et al.,
2019). Xylogenesis is carried out in trees through a thin layer of meristematic cells called
the vascular cambium, which lies between phloem and xylem in the stem. A secondary
meristem, it is responsible for the thickening of the stem to support increments in mass
which make it possible for sessile long lived species (trees) to sustain large heights. Largely
dependent on intrinsic (phytohormones and transcription factors, resource availability and
cell physiology) as well as environmental factors (temperature and water availability for the
most part) (Kim et al., 2016). This tissue is well adapted to species-specific environmental
cues and the timing of its key events and its interaction with climate conditions builds
the basis for interpreting climate-growth relationships as obtained in retrospective analysis
(Micco et al., 2019).

The activity of the vascular cambium can be described in five phases which are 1) cell
division, 2) cell enlargement, 3) secondary cellular wall formation, 4) addition of lignine to
the secondary wall and 5) apoptosis or programmed cell death (Rathgeber et al., 2016). It
is during the occurrence of these phases that environmental conditions directly exert their
effect and are thus reflected in tree-ring traits. Conditions of weather outside this period
can have a carry-over effect, such as those related to soil-water capacity of early spring
(water-status at the beginning of xylogenesis or early-wood formation) and non-structural
carbohydrate balance (Gričar et al., 2019; Perez-de-Lis et al., 2017).

The xylogenesis process can be monitored either directly or indirectly. Since the process
takes places inside the tree stem, sequential histological sampling on single individuals is
applied by typical methods including the pinning technique (consisting of regularly wound-
ing the tree stem through the insertion of a sharp object and comparing retrospectively the
state of the tissue at the time of wounding) or micro-coring. The latter technique consists
of repeated sampling of short-cores trough a punching tool (Trephor, Rossi et al., 2006)
and further preparation in the laboratory of permanent thin-sections of the developing
ring. In Figure 3, a visual representation of the xylogenesis process in dendrometer series
and histological observations is presented.
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Figure 3. Dendrometer records of one individual oak (QROC, see Chapter VI) for the year
2016 with overimposed histological thin-sections obtained by regular microcoring. Stages of
xylogenesis: a) Cambial activation or onset of growth (black line), b) cell division (black
line) and enlargment (white line), earlywood vessels present, c) cell division and enlargement
still occuring (black and white lines, respectively) and lignin addition to the secondary
wall present (red line), d) mostly mature tree-ring (red line) with minor cell division and
enlargement (black and white lines, respectively).

Micro-coring provides a suitable alternative to empirically determine the timing and
growth rates of intra-annual wood and phloem production (Rossi et al., 2006). Xyloge-
nesis can be indirectly studied through the use of dendrometers, which are devices that
accurately measure stem-diameter variations during a vegetation period. Among these,
point-dendrometers offer the most accurate measuring capacity, as they can detect radial
displacement with a 0.01 mm precision and a time-resolution of 30 seconds (Drew and
Downes, 2009). High-resolution dendrometer monitoring is a useful tool to study radial
growth at the intra-annual scale, with the caveat that it integrates not only cell production
as it occurs in xylogenesis, but also phloem production which is known to also play a
yet vastly unexplored but crucial role in whole-tree vitality through carbon mobilization
and osmotic regulation in tissues, as well as the hydraulic balance of the stem (Sevanto
et al., 2014). Dendrometers have been used to assess the weather forcing of stem-dynamics
and provide estimates about the phenology of wood formation (e.g. King et al., 2013;
Maaten, 2013). Given the intrinsic differences in methodology between micro-coring and
dendrometer monitoring, there is a need to develop analytical tools that can allow for a
better calibration of stem-radial variation and cambial activity, so the signals contained in
them can be better understood.

Short-term responses of radial-growth to climate can be studied by the before mentioned
monitoring approaches. As these responses shape and form the basis of longitudinal growth-
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dynamics studies, it is of critical importance to characterize intra-annual dynamics and build
a basis to understand the effect of weather variability on growth. Analysis of intra-annual
dynamics on beech indicate that its vegetation period will extend under the predicted in-
creased temperatures and diminished precipitation scenario (Prislan et al., 2019), which
suggests that beech growth is highly plastic in relation to environmental changes. Thus
observing tree-growth at shorter time-scales can improve our understanding of the adap-
tation potential and plasticity limits of tree species under climate change. Furthermore,
intra-annual growth is highly dependent on leaf phenology and non-structural carbohydrate
(NSC) dynamics, with large species-specific differences (Michelot et al., 2012). In the Central
European temperate forest, Michelot et al., (2012), compared the xylogenesis, radial growth
monitored by dendrometers and the seasonal dynamics of NSC stem content of beech, oak
and pine. In their study it was found that oak’s radial growth precedes budbreak, since it
requires its large early-wood vessels to enable water transport to the leaves, process which
is highly dependent on NSC reserves from the previous growth season. Beech was found to
achieve its maximum growth rate after leaf production, thus indicating a high dependency
of photosynthesis for its radial growth (Michelot et al., 2012). Insights of this nature aid
in the correct interpretation of long-term signals contained in climate-growth relationships
and allow to understand the mechanistic relationships between tree-growth and environ-
ment. This is specially important for dendroecology in the temperate forests, where a large
proportion of sites are located under mesic conditions and limiting factors are dynamic and
produce complex interactions.

18



Study area

All study sites for all chapters except for the first one are located in northeastern Germany
around the cities of Greifswald, Rostock and near the Müritz national park. The study in
the first chapter was based on a network of study sites located around the Baltic coast.

In northeastern Germany, the topography throughout the region is mostly flat, with
light ondulations in the terrain indicating a glacial influence. The highest elevations
correspond to terminal morane formations, reaching up to 150 m above sea level. The
rest of the terrain is formed by young-morane formations, with a frequent occurrence
of sand outcrops. Coastal forests of these region are characterized by high groundwater
levels up to the range of 5 m depth. Yearly precipitation sums in the coastal Rostock
and Greifswald are at the level of 594 and 595 mm in average, respectively, and deeper
inland locations with slightly lower levels of 555 mm in Waren, Graal Müritz. Annual
temperature has an average of 8.87°C (SD ± 6.4) throughout the region (data obtained
from local weather stations near the sites, averaged from 1950-2019). No noticeable long
term trends are present in annual precipitation sums, although 2018 and 2019 present
a remarkable drop. Average yearly temperature shows an annual increase of 0.2°C since
the 1950’s (Mann-Kendall, significant at < 0.01). For the region, an increase in summer
temperature and winter precipitation is prognosed. Models indicate that in the highest-risk
scenario temperature of summer June-August mean could increase up to 5° C and 3° C in
the most optimistic scenario by 2100 (Van Oldenborgh et al., 2013). Precipitation from
October-March is expected to increase by 20-25 % in the worst case (RCP8.5) and between
15-20 % in the lowest risk scenario (RCP2.6) (Pachauri et al., 2015).

The study sites in Rostock and Greifswald are dominated by beech, oak and mixed
deciduous broadleaved species. Scots pine is another frequent species, which together with
oak it is present mostly because of its silvicultural potential, since under natural conditions
they tend to occupy rather marginal sites, either too dry or wet for beech to establish
(Leuschner and Ellenberg, 2017). In these forests, beech will colonize and outcompete all
other existing tree species on sites that are not too dry, nutrient poor or cold (Leuschner
and Ellenberg, 2017). The growth optimum of beech is located in the mountain belt,
although it reaches higher elevations in communities associated with Abies alba L. and
into the lowlands where it occurs together with thermophilic vegetation (Quercus spp.).
Beech forms floral associations, indicating soil nutrient status and type, with understory
vegetation such as Galium odoratum, Luzula luzuloides which indicate acidity, and Carex
spp. which indicate drier soils, for instance. Natural mixed beech-pedunculate oak forest
tend to occur where conditions are too acidic and dry for beech (Leuschner and Ellenberg,
2017). On the study sites, soils range from Parabraunerde, Sand-Gley and Podsol-Gley
from late glacial valleys and sand deposition areas, with loamy-sandy soils being the most
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widely represented. On ground moranes a deep loamy-sandy Gley and Pseudogley can
develop, with strong groundwater influence and potential to present watterloging. At
patches in the region with mineral sedimentary soil with high organic content ("Mudde")
and high groundwater influence, minerotrophic mires tend to develop.

The geographic coordinates of the study sites for Chapter II-VI within Germany are listed
below. The geographic coordinates for the sites in Chapter I are listed in the supplementary
material of that chapter and shown in the following Figure 4.

• Rostock City Forest (54°12’08.1"N, 12°15’50.1"E) - Chapter III

• Greifswald Eldena (54°04’25.3"N, 13°28’11.1"E) - Chapter IV-V-VI

• Vilm Island (54°19’39.1"N, 13°32’26.9"E) - Chapter V

• Nossentiner-Schwinze Heide (Müritz) (53°33’47.9"N, 12°18’05.9"E) - Chapter II

Figure 4. Location of the study sites where the samples and data were collected. Inlet
showing the location of the study sites in northeastern Germany.

20



Objectives - Thesis outline

The objectives of this dissertation are 1) to improve our understanding of the impact of
current and past trends in climate on the growth of tree species native to Central European
temperate forests, as well as the characterization of drivers of individual variability in the
climate response and 2) to improve our understanding of the effect of weather variability on
stem-radial variations and the compound effect of extreme weather events on intra-annual
growth, together with the creation of methodological advancements in its study. In Chap-
ter I to III contributions to knowledge on growth reactions to past climate variability are
found. Chapters IV to VI contain contributions to knowledge on highly temporally re-
solved (intra-annual) tree growth as derived from dendrometer and histological observations.

In Chapter I we set out to investigate on a retrospective basis, which have been
the most important climatic drivers of growth of representative species of the Central
European temperate forest including beech, oak (Quercus robur and Q. petreae) and Scots
pine (Pinus sylvestris) with a network of sites around the Baltic coast. Furthermore, we
focussed on the temporal stability of the driving effect of climatic variables on growth
and looked for the emergence of geographic patterns, where sites were grouped based on
the response pattern. We ensembled a large dendrochronological network covering the
surrounding areas of the Baltic coast, with sites in northeastern Germany, northern Poland,
Estonia, Latvia, Lithuania, south of Sweden, among others. The sites selected for analysis
as part of this network were sampled not only for the purpose of performing climatological
reconstructions, that is, in several sites sampling was applied typically over all the occuring
size classes. Climate-growth relationships were established for each site and species, where
it was found that Scots pine and the deciduous species have different drivers of growth.
Summer moisture has become more important for the growth of the deciduous species. In
the case of Scots pine, winter temperatures were found to be increasing in importance as
a driving factor of growth. To assess how climate trends are affecting tree growth, two
periods were selected for comparison (1943-1972 and 1973-2002) and the sites were then
spatially grouped based on similar behavior in climate-growth relationships. Sites in the
northeast part of the study area were grouped based on their stable response to the most
important climate drivers. In the southeast of the study area the sites were grouped based
on their unstable response to climate parameters, that is, these sites showed a change in
the driving strength of monthly parameters for the two selected periods. With this study
we contributed on the knowledge of how changes in climate trends are affecting tree growth
and how are these changes recorded in the tree-ring archive.

Having concluded this geographically large-scale approach to characterize long-term
climatic drivers of tree growth and their changes through time, in the following two chapters
the spatial scale is narrowed down and the focus lies on the drivers of variability in the
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climate response within a site/population. In Chapter II we characterized the difference in
the climate response between oaks growing in closed forest stands and free-standing solitary
oaks, such as those found as landmarks or field delimiters in the rural areas of northeastern
Germany. We found that solitary trees express a higher drought signal and higher growth
rates compared to trees in the closed stands. As suggested by dendroecological theory,
competition strongly modulates growth rates and the climatic signal in tree-ring series,
which is in line with this study’s findings. Since trees in dense stands are likely more
limited in their growth rates by canopy position, light and competition for resources, we
investigated how the climatic signal is expressed in solitary oaks in comparison to forest
trees. As expected, we found that solitary trees express a stronger climatic signal, likely
since their growth is better coupled to extrinsic metereological factors. This finding has
the direct consequence that such landmark trees are at greater risk to be damaged by
drought events. Furthermore these results have implications for historical tree-ring series,
as in medieval times it was not uncommon to have landscapes with free-standing trees
between mosaics of cropfields. The use of archeological material from trees growing in
similar conditions for climate reconstructions could overestimate the severity of historical
droughts.

Continuing on the exploration of single drivers of variability in the climate response,
Chapter III proposes a methodological approach through the use of linear mixed models to
investigate the sources of individuality in dendroecological studies, by assessing individual
growth responses in a forest site near the city of Rostock, Germany. Here we selected
several stands within this forest, both managed and unmanaged stands in equal parts
for beech and pedunculate oak. We established randomly located sampling plots within
the stands where all trees of the corresponding target species were sampled. We first
assessed the climate growth relationships by pooling all trees in species’ chronologies and
compared its response to individual trees’ response. As expected, the climate signal in the
(master) species chronology was typically higher than individual trees’ responses. We then
calculated how many trees in the samples do present a similar response as suggested by the
species chronologies. We found that some climate signals are largely overrepresented in the
climate-growth relationship of the species chronologies, and that some widely distributed
individual tree responses are not represented by the response of the species chronology.
For instance, the residual chronology of beech shows no correlation to April and May
temperature variables (minimum, average, and maximum), whereas a large proportion
of individual trees present significant negative correlations. Similarly, the individual oak
trees present significant associations of positive and negative sign between growth and
current year April and May temperatures and the drought index, signals not captured
by the climate response of the residual chronology. This indicates how the focus on the
residual chronology of a site can easily missrepresent the studied population. Furthermore,
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through the use of linear mixed models and ordination techniques, we characterized the
driving effect of intrinsic traits (such as size/age, management and competition status) in
the climate response of individual trees. This approach allows for the exploration of the
variability in climate sensitivity within a stand or a population and has applications in
sustainable forestry, as through its use it is possible to locate characteristics that influence
the response to climate. With the obtained insights management strategies can be designed
to adapt silviculture to changing environmental conditions.

In Chapter IV the weather-forcing and growth phenology of three broadleaved
species, representative of Central European temperate forests (beech, pedunculate oak
and hornbeam), are analyzed in a site located near Greifswald and the natural reserve
Vilm Island (Germany). The monitoring dataset includes the years 2013-2017. The
absolute growth rates observed during this period indicate beech, as confirmed by numerous
studies, displayed smaller increments in the driest year in the series, namely 2016. For all
tree species in the study the weather forcing analysis indicates intra-annual stem radial
variations are highly linked to water vapor pressure demand, as the hydric status of the
stem which is driven by the same factor. Although short-term weather fluctuations affected
intra-annual growth dynamics of these species similarly, annual increments as obtained
from tree-ring studies show contrasting differences in climate-growth relationships at least
for beech and oak (see Chapters one, two and three). Growth phenology or the timing of
growth and its duration, displayed species specific differences. Oak had the largest growth
duration and the earliest begin, as also suggested by wood-anatomical and phenological
studies elsewhere. Oak’s radial growth begins before leaf development, since the formation
of its large early-wood vessels is required to assure hydraulic safety during the vegetation
season as it is a ring-porous species. Beech and hornbeam had a shorter growth duration
and a later start of growth, both being species with ring-diffous wood anatomy they rely
on photoassimilates produced during the current vegetation period to start radial growth.

Having explored the general coupling between stem-radial variations and weather
conditions as well as species phenology at the intra-annual scale, Chapter V examines
the consequences on tree growth of extreme events associated to climate change, as in the
case of the so called "hotter droughts" or "global change type droughts". In the years 2018
and 2019 extraordinary dry conditions were had in the summer, which represent average
summer conditions by the year 2100 according to model predictions for future warming
trends. While the summers were extraordinarily dry for modern times, the precipitation
and temperature in winter of 2017-2018, (that is, December of 2017 and January and
February of 2018) was rather average, meaning that the soil water volume was replenished
after the warm and dry summer. Likely as a consequence of this, absolute growth rates
remained unaffected the year of the onset of the consecutive drought events, in 2018. In the
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winter of 2019 however, winter conditions were warmer, resembling conditions projected
for 2100. Without a proper recharge of soil moisture, all monitored trees displayed strongly
reduced growth rates in comparison to species averages for the years 2013-2017. Beech and
hornbeam displayed the largest growth reductions during 2019, whereas oak and sycamore
maple displayed smaller reductions. These results outline the importance of dendrometer
monitoring to study the impact of extreme events on forest growth as they can help
understand the complex interplay of species-specific growth dynamics, meteorological and
soil-moisture conditions. The results suggest extreme climate events are potental triggers
of ecosystem changes as they affect their components in a complex way, possibly with a
larger effect size as changes in long-term climate trends.

The importance of monitoring techniques in the study of climate change impacts
on forest growth has been highlighted in the previous two chapters. In Chapter VI a
methodological contribution on the combination of dendrometer readings and histological
analysis is made by the development of a software application in the widely used R
statistical programming environment (R Core Team, 2019). The software, called DevX,
allows through a simple user interface to combine both monitoring records digitally and
visualize them in the same time axis. A study case from a forest site near Greifswald
with beech, pedunculate oak and sycamore maple records is used to showcase the benefits
of the improved visualization. As both xylogenesis histological analysis and dendrometer
monitoring are methods to study the same biological process, namely secondary growth
of higher plants, their methodological constraints lie in their variable of observation.
Dendrometer monitoring registers also variations of phloem tissue and growth signals from
cambial activity are mostly overshadowed by variations caused by diurnal variations in
transpiration which lead to shrinkage and swelling of the tree stems. Regular histological
sampling by the means of micro-coring for example, allow for the observation of the event
at the point it occurs, namely inside the tree. Xylogenesis anaysis from regular microcore
sampling of the cambium is the most precise indicator of cambial activity and isolates the
observation of both phloem and xylem development, but does not provide information
on tree water status like dendrometers readings. By combining both methods we were
able to assign accurately wood development phases on stem-radial variation data, based
on histological observations. By doing this, it was evident the usual growth phenology
calculation methods for dendrometer data do not always provide accurate estimations
of the timing of events at the cellullar level and tree water status signals might be
interpreted as phenological events. Thus, the combination of the continuous dendrometer
data with discrete histological information adds value on the study of wood phenology and
intra-annual growth dynamics. For instance, the use of the combined visualization permits
to neatly separate hydraulic signals from wood formation phases, which allows to study the
influence of meteorological conditions on these processes and their ecological variability.
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Abstract
The role of future forests in global biogeochemical cycles will depend on how 
 different tree species respond to climate. Interpreting the response of forest growth 
to climate change requires an understanding of the temporal and spatial patterns of 
seasonal climatic influences on the growth of common tree species. We constructed 
a new network of 310 tree-ring width chronologies from three common tree species 
(Quercus robur, Pinus sylvestris and Fagus sylvatica) collected for different ecological, 
management and climate purposes in the south Baltic Sea region at the border of 
three bioclimatic zones (temperate continental, oceanic, southern boreal). The major 
climate factors (temperature, precipitation, drought) affecting tree growth at monthly 
and seasonal scales were identified. Our analysis documents that 20th century Scots 
pine and deciduous species growth is generally controlled by different climate param-
eters, and that summer moisture availability is increasingly important for the growth 
of deciduous species examined. We report changes in the influence of winter climate 
variables over the last decades, where a decreasing influence of late winter tempera-
ture on deciduous tree growth and an increasing influence of winter temperature 
on Scots pine growth was found. By comparing climate–growth responses for the 
1943–1972 and 1973–2002 periods and characterizing site-level growth response 
stability, a descriptive application of spatial segregation analysis distinguished sites 
with stable responses to dominant climate parameters (northeast of the study region), 
and sites that collectively showed unstable responses to winter climate (southeast of 
the study region). The findings presented here highlight the temporally unstable and 
nonuniform responses of tree growth to climate variability, and that there are geo-
graphical coherent regions where these changes are similar. Considering continued 
climate change in the future, our results provide important regional perspectives on 
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1  | INTRODUC TION

The productivity, composition and functional role of future forests 
in global biogeochemical cycles will depend on how different tree 
species respond to climate, competition with neighbours, and local 
environmental conditions. Climate limitations on forest ecosystems 
are thought to be greatest in high elevation and latitude environ-
ments and also in moisture-limited regions where extreme climate 
events, such as drought, can cause widespread forest mortality 
(Allen et al., 2010; Anderegg, Kane, & Anderegg, 2013). However, 
recent research documents considerable climate change effects 
on temperate forests where reduced timber yield (Lindner et al., 
2014), declining resilience (Cavin & Jump, 2017; Gilliam, 2016; Zang, 
Hartl-Meier, Dittmar, Rothe, & Menzel, 2014), reduced biodiver-
sity (Thom & Seidl, 2016) and increased disturbance activity (Millar 
& Stephenson, 2015; Senf & Seidl, 2018) have been attributed to 
warming temperatures and/or reduced moisture availability in the 
growing season.

Each of the last three decades has been successively warmer 
than any preceding decade since 1850, with 1983–2012 likely the 
warmest 30 year period in the last 1,400 years in the Northern 
Hemisphere (IPCC, 2014). Climate change effects on vegetation 
have been documented at annual and seasonal scales, with the most 
research directed at evaluating the effects of climate in summer 
months. However, climate warming is more pronounced in winter 
than summer at locations in the mid- to high-latitudes (Xia et al., 
2014), where changing winter precipitation patterns (spatial and 
temporal variability, type; Wu et al., 2019), extreme cold events (mag-
nitude and frequency; Kodra, Steinhaeuser, & Ganguly, 2011) and 
temperature (variability in extremes and mean) can independently 
and collectively influence patterns of vegetation growth and distri-
bution, especially in temperate mixed-wood forests (Kreyling, 2010; 
Kreyling & Henry, 2011). To better identify the effects of these cli-
matic changes on forest productivity, spatially explicit estimations 
of tree growth (i.e. radial tree-ring growth) responses to seasonal 
climate are required. Furthermore, analyses assessing the stationar-
ity of these climate–growth responses are necessary to determine 
changing climate effects on tree growth.

Recent research using broad-scale tree-ring networks have doc-
umented changing effects of seasonal climate on temperate and 
Northern Hemisphere forests (e.g. Babst et al., 2019). The advance-
ment of methods to integrate tree-ring measures into estimates of 
hemispherical forest productivity (e.g. Seftigen, Frank, Björklund, 

Babst, & Poulter, 2018), continental vegetation models (e.g. Klesse, 
Babst, et al., 2018) and future forest growth relies on the develop-
ment and evaluation of new tree-ring data networks (Babst et al., 
2018). Tree-ring networks can be used to characterize the spatial and 
temporal patterns in the relationship between tree growth and cli-
mate and improve our ability to model the impacts of future climate 
(Charney et al., 2016; Klesse, DeRose, et al., 2018), especially for 
temperate, complex forests that provide diverse ecosystem services. 
Given the uncertainty of future climate, an improved understanding 
of the influence of climate on tree growth in temperate forest eco-
systems is needed, especially for winter forest ecology, which has 
received comparatively less research attention (Weigel et al., 2018).

In this study we developed a multispecies network of tree-ring 
width data in the temperate oceanic and continental forests sur-
rounding the south Baltic Sea to assess climate–growth relation-
ships at a subcontinental scale. This region includes hemiboreal 
forests poleward of the study region but is primarily composed 
of temperate forest ecosystems. Incorporating existing and new 
tree-ring data, this network is compiled from site-level chronol-
ogies, aiming to reduce the individual tree variability that stems 
from microsite differences, within-population genetic variation and 
small-scale disturbances. With this composited dataset, we test the 
assumption that species-specific responses to climate influence 
tree-growth variability across this generally temperate region, and 
that this relation is further characterized by different genus-specific 
responses. The objectives of our study were: (a) to determine the 
broad species-specific response to climate variables, (b) to investi-
gate the dominant climate factors influencing the growth of common 
tree species in this region, (c) to explore the temporal stability of 
climate–growth relationships identified and (d) to assess the spatial 
pattern of climate–growth responses.

2  | MATERIAL S AND METHODS

2.1 | Study region

The south Baltic Sea region includes the postglacial lowland land-
scapes (~0−400 m above sea level [a.s.l.]) of Denmark, Sweden, 
Germany, Poland, Kaliningrad region of Russia, Lithuania, Latvia and 
Estonia surrounding the south Baltic Sea (within ~300 km), south 
of the gulfs of Bothnia and Finland and east of Skagerrak, lying 
between ~51–60°N and 9–28°E (Figure 1). Agricultural cropland, 
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managed and protected forests and peatland complexes typify the 
land cover types outside urban and settled areas. Both maritime and 
continental weather patterns modulate climate across the study re-
gion set between the continental interior of Europe and the north-
ern Atlantic Ocean. Cold, moist winters and warm, wet summers 
characterize the regional climate, with an average 604 mm of annual 
precipitation and a mean annual temperature of 7.8°C in the south-
west of the region (Rostock; 1981–2010 climate normals; CRU TS 
4.01) and 704 mm and 5.9°C in the northeast of the region (Tallinn; 
1981–2010 climate normals; Estonian Weather Service, 2018). Over 
the past 100 years, air temperature in the study region has increased 
in both the warm and cold seasons (Figure S1). Winter precipita-
tion in some poleward areas of the study region have experience 
increased precipitation, and summer precipitation at some equator-
ward areas record less precipitation in the late 20th and early 21st 
centuries (Figure S1).

2.2 | Common forest tree species

Common tree species that characterize the contemporary forests 
in the south Baltic Sea region include: pedunculate oak (Quercus 

robur L.), Scots pine (Pinus sylvestris L.), European beech (Fagus syl-
vatica L.), Norway spruce (Picea abies (L.) Karst), black alder (Alnus 
glutinosa), common ash (Fraxinus excelsior), silver birch (Betula 
pendula) and Eurasian aspen (Populus tremula). From these com-
mon species, pedunculate oak, Scots pine and European beech 
are the primary species used in dendrochronological studies 
based in the south Baltic Sea region (e.g. Balanzategui et al., 2017; 
Drobyshev, Niklasson, Eggertsson, Linderson, & Sonesson, 2008; 
Scharnweber et al., 2011; Sohar, Läänelaid, Eckstein, Helama, & 
Jaagus, 2014; van der Maaten-Theunissen et al., 2016) and are the 
target species for this study.

Pedunculate oak (hereafter referred to as ‘oak’) is the most 
widely dispersed oak species in the south Baltic Sea region. Oak 
trees generally tolerate a wide range of edaphic conditions with op-
timal growth most frequently observed on fertile and well-watered 
sites (Arend, Kuster, Günthardt-Goerg, & Dobbertin, 2011; van der 
Maaten et al., 2018). Scots pine is the most broadly distributed pine 
species found throughout Eurasia. A high tolerance to poor soils, 
drought and frost events permits Scots pine trees to grow in a wide 
variety of environments ranging from 0 to 2,600 m a.s.l., and also 
commonly occurring as an early seral species in disturbed settings 
(Durrant, De Rigo, & Caudullo, 2016). European beech is found grow-
ing from southern Italy to southern Norway and Sweden, occurring 
in various habitats from mountainous regions to lowlands (Seynave, 
Gégout, Hervé, & Dhôte, 2008), with cold winter temperatures and 
low moisture availability restricting beech from more northern and/
or drier locations (Peters, 1997).

2.3 | Tree-ring data

We compiled tree-ring width data from three species growing at 310 
sites ranging from 2 to 550 m a.s.l into a dataset covering much of the 
south Baltic Sea region (Figure 1). Network sites cover different por-
tions of the distribution range of each species (Figure 1). We relied on 
chronologies that were previously developed for dendroclimatological 
(Cedro, 2004; Cedro & Cedro, 2018; Helama, Sohar, Läänelaid, Bijak, 
& Jaagus, 2018; Jansons, Matisons, Šēnhofa, Katrevičs, & Jansons, 
2016; Läänelaid, Sohar, & Meikar, 2008; Matisons, Elferts, & Brūmelis, 
2013; Sohar, Vitas, & Läänelaid, 2012; Vitas, 2004, 2006, 2011) and 
dendroecological analyses (Scharnweber et al., 2011; Scharnweber, 
Manthey, & Wilmking, 2013; van der Maaten, Mehl, Wilmking, & van 
der Maaten-Theunissen, 2017; van der Maaten-Theunissen et al., 
2016; Vitas & Zunde, 2019; Weigel et al., 2018), as well as chronolo-
gies from the International Tree-Ring Database (ITRDB; n = 42 sites) 
and chronologies not previously published (n = 42 sites; Table S1).

At all sites, including those not previously published (Table S2), 
one or two increment cores were collected ~1.3 m above the base 
of ≥10 trees with an increment borer. Tree cores were dried and 
fixed to wooden mounting boards and sanded with progressively 
finer sand paper or cut with a sharp blade so the ring boundar-
ies could be clearly identified. Ring widths were measured to the 
nearest 0.01 or 0.001 mm using either digital measuring software 

F I G U R E  1   The distribution of Quercus sp. (‘Oak’), Pinus sylvestris 
(‘Scots pine’) and Fagus sylvatica (‘E. beech’) in Europe (left panels; 
species distribution: http://www.eufor gen.org/speci es/), and the 
location of tree-ring width data sites in the network (circle and 
cross markers) included in the analysis (cross marker) (right panels). 
Inset black boxes in left panels mark the study region
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(e.g. WinDENDRO, CooRecorder) or a measuring table system  
(e.g. Lintab, Velmex).

To assign each ring to a calendar year, ring widths were visually 
crossdated and statistically verified using COFECHA (Holmes, 1983) 
or CDendro (Cybis Electronik & Data, Sweden). In the case of two 
cores per tree, annual ring measurements were averaged between 
cores to yield one series per tree. All raw, crossdated ring-width se-
ries were detrended to remove age-related trends and other noncli-
matic influences on growth (e.g. growth releases). The variance in 
each ring-width series was stabilized by adaptive power transforma-
tion to produce homoscedastic indices (Cook & Peters, 1997), and 
then a spline function with a 50% frequency cut-off at 32 years was 
fit to each time series using ARSTAN (Cook, 1985). Residuals from 
the detrending functions were computed via subtraction (Helama, 
Lindholm, Timonen, & Eronen, 2004). For each site, individual, de-
trended ring-width series for each species were combined into an 
annual chronology using a biweight robust mean (Cook, 1985). To 
form a representative sample suitable for climate–growth analysis, 
site chronologies were selected from the network that included at 
least six individuals and exhibited a subsample signal strength (SSS; 
Buras, 2017; Wigley, Briffa, & Jones, 1984) of 0.84 or higher over the 
1943–2002 period (Table S1). This period was the longest interval 
we could select that included the most chronologies.

The complete Baltic Sea tree-ring network presented here in-
cludes 136 oak, 119 Scots pine and 55 beech sites (Table S1), in-
cluding series from 6,121 individual trees. Detrended standardized 
chronologies for each site are presented in Table S2. In this study, 
we present 42 new and previously unpublished chronologies that 
include five oak, 18 Scots pine and 19 European beech new tree-
ring width datasets that span intervals within 1647–2016 (Table S1). 
From the complete network, 61 oak, 56 Scots pine and 35 European 
beech chronologies captured the 1943–2002 interval and were in-
cluded in the climate–growth correlation analysis.

2.4 | Climate data

We obtained site-specific climate data using the software package 
ClimateEU 4.63 (Hamann, Wang, Spittlehouse, & Murdock, 2013). 
Interpolated climate datasets are calculated by this frontend soft-
ware using the Parameter-elevation Regressions on Independent 
Slopes Model (Daly et al., 2008) for precipitation and ANUSplin 
for temperature, and are based on the CRU TS 3.1 climate dataset 
(Mitchell & Jones, 2005). Monthly precipitation sums and monthly 
mean, maximum and minimum temperature for each month from 
January to September in the growth year and June to December in 
the previous year were obtained. Seasonal temperature and precipi-
tation variables were also computed by averaging monthly values 
(summer: June–August; autumn: September–November; winter: 
December–February; spring: March–May). We calculated the stand-
ardized precipitation–evapotranspiration index (SPEI; Beguería, 
Vincente-Serrano, Reig, & Latorre, 2014) from the monthly tempera-
ture and precipitation datasets. SPEI is a multiscalar climatic drought 

index that can be computed for multiple temporal scales and con-
siders precipitation and the effect of temperature on drought se-
verity by including evapotranspiration (Vicente-Serrano, Beguería, 
& López-Moreno, 2010). In this study, we used the Thornthwaite 
equation to estimate potential evapotranspiration (Thornthwaite, 
1948) and calculated SPEI integrated over 1-, 3- and 6 month periods 
(SPEI1, SPEI3 and SPEI6; Beguería & Vicente-Serrano, 2017). Both 
precipitation and SPEI climate variables are used to describe ‘mois-
ture availability’.

2.5 | Tree growth responses to climate

To identify the climate-response patterns across sites and species in 
the study region, the response of the ARSTAN standard chronolo-
gies to monthly climate variables was calculated over the 16 month 
time window (i.e. from the previous June to current September) 
and for seasonal climate variables. We performed bootstrapped 
Pearson's correlation analysis with 5,000 replicates to identify the 
predominant factors contributing to the observed growth variabil-
ity. Climate–growth relationships were calculated over the common 
periods of 1943–2002 (60 years), 1943–1972 (30 years) and 1973–
2002 (30 years). We then focused on two climate–growth relation-
ships for each tree species (oak, Scots pine and European beech):  
(a) the dominant climate variable influencing the regional growth of 
a species across the study region (‘dominant climate response’), and  
(b) the climate–growth relationship that exhibited the greatest 
change in strength and/or direction when we compared the response 
for the two 30 year periods (‘greatest change climate response’). The 
strongest average response among sites for each species and climate 
variable was used to determine these relationships. We then as-
sessed the temporal stability of these two climate–growth relation-
ships for each tree species in more detail by employing bootstrapped 
correlation analysis with 5,000 replicates in 31 year moving win-
dows lagged by 1 year over the 1943–2002 period. To assess the 
effect of autocorrelation in these analyses, we conducted the same  
climate–growth analyses described above using the ARSTAN resid-
ual chronologies that were processed using autoregressive model-
ling to remove autocorrelation (Cook & Holmes, 1986).

2.6 | Spatial patterns of changing climate–growth  
responses

We employed spatial segregation analysis to describe any broad spatial 
patterns in the stability of the growth responses for the two types of 
climate–growth relationships (see (a) and (b) in previous section). More 
commonly applied in epidemiological research of infectious disease 
outbreaks (e.g. Diggle, Zheng, & Durr, 2005; Tarr et al., 2018), spatial 
segregation analysis can be used to describe structure in spatial point 
patterns over space. First, for each site we classified the climate re-
sponse as ‘stable’ or ‘unstable’ by comparing the significance of the 
correlation coefficients at the 0.95 confidence level for the 1943–1972 
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and 1973–2002 periods for both of the climate–growth relationships. 
An ‘unstable’ change in climate response between the two periods 
was determined if one of the following criteria was met: (a) the sign 
(positive, negative) of a significant response changed while responses 
remained significant, (b) the response changed from statistically in-
significant to significant in either direction, (c) the response changed 
from statistically significant to insignificant. If any one of those criteria 
were not met, a ‘stable’ classification was assigned. Considering the 
site-level stability estimates were based on bootstrapped correlations, 
and in order to prevent spurious correlations that we could possibly 
expect at eight of the 152 sites per each bootstrap iteration (95% con-
fidence level) from affecting the further analysis, we iterated the entire 
bootstrap procedure 999 times. Sites were finally classified if a con-
sistent classification was assigned in at least 65% of the bootstrapped 
iterations. This threshold was selected to include as many sites as 
possible, while excluding the sites that classified inconsistently—most 
likely due to spurious correlations. Sites that did not meet this criterion 
were excluded from this analysis. Two sites from dominant climate re-
sponse and five sites from the greatest change climate response were 
excluded.

The site-level classifications of the climate correlation stability 
were pooled into two datasets (regardless of species) representing 
the two climate–growth relationships (dominant and largest change 
climate responses). For each of the datasets we evaluated if spatial 
synchrony in ‘stable’ and ‘unstable’ changes in the climate responses 
was present using spatial segregation analysis with 1,000 Monte 
Carlo iterations (Zheng & Diggle, 2013). For any point in space, spa-
tial segregation analysis determines the probability that a point is 
‘stable’ or ‘unstable’ based on the stability classification of the sites. 
The probability that a point will be stable was estimated by averag-
ing the probability distributions obtained by kernel smoothing es-
timations of each site (Diggle et al., 2005), where 1 is a ‘stable’ site 
and 0 is ‘unstable’. Finally, the p-values of the Monte Carlo spatial 
segregation test were mapped across the study region highlighting 
the probability of similar changes in climate–growth responses for 
both the dominant and greatest change climate responses.

Statistical analyses were completed in R (R Development Core 
Team, 2018). Tree-ring datasets were processed using the dplR pack-
age (Bunn, 2008), climate–growth analysis conducted with the boot 
package (Canty & Ripley, 2015; Davison & Hinkley, 1997), and spa-
tial data analyses were computed using the packages spatialkernel 
(Gómez-Rubio et al., 2017) and spatstat (Baddeley & Turner, 2005).

3  | RESULTS

3.1 | Monthly and seasonal climate responses

Over the period 1943–2002, correlations between climate variables 
and tree growth varied among the species examined (Figure S2). 
Although variability in correlation strength and direction was de-
tected among sites for each climate variable and for each tree spe-
cies, we report here (a) the broadly dominant relationship between 

tree growth and climate, and (b) the climate–growth relationship 
exhibiting the greatest change (strength and/or direction in cor-
relation value) over the 1943–2002 period. Overall, the climate–
growth relationships reported are generally weak to moderate 
(r = −0.4 < 0 < 0.4; Figure S2), which is consistent with other tree-
ring width studies in this generally temperate region (cf. Babst et al., 
2013; Scharnweber et al., 2011; Sohar et al., 2014).

Across the oak sites, growth was most strongly and significantly 
related to June and summer precipitation, as well as monthly mea-
sures of previous summer/autumn SPEI1 from 1943 to 2002 (Figure 2; 
Figure S2). June precipitation in the growth year was most consistently 
and positively related to oak ring width across the study region and 
this relationship remained generally stable for many sites over the 60 
year period when the 1943–1972 and 1973–2002 intervals are com-
pared (Figures 2 and 3), and in moving window correlation analysis 
(Figure 4). When correlation values for each climate variable are com-
pared between the two 30 year periods, the greatest change in growth 
response is with average February temperature (Figures 2 and 3). From 
1943 to 1972, oak growth was positively related to average February 
temperature at many sites (Figure 2), however, this sensitivity of oak 
growth to average February temperature collectively declines at most 
sites in the more recent decades (Figure 4).

Across the Scots pine sites, growth was most strongly and sig-
nificantly related to mean March temperature in the growth year 
from 1943 to 2002 (Figure 2; Figure S2). Variables representing 
winter and spring mean temperature, and mean February tem-
perature, were also often significantly related to Scots pine growth 
(Figure 2; Figure S2). When the climate correlation values for these 
related variables are compared between the two 30 year periods 
(Figures 2 and 3), and for March temperature in the moving window 
correlations (Figure 4), these relationships remain generally stable 
through time. However, a notable change in climate response is 
detected between pine growth and average January temperature 
at many sites (Figures 2, 3 and 4). Between 1943 and 1972 pine 
growth at many sites was not significantly related to January tem-
perature, however, during the interval of 1973 and 2002 a stronger 
positive relationship is observed (Figures 2 and 3).

Across the European beech sites, growth was most strongly and 
significantly related to June precipitation in the growth year from 
1943 to 2002 (Figure 2; Figure S2). Over the 60 year period, beech 
growth exhibits a slight increase in the positive response to June pre-
cipitation at many sites (Figures 2, 3 and 4). Despite this increase, we 
considered June precipitation to have the most consistent and strong 
effect on beech growth. When the climate–growth responses for in-
tervals 1943–1972 and 1973–2002 are compared, the greatest change 
was detected for average February temperature (Figures 2 and 3). At 
many sites from 1943 to 1972, tree growth was positively related to 
February temperature suggesting a growth sensitivity to winter cold; 
however, from 1973 to 2002 this relationship declines (Figure 2). A 
further notable change in climate–growth response of beech trees 
was detected for SPEI variables and previous summer temperature 
for the two 30 year periods, where the growth of beech trees at 
many sites exhibits an enhanced positive response to SPEI variables 
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in the previous growing season in the more recent 30 year interval, 
and an increasing negative response to previous summer temperature 
(Figure 2; Figure S3).

Here we focus on growth responses to mean temperature; sim-
ilar responses are found with minimum and maximum temperature 
(Figure S4). For all studied tree species and all climatic drivers, very 
similar relationships between growth and climate parameters were 
found using the residual chronologies (where autocorrelation is re-
moved; Figure S5).

3.2 | Spatial patterns in changing climate–growth  
responses

Stability classification of sites for both the dominant and great-
est change climate responses appear spatially segregated over the 

1943–2002 interval. For the dominant climate–growth responses, 
the probability surface shows two ‘peaks’ (Figure 5). Oak and pine 
sites in the northeast of the study region were primarily determined 
to exhibit ‘stable’ responses to the dominant climate factor influenc-
ing tree growth. This finding suggests that this region contains a spa-
tially contiguous arrangement of sites exhibiting similar responses to 
the dominant climate factor over time. A significant aggregation of 
‘unstable’ sites was found in northeastern Germany (southwest of 
the study region; Figure 5). This finding indicates that at these sites 
the correlation strength and/or direction changed between the two 
30 year periods for the dominant climate response using our clas-
sification criteria.

For the greatest change climate response ‘unstable’ Scots pine 
sites in eastern Poland, Lithuania and Latvia and some oak sites in 
western Latvia and Lithuania are significantly segregated in the east 
of the study region (Figure 5). Over southern Sweden a collection of 

F I G U R E  2   Distributions of the median bootstrapped correlations between tree-ring width chronologies and mean monthly (average 
monthly temperature; precipitation; SPEI1, monthly standardized precipitation–evapotranspiration index) and seasonal (summer (‘JJA’): 
June, July and August; autumn (‘SON’): September, October and November; winter (‘dJF’): December, January and February; spring (‘MAM’): 
March, April and May) climate variables for oak, Scots pine and European beech for the periods 1943–1972 and 1973–2002. Months are 
labelled with the first letter of the month, with lower letter case indicating previous year and upper letter case indicating current year  
(e.g. current year January = ‘J’, previous year August = ‘a’). Box plots show median, lower and upper quartiles (25% and 75%) of bootstrapped 
correlations. Black dots are outlier correlation values that fall outside these quartiles
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F I G U R E  3   Spatial distribution of 
the correlations between tree growth 
and the dominant monthly climate 
variable influencing tree growth (a), and 
the climate–growth relationship that 
exhibited the greatest change (b) when 
the two subperiods of 1943–1972 and 
1973–2002 were compared for each 
species. The average monthly climate 
variables correlated to tree growth at the 
sites in each panel are given in the inset 
text boxes. Triangles mark significant 
correlations between site chronologies 
and the climate parameter, while circles 
mark insignificant correlations

June precipitation

June precipitation

June precipitation

June precipitation

March temperature

March temperature

February temperature

February temperature

February temperature

February temperature

January temperature

January temperature

(a)

(b)

F I G U R E  4   Results of moving 
correlation analysis estimating 
bootstrapped correlation values in 31 
year moving windows offset by 1 year for 
each site included in the climate–growth 
analysis. Bootstrapped correlations for 
each site and each window are reported. 
The x-axis reports the last year of each 
31 year window of analysis (‘Period’). 
Colour shades were assigned based on 
the site longitude with dark (light) shades 
representing sites further west (east). 
Black lines represent mean bootstrapped 
correlation coefficients. The climate 
variables correlated to tree growth for 
each site are given in the inset text boxes

June precipitation June precipitationMarch temperature

February temperature January temperature February temperature
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‘stable’ sites is significantly segregated driven by the greater number 
and location of ‘stable’ responses found at oak and European beech 
sites (Figure 5). The high density of sites and variability in ‘stable’ 
and ‘unstable’ classifications in northeastern Germany resulted in 
no significant segregation of sites in that area of the study region 
(Figure 5).

4  | DISCUSSION

This tree-ring network is the largest tree-ring dataset for the south 
Baltic Sea region and presents a balanced perspective of tree growth 
by relying on site-level, tree-ring measurements collected for differ-
ent purposes including ecological, climatological and management 
applications. Our interpretations focus on broad climatic species-
specific controls on tree growth across the study region. Across the 
species examined, growth responses to early spring and summer 
climate were identified as regionally dominant, while responses to 

some winter climate variables exhibited the greatest change. We 
focus our interpretations on these two broad patterns.

4.1 | Dominant climate–growth relationships

June precipitation had the greatest overall influence on the growth 
of deciduous species (albeit weakly for oak) suggesting that moisture 
variability broadly influences the growth of oak and European beech 
in the study region from 1943 to 2002 (Figure 2; Figure S2). The 
absence of a stronger and more spatially coherent relationship be-
tween oak growth and a dominant climate factor is consistent with 
previous studies near the study region that report an influence of 
site conditions on tree growth (e.g. Friedrichs, Trouet, et al., 2009; 
Rybníček et al., 2016). Furthermore, Haneca, Čufar, and Beeckman 
(2009) summarize the diverse climate–growth associations made be-
tween oak growth and climate variables in European studies, which 
include growth sensitivities to both temperature and precipitation. 
Despite the variability in the growth response of oak to climate 
and site conditions, prior studies indicate that summer moisture 
availability broadly controls oak tree growth in Europe (Friedrichs, 
Büntgen, et al., 2009; Haneca et al., 2009; Neuwirth, Schweingruber, 
& Winiger, 2007). In our study, there is some evidence for an increas-
ing sensitivity of oak growth to moisture availability in more recent 
decades in northeastern Germany, with the strength of the corre-
lated relationship between growth and June precipitation increas-
ing at some sites in the latter 30 year period (Figure 3; Figure S10).  
This result lends support to the findings presented in Babst et al. 
(2019) providing further evidence that recent reduced moisture 
availability has influenced deciduous tree growth. Notably in our 
study, this finding is based on a representative network of sites col-
lected for different tree-ring applications. In summary, our findings 
support the conclusions that moisture availability primarily controls 
oak growth and that site conditions may contribute to the absence of 
a spatially consistent and strong growth response of oak to climate 
in our study region.

Among the species examined, the growth of European beech 
trees showed the greatest similarity in responses to a dominant cli-
mate variable over the 60 year period from 1943 to 2002 (Figure S2). 
The limited distribution of beech forests in the study region and the 
close proximity of site locations included in the correlation analyses 
are likely determinants in the similarity detected. Nonetheless, our 
results show that in northeastern Germany, northwestern Poland 
and southern Sweden a positive relationship between growth and 
June precipitation in the growth year exists (Figures 2, 3 and 4). This 
result indicates that similar to oak, moisture availability in the grow-
ing season predominantly influences annual incremental growth of 
beech (Babst et al., 2019) and is further supported by studies con-
ducted elsewhere throughout the range of beech (e.g. Cavin & Jump, 
2017; Hacket-Pain, Cavin, Friend, & Jump, 2016; Jump, Hunt, & 
Penuelas, 2006). Variability in the growth responses to precipitation 
in the early part of the common period appears to decrease over time 
(Figure 4). This could be attributed to the early-life growth associated 

F I G U R E  5   Results of spatial segregation analysis for the 
dominant climate–growth relationship and the climate–growth 
relationship that exhibited the greatest change in strength  
and/or direction over the 1943–2002 interval. In this analysis, a 
probability surface was determined by kernel-based estimation 
of spatial segregation. Dark red shading marks areas with a 
significantly higher probability of similar unstable growth change 
responses (segregated unstable), while dark blue shading suggests 
regions with a significantly higher probability of stable responses 
(segregated stable). See Section 2 for criteria used to classify 
correlation stability 
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with the late-20th and early 21st century start dates of some beech 
chronologies (Table S1) and the response change to environmental 
variability with age. Our results also indicate stronger positive re-
sponses of beech growth to June precipitation and monthly SPEI1 
(Figure 2) in recent decades, suggesting that the role of moisture 
availability in the growing season is becoming increasingly import-
ant for growth. Recent studies on the sensitivity of European beech 
trees to drought events in Europe have documented an increasing 
response in recent decades (Latte, Lebourgeois, & Claessens, 2015), 
especially in the central range of the species (Cavin & Jump, 2017) 
and lowland settings (Latte et al., 2015).

The positive and significant correlations between Scots pine 
growth and February and March temperature were consistent 
among nearly all sites when we compared the 1943–1972 and 
1973–2002 periods (Figure 2), which suggests a synchronous and 
stable response to late winter/early spring climate variability across 
the south Baltic Sea region. Previous dendrochronological studies at 
sites in northern Europe and at high elevation sites, document a pos-
itive relationship between annual ring width and summer tempera-
ture (Briffa, Jones, Pilcher, & Hughes, 1988; Düthorn, Holzkämper, 
Timonen, & Esper, 2013; Grudd et al., 2002), indicating that warmer 
summer temperatures promote Scots pine tree growth. Contrarily, 
in the European Lowlands of Germany and Poland late winter/
early spring temperature has been frequently reported to promote 
growth of Scots pine (Balanzategui et al., 2017; Hordo, Metslaid, 
& Kiviste, 2009; Koprowski, Przybylak, Zielski, & Pospieszyńska, 
2012; Läänelaid & Eckstein, 2003; Pärn, 2009; Vitas, 2006), indi-
cating warm late winter/early spring temperature conditions are 
important for Scots pine growth in these regions. The spatial tran-
sitions separating the disparate climate–growth responses of Scots 
pine growth in central and northern Europe, and the ecophysiolog-
ical causal mechanisms, are not well understood or documented. 
Perhaps warming temperatures in the early spring extend the grow-
ing season in the south Baltic Sea region (Vitas, 2011), promoting 
productivity and growth. Scots pine, as an evergreen species, can 
capitalize on the early onset of these winter climate conditions con-
ducive to growth (Antonova & Stasova, 1993; Gruber, Strobl, Veit, & 
Oberhuber, 2010). At sites further north (i.e. northern Norway) late 
winter and early spring climate conditions likely remain too harsh to 
support growth and summer temperature remains the primary fac-
tor limiting growth (Rossi et al., 2008). In North America, warmer 
winter and early spring temperatures are positively related to conifer 
growth in boreal forests, where lagged effects such as earlier snow 
melt and soil warming are thought to lengthen the growing season 
and promote early growth (D’Orangeville et al., 2016).

4.2 | Unstable growth responses to winter climate

In many of the European beech and oak populations we studied, 
the relationship between tree growth and late winter temperature 
weakens in recent decades (Figures 2 and 3). We suggest that in 
the early portion of the study interval (1943–1972), winter cold may 

have caused reduced growth due to occurrence of winter xylem 
embolism (Cochard, Lemoine, Améglio, & Grainier, 2001; Pederson, 
Cook, Jacoby, Peteet, & Griffin, 2004; Sperry & Sullivan, 1992) and 
frost events (Kollas, Körner, & Randin, 2014). WInter embolisms dis-
rupt the conductance of water in the stem of a tree leading to xylem 
dysfunction, a process documented in beech and oak trees in Europe 
including temperate and ‘warm’ regions (e.g. Cavender-Bares et al., 
2005). Pederson et al. (2004) postulated that in anomalously cold 
years with more frequent or severe embolism occurrence, resources 
that could be used for early growth would instead be used for recov-
ery. A recent study by Weigel et al. (2018) reports a relationship of 
beech growth reductions and winter cold that was enhanced towards 
cold-marginal populations. Furthermore, Weigel (2019) conducted 
a winter manipulation experiment in beech forests in northern 
Germany and Poland that shows winter cold, through sublethal 
root damage or reduced root nutrient uptake, affects beech growth 
negatively, a finding that is also supported by results presented in 
Reinmann, Susser, Demaria, and Templer (2019). In the context of 
our study, this finding could indicate that winter soil warming was 
more important in the early period (1943–1972) and is becoming less 
important with recent climate warming (Figure S6). Not all previous 
research supports a positive relationship between deciduous tree 
growth and late winter temperatures, with some studies document-
ing fast acclimation to freezing, positing that winter temperature 
plays a small role in shaping the cold range limit of beech (e.g. Lenz, 
Hoch, & Vitasse, 2016; Matisons, Purina, Adamovičs, Robalte, & 
Jansons, 2017).

A notable change in climate–growth sensitivity was found when 
the response of Scots pine growth to January temperature was com-
pared between the 1943–1972 and 1973–2002 periods (Figures 2 
and 3), and in the moving windows correlation analysis (Figure 4). 
The number of sites exhibiting a significant positive relationship 
to January temperature increases, and overall stronger positive 
correlations are found when testing 30 year intervals after 1973 
(Figure 4). The average cold season temperatures from 1918 to 2017 
(Figure S1) and over the interval of analysis (Figure S6) show a gener-
ally increasing trend that is consistent with recorded climate warm-
ing for this region (IPCC, 2014). Therefore, we suggest an increasing 
influence of January temperature as a factor affecting the growth of 
Scots pine trees in this region, a finding supported by conifer growth 
responses to winter climate by Babst et al. (2013). The physiological 
rationale for a late winter growth relationship has been discussed 
for some tree species (Pederson et al., 2004), however, the biologi-
cal processes underpinning this persistent growth response of Scots 
pine trees are not well explained. The winter growth sensitivity of 
Scots pine could be driven by winter photosynthesis (positive carbon 
gain when needles are not frozen; Havranek & Tranquillini, 1995) 
and/or frost damage to green foliage during winter (Ensminger et al., 
2004; Pederson et al., 2004). Winter photosynthesis in this region 
is probable provided that the freezing depth of soils in the winter is 
shallow (Ensminger, Schmidt, & Lloyd, 2008). Additionally, warm early- 
growth season temperatures (i.e. warmer January temperatures in 
recent decades) likely advance the onset of the vegetation period 
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influencing the overall length of the growing season (Vaganov, 
Hughes, Kirdyanov, Schweingruber, & Silkin, 1999), where shorter 
cold seasons result in increased productivity (wider tree-ring) and 
conversely, longer cold seasons would lead to decreased produc-
tivity (narrower tree-ring). Therefore, we postulate that enhanced 
winter photosynthetic activity driven by warmer late winter/early 
spring conditions coupled with possible longer growing seasons as 
plausible explanations for this climate–growth response.

4.3 | Spatial segregation of climate–growth  
responses

Significant segregation of ‘stable’ sites in the northeast of the study 
region indicates the dominant climate growth responses have re-
mained stable between the two 30 year periods (Figure 5). This find-
ing suggests that the growth of Scots pine trees in the northeast of 
the region has been consistently influenced by mean March tem-
perature and the growth of oak by June precipitation. Furthermore, 
it could be considered that the influence of recent climate change 
on the dominant climate factors influencing tree growth in forests 
in the northeast of the study area is lower, at least for the climate 
variables considered here. A unit of segregated ‘unstable’ sites cen-
tred mainly in northeastern Germany was detected, and we suggest 
that the slightly increasing sensitivity of deciduous tree sites to June 
precipitation over the interval of analysis (Figure 3) resulted in many 
sites being classified as ‘unstable’ prior to the segregation analysis.

For the greatest change climate response, sites classified as ‘un-
stable’ in eastern Poland, Lithuania, and eastern Latvia aggregate 
to form an eastern unit of primarily Scots pine and some oak sites, 
which suggests a high probability for changing winter climate drivers 
of growth (Figure 5). We suggest that as winter climate conditions 
have warmed (Figures S1 and S6), trees previously limited by cold 
winter or spring conditions in this unit have responded similarly. This 
finding suggests that within the south Baltic Sea region, tree-ring 
sites in the eastern part of the study region may exhibit a higher 
probability of unstable climate–growth relationships to the winter 
climate variables examined in this study. In southern Sweden, most 
sites were classified as ‘stable’, indicating the effects of winter cli-
mate have remained spatially and temporally consistent, although 
the spatial distribution of sites is notably lower here (Figure 5).

Our application of spatial segregation analysis combines spe-
cies responses to different climate variables for the two types of 
climate–growth responses, and applies generalized rules to classify 
climate–growth correlation stability. A partitioning of the network 
and subsequent runs of this analysis with (a) only Scots pine sites 
and (b) beech and oak sites combined (Figures S7 and S8), supported 
the interpretations from the multispecies-based spatial analysis. In 
order to gain a more precise estimation of spatial segregation pat-
terns, more work is needed to buffer edge effects by increasing the 
spatial distribution of sites and adapt the analysis for a discontinu-
ous spatial domain (i.e. remove the small-scale nonterrestrial land-
scape elements) for the kernel estimation. Therefore we present 

this descriptive analysis as a system-level perspective of the forest 
response to 20th century climate. It also represents a new approach 
in linking temporal variability in biological responses, represented as 
tree-ring chronologies, in the spatial domain.

4.4 | Possible age effects in tree-ring networks

In large-scale tree-ring network analyses, recent research has indi-
cated that the relationships between climate and tree-ring chronolo-
gies could be inflated (‘climate sensitivity bias’; Babst et al., 2018), 
caused by including preferentially sampled datasets that targeted 
older, bigger trees and/or at sites to maximize their sensitivity to 
a single climate parameter. Unlike recent network studies that rely 
heavily on sites from the ITRDB and dendroclimatological studies 
sampled for specific climate purposes (e.g. Babst et al., 2019), the net-
work presented here includes sites that were collected for ecological 
and stand management projects in addition to dendroclimatological 
investigations. Furthermore, the age distribution of individual trees 
(inferred from site-level mean tree series length) was generally simi-
lar among sites classified as ‘stable’ and ‘unstable’ in the spatial seg-
regation analysis for the greatest change climate variable (Figure S9). 
A possible exception to this interpretation includes 14 beech sites 
with average series lengths between 240 and 295 years that were 
all classified as ‘unstable’ (Figure S9) when the climate responses of 
growth to February temperatures were compared for 1943–1972 
and 1973–2002. Previous research has documented an increasing 
sensitivity of larger trees to climate reflected in growth responses 
(Mérian & Lebourgeois, 2011; Trouillier et al., 2019), therefore this 
finding could suggest that bigger, and inherently older, trees at these 
14 sites exhibit a more pronounced response to recent winter warm-
ing, or simply that smaller trees are more sensitive to frost damage. 
Nonetheless, due to the generally similar age-structure of our chro-
nologies we consider the size- and/or age-related effects on climate 
responses to be reasonably small with a minimal influence on the 
broad interpretations presented from this network.

4.5 | Summary and outlook

The role of tree growth sensitivity to climate in forest carbon dy-
namics and changing community composition has been highlighted 
in many types of forests (e.g. Anderegg et al., 2015; Babst et al., 
2013; Charney et al., 2016; Clark et al., 2016), including ecosystems 
that contain species (and populations) that are not typically consid-
ered climatically limited (e.g. Cavin & Jump, 2017). In this study we 
sought to provide insights on tree growth responses to recent cli-
mate change in the south Baltic Sea region. Our findings indicate 
summer moisture availability limits oak and European beech trees, 
with an enhanced effect in the latter 20th century, and consider-
ing the projected climatic drying in sub-boreal and temperate forest 
ecosystems, a strong influence of moisture availability in the cur-
rent and previous growing seasons will likely persist. The stationary 
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response of Scots pine growth to February and March temperature 
over time, and increasing positive response to January temperature 
likely points to critical early season photosynthetic gains. The doc-
umented unstable growth responses to winter temperature for all 
species examined suggest winter climate change might release some 
forest trees from cold season climatic limitations in the future. How 
the responses we documented will contribute to ecosystem level 
changes in composition and patterns of distribution remains unclear 
at this point. However, insights from this study can provide valu-
able information, especially for winter climate responses, to guide 
the selection of tolerant provenances and refine projections of the 
expected changes in forest growth and terrestrial carbon budget 
models needed to support climate change mitigation practices.
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A B S T R A C T

Competition effects and management related disturbances can contribute to strong non-climatic signals in ring-
width trends of trees from closed canopy forests. Removing this noise comes at the price of losing a considerable
amount of (climatic) information on decadal and centennial time scales. Alternatively, open grown solitary trees,
which never competed for light or other resources could function as less biased climate proxies. To explore this
potential we analysed individual growth trends and climate-growth relationships of solitary oaks, potentially
representative of former, open forests, and compared it to those of trees growing in adjacent closed canopy
forests. Solitary oaks show differing tree allometry with bigger crowns and lower absolute heights. Their radial
growth was significantly higher compared to forest trees. Contrary to our expectations, these solitary oaks show
highly individualistic decadal growth trends. Their inter-annual variations are nevertheless in good agreement
between individuals and stronger compared to trees from closed canopy forests. Climate –growth analysis re-
vealed a significantly higher drought sensitivity of solitary oaks. Given the typical open medieval forest structure
of large trees with extensive crowns growing in a mosaic of grazed woodlands and grasslands, it is likely that
these trees contribute to the historical part of tree-ring collections. When trees from today’s denser forests
forming the recent parts of the collections are used to calibrate reconstruction models, the differing drought
sensitivity might therefore lead to an overestimation of historical droughts.

1. Introduction

In temperate environments, tree growth is generally not at its
physiological limit and controlled by a combination of climatic- and
non-climatic factors which might vary in space and time. Classical
dendroclimatological work concentrates on sites with strong climatic
limitations where one specific climate parameter, be it temperature or
precipitation, is limiting tree growth. These are often sites outside
closed canopy forests with widely spaced trees at latitudinal or eleva-
tional treelines. Here, competition for light, nutrients, water and other
factors is much lower compared to more densely stocked closed canopy
forests. This helps in maximizing the desired climatic signal in tree-ring
variations from these open grown trees, as the non-climatic “noise”
imposed by competition effects will be rather low. In contrast, den-
droclimatological work in temperate environments is usually based on
ring-width data from closed canopy forest trees with presumably strong
inherent competition effects. In addition, forest management activities
and other stand-wide disturbances might add non-climatic noise to
growth patterns of forest trees. The classical solution to account for

these unwanted signals is a rather flexible detrending of the raw ring-
width series in order to minimize non-climatic noise of growth sup-
pression or sudden competition release. This flexible removal of un-
wanted trends comes at the cost of losing a considerable amount of low-
frequency decadal or centennial information from the ring-width
chronologies (Cook et al., 1995). In order to distinguish between cli-
matic and non-climatic decadal to centennial trends, sampling of open
grown trees outside closed canopy forests could be an option.

European medieval landscapes were typically characterized by very
open forests (Kirby and Watkins, 2015; Küster, 2003). Back then, single
trees grew on pasture lands and especially oaks where promoted as
their acorn production provided food to livestock. A typical landscape
in the middle ages consisted of large trees at varying densities, in a
mosaic of grazed grassland, heathland and woodland. Tree coppicing
and pollarding were frequent practices and influenced growth rates of
oaks (Haneca and Beeckman, 2005). Over the last two centuries, seg-
regation of land use, abandonment of forest pasture and implementa-
tion of systematic forest management has strongly altered the forest
structure in Central Europe to closed canopy high forests.
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Nevertheless, solitary trees, especially oaks, growing on agricultural
fields or meadows are still an integral part of many Central European
landscapes. Planted as landmarks or to provide shadow, food and
shelter to livestock they made and make up the image of many rural
landscapes. Although land consolidation led to a decline of these large
trees, their long lifetime ensures their still numerous occurrence in
some regions. Grown up in an open environment they never experi-
enced any competition for light by neighbouring trees. Compared to
forest trees they generally have a bigger crown and are more exposed to
sunlight, wind or weather extremes as they lack the protective and
mediating shelter of a canopy and the characteristic forest micro-
climate. Tree size and canopy position have been shown to significantly
mediate climate–growth relationships of different tree species (e.g.
Mérian and Lebourgeois, 2011; Piutti and Cescatti, 1997; Trouillier
et al., 2018). Together this led us to hypothesize that solitary trees have
much higher annual growth (no competition) and preserve a more
distinct and undisturbed climate signal in the variance of their annual
growth rings (direct exposure to weather, no light competition). Sur-
prisingly, only very few dendrochronological studies deal with solitary
trees (e.g. Doležal et al., 2016, 2010) and there is a lack of studies
systematically comparing growth trends and climate–growth relation-
ships of solitary oaks to oaks from closed canopy forests experiencing
the same macroclimate.

From the very beginning (Huber et al., 1949) until today (Friedrich
et al., 2004; Haneca et al., 2009; Pilcher et al., 1984) oak is one of the
chief species of European dendrochronology and the main tree-ring
source in climate reconstructions from Central European lowlands
(Büntgen et al., 2010; Cook et al., 2015; Tegel et al., 2010). Given the
above outlined medieval forest structure one can assume that tree-ring
material from this period mostly originates from more open-grown
trees. Combining trees from different growth conditions in one chron-
ology with the earlier, historical part potentially made up by solitary
trees and the later part by trees from closed forests might bias potential
climate reconstructions if the two groups differ in their climate sensi-
tivity. A systematic comparison is therefore needed. In our study, we
sampled in total 43 solitary oaks growing on meadows or agricultural
fields in the lowlands of northern Germany and compared their growth
trends and climate-growth relationships to 34 oaks from two neigh-
bouring forest stands of similar age.

2. Materials and methods

2.1. Study site, sampling and measurements

The fieldwork was conducted in summer 2016 in the Müritz-lake
district (Naturpark Nossentiner-Schwinzer Heide) in NE-Germany
(Fig. 1). Here, for touristic reasons, many solitary oaks escaped the
area-wide land consolidation during the last decades which included
clearing of single trees, smaller woodlands or bushes between smaller
fields. We selected two sites with abundant solitary oaks growing on
meadows or cropland. As these fields and meadows are still under in-
tense agricultural use, application of fertilizers (N, P, and K) is common
practice. In addition to these two sites, one site of widely scattered oaks,
a remnant of woodland pasture and still used as such, was sampled.
Using historical maps we ensured that the two field sites were not
forested for the last 200 years. In total, 43 solitary trees were sampled.
In close vicinity (< 10 km) to the solitary oak sites, two forest stands
were selected and 34 trees sampled, aiming at healthy and dominant
trees. Sampling included the extraction of two increment cores per tree
at breast height (1.3 m). Tree height (H), diameter at breast height
(DBH), crown diameter (CD) and height of the first main branch of the
crown (CBH) were recorded for each tree and its position was mapped.
Cores were dried, glued on wooden mounts and their surface was cut
with a core microtome (Gärtner and Nievergelt, 2010). Prepared cores
were scanned with a flatbed scanner with a resolution of 1200 dpi and
ring-width (RW), earlywood width (EWW) and latewood width (LWW)

were measured to the nearest 0.001mm on the optical scan using Co-
orecorder (Cybis Elektronik and Data AB, Sweden). Ring boundaries of
the ring-porous oak wood were clearly visible and crossdating was
without any difficulty. Nevertheless, we ensured a correct crossdating
using statistical measures as implemented in CDendro (Cybis Elektronik
and Data AB, Sweden) and Cofecha (Holmes, 1983). Variations in RW
are mainly determined by variations in LWW as typical for oak, EWW
showed only minor fluctuations. We therefore based all analyses in this
paper on total RW, the most frequently used parameter in den-
drochronology of oaks (Haneca et al., 2009).

2.2. Statistical analyses

All metadata of the sampled trees was grouped according to site
type (forest/field) and plotted as boxplots. A Shapiro-Wilk test was
applied to test for normality, which could not be ensured for all para-
meters, wherefore a non-parametric Wilcoxon rank-sum test was chosen
for comparison of the two groups. For the ring-width data, groups were
compared based on individual time series, instead of solely basing the
comparison on the standard method of calculating site chronologies. In
a first step, the RW of the two series per tree were averaged.
Subsequently, a flexible cubic smoothing spline with a 50% frequency
cut-off at 30 years was individually fitted to remove age/size, dis-
turbance and competition related longer term growth trends. Indices
were computed as differences between raw RW and the spline curves
after initial power transformation of the raw RW-data (Helama et al.,
2004). For comparison of long term trends, the 30 year spline curves,
which contain the (multi-) decadal signal in the RW-data, were also
compared between groups. Group-specific chronologies were built by
averaging the respective index curves using a robust mean function.
The common signal among trees (rbar) equalled 0.34 for the solitary
oaks (1800–2015) and 0.38 for the forest oaks (1840–2015) and run-
ning EPS was consistently above 0.85 over length of the chronology
(Table S1). Climate-growth correlations were computed between all
individual index series and monthly values of temperature, precipita-
tion and a drought index (scPDSI). Calculation of the scPDSI integrates
moisture supply (precipitation), demand (potential evapotranspiration)
and a soil moisture component (Wells et al., 2004). It has a strong
autocorrelative component through integrating moisture conditions of
several preceding months. We used climate data from the respective
gridpoint of the CRU4.01 dataset (Harris et al., 2014) and gridded data
of the scPDSI (Dai et al., 2004). The common period for analysis was
1901–2015. For comparison of basal area increments of both groups the
RW-data were converted to basal area increments using the “outside in”
method, thus the bark corrected DBH was used as starting point and the
annual basal area growth was calculated backwards from the RW as-
suming a perfectly round stem. A superposed epoch analysis (SEA) was
applied to detect and quantify growth reductions during summer
droughts. For this purpose the six driest summers of the period
1900–2015 were selected as event years and the respective growth
deviations in the index chronologies of solitary and forest oaks during
this years were analysed within a window of 10 years. Bootstrapping
was used to test for significance of the detected growth reductions. All
statistical analyses were performed in R (R Development Core Team,
2018) using inter alia the packages dplR (Bunn, 2008) and treeclim
(Zang and Biondi, 2015).

3. Results

Similar age structures of the two groups allow for a direct com-
parison. Solitary and forest trees differed significantly in most of the
recorded allometric parameters (Table 1, Fig. S1). On average, the so-
litary oaks have a larger stem diameter, a much lower tree-height and a
wider crown radius compared to forest trees of the same age. The crown
base height, as defined by the height of the first main branch was much
lower (< 5m) for the solitary oaks compared to the forest oaks
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(> 15m). Although total crown height (the difference between tree
height and CBH) was comparable between groups, the bigger crown
radius of the solitary oaks ensured a much bigger photosynthetic active
area which is mirrored in a significantly wider RW of open grown oaks
and even higher differences in basal area increments between groups
(Table 1, Fig. S2).

Longer-term growth trends of individual trees are similar in the
relatively even-aged forest oaks with a general decline with age inter-
rupted by a common growth release in the 1940´s and 50´s (Fig. 2),
whereas the solitary oaks show highly individual decadal growth tra-
jectories. Removal of the differing long-term trends resulted in two
index chronologies, which show a good common agreement in inter-
annual variations between groups (Fig. 3). The correlation between
both index chronologies equals 0.54 over their common period

(1825–2015) whereas the raw mean curves only correlate at 0.13. Over
the period of climate correlations (1901–2015) the agreement between
chronologies is slightly higher with values of 0.38 for the raw and 0.58
for the index chronologies. Nevertheless, solitary oaks display a higher
inter-annual variance as expressed in higher measures of mean sensi-
tivity paired with a lower growth persistence as expressed by sig-
nificantly lower values of first-order autocorrelations (Table 1, Fig. S1).

Consequently, both groups differ in their climate-growth relation-
ships. Solitary oaks show strong and persistent significant correlations
to drought (scPDSI) over the entire vegetation season with peak cor-
relations during summer (Fig. 4). An integral characteristic of the
scPDSI is the integration of moisture conditions of the preceding
months in calculation of the current month index-values. Significant
correlations with scPDSI values even outside the vegetation season
(February, March) can therefore partly be attributed to this persistence.
In addition, ring-formation in oak can spread over much of the vege-
tation season with often very early growth onset and long growth
duration (van der Maaten et al., 2018). The forest oaks on the other
hand seem less affected by drought stress as their correlations with the
drought index are insignificant. Both groups show similar correlation
patterns with mean temperatures and monthly precipitation sums. With
these two climate parameters only a negative correlation to previous
year late summer temperatures, a positive correlation of solitary oak
growth to previous year October temperature and a positive relation-
ship to current year (early) summer precipitation exceeded the sig-
nificance levels (Fig. S3).

Emphasizing the common signal and averaging out individual noise
during chronology computation led to stronger drought correlations of
the chronology values which are at the upper range of individual cor-
relation numbers (Fig. 4). Temporal patterns of drought correlations are
similar for both groups. Moving window analysis revealed a period of

Fig. 1. Location of the sample area in Northeastern Germany (a); detail of the sample area (aerial photography) showing scattered solitary oaks on fields and pastures
(b); and typical solitary (c) and interior forest oaks (d).
Source of aerial photography: GeoBasis-DE/M–V, 2018.

Table 1
Comparison of tree-metrics and RW-based statistical parameters between soli-
tary (n= 43) and forest (n= 34) oaks, in bold parameters with significant
differences between groups (Wilcoxon rank-sum test, p < 0.05); DBH…dia-
meter at breast height, RW…ring-width.

Solitary Forest

Mean ± std.dev. Mean ± std.dev.
DBH [cm] 114.07 ±22.95 69.2 ±6.9
Tree height [m] 20.65 ±2.84 32.47 ±2.83
Crown base height [m] 3.86 ±1.09 17.43 ±3.29
Crown diameter [m] 18.79 ±2.97 10.3 ±2.79
Crown height [m] 16.8 ± 3.01 15.05 ± 3.49
Age [years] 156.72 ± 49.92 169.41 ± 16.59
Mean RW [mm] 3.05 ±0.89 1.78 ±0.24
Mean sensitivity 0.24 ±0.03 0.2 ±0.03
1st order Autocorrelation 0.58 ±0.12 0.73 ±0.11
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diminished correlations to summer drought during the 1960´s and 70´s,
however the values of the solitary oaks are consistently higher over the
entire period of instrumental data (Fig. S4). Linear temporal trends in
moving correlations are slightly positive for both groups with a steeper
slope for the forest trees. In an attempt to quantify the drought related
growth reductions, growth during the six driest summers since 1900
was compared in a 10 year window (Fig. S5). Ring-width indices during
these drought years are significantly different from average growth for
both groups but reductions are stronger in the chronology of solitary
oaks (-22% reduction versus -13% in forest oaks).

4. Discussion

Our metadata confirmed the visual differences in tree allometry of
open grown and forest oaks. Although of comparable age, the open-
grown oaks have a much bigger stem radius, a bigger and lower com-
mencing crown and a much smaller tree height. In contrast, competi-
tion for light in closed canopy forests resulted in stronger height growth
and more slender crown shapes of the forest oaks. Bigger crowns of the

solitary oaks support a higher leaf area and consequently a higher
photosynthetic capacity. In addition, light availability is not a limiting
factor for open-grown trees. It is known that size factors like crown
dimension and competition are the most important factors in basal area
models (Monserud and Sterba, 1996). Therefore, annual growth rates
are much higher for the solitary oaks. We observed sustained basal area
increments of on average 50 cm²/year with some individuals forming
more than 100 cm² wood every year (Fig. S2). These values are much
higher than those typically reported for (forest) oak trees in studies
from Europe (e.g. Haneca and Beeckman, 2005; Hein and Dhôte, 2006;
Kint et al., 2012; Michelot et al., 2012). Besides the lack of light lim-
itation and other competition effects, thus strong fertilization effects,
either directly by application of mineral fertilizers to the surrounding
lands or indirectly by atmospheric deposition of nitrogen compounds
(Magnani et al., 2007; Schulte‐Uebbing and de Vries, 2018) likely
contribute to these very high growth rates.

Contrary to our expectations, longer-term growth trends in solitary
oaks do not show the typical shape of a negative exponential decline
with age (or size). Instead, very variable and highly individual decadal

Fig. 2. Long-term growth trends of a) solitary and b) forest oaks with their respective mean curve. Highly individual trends in solitary oaks versus common long term
trends in forest oaks.

Fig. 3. Averages of raw (undetrended) RW data (a) and index chronologies (b) of solitary (orange) and forest (cyan) oaks. For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.
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growth trends emerged from our analysis. Apparently, other factors
than pure size or age have had a strong influence on growth of the
solitary oaks. We speculate that again potential land-use changes,
variable fertilization with mineral fertilizers of the surrounding agri-
cultural fields and meadows as well as novel atmospheric depositions
and other exogenous factors override the ontogenetic and allometric
decline of RW with age/size. The typical size (or age) related trend is
more clearly recorded in longer-term growth trends of the forest oaks.
Here, a long-term decline in RW is obvious from the curves in Fig. 2.
This trend is interrupted by a competition release starting in the 1940´s.
This release is a widespread phenomenon found in numerous stands
throughout Germany and has to do with area-wide clearings and cut-
tings during and after World War II. During the war forests were heavily
overused by local populations for harvesting fuel wood and later by the
victorious allied states in so-called “reparation cuttings” (Keuffel and
Krott, 1997). The remaining trees, which are those we are sampling
now, have recorded a clear signal of this competition release in their
RW-pattern.

When it comes to high-frequency, inter-annual variations, the
chronologies from the two groups are more similar, indicating a
common driver (Fig. 3). Nevertheless, higher variance in RW indices
from solitary trees points to a stronger climatic forcing for the open-
grown trees. Pedunculate oak is known to be a widely dispersed species
that can tolerate a wide range of site conditions, from dry to periodi-
cally waterlogged (Ellenberg, 1996, 1988). With its extended root
system (Kutschera and Lichtenegger, 2002) and efficient water con-
ductance strategy (Huber, 1935; McCulloh et al., 2010) it is well
adapted to adverse conditions like summer drought or periodical soil-
waterlogging. However, the climate signal stored in its RW seems to be
strongly dependent on site conditions. Showing a clear drought signal
on well-drained sandy soils (Friedrichs et al., 2009; Scharnweber et al.,
2011), hardly any significant correlations of oak growth to climate was
detected on periodically waterlogged, loamy sites in the same region
(Scharnweber et al., 2013). This study adds evidence that also site
openness can have a strong influence on the strength of drought cor-
relations. Bigger and exposed crowns which experience higher direct
radiation and evaporative demand together with the lack of shelter by
surrounding trees shaping the typical interior forest microclimate,
might be responsible for this result. Similar findings of higher drought
sensitivity for more open-grown trees are reported for beech (Mérian
and Lebourgeois, 2011; Piutti and Cescatti, 1997). In closed canopy
forests, the lower evaporative demands, an improved soil water in-
filtration and an active hydraulic lift by roots of other individuals
(Horton and Hart, 1998) might result in a positive effect on soil water

availability. Generally, facilitation effects are increasingly recognized in
ecological theory (Bruno et al., 2003; Holmgren and Scheffer, 2010),
not only under harsh conditions but also in more mesic environments
like the forest ecosystem in our study. In light of the topical competition
versus facilitation discussion, our results show that competition for
light which is highly dependent on stand density, is the overriding
factor with regard to absolute growth rates, but facilitation effects
might be responsible for lower drought stress in closed canopy forests.
This lower drought stress of forest trees as identified by differences in
strength of correlations to a drought index is substantiated by stronger
growth reductions in the group of solitary oaks during summer
droughts (Fig. S5).

We cannot rule out that differences in soil characteristics are par-
tially responsible for the observed differences in drought response.
However, our individual-based analysis showed a very clear separation
in drought response between all trees of the two groups (Fig. 4) which
indicates that indeed our a priori clustering by openness rather than
potential microsite differences is responsible for the observed differ-
ences. Similarly, we can rule out pure tree size effects as responsible
drivers for the pronounced differences in drought sensitivity. Funda-
mental plant physiological theory states that sensitivity to drought
stress increases with tree height (McDowell and Allen, 2015) and it has
been repeatedly shown that tree size indeed has a significant influence
on vulnerability of trees to drought stress (Bennett et al., 2015), with
taller trees suffering more. The risk for hydraulic failures in the water
conductance system is increasing with tree-height (McDowell et al.,
2005; Ryan and Yoder, 1997). This would lead to greater drought
sensitivity of the much higher forest trees, which is contrary to our
findings and observations in Mediterranean oaks (Colangelo et al.,
2017). We think that in our study the bigger evaporative demand of the
expansive solitary oak crowns overrides the height effect and is mainly
responsible for the higher drought sensitivity. There are slight indica-
tions for an increasing drought sensitivity over time for both groups
(see linear trends in Fig. S4). We cannot separate calendar year from
age and size effects, so this increase might be related to a combination
of increasing vulnerability to hydraulic stress when trees get larger and
a general climatic warming trend over the last decades in the region.

Our results have two important implications. First, with regard to
conservational aspects of the valuable and endangered landscape ele-
ments that solitary oaks represent, our study highlights their greater
sensitivity to a changing climate. The general trend of shifting pre-
cipitation patterns in concert with warmer temperatures (Kreienkamp
et al., 2010) is predicted to result in stronger and more frequent
summer droughts (Ruosteenoja et al., 2018). These will probably

Fig. 4. Correlations of individual solitary- (orange) and forest
(cyan) oak tree index curves with monthly data of the scPDSI
drought index over the 1901–2015 period (boxplots); the corre-
lation of the respective index chronologies is shown by the points;
dashed lines mark significance levels (p=0.05). For interpreta-
tion of the references to color in this figure legend, the reader is
referred to the web version of this article.
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disproportionally affect solitary oaks with the high evaporative demand
of their exposed crowns and might cause drought-related damage or
even increased mortality if certain thresholds are surpassed (Doležal
et al., 2010; Sohar et al., 2014).

Second, with regard to dendroclimatology, the differing climate
sensitivity might provoke a bias in climate reconstructions from
chronologies which mix both groups. Samples from the generally more
open medieval pasture woodlands and typical park-like landscapes will
likely contribute to the historical part of chronologies from Central
Europe. In the recent part, which is used for the calibration of re-
construction models, on the other hand, samples will mainly come from
closed canopy forests. Their lower drought correlations applied to re-
construction models would then result in an overestimation of medieval
drought severity. Unfortunately, it is very difficult to control for this
bias as individual growth conditions like canopy openness are mostly
unknown for sources of historical construction wood. Nevertheless we
don´t think that historical tree-ring material will be dominated by open
grown trees for two reasons: 1) stems of solitary oaks are rather short
with lots of branches which is inconvenient for construction wood or
timbers and 2) due to their fast growth, such timbers will have only a
limited number of tree rings and are therefore difficult to crossdate.
Furthermore, we could show that longer term decadal to centennial
growth trends have to be interpreted with caution in trees from these
cultural landscapes. Although suppression and release from light com-
petition does not play a role for open grown oaks, our results demon-
strate that other non-climatic factors like land use changes or fertili-
zation effects can have a strong impact on long-term trends of these
trees which complicates the analysis of low-frequency climatic trends.
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environmental conditions. Although these methods have proven useful in climate reconstruction 23 

applications, it comes at a cost of losing information on individual growth dynamics, which ultimately 24 

define the future state of the forest. In this study, we analyzed tree-ring data of Fagus sylvatica L. 25 

(beech) and Quercus robur L. (pedunculate oak) from a mesic, coastal temperate lowlands forest site in 26 

northeastern Germany. We applied dendroecological methods, linear mixed models and principal 27 

component analysis to characterize climate-growth relationships at the site and individual tree level and 28 

assess the influence of single-tree features on the climate response. We found that, within the forest 29 

management approach taken at the site – the so called “close-to-nature” silviculture – management 30 

itself and competition among neighboring trees were not the main drivers of individual variation in the 31 

climate response. Instead we found evidence that age in the case of beech age, and crown area/size for 32 

pedunculate Oak  were the strongest drivers of individual differences in the climate response. 33 

Furthermore, we found that at the site level beech growth is mostly limited by previous July 34 

temperatures and current year June precipitation. While the temperature signal was well represented in 35 

individual tree data, the precipitation signal was not. Oak site-response was mostly limited by previous 36 

year October temperature, but this signal was present in less than 25% of the individual sampled trees. 37 

A change in perspective towards individual-based methods in dendroecological science will be 38 

beneficial to characterize the climate response of tree populations and more accurately understand 39 

forest responses to climate change. 40 

 41 

Keywords:  size dependency, age dependency, tree-growth, climate response, forest management, 42 

climate-growth relationships 43 

 44 

 45 

Key message: Individual analysis of climatic drivers of growth revealed mild but heterogeneous 46 

responses, not well reflected by the master-chronology. Beech trees’ response was modulated by age, 47 

and oak’s by crown size. 48 
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 50 

Introduction 51 

 52 

Forests are important for wood production, the provisioning of ecosystem services like drinking-water , 53 

and climate change mitigation as they sequester large amounts of atmospheric carbon per year 54 

(Canadell and Raupach, 2008; Pan et al., 2011). Therefore, predicting impacts of current and future 55 

global change on tree growth is important to estimate future ecosystem functions of forests. The tree-56 

ring archive is an excellent source of information to characterize the strength and direction of climate 57 

forcing and the consequences of disturbances such as forest fires (e.g., Harley et al. 2018), insect 58 

outbreaks (e.g., Navarro et al. 2018, p. 20) or drought events (e.g., Vicente‐ Serrano et al., 2014) on 59 

tree and forest growth. Nonetheless, most insights obtained on forest dynamics are based on averaged 60 

growth signals, through the so-called site chronology, which minimizes “noise” from individual 61 

variability within the population (Fritts 1976; Carrer 2011). To further enhance the climatic signal, non-62 

random sampling is often applied targeting dominant trees exclusively (Fritts 1976; Klesse et al. 2018). 63 

Such an approach has proven valuable in the context of climate reconstructions as the master 64 

chronology amplifies the climatic signal (Carrer 2011). However, this approach can overestimate 65 

climate effects when broad ecological inferences are the goal. The introduction of a sampling bias 66 

towards larger trees and the selection of marginal sites leads to an overestimation of the true population 67 

growth trend and climate response (Nehrbass-Ahles et al. 2014; Klesse et al. 2018). Since the reaction 68 

of individual trees to environmental change will shape the state of the (forest) ecosystem, a focus on 69 

individual responses can improve our understanding of future climate impacts (Clark et al. 2012; Felton 70 

and Smith 2017). There is increasing evidence that an individual-based approach can provide additional 71 

ecological insights especially in combination with stand level average growth signals (Wilmking et al. 72 

2004; Wilmking and Myers-Smith 2008; Carrer 2011; Galván et al. 2014; Trouillier et al. 2018).   73 

 74 

Important drivers behind the individual variability in climate responses include tree traits related to 75 

size, age, transpiratory and hydraulic capacity (e.g., crown size and leaf area index), all of which are 76 

functionally related to photosynthetic capacity and productivity (Mérian and Lebourgeois 2011; 77 

Gómez-Aparicio et al. 2011; Fichtner et al. 2013; Stephenson et al. 2014; Trouillier et al. 2019). Tree 78 

size, intrinsically related to tree age, has been linked to drought susceptibility (Bennett et al. 2015) and 79 

the modulation of the climate response (Mérian and Lebourgeois 2011). The mechanisms behind age-80 

size dependent climate signals in tree-ring series is likely related to hydraulic limitations on height 81 

growth, tree social status and variability in stomatal control within the crown and during the ontogeny 82 

of a tree (Ryan et al. 1997; Ryan and Yoder 1997; Zang et al. 2012; Grote et al. 2016; Munné-Bosch 83 

2018). Especially under drought conditions, larger, dominant trees experience higher upper canopy 84 

temperatures with larger evapotranspirative demand (Grote et al. 2016). These conditions can trigger 85 

stomatal closure and depending on the severity and length of drought conditions, it can lead to tree 86 

mortality through hydraulic failure and/or carbon starvation (Grote et al. 2016). Smaller understory 87 

trees usually have a longer leaf phenological vegetation period, likely due to temperature increasing 88 

with canopy depth in spring (Seiwa 1999; Richardson and O’Keefe 2009; Gressler et al. 2015). 89 

However, cambial phenology can be affected by tree age/size or crown class and it is not necessarily 90 

synchronized with leaf phenology (e.g., Rossi et al., 2008; Rathgeber et al., 2011; Michelot et al., 2012; 91 

Grote et al., 2016; Liu et al., 2018). Being able to mobilize carbohydrates sooner than larger trees, 92 

together with their sheltered position in the canopy makes smaller trees less prone to drought related 93 

growth decreases (Mérian and Lebourgeois 2011; Grote et al. 2016). Moreover, from a wood 94 

anatomical perspective the risk of hydraulic failure increases with tree height, as vessel size scales with 95 

it and wider vessels are more prone to drought or frost induced cavitation (Olson et al. 2018; Fajardo et 96 

al. 2019). A better quantification of the differences in individual climate responses can provide a more 97 

accurate analysis of climate forcing over a population and improve risk assessments for forest 98 
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managers. Other important drivers of variability at the stand level are related to competition for 99 

resources and management legacies (Piutti and Cescatti 1997; D’Amato et al. 2013; Altman et al. 2013; 100 

Guillemot et al. 2015; Mausolf et al. 2018). Periods of favorable growth, due to management 101 

interventions or climate variability, can trigger structural overshoot (i.e. abundant above-ground 102 

biomass production during favorable conditions, Jump et al., 2017). As a consequence, during 103 

unfavorable conditions such as drought events, stands and trees under structural overshoot are prone to  104 

hydraulic failure (due to large evaporative demand of large crowns) resulting in decreased growth and 105 

dieback. Thus, management and thinning interventions can modulate the response of trees to climatic 106 

parameters (Maes et al. 2019). In northeastern Germany, beech growth has shown a higher drought 107 

sensitivity in managed, compared to unmanaged stands (Mausolf et al. 2018). Pedunculate oak has 108 

been found to show an increased temperature response in stands with previous management history 109 

(Maes et al. 2019). Competition for resources can modulate the sign and intensity of the climate 110 

response (Piutti and Cescatti 1997; Lu et al. 2019) and its effect can depend on the type of competition 111 

(intra- or interspecific) as facilitation can also take place depending on species mixtures (Andrés et al. 112 

2018). There is no unanimous consensus of the general impact of management interventions on the 113 

climate response due to different ecological adaptations of tree species, as the interaction of these traits 114 

with local climate conditions is stand specific (Munné-Bosch 2018). An understanding of confounding 115 

drivers of climate sensitivity can provide a better quantitative assessment of how climate change will 116 

affect carbon sequestration and other ecosystem services in forests and improve local management 117 

strategies.  118 

 119 

In Central European forests, beech (Fagus sylvatica L.) and pedunculate oak (Quercus robur L.) are 120 

two ecologically and economically important species (Leuschner and Ellenberg 2017). Beech is a shade 121 

tolerant tree whose climate response is affected by size throughout a range of ecological conditions 122 

(Mérian and Lebourgeois 2011; Hacket-Pain et al. 2016). Beech and pedunculate oak are masting 123 

species. The occurrence of years with high fruit production is triggered by environmental conditions 124 

and linked to steep growth reductions in beech (Piovesan and Adams 2001; Hacket-Pain et al. 2015; 125 

Bogdziewicz et al. 2020). Under warmer and drier conditions an increase in seed production and less 126 

reproductive synchrony among individuals can be expected, leading to reduced fitness benefits from 127 

the masting strategy, at least for beech (Bogdziewicz et al. 2020). Other studies indicate that beech 128 

growth might be impaired under future warming trends, as drought events become more frequent 129 

(Scharnweber et al. 2011; Cavin and Jump 2017; Harvey et al. 2020). Pedunculate oak is potentially 130 

threatened also by drier conditions but is considered less drought sensitive than beech (Scharnweber et 131 

al. 2013; Harvey et al. 2020). Several studies have found a large variability in the individual climate 132 

response of both species, which limits the validity of ecological inferences made from average 133 

population signals (Rozas 2015; Ding et al. 2017; Alfaro-Sánchez et al. 2019; Harvey et al. 2020). To 134 

improve forest management approaches for these species, an individual based dendrochronological 135 

approach can be beneficial to assess future warming risk. With simple modifications to the 136 

dendroecological protocol, individual approaches based on random sampling within all present crown 137 

classes can provide a more accurate overview of the climate response throughout the population (Carrer 138 

2011; Galván et al. 2014; Trouillier et al. 2018). 139 

 140 

 141 

In this study, we assess the climate response and its variability at the individual-tree level of two 142 

important broadleaved species of Central European forests, i.e. beech and pedunculate oak, in a 143 

lowlands coastal temperate forest in northeastern Germany. Our objectives are 1) to characterize 144 

climate-growth relationships at the site and individual-tree level to understand the implication of 145 

projected climate trends, 2) investigate the representativeness of the climate response of the site 146 
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chronology by comparing it to individual-tree responses and 3) investigate the intrinsic tree-traits 147 

determining the variability in the individual climate responses.  148 
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Material and Methods 149 

 150 

- Study area 151 

 152 

The study site is located in northeastern Germany near the city of Rostock (54.18° N, 12.23° E). This 153 

site is a typical lowlands coastal forest located on hydromorphic sandy gley and podsol-gley soils 154 

(LUNG MV, 2005). The silvicultural approach at the site promotes the establishment of deciduous 155 

mixed trees species, which correspond to the natural vegetation type for the region (Leuschner and 156 

Ellenberg 2017). The “close-to-nature” silviculture approach favors natural rejuvenation, includes 157 

selective thinning and clear-cut free, single-tree harvesting. The selected stands are dominated by either 158 

target species (beech or pedunculate oak) and variable mixtures of Carpinus betulus L., Pinus sylvestris 159 

L., Acer pseudoplatanoides L., Fraxinus excelsior L. and Ulmus minor L., as well as sporadic Picea 160 

abies L. stems. Stands were selected based on the dominant species present (basal area >70% of the 161 

stand). The soil in the study area is mostly sandy (up to 70% of the total area), with a high soil 162 

moisture, low nutrient availability, and a tendency to form minerotrophic fens on depressions in the 163 

terrain (Jurasinski et al., 2013). The climate has a high coastal influence, with a mean annual 164 

temperature of 8.8°C and mean annual precipitation sum of 579 mm (based on 1901-2018 CRU 4.01 165 

data, Harris et al., 2014)  166 

 167 

- Sampling design 168 

 169 

Beech and oak stands were selected pairwise in managed (“close to nature”) and unmanaged (at least 170 

since 1950, Jurasinski et al., 2013) forest parcels, for a total of 8 stands (Figure 1). The stands were 171 

selected to have similar soil fertility characteristics (poor nutrient availability) according to the local 172 

forestry administration’s site characterization to ensure comparability (based on Kopp and 173 

Schwanecke, 1994). In the stands, circular plots of 40 m diameter were set at random points, and all 174 

trees of the target species with diameter at breast height (DBH) > 10 cm were selected, cored and 175 

several parameters were recorded (see  “Tree characteristics and competition indices”).  176 

 177 

- Dendrochronological data and time-series processing 178 

 179 

The target species trees in the circular plots were sampled by obtaining two cores of the stem in a right 180 

angle to each other using increment corers (Haglöf, Sweden). The cores were further processed in the 181 

laboratory by mounting them in wooden holders and sanding the surface until the tree-rings were 182 

visible to the naked eye. Afterwards the cores were scanned on a flat-bed scanner with 1200-2400 DPI 183 

resolution. Tree-ring width measurements were carried out using CooRecorder and visual and 184 

statistical crossdating performed in CDendro (Cybis Elektronik & Data AB, Sweden). 185 

 186 

Species-specific raw (tree-ring width in millimeters) and residual chronologies were built based on the 187 

single tree curves by averaging with Tukey’s bi-weight robust mean. To obtain residual chronologies 188 

(hereinafter as species-specific chronologies), a double detrending method was applied to the single 189 

tree curves. A flexible spline with 30 years segment length and 50% frequency cut-off was fitted to 190 

detrend the single tree curves, followed by fitting an autoregressive model and obtaining the residuals. 191 

This procedure ensures that all long-term trends, as well as any autocorrelation effect found in the time-192 

series is removed (Cook and Kairiukstis 1990). After the spline fitting procedure, the raw values were 193 

divided by the fitted values to obtain curves with dimensionless units (ring-width index, RWI), 194 

followed by fitting the autoregressive model and retention of residuals with the same units. 195 

Dendrochronological statistics were calculated for raw and detrended series, including inter-series 196 

correlation (RBAR), expressed population signal (EPS) and first-order autocorrelation (AR1). The 197 

57



RBAR describes the strength of the common signal within the data set or the degree of similarity 198 

between all tree-ring series. EPS is an indicator of the representativeness of the obtained chronology 199 

compared to an infinitely replicated theoretical population signal, and AR1 indicates how strong the 200 

influence of previous year growth (values) is on current year growth. All described procedures were 201 

carried out in R (R Development Core Team 2018) using the “dplR” package (Dendrochronological 202 

Program Library for R, Bunn, 2008). 203 

 204 

- Tree characteristics and competition index 205 

 206 

All trees in the selected stands in the study site were subject to an inventory procedure, where size 207 

related traits were recorded which included diameter at breast height (DBH, at 1.3 meters), total tree 208 

height and two perpendicular crown diameters. Crown basal area was calculated assuming a circular 209 

projection shape and taking the radius from the averaged crown base diameters. Furthermore, to 210 

characterize competition pressure on the sampled trees, the position of all trees within the circular plots 211 

was defined and cartographically projected to calculate Hegyi’s distance-dependent competition index 212 

(DCI, Hegyi, 1974). For a given sampled tree, the index was calculated as: 213 

 214 

𝐷𝐶𝐼 =∑(𝑑𝑏ℎ𝑗 𝑑𝑏ℎ𝑖⁄ ) (1 𝑑𝑖𝑠𝑡𝑖𝑗⁄ )⁄  215 

 216 

Where j represents neighboring trees within 9 m of the focal tree i. For the calculation of DCI’s no 217 

difference between intra- and interspecific competition was made. Based on the inventory results for 218 

the plots in the corresponding stands, a (stem) basal area/hectare ratio was calculated to indicate stand 219 

density.  220 

 221 

- Climate data 222 

 223 

Climate data was obtained from the CRU 4.01 dataset (Harris et al. 2014) which was available for the 224 

site from 1901 to 2016. From the gridded data set, on the quadrant corresponding to the study site on a 225 

0.25° resolution, monthly average temperature (TEMP), monthly average minimal and maximal 226 

temperature (TMIN and TMAX) as well as monthly precipitation sums (PREC) were obtained. Based 227 

on the obtained climate data, the standardized precipitation-evapotranspiration index (SPEI, Beguería 228 

et al., 2014) was calculated and used in further analysis as a drought index. The drought index was 229 

calculated over a 3 month integrated window, which is representative for short-term soil moisture 230 

fluctuations (as SPEI3 in text, Vicente‐ Serrano et al., 2014). The calculation was performed using the 231 

“SPEI” package (Beguería and Vicente-Serrano 2017) available within the R statistical programming 232 

project (R Development Core Team, 2018).  233 

 234 

- Statistical analysis (correlation analysis, linear mixed models, principal component analysis) 235 

 236 

As a first step, the species-specific chronologies were compared to the available monthly weather data 237 

to find the most important climatic drivers. This was performed with the aim to later compare them to 238 

the most important drivers at the single-tree level obtained by correlation analysis. Climate-growth 239 

relationships were calculated for June to December of the year previous to ring formation and from 240 

January to September for the year of growth (Pearson’s correlation), both for the species-specific 241 

chronology and individual tree RWI series. This step was performed using the “treeclim” package in R 242 

(Zang and Biondi 2015).  243 

 244 
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The proportion of trees that showed significant correlations to climate parameters was obtained. The 245 

response of all individual trees to each monthly parameter was compared to the species-specific 246 

chronologies’ response. This was performed to compare how many individual trees present a response 247 

similar to what the species-specific chronology suggests. Once the  most important climatic signals in 248 

the species and individual series were determined, a linear mixed-model analysis was carried out to 249 

quantify the strength of climate forcing on the individual tree-ring series. 250 

 251 

The models were formulated with random intercepts for individual trees, and random slopes for the 252 

climate variables that were included as fixed effects. In an exploratory approach, models were fitted for 253 

all available climate variables individually, following the before mentioned specifications. After all 254 

models were available, a comparison between them was performed considering the Akaike information 255 

criteria corrected for small sample sizes (AICc, Hurvich and Tsai, 1989; Bartón, 2019), to find the most 256 

parsimonious models (and from a single tree perspective, the most important climate drivers). Once the 257 

three best single parameter models were found for each species, all possible combinations between 258 

them were also fitted to obtain the best climate models, ranking them by AICc while excluding that 259 

collinearity of fixed effects surpasses a variance inflation factor (VIF) threshold of more than five. 260 

 261 

The formulated models follow: 262 

 263 

𝑅𝑊𝐼𝑖 = 𝛼 + 𝐶𝑙𝑖𝑚𝑖𝛽𝑖 + 𝑏𝑖 + 𝜖𝑖 264 
 265 

where RWIi represents the response variable ring-width index, alpha (α) the intercept, Climi the fixed-266 

effects matrix (climate parameters) and βi and bi vectors of fixed and random effects, correspondingly. 267 

The vector εi contains random errors. Models were fitted using the maximum likelihood (ML) method 268 

to be able to compare models with different fixed effects. Final models were fitted using the restricted 269 

maximum likelihood method (REML). For all models the marginal r² was calculated (Nakagawa et al. 270 

2017), to describe how much variance in the response variables is explained by the fixed effects.  271 

 272 

As a second step, to analyze if management has an effect on the climate sensitivity of individual trees, 273 

the models were updated by including a management term and its interaction with the climate 274 

parameters. The models applied to answer this question had the form: 275 

 276 

𝑅𝑊𝐼𝑖 = 𝛼 + 𝐶𝑙𝑖𝑚𝑖𝛽𝑖 + 𝑏𝑖 +𝑀𝑔𝑚𝑡𝛽𝑀𝑔𝑚𝑡 + 𝛽𝑀𝑔𝑚𝑡−𝐶𝑙𝑖𝑚𝑖
𝐶𝑙𝑖𝑚𝑖:𝑀𝑔𝑚𝑡 + 𝜖𝑖 277 

 278 

where the term Mgmt β Mgmt is the fixed effects matrix corresponding to the tree’s management (natural 279 

and managed categories) and β Mgmt - Clim an interaction term between the climate parameters and 280 

management categories. All predictor variables were normalized (to a mean of 0 and standard deviation 281 

of 1) to ease model calculation and simplify interpretability of coefficients. All models were calculated 282 

using the packages “lme4” and AICc was computed with “MuMIn” in the R programming environment 283 

(Bates et al. 2015; Bartón 2019). 284 

 285 

In a further step, the individual tree coefficients for the climate variables in the full models (with three 286 

climate parameters) were extracted and a principal component analysis was performed. Principal 287 

component analysis, being a dimensionality reduction multivariate statistical method, was applied to 288 

obtain synthetic axes containing the main source of variability found in the slopes (i.e. sensitivity to 289 

climate) of the fitted mixed linear models. Once obtained, the individual tree scores in the first and 290 

second principal components found for each species were compared by means of Spearman’s 291 

correlations to individual tree traits and competition indices including: cambial age, DBH in cm, basal 292 

area (calculated from DBH values), tree height in meters, crown basal area in m² and distance-293 
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dependent competition indices. Based on these correlations and their statistical significance, the likely 294 

drivers of individuality in the climate response were assessed. 295 

 296 

All statistical models and correlation analyses were calculated over the period 1950-2016. This period 297 

was chosen since it contains the time where management differed between stands and since we 298 

considered it the furthest point back in time were the competition indices can be considered valid (see 299 

Figure S6 to S8 in the supplementary information). 300 

 301 

  302 
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Results 303 

 304 

- Species chronologies and tree-ring summaries 305 

 306 

The species raw chronology for beech shows the influence of different age-cohorts. Most remarkable 307 

are the higher levels of growth after 1900 (Figure 2a), where younger trees are added to the 308 

chronology, and the period after the 1940’s where intensive cuttings during and after the Second World 309 

War took place. The pedunculate oak species’ raw chronology shows a more homogeneous growth 310 

pattern consistent with a more even age structure in the sample (Figure 2b). A visible age effect is 311 

noticeable from late 1890’s onwards, and no apparent site-wide growth releases are visible over the rest 312 

of the time-span. Growth rates of pedunculate oak were slightly higher, although the difference was not 313 

significant, (p = 0.14, Student’s t-test). The pedunculate oaks were on average younger than beech (p = 314 

0.01, Wilcoxon rank-sum test). Beech trees had a larger age variability, with a few individuals older 315 

than 300 years. Autocorrelation of the species raw chronologies was similar. The species’ residual 316 

chronologies presented high expressed population signals (EPS of 0.96 for beech and 0.96 for 317 

pedunculate oak). The RBAR or average inter-series correlation was higher for beech (0.32) than oak 318 

(0.27). The species residual chronologies presented a low correlation coefficient (r = 0.32, p < 0.01, 319 

Figure S1) when compared to each other. In Table 1 descriptive statistics of the sampled trees for each 320 

species, as well as for the species raw and species-specific (residual) chronologies are shown.  321 

 322 

-Climate-growth relationships at the species and single tree level 323 

 324 

The species-specific chronology of beech presented a significant moderate positive correlation with 325 

precipitation of current year June (r = 0.42, p < 0.05) and a moderate negative for all temperature 326 

variables in June of the  previous year (TEMP r = -0.42, TMAX  r = -0.43 and TMIN r = -0.39, all p < 327 

0.05). Beech also presented a significant correlation with the drought index (SPEI3) for September of 328 

the previous year  (r = 0.42, p < 0.05; Figure 3, upper). The species-specific chronology of oak 329 

presented significant positive correlations with all temperature variables for  October of the previous 330 

year (TEMP r = 0.39, TMAX  r = 0.34 and TMIN r = 0.41, all p < 0.05) and a weak positive 331 

correlation to current June precipitation (r = 0.23, p < 0.05; Figure 3, lower).  332 

 333 

The species-specific chronologies’ climate response overlapped to some extent with the most abundant 334 

significant responses at the single tree level. Taking TEMP as an example, the species-specific 335 

chronology of beech showed a significant correlation to previous July, August and September monthly 336 

variables, while these signals appeared to be well represented in single trees only for previous July and 337 

August, where the proportion of significant correlations of single tree series was > 75% (Figure 3, 338 

upper). For beech, the current year late spring and summer months showed a large proportion of single 339 

trees with negative significant correlations to the three temperature variables, while the species-specific 340 

chronology did not present any. Similarly, the species-specific chronology response to PREC of current 341 

year June is only represented at the single tree level by less than 25% of individuals which had a 342 

significant correlation to this monthly variable and even a smaller percentage for the same climate 343 

parameter in previous June. For pedunculate oak, this mismatch between individual tree RWI series 344 

and species-specific chronology responses is more pronounced (Figure 3, lower). The species-specific 345 

chronology of pedunculate oak presented four significant correlations with the available climate 346 

parameters (the three temperature variables for the month of October of the previous year  and 347 

precipitation of June of the year of growth), where the proportion of single trees with significant 348 

correlations amounted to less than 25%. In the three temperature variables, the month April of current 349 

year of growth showed around 50% of individuals presenting significant correlations of both signs, 350 

whereas the residual chronology response did not show any. A similar finding but with a lower 351 
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proportion of significant correlations was found for the late spring and summer months for the three 352 

temperature variables. Furthermore, the chronology response did not present any drought index signal, 353 

whereas for the current year late spring months a group of about 20% of individual trees shows positive 354 

relationships to this climate variable.   355 

 356 

- Linear mixed effects models and individual trees’ climate drivers 357 

 358 

The results of the best performing linear mixed effects models indicate that the strongest climate 359 

drivers of growth variations at the single-tree level are those found also for the species-specific 360 

chronologies. The best performing single parameter models for beech include (from best to worst) 361 

previous July TMAX and TEMP followed by current year June precipitation, which overlaps fully with 362 

the three highest species residual chronology climate signals (Table 2). For oak, the best performing 363 

parameters are in order of importance TMIN, TEMP and TMAX of previous October, which are also 364 

the highest-ranking climate drivers at the species-specific chronology level in that order. The explained 365 

variance of the climate variables in the single tree curves is low for both species (see Table 2) but lower 366 

for pedunculate oak. Marginal variance, which is the variance accounted for fixed effects, was low with 367 

the best three-parameter climate model for beech with r² = 0.14 and for oak with r² = 0.06. The random 368 

effect was small in beech and in pedunculate oak close to zero.   369 

 370 

- Testing the effect of management on the individual climate response 371 

 372 

Management at the site only affected beech trees as an interaction with TMAX of previous July (see 373 

supplementary table S1). Management by itself did not affect the growth index levels of beech and 374 

pedunculate oak. In the case of beech, maximum temperature of July of the year prior to growth had a 375 

negative relationship to growth indices. Trees of the managed stands have a less pronounced slope to 376 

this effect, given that the interaction term is positive, thus management lowers the negative effect of 377 

this climate parameter in our sample. All other climate variables found for both species presented non-378 

significant interactions with management. 379 

 380 

- Drivers of individual variability in the climate response 381 

 382 

Principal component analysis of the coefficients for climate variables obtained from the best 383 

performing three parameter linear mixed models was carried out for beech and oak (see supplementary 384 

Figure S2  for a biplot of the first and second principal component found for each species). For beech 385 

the first principal component explained the total variance in the slopes of the linear mixed effects 386 

model, and for oak the first component explains 65% and the second 17%. Spearman’s ranked 387 

correlation analysis indicated that age was the stronger covariate for the first principal component for 388 

beech coefficients, with r = -0.35 (p < 0.01) (see Table S2  in the supplementary material). Age 389 

correlated negatively with the scores of the first principal component from the model coefficients. This 390 

indicates that older trees tend to have more positive correlation coefficients to SPEI3 and lower (more 391 

negative) to TMAX of prior year July. In the case of pedunculate oak, the first principal component did 392 

not present any significant correlation to the tested variables. The second principal component showed 393 

the strongest correlation to crown basal area with r = -0.31 (p < 0.05). This relationship indicated that 394 

in the sample, pedunculate oak individuals with more developed crowns showed a higher correlation 395 

coefficient with June precipitation of the year of growth and lower to December TMIN of the year 396 

previous to growth, even though explained variance was low. Competition indices also correlated 397 

significantly to the selected principal component scores in both cases, although with a lower strength as 398 

age (beech) and crown basal area (oak). A visual comparison of all variables and the first or second 399 
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principal component can be found in the supplementary Figures S3 (beech) and S4/S5 (pedunculate 400 

oak).  401 

 402 

 403 

Discussion 404 

 405 

The climate signal in species-specific chronologies does not necessarily represent the complete variety 406 

of signals present in individual tree’s series and can lead to an overestimation of climate effects. The 407 

master chronology amplifies the climate signal and thus biases ecological inferences. Assessing 408 

individual tree responses on the other hand provides information on population variability. Projected 409 

changes in a climate variable strongly associated with a large proportion of a studied population will 410 

have wider repercussions. Furthermore, the variability within climate responses of a population can be 411 

tested for association to tree traits and these can be then targeted as part of sustainable forestry 412 

management schemes. In our study, age for beech and crown basal area for oak were the main drivers 413 

of differences in climate response between individual trees. Management as such interacted only with 414 

maximum temperature (TMAX) of previous July in beech, and no interactions were found for 415 

pedunculate oak, which seems to imply that the applied silvicultural regime only slightly affected 416 

climate sensitivity. Competition at the tree-level did not show to be the most important factor 417 

associated to the climate response. Analyzing the variability of climate responses within populations 418 

can provide additional insights about the impact of climate trends on tree growth and potentially derive 419 

stand-specific sustainable forestry measures. 420 

  421 

 422 

- Climate growth relationships – population and its variability 423 

 424 

In mesic temperate forests, growth dynamics at the population level are driven by the complex 425 

interaction of characteristics such as competition intensity and density of the stand (e.g., D’Amato et 426 

al., 2013; Lebourgeois et al., 2014), soil properties (e.g., Rehschuh et al., 2017) and climate (e.g., Babst 427 

et al., 2013; Harvey et al., 2020). Our results on the climatic drivers of the inter-annual high frequency 428 

variability of species chronologies in a coastal lowlands forest site with well-drained, nutrient poor 429 

soils reflect different growth strategies and tree-hydraulic architectures. The population signal for 430 

beech reflects what has been found in studies in the region, namely a limitation by summer 431 

precipitation and high temperature in summer of the current and previous year of growth (Scharnweber 432 

et al. 2011; Bauwe et al. 2016; Cavin and Jump 2017). In the case of pedunculate oak, a characteristic 433 

lack of drought signals, summer influences and the presence of a previous October temperature signal 434 

(TMIN, TEMP, TMAX) points to low climatic limitations and site-specific conditions, as high 435 

groundwater table levels are present in the coastal forest. The October signal can likely be explained by 436 

the positive influence of a longer vegetation season on next year’s growth. Regional climate trends 437 

where only present in temperature variables of early spring until late summer, where a positive increase 438 

over time was found but it is not accompanied by decreases or increases in precipitation or drought 439 

(Figures S9 to S10 in the supplementary information). 440 

 441 

Beech, especially when growing on waterlogged sites, is characterized by a relatively shallow root 442 

system (Harley 1940; Rust and Savill 2000), rendering its secondary growth sensible to water-budget 443 

limitations during the growing season at lowland forests in northeastern Germany (Scharnweber et al. 444 

2011, 2013). In our study sample, the response pattern of the beech residual chronology indicates, as 445 

expected for this species, a clear drought signal related to summer water availability. This summer 446 

water availability influence was indicated by a precipitation signal in the year of growth in June and 447 

SPEI3 in September of the year previous to growth, together with negative relationships to all three 448 
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temperature variables in June of the year previous to growth. The correlation pattern points out that 449 

water-budget during the vegetation season determines the high-frequency signal in this sample. These 450 

reactions also point out the sensitivity of beech growth to water availability of the upper soil layers, 451 

which capture these fluctuations sharply even though the groundwater influence at the site is high. The 452 

individual trees reflect a widespread influence of previous SPEI3 of September and a negative 453 

relationship to previous July and August maximum temperatures. By looking at the individual 454 

correlations (Figure 3, upper) it is evident that drought (SPEI3) and temperature signals are widely 455 

distributed at the individual tree level, whereas the precipitation signal of June of the current year is 456 

found to be associated significantly only to around 20% of the sampled trees. Nevertheless, the 457 

influence of summer precipitation was captured by the modeling approach, although with low strength 458 

as given by the low explained variance of the found models. Our results confirm that radial growth of 459 

beech in this region can be negatively affected by increasingly drier and warmer summers, even at 460 

locations with strong coastal and groundwater influences and that the strength of this effect varies 461 

widely in the population.  462 

 463 

For oak, the low drought sensitivity, only evident at the individual-tree level in late spring months of 464 

the current year, is most likely related to the fact that the site is located very close to the coast and high 465 

groundwater table levels are typical for the site (up to 1 m deep in average in the site, personal 466 

communication Gerald Jurasinski and Johannes Kalbe, 2019). A barely significant correlation to 467 

current July precipitation of the species-specific chronology as well as a small-sized effect found by the 468 

linear mixed models approach revealed an influence of this parameter. As it has been suggested that 469 

oaks can be drought-resistant due to their deep rooting system, able to reach deeper in the soil 470 

(Skiadaresis et al. 2019; Steckel et al. 2020), the low amount of drought signals and a low summer 471 

precipitation response can be explained by this species’ characteristic. All three temperature variables 472 

(average, maximum and minimum) for previous year October were also found to be important drivers 473 

of the high-frequency variability signal at the site and single-tree level. This has been linked in 474 

pedunculate oak to production and storage of photoassimilates to be used for next years’ growth season 475 

(McCarroll et al. 2017). In the xylogenesis of pedunculate oak, as a ring-porous species, it first 476 

generates its wide early-wood vessels before leaf unfolding and thus arguably before photosyntethic 477 

rates can produce enough substrates to sustain growth levels (Pérez-de-Lis et al., 2017; Puchalka et al., 478 

2017). Given that oaks in this region tend to have an earlier growth begin than most co-existing species   479 

(van der Maaten et al. 2018; Cruz-García et al. 2019), it is evident that spring temperatures have an 480 

important influence on its growth as indicated by the high amount of individual-tree responses of both 481 

signs, a response that was not captured at all by the chronology. The contrasting responses found at the 482 

individual level indicate that there is heterogeneity and adaptation potential in the population (Pederson 483 

et al. 2020). 484 

 485 

Site conditions have an influence on the climate response of the studied species as these trigger local 486 

adaptations (Fritts 1976), although this aspect is less understood as their effect on aboveground 487 

productivity. Site conditions mediate facilitation and competition effects on productivity in oak-beech 488 

mixed stands, where productivity of mixed stands is facilitated in poor sites and inhibited in sites with 489 

more fertile soils (Pretzsch et al. 2013). In a study by Lévesque et al., (2016), the climate response to 490 

drought was found to be affected by site conditions in tree species of the temperate forest in Europe. 491 

Drought conditions induced larger growth reductions in low fertility sites for beech, whereas oak was 492 

less affected by the interaction. These results are in line with our findings, as oaks in our study site do 493 

not display strong drought signals despite the low site fertility conditions. However, in a study where 494 

the climate sensitivity of beech trees growing on shallow mineral soils was compared to those of trees 495 

growing in organic, nutrient rich forest soils in northeastern Germany, no differences were found 496 

between the two types (van der Maaten-Theunissen et al. 2016), which indicates that beech and 497 
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probably other species highly adapt to local conditions. In our study site, most likely the high 498 

groundwater tables are the reason behind the low drought signals in pedunculate oak, whereas beech is 499 

known to display drought susceptibility along a wider range of conditions (Scharnweber et al. 2013; 500 

Hacket-Pain et al. 2016). 501 

 502 

- Tree characteristics and their influence on climate responses 503 

 504 

 Management and competition 505 

 506 

Management and stand history are known to leave an imprint in the climatic response of the two 507 

studied species. For example, managed pure beech stands show a higher drought (SPEI3) sensitivity 508 

than unmanaged stands in northwest Germany (Mausolf et al. 2018). In our sample, beech was only 509 

found to be differentially sensitive to previous July maximum temperatures, with managed stands 510 

actually being less affected than unmanaged stands. Thus indicating that in our particular sample and 511 

site, management as carried out has only slightly affected the climatic response of beech trees over the 512 

whole studied period, and this effect is actually positive from a forestry perspective, as interventions of 513 

this type appear to ease the stress that high summer temperatures could cause on these stands. As the 514 

managed stands in our sites have a lower stand density than their unmanaged counterparts, the weaker 515 

response to July temperatures could be related to a higher soil moisture availability for individuals 516 

(Piutti and Cescatti 1997; D’Amato et al. 2013; Diaconu et al. 2017). It is also possible that the effect 517 

of regular thinning in the climate response will become more evident in the future, as typical 518 

management interventions occur over cycles of 10-20 years and thus create lagged responses 519 

(Stojanović et al. 2017). All other variables tested for an interaction with management type rendered to 520 

be non-significant for beech, and no interactions of this kind were found for oak.  521 

 522 

Tightly connected to management, competition stress or crowding pressure on trees can modulate 523 

climate responses (Piutti and Cescatti 1997; D’Amato et al. 2013; Lebourgeois et al. 2014; Sánchez-524 

Salguero et al. 2015; Gleason et al. 2017; Lu et al. 2019). Nevertheless, our results indicate that in our 525 

study sample, tree crowding was not the most decisive factor determining the climate response of 526 

individual trees, but consistently showed to be secondary in rank of importance for both species. Our 527 

results point out that the climate response is modulated by several factors at the same time, with some 528 

exerting higher strength than others. However, competition was clearly related to productivity levels in 529 

beech, whereas in oak no clear effect was found (DCI’s, see S9). This suggests that at the site, other 530 

characteristics (age and size) have a stronger influence on the climate response of beech and oak.  531 

 532 

 - Size/Age traits 533 

 534 

Size and age effects in growth dynamics are closely connected since trees increase in size over time 535 

(age). By looking at the responses to the most important climate parameters for the respective 536 

populations, beech and oak variability was mostly related to age and crown-size (specifically crown 537 

basal area), respectively. In beech dominated stands, age/size classes at the same site have the potential 538 

to express different climatic signals (Zang et al. 2012; Lebourgeois et al. 2014). Beech is a shade-539 

tolerant tree species, with a strong dominance over co-existing tree species given its competitive 540 

abilities (Leuschner and Ellenberg 2017). Beech trees, once presenting canopy accession are thought to 541 

express a stronger climatic signal. In our study, there is reason to argue that age as a driver of 542 

individuality represents a proxy for 1) canopy accession and for 2) having reached the maximal 543 

achievable height in these stands and thus being more susceptible to drought damage due to higher risk 544 

of hydraulic failure or cavitation, given the higher evaporative demand and less adaptability when 545 

drought conditions are too prolonged. Height increments in the ontogeny of a tree reach a maximum, 546 
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after which increment rates decrease strongly, although radial growth and allocation of resources into 547 

other plant tissues can continue on normal rates (King 2011). Moreover, beech shows a trade-off 548 

between growth and resource allocation as mast years (years with high fruit production) are associated 549 

to radial growth reductions (Piovesan and Adams 2001; Hacket-Pain et al. 2015; Ascoli et al. 2015). 550 

Mast years are triggered by previous summer temperature cues which lead to lagged correlations to 551 

ring-width index series (Hacket-Pain et al. 2015; Hacket‐ Pain et al. 2018). Model evidence suggests 552 

that in beech reproductive effort is climate driven and it is a more important driver of inter-annual 553 

radial growth variability than climate variables themselves (Hacket‐ Pain et al. 2018). In our study, age 554 

the could also be related to a more intense fruit production effort by older beech trees. Another 555 

mechanism potentially behind this result is structural overshoot as proposed by Jump et al., (2017). In 556 

their study, they argue that prolonged periods of optimal growing conditions followed by high intensity 557 

and lengthy meteorological extremes, such as extended drought periods, can lead to an inability of trees 558 

to support biomass increment rates and lead to damage through insufficient hydraulic performance and 559 

lack of resources to sustain normal functioning. 560 

 561 

For pedunculate oak, crown size appears to be the most related trait to the variability in the climate 562 

response, although we have to remark that the relationship was found in the second principal 563 

component, whereas the first component was not unequivocally related to any individual traits. Most 564 

likely, the fact that in our sample the selected oak trees are rather similar in age, leads to unravel an 565 

effect of crown basal area in the climate response. Cambial activity can be longer in dominant size 566 

classes, which could translate in a longer time window for climate to modulate the wood formation 567 

process (Rathgeber et al., 2011; Pérez-de-Lis et al., 2017). Large oaks have larger mortality rates 568 

during extreme drought events (Levanič et al. 2011) and exhibit lower resilience (Zang et al. 2012). In 569 

our study site, it is likely that high temperatures in October lead to a higher quantity of stored non-570 

structural carbohydrates for vessel development in the next vegetation period, especially for bigger 571 

trees with large crowns. This process is crucial for temperate oak species given their ring-porous wood 572 

anatomy, since it is the main source of resources for vessel production which is required to activate 573 

leaf-development (Barbaroux and Bréda, 2002; Pérez-de-Lis et al., 2017; Vincent-Barbaroux et al., 574 

2019). 575 

 576 

- Advantages for predictions 577 

 578 

Population signals based on aggregate tree-ring series in a master chronology clearly overestimate the 579 

influence of climate parameters at the individual-tree level. For instance, the precipitation signal found 580 

in the residual chronology of beech was poorly represented at the individual level, similar to the 581 

previous October temperature response in pedunculate oak. Combining stand level and individual tree 582 

analyses permits to evaluate how well the stand-level signal is actually present in each individual tree. 583 

This combination of approaches leads to a finer evaluation of forest performance under regional 584 

projected environmental changes. Although prognosis on forest growth performance has to be done 585 

very carefully, given that high-frequency signals are not trivially translated into impacts on biomass 586 

production (Foster et al. 2016). In our study, the low explained variance of linear mixed models and the 587 

incomplete overlap of main climatic drivers of growth between population and individual level signals 588 

offer an insight on the risk level of projected climatic conditions for a given site. We show that in our 589 

study site, climatic impacts have been rather of weak strength in the individual growth performance 590 

when considering the whole population, although it was possible to fully explain the ecological 591 

relevance of their influence on the sampled stand over the studied time. Furthermore, the use of the 592 

variability found in the fitted slopes allows to assess the linkage to individual tree-traits in fewer steps 593 

as when comparing responses to single months. Analysis based on aggregated tree-ring width series 594 

overestimate the strength of climate-growth relationships therefore also in our study. When assessing 595 
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the driving force of climate on tree growth of a given population, an individual based analysis can 596 

improve risk assessment for future growth performance.  597 

 598 

- Limitations 599 

 600 

Although all the available tree characteristics obtained by forest inventory methodologies were used in 601 

our analysis, other features can also influence and help to better characterize climate-growth 602 

relationships at the single-tree scale. For instance, leaf functional traits could represent further 603 

variability sources that could translate into individual differences in climate response (Sánchez-Gómez 604 

et al. 2013). The influence of stomatal closure dynamics and water use efficiency could be affected by 605 

age/size and competition/management (Brienen et al. 2017). Pedunculate oak water use efficiency has 606 

been found to increase with size (Ponton et al. 2001), although stomatal control on photosynthesis is 607 

mostly unaffected (Zang et al. 2012). Also, evidence regarding the influence of genotype on growth 608 

dynamics is ample through provenance experiments (Arend et al. 2011; Thiel et al. 2014), although a 609 

finer genotyping analysis in beech was not able to find consistent genetic markers of growth traits 610 

(Pluess and Weber 2012). 611 

 612 

Analysis of wood anatomical traits can provide deeper insights since they can encode stronger climatic 613 

signals and might be useful to disentangle size from competition effects (Wimmer 2002; Tulik and 614 

Bijak 2016; De Micco et al. 2019). Furthermore, density as well as isotopic chronologies can 615 

potentially be informative, as to investigate the role of age/size and stand dynamics (management, 616 

competition) (e.g., Skomarkova et al., 2006; Mölder et al., 2011). Together, these approaches 617 

considering several wood anatomical traits, could contribute to potential future research avenues for 618 

further understanding the role of individual tree characteristics in the climate response of growth 619 

dynamics. 620 

 621 

Another source of uncertainty in our analysis lies in the trade-off between reproductive effort and radial 622 

growth. Although our results are well in line with literature reports on the climate sensitivity of beech, 623 

it is difficult to disentangle masting behavior and climatic forcing, as these two are fundamentally 624 

interlinked (Piovesan and Adams 2001; Hacket-Pain et al. 2015; Hacket‐ Pain et al. 2018). It is the 625 

occurrence of sequential cold and warm years which trigger masting events, and both a masting year 626 

and summer drought can lead to smaller tree-rings (Hacket-Pain et al. 2015; Ascoli et al. 2015; 627 

Hacket‐ Pain et al. 2018). Long-term masting data for our sampled stands is lacking, and thus the 628 

interpretation of drought and temperature signals for beech, especially in the year prior to growth, has 629 

to be done carefully. As temperatures rise, masting behavior is expected to become more frequent and 630 

desynchronized among a population of trees, which could lead to lower productivity and a lowered 631 

capacity to colonize and repopulate an area (Bogdziewicz et al. 2020). A clear record of fruit 632 

production intensity as part of forest monitoring programs and dendroecological studies involving 633 

masting species will improve the interpretation of heterogeneous climate responses of tree populations 634 

and we highlight the need to address this complex issue in the future. 635 

 636 

 637 

- Conclusions 638 

 639 

In our study, we determined the most important climate drivers of growth variations of beech and 640 

pedunculate oak. For beech it was summer water availability of the current and previous year of growth 641 

and for pedunculate oak temperature in autumn, in both cases with a mild signal strength in the species-642 

specific chronologies and a weak effect at the individual tree level. With our study we demonstrate that 643 

the population signal obtained through aggregating time-series of tree-ring width data into a master 644 
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chronology overestimates the climate forcing on individual trees, which might represent a 645 

heterogeneous stand where different size classes are present. The aggregated master chronology 646 

amplifies the climate signal in tree-ring series and it is best suited for climate reconstruction 647 

applications. However, for the purpose of evaluating growth performance under projected climate 648 

change scenarios, an individual based approach leads to a more informative risk assessment based on 649 

how climate forcing is distributed throughout a heterogeneous population. This individual approach is 650 

especially useful at mesic forest sites, where limiting factors of growth can be diverse and change over 651 

an individual’s lifetime. Furthermore, minor adaptations to the dendroecological toolbox that include 652 

the quantification of individual drivers of the climate response can improve the development of 653 

sustainable forest management strategies. By analyzing both, stand-wide and individual drivers of 654 

variability in the climate response, we were able to gain better insights on how stand demographic 655 

parameters relate to climate responses, in other words, how the variability in the climate sensitivity of 656 

beech and oak is related to cambial age and crown size, respectively. The individual-based analysis  657 

allows to identify tree traits related to increased susceptibility to future climate conditions and 658 

categorize the risk level of particular stands (for instance in our case study, by classifying older beech 659 

stands at a higher risk than younger stands). An analysis that identifies tree traits modulating the 660 

climate response can be applied to derive concrete management measures that decrease the 661 

vulnerability of forests to future warming, maintain productivity and the provisioning of ecosystem 662 

services. 663 

  664 

68



 665 

 666 

Table 1. Descriptive statistics of sampled trees in Rostock’s City Forest (Rostocker Heide) and 667 

obtained tree-ring width and ring-width index series. For the statistics under tree-ring width series, total 668 

length of series was taken and summarized, whereas species-specific (residual) chronology statistics 669 

were calculated for the period common overlap period 1950-2016. 670 

  

 

Species 

 

No. of 

trees 

 

DBH 

[cm] ± 

SD 

 

Height [m] 

± SD 

 
Crown basal 

area [m²] ± SD 

 

Basal area 

[m²/ha] 

Species raw chronology Species residual 

chronology 

Time 

span 

Cambial 

age ± SD 

Average 

TRW 

[mm] ± SD 

AR1 RBAR EPS 

Beech 60 49.2 ± 

13.7 

21.3 ± 3.14 91.8 ± 45.6 40.6 ±12.2 1665 – 

2017 
156 ±  

66.4 

1.44 ± 0.56 0.74 0.32 0.96 

Oak 60 47.6 ± 

11.2 

22.3 ± 4.45  69.3 ± 38.3 41.8 ± 10.3 1861 – 

2016 
124 ± 

20.7 

1.57 ± 0.35 0.77 0.27 0.96 

 671 

 672 

Table 2. Model coefficients and explained variance for fixed effects (R²m, marginal explained 673 

variance) for best climate parameters found by linear mixed effects models. Climate parameter 674 

abbreviation indicated in capital letters followed by month abbreviation and given the case, a lowercase 675 

“p” before the monthly variable denotes year previous to growth. All presented coefficients were 676 

significant at p < 0.01 level (Satterwhaite approximation). Upper table displays model results for beech 677 

and lower for oak. 678 

 679 

Beech Coefficients     

Intercept pSPEI3 

Aug 

pTMAX 

Jul 

PREC Jun pTEMP Jul R²m 

0.0  -0.24   0.06 

0.0    -0.23 0.06 

0.0   0.25  0.06 

0.0  -0.24 0.25  0.13 

0.0 0.13 -0.16 0.27  0.14 

 680 

Oak Coefficients      

Intercept pTMIN Oct pTMIN Dec PREC Jun pTEMP Oct pTMAX Oct R²m 

0.0 0.22     .04 

0.0    0.22  0.4 

0.0     0.19 0.03 

0.0 0.21  0.11   0.05 

0.0 0.0.21 0.0.08 0.09   0.06 

 681 

 682 

 683 

 684 
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 685 

Figure 1. Overview map of northern Europe with the location of the study site near the city of Rostock, 686 

Germany. Inlet shows the location of the sampled stands in a higher spatial resolution (Openstreetmaps 687 

accessed on the 17th of June 2020).  688 

 689 

 690 

Figure 2. Tree-ring width chronologies of sampled beech (A, upper figure) and oak (B, lower figure) 691 

stands, pooled together by species to show the contrasting age and stand-level disturbance (thinning) 692 

effects. Gray-shaded areas indicate sample-depth. (Figures have independent x and y axes due to 693 

different chronology length and increment levels) 694 

 695 

 696 

Figure 3. Climate- growth relationships of residual chronologies and individual trees. Pearson 697 

correlation coefficients obtained for a 17 month window (Jun-Dec from previous year, JAN-OCT from 698 

growth year). Correlation coefficients of species-specific chronologies depicted with red (significant 699 

correlations, p < 0.05) or white larger circles (NS or not significant). Smaller circles represent 700 

correlation coefficients for single trees (purple for negative significant correlations, yellow for positive 701 

significant correlations and turquoise for not significant correlations, p < 0.05, indicated also by gray 702 

dashed horizontal lines). Relationships for the period 1950-2016. Upper diagram displays results for 703 

beech (FS) and lower for oak (QR).  704 
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Dendrometers offer a useful tool for long-term, high-resolution monitoring of tree responses to environmental fluctuations and
climate change. Here, we analyze a 4-year dendrometer dataset (2014–17) on European beech (Fagus sylvatica L.), common
hornbeam (Carpinus betulus L.) and pedunculate oak (Quercus robur L.), co-occuring in a mixed broadleaved forest in north-
eastern Germany. In our analyses, we focus both on seasonal growth dynamics as well as on the environmental forcing of daily
stem-size variations. Over the study period with contrasting weather conditions, we observed species- and year-specific differ-
ences in growth phenology (i.e., growth onset, cessation and duration). Oak was characterized by early growth onset and long
growth duration in all years as compared with beech and hornbeam. The analysis on the environmental forcing of daily stem
dynamics revealed, however, highly similar responses for the studied species, with current-day vapor pressure deficit and sun-
shine duration negatively, and relative humidity and precipitation positively affecting stem size. When considering lagged effects,
environmental conditions often oppositely affected stem-size changes. No consistent seasonality in environmental responses was
detected, though specific weather conditions were found to affect temporal patterns in individual years. We suggest that the high
similarity in environmental forcing observed between tree species can be explained by daily stem-size changes mainly reflecting
tree water status rather than tree growth. Our results stress that correcting dendrometer series for reversible stem hydrological
changes is of utmost importance to better quantify tree growth from dendrometers in future.

Keywords: dendrometer, growth dynamics, growth onset and cessation, mixed forest.

Introduction

Climate change poses a major challenge for forests in Europe
(Lindner et al. 2014). In order to assess possible impacts of
changing environmental conditions on forest growth and vitality,
a deep understanding on the climate sensitivity and timing of
tree growth is needed. At present, this understanding often
relies on tree-ring-based studies that investigate the climatic for-
cing of tree growth in correlative approaches using monthly cli-
mate data together with annual tree-ring parameters like ring
width or maximum wood density (e.g., Bouriaud et al. 2005,
Scharnweber et al. 2011). Cambial activity, however, takes
place at time scales ranging from hours to days (Deslauriers

et al. 2007, Köcher et al. 2012), highlighting an apparent mis-
match in the temporal resolution considered in classical tree-
ring-based studies and the time scale at which environmental
conditions affect tree growth. To further our understanding on
the climatic forcing of tree growth, studies on intra-annual
growth dynamics are needed, whereby both wood anatomical
analyses as well as dendrometer studies offer great potential
(Michelot et al. 2012, Ježík et al. 2016, Stangler et al. 2017,
Smiljanić and Wilmking 2018).

Dendrometers are measurement devices that continuously
monitor stem-size variations at high temporal (i.e., sub-hourly)
and spatial (micrometer) resolution (Deslauriers et al. 2007). In
contrast to wood anatomical methods for studying intra-annual

© The Author(s) 2018. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
Downloaded from https://academic.oup.com/treephys/advance-article-abstract/doi/10.1093/treephys/tpy042/4987942
by guest
on 27 April 2018

87



dynamics of tree growth, like the (bi-)weekly extraction of
micro-cores (Rossi et al. 2006), dendrometers monitor stem-
size changes without invasive sampling of the cambium. Hence,
dendrometers are particularly suited for long-term forest moni-
toring. Recorded stem-size variations typically comprise both
irreversible stem growth as well as reversible stem hydrological
changes (shrinking and swelling; Kozlowski and Winget 1964,
Herzog et al. 1995, Panterne et al. 1998, Deslauriers et al.
2003).
In forest ecological research, dendrometers are increasingly

used to study seasonal and daily stem-size variations of tree
species around the globe (e.g., Drew et al. 2008, Duchesne and
Houle 2011, Volland-Voigt et al. 2011, King et al. 2013).
Thereby, dendrometer analyses often focus on the dynamics of
tree water status (Daudet et al. 2005, Betsch et al. 2011,
Cocozza et al. 2012), as well as on environmental factors driv-
ing tree growth (Biondi and Hartsough 2010, Köcher et al.
2012, van der Maaten et al. 2013). Dendrometers have shown
to provide valuable insights in tree physiological functioning
needed to predict forest responses under climate change, as
they allow to identify short-term effects of environmental fluctua-
tions on stem dynamics (King et al. 2013), and to monitor
(changes in) growth phenology (Michelot et al. 2012). Though
highly valuable, dendrometer datasets are often characterized by
a limited number of trees and (or) observation years, hampering
statements on tree responses in years with contrasting weather
conditions or extremes. Further, studies mostly focused on indi-
vidual tree species, making it difficult to compare between spe-
cies with different ecologies.
In this study, we analyze seasonal and daily stem dynamics of

three co-occurring broadleaved tree species with contrasting
physiological and morphological traits, i.e., the diffuse-porous
species European beech (Fagus sylvatica L.) and common horn-
beam (Carpinus betulus L.), as well as the ring-porous peduncu-
late oak (Quercus robur L.). European beech and pedunculate
oak are among the most important broadleaved tree species in
Europe, from both an economical as well as an ecological point
of view, whereas common hornbeam is of lesser importance and
is generally found as an admixing tree species. Oak is con-
sidered more drought tolerant than beech, caused by tree archi-
tectural and physiological differences like a deeper rooting
system (Hacke and Sauter 1995, Bréda et al. 2006). A particu-
larly high shade tolerance of beech, however, gives the species

a competitive advantage over oak, meaning that beech forms the
potential natural vegetation under current climate conditions in
large parts of Central Europe (Bohn and Gollhub 2007). In a
future warmer climate, however, oak may gain competitive
advantage over beech (cf. Scharnweber et al. 2011).

We monitored stem dynamics of beech, hornbeam and oak
with point dendrometers over a 4-year period (2014–17) in a
mixed forest stand in northeastern Germany. The specific objec-
tives of our study are (i) to describe inter-annual variation in
growth seasonality (i.e., growth onset, cessation and duration)
between tree species, and (ii) to identify the main environmental
factors driving daily stem-radius variations over a study period
with contrasting weather conditions. We expect to find distinct
differences between species both in growth phenology as well
as in short-term responses to weather fluctuations, for example,
with oak starting to grow earliest in the year and with beech
showing the highest drought sensitivity in daily stem-size
dynamics.

Materials and methods

Study site and monitoring set-up

This study was conducted in the old-growth, mixed broadleaved
forest Eldena (latitude: 54.0788°N, longitude: 13.4787°E, ele-
vation: 17 m), a forest characteristic of broadleaved forests in
the northeastern German Lowlands. The forest is dominated by
the tree species European beech, common hornbeam and ped-
unculate oak. Tree social class differs between the species, with
adult beech and oak trees being mostly dominant and hornbeam
co-dominant. Maximum tree age is about 200–250 years, with
a natural understory of younger trees. The studied forest is
located in a Young Drift morainic landscape, and is pedologically
characterized by stagnic luvisols (Buczko et al. 2017) that
developed from sandy-loamy glacial till parent material. The cli-
mate in the region can be described as temperate humid with a
mean annual temperature of 8.1 °C and an annual precipitation
sum of 562 mm, with most precipitation falling in summer (see
Figure S1 available as Supplementary Data at Tree Physiology
Online). The study site is a forest nature reserve, unmanaged for
more than 50 years.

To monitor seasonal and daily stem-size dynamics in beech,
hornbeam and oak, point dendrometers (Type DR, Ecomatik,
Munich, Germany) were installed at a height of 3 m on five
co-/dominant trees per species in the summer of 2013 (for
characteristics of these trees, see Table 1). To prevent direct
solar radiation on the measurement devices, dendrometers were
mounted on the north face of the trees. Before installing dend-
rometers, the relatively thick outer bark of oak was partly
removed to minimize distortion of measurement signals through
bark swelling and shrinking. Stem-radius variations were mea-
sured as a voltage signal, which was stored by CR1000/
CR216X data loggers (Campbell Scientific Ltd, Bremen,

Table 1. Characteristics of monitored trees. Measurements were made
in January 2014.

Height (m) DBH (cm)

European beech 35.7 (2.1) 95.0 (12.6)
Common hornbeam 29.6 (1.9) 54.2 (2.7)
Pedunculate oak 31.8 (1.2) 108.2 (13.7)

Average values are presented for tree height, and diameter at breast
height (DBH). Numbers in parentheses denote standard deviations.
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Germany) at 1-min intervals with 1.5 μm accuracy. Afterwards,
these measurements were converted to a metric scale and aver-
aged to daily means using the ‘dendrometeR’ package (van der
Maaten et al. 2016), developed for the R statistical software
(R Development Core Team 2018). In this study, we analyzed
daily dendrometer data for the growing seasons of 2014–17.
For 2017, there are only three (out of five) dendrometer series
per tree species available due to instrument failures.
Besides stem-size dynamics, environmental conditions were

intensively monitored over the study period, both on-site as
well as at a nearby climate station (station ‘Greifswald’ of the
German Weather Service; latitude: 54.0967°N, longitude:
13.4052°E, elevation: 2 m; located ~5 km W-NW of the monitor-
ing site). The climate station provided data on daily air tempera-
ture (minimum, Tmin; mean, Tavg; maximum, Tmax), precipitation,
cloud cover, sunshine duration and relative humidity (RH),
whereas data on soil water content (SWC) and soil temperature
(ST) was obtained on-site at depths of 10, 20 and 50 cm (using
a Campbell CS655 12-cm soil water content reflectometer).
Vapor pressure deficit (VPD), i.e., the difference between satu-
rated and actual vapor pressure, was derived from the meteoro-
logical data.

Data analysis

Seasonal growth dynamics To reveal differences in seasonal
growth patterns between years and tree species, we derived
estimates of annual growth and growth phenology (i.e., growth
onset, cessation and duration) from the individual dendrometer
series. As dendrometers capture not only tree growth, but also
reversible stem hydrological processes, these estimates should
be considered as proxies of intra-annual growth dynamics.
Direct measurements of tree growth and growth phenology
would require invasive wood anatomical sampling methods like
micro-coring or pinning (cf. Mäkinen et al. 2003) that are only of
limited use for long-term forest monitoring.
To estimate growth onset and cessation, we first standardized

the individual dendrometer series as relative to the total radial
change in the period March–September. Then, we fitted sigmoid
Gompertz (Eq. (1)) and Weibull models (Eq. (2)) to the standar-
dized series using the R package ‘stats’. Gompertz and Weibull
functions are commonly used in dendrometer studies (cf.
Deslauriers et al. 2003, van der Maaten et al. 2013), and can
be defined as
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with y as stem-radius variation, t as time in days (since March
1), A as maximum of the curve, μ as maximum slope, λ as lag-
phase, T as scale parameter (i.e., point in time at which 63% of

the total radial change is achieved) and m as shape parameter.
The presented Gompertz model (Eq. (1)) is a reparameterized
version after Zwietering et al. (1990), in which mathematical
parameters are substituted by parameters with a biological
meaning.

For each tree and year, we selected the most suitable model
based on the goodness of fit (Akaike Information Criterion).
Using the sigmoid models, we estimated growth onset and
growth cessation as dates when trees achieved 5% and 95% of
their total radial change, respectively, and growth duration as the
number of days between onset and cessation. The total radial
displacement in the period from 5% to 95% was used as esti-
mate of annual growth.

Daily stem dynamics To investigate the environmental forcing
of short-term stem-size fluctuations, we adopted a ‘daily mean
approach’, which was found to provide similar results as com-
pared with the more complex ‘stem cycle approach’, in which
stem cyclic phases of contraction, expansion and stem radius
increment are disentangled (cf. Deslauriers et al. 2007). More
specifically, we calculated day-to-day stem radius variations
(SRV) as first-order differences (i.e., difference in stem radius
between two consecutive days) of the daily dendrometer series.
After fitting first-order derivatives of the sigmoid Weibull or
Gompertz functions to these SRV series (see Figure S2a avail-
able as Supplementary Data at Tree Physiology Online), we then
calculated residuals (SRVres, i.e., the difference between pre-
dicted and observed values; see Figure S2b available as
Supplementary Data at Tree Physiology Online). The removal of
longer-term growth trends (here: seasonal growth trends) is a
common procedure in dendroecological studies, and allows for
assessing the sensitivity of trees (here: high-frequency fluctua-
tions in stem radius) to environmental conditions, while reducing
the chance of getting spurious correlations due to similar longer-
term trends in the tree and environmental data (here, for
example: positive correlations between air temperature and
SRV, caused by similar seasonal courses). Hence, we correlated
the aforementioned residuals against the available environmen-
tal data. More specifically, we calculated Spearman correlation
coefficients between time series of (i) current-day environmental
conditions and current-day SRVres, as well as between time ser-
ies of (ii) previous-day environmental conditions and current-
day SRVres. In accounting for previous-day influences, lags up to
2 days were considered. In addition, we performed moving-
window correlation analyses for individual years to test for pos-
sible seasonality in environmental responses. Thereby, moving
windows of 21 days were used.

Results

Meteorological conditions differed between the study years
(Figure 1), with the years 2014 and 2016 being particularly
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wet and dry, respectively. The contrasting weather conditions in
our study period likely contributed to the observed differences in
seasonal growth dynamics. Whereas individual trees showed
highly similar growth patterns within species and years, differ-
ences between species and (or) years are apparent (Figure 2).
Oak, for example, is characterized by an early growth onset and
long growth duration as compared with the other species,
whereas hornbeam started to grow latest in the season in all
studied years except 2017 (Figure 3a). Growth duration was
comparably long in the wet year 2014 and short in the dry year
2016. Further, growth levels differed between species and
years (Figure 3b). Relatively constant annual growth levels were
observed for oak, whereas the growth of beech and hornbeam
showed a higher year-to-year variability. In both the latter spe-
cies, lowest growth levels were observed in 2016.
We studied the environmental forcing of daily stem dynamics

in those months that were part of the growing season in all study
years, i.e., the common overlap period May–July (day-of-year
121–212, cf. Figure 3a), by calculating correlation coefficients
between model residuals and daily environmental data (see
Materials and methods). As residuals were highly similar within
individual tree species within years (see Figure S3 available as
Supplementary Data at Tree Physiology Online), correlation func-
tions were established using mean residuals. Correlation patterns
were found to be highly similar between species (Figure 4).
Current-day correlations indicated strongest relationships with
vapor pressure deficit (negative), relative humidity (positive),
sunshine duration (negative) and precipitation (positive), whereas
associations with other parameters were less tight. When consider-
ing lags, correlations differed both in strength and (or) direction.
Remarkable is a reversal of sign of correlation coefficients for many
of the studied parameters, including the four mentioned above.
Further, previous-day effects of the temperature-related parameters
Tavg and Tmax were found to be stronger than current-day effects.
Correlations with soil water content and soil temperature data were
generally low (see Figure S4 available as Supplementary Data at
Tree Physiology Online).

Moving-window correlation analyses substantiated the afore-
mentioned high synchronicity in environmental forcing of daily
stem dynamics of the studied species (Figure 5 and see
Figures S5–S8 available as Supplementary Data at Tree
Physiology Online). Among study years, no consistent seasonal-
ity in environmental responses could be detected; differences
between, as well as variations within individual years are likely
caused by specific weather conditions. In the dry year 2016, for
example, (strong) negative correlations with VPD and Tmax were
observed throughout the growing season, whereas in the wet
year 2014 positive effects of precipitation on daily stem-size
variations were particularly strong.

Discussion

Seasonal growth dynamics

Our results on inter-specific and inter-annual variation in growth
seasonality highlight that similar growth levels could result from
highly distinct seasonal growth courses (cf. Duchesne et al.
2012, van der Maaten 2013). Whereas variations within spe-
cies were particularly small in individual years, strong differences
between species and (or) years were identified (Figures 2 and 3).
As hypothesized, growth onset occurred earliest in oak in all
years. This likely relates to the restoration of the water-
conducting system of oak after winter embolism of large xylem
vessels (Michelot et al. 2012). Each spring, this restoration
needs to take place prior to leaf budburst (Essiamah and
Eschrich 1986). Hornbeam, on the other hand, was character-
ized by a consistent late growth onset, as well as by comparably
short growth duration (Figure 3). In all studied species, growth
duration could not be identified as major determinant of
achieved growth levels. As suggested by Drew et al. (2014),
who made a similar observation in Callitris intratropica trees, the
absent link between growth duration and performance might be
due the fact that the number of days on which increment occurs,
rather than the overall length of the growing season, is deter-
minative for tree growth.
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Meteorological conditions differed strongly over our study
period, with 2014 and 2016 being particularly wet and dry
years, respectively (Figure 1). These contrasting weather condi-
tions likely contributed to observed differences in seasonal
growth patterns and achieved growth levels between years
(Figure 3). In contrast to oak, which showed comparably little
year-to-year variation in growth, beech seemed to be particularly
negatively affected by the dry conditions experienced in 2016,
as indicated by the lowest growth level observed over the study
period. The suggested drought sensitivity of beech is in line with
results from dendroecological investigations from throughout
Europe (Hacket-Pain et al. 2016), as well as with local studies
suggesting that oak is less drought sensitive than beech
(Scharnweber et al. 2011). The 2016 growth depression in
beech, however, is likely exacerbated by strong masting (heavy
seed production) observed in that year. Namely (resource allo-
cation to) fructification is found to strongly impair the growth of
beech (Piovesan and Schirone 2000, Drobyshev et al. 2010,
Hacket-Pain et al. 2015). There are no indications of growth
recovery in beech in 2017 (Figure 3); the annual growth esti-
mates in this year, however, should be interpreted with caution,
as they only rely on three individuals per species (instead of
five). Despite the comparably good growth performance of oak
in 2016, drought may have caused early growth cessation
(Figure 3). Finally, it is remarkable to note that hornbeam already
showed reduced growth in 2015 (i.e., the year in which the
drought episode that continued throughout 2016 started), given

that this species is generally considered drought tolerant (cf.
Köcher et al. 2009). The suggested high drought sensitivity of
hornbeam may be intensified by competition for water, as the
monitored hornbeam trees generally have lower social status
than beech and oak, though being co-dominantly present in the
canopy.

Environmental forcing of daily stem dynamics

Whereas the growth phenology of beech, hornbeam and oak
was found to be distinct, the environmental forcing of daily stem
dynamics was remarkably similar for all three species (Figure 4).
The strongest relationships between SRVres series and current-
day environmental parameters were found for VPD (negative
correlation), RH (positive), sunshine duration (negative) and
precipitation (positive), whereas other current-day parameters
had comparably little effect on stem size. These results are in
general agreement with other dendrometer studies (Deslauriers
et al. 2003, Oberhuber et al. 2014).

Atmospheric water demand, as represented by the factors
VPD and RH, was identified as the main determinant of observed
high-frequency changes in stem size. Negative/positive effects
of high VPD/low RH levels likely relate to increased leaf transpir-
ation, which constrains cambial cell division and expansion of
their differentiating cells due to negative effects on turgor pres-
sure (Major and Johnsen 2001, Deslauriers et al. 2003).
Similarly, high solar radiation may negatively affect stem-size
changes through increases in leaf transpiration (Deslauriers
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et al. 2003, Pierce et al. 2005). Concurrent tree water deficits,
which develop when transpirational losses exceed soil water
uptake (Kramer 1983), may, however, not only directly affect
tree physiological functioning, but may also induce reversible
stem shrinkage. Likewise, positive effects of precipitation on
stem size dynamics may be partly caused by the stem hydro-
logical process of swelling.
Though influencing tree water status, for example over VPD,

current-day air temperature alone only weakly affected stem-size
dynamics (Figure 4). From the three considered temperature
parameters, positive correlations for minimum air temperature
were strongest. This observation is in accordance with previous
studies (Deslauriers et al. 2003, van der Maaten et al. 2013),
and may be explained by the importance of night temperature
for controlling radial cell enlargement and size (Richardson and
Dinwoodie 1960, Steppe et al. 2006). Further, soil temperature
and soil water content were found to have only weak effects on
stem size changes (see Figure S4 available as Supplementary

Data at Tree Physiology Online; cf. Gruber et al. 2009,
Oberhuber et al. 2014, 2015), suggesting that transpiration
mainly relies upon internal water storage rather than upon water
reserves in the soil (Zweifel and Häsler 2001, Čermák et al.
2007, Betsch et al. 2011).

When considering lagged effects of environmental conditions
on stem dynamics, correlations differed in both strength and dir-
ection (Figure 4), a finding that is in accordance with other
dendrometer studies considering lagged variables (Downes
et al. 1999, van der Maaten et al. 2013). We hypothesize that
differences in correlation strength and direction partly relate to
reversible stem hydrological changes. The positive correlation
with VPD at lag 1, for example, is likely a result of replenishment
of tree water status after days with high VPD. Further, we
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consider the different time scales at which tree physiological
processes act important. For example, Downes et al. (1999)
suggest that environmental parameters like air temperature have
multiple effects on stem size. Whereas the control of metabolic
processes is likely to be relatively direct, positive effects of tem-
perature on tree growth (via transpiration and photosynthesis)
are assumed to be lagged. Finally, distinct effects of previous-
day environmental conditions on stem size might be explained
by pre-conditioning. The potential importance of pre-
conditioning is underlined by the fact that tree growth mainly
takes place during night (Steppe et al. 2006).

Similarity in responses across tree species

The observation that high-resolution stem-size dynamics are
highly similar across tree species is remarkable, and contrasts,
for example, the suggested higher drought sensitivity of beech
based on our analysis of seasonal growth dynamics. In line with
this finding, however, numerous other high-resolution dendrom-
eter studies report low inter-species differences in response to
meteorological conditions and extremes (e.g., Köcher et al.
2012, Siegmund et al. 2016). Likewise, notably similar
responses in the environmental forcing of daily growth estimates
were observed for Norway spruce saplings and adult trees in
Austria (Oberhuber et al. 2015), whereas long-term dendroeco-
logical studies clearly point to a distinctively higher climate sensi-
tivity of adult spruce trees (Schuster and Oberhuber 2013).
One possible explanation for the observed similarity in envir-

onmental responses could be that stem-size changes at high
temporal resolution mainly reflect changes in tree water status. If

so, it is sensible that trees will, for example, react negative to low
RH levels, irrespective of species. Given that the ability to
deduce short-term growth fluctuations from dendrometer series
seems limited, there are strong implications for the future use of
dendrometers in high-resolution growth studies. For a better
quantification of tree growth over short time windows, correcting
dendrometer series for reversible stem hydrological processes,
i.e., via sap-flow measurements or hydrological models, seems
urgently needed (Chan et al. 2016). Further, linking dendrom-
eter monitoring with wood anatomical approaches (i.e., micro-
coring) may help to increase our mechanistic understanding on
tree-growth responses to environmental stressors (Linares et al.
2009, Camarero et al. 2010).

Conclusion

In this study, we explored the growth phenology and daily stem
dynamics of three co-occuring broadleaved tree species with
distinct physiological and morphological traits (i.e., beech, horn-
beam and oak). Although we expected to find species-specific
differences in both seasonal growth patterns and environmental
forcing of daily stem-size changes, distinct differences were only
found for growth phenology. We explain the remarkable similar-
ity in environmental responses observed between species by
the possibility that stem-size changes at daily time scales mainly
reflect fluctuations in tree water status rather than tree growth.
Overall, our results stress that correcting dendrometer series for
reversible stem hydrological changes is needed in future for a
better quantification of tree growth.
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Abstract
Using measurements from high resolution monitoring of radial tree-growth we present new data of
the growth reactions of four widespread broadleaved tree-species to the combined European
drought years 2018 and 2019. We can show that, in contrast to field crops, trees could make better
use of the winter soil moisture storage in 2018 which buffered them from severe drought stress and
growth depressions in this year. Nevertheless, legacy effects of the 2018 drought accompanied by
sustained low soil moisture conditions (missing recharge in winter) and again higher than average
temperatures and low precipitation in spring/summer 2019 have resulted in severe growth
reductions for all studied tree-species in this year. This highlights the pivotal role of soil water
recharge in winter. Although short term resistance to hot summers can be high if sufficient winter
precipitations buffers forest stands from drought damage, legacy effects will strongly impact tree
growth in subsequent years if the drought persists. The two years 2018 and 2019 are extreme with
regard to historical instrumental data but, according to regional climate models, resemble rather
normal conditions of the climate in the second half of the 21st century. Therefore the observed
strongly reduced growth rates can provide an outlook on future forest growth potential in
northern Central Europe and beyond.

1. Introduction

The two climatically extreme years 2018 and 2019
provide an ideal scenario to study the effects of
drought on growth performance of forests in cent-
ral Europe under projected future climate. The sum-
mer 2018 was the hottest on record for many central-
and northern-European regions. Sustained high pres-
sure conditions over most of the summer blocked
the Atlantic lows leading to record temperatures,
sunshine hours and very low precipitation amounts
(Buras et al 2020, Heinrich et al 2019). Coming from
a wetter than average winter, 2018 exemplifies the
conditions predicted by regional climate models for
2100, with a shift in precipitation pattern from sum-
mer to winter, significant warming and more sun-
shine in summer (Jacob et al 2008, Kreienkamp et al
2010). Soil water recharge was insufficient in winter
2018/19 and spring/summer 2019weremuchwarmer
and dryer than the long-term average. Drought sever-
ity in 2019 was among the highest since the start of

the instrumental records. These severe drought con-
ditions for two consecutive years led to drastic reduc-
tions in crop yields, historic low-water of rivers and
lakes, dieback events in forests or forest fires (Buras
et al 2020, Heinrich et al 2019), and therefore pro-
voked serious concerns about future performance of
local forests and tree species (Eichhorn et al 2020).

In the last decades a large number of studies
dealing with climate change related growth reactions
and adaptations of forests using retrospective and
forward modelling approaches have been published
(e.g. Lindner et al 2010, Spathelf et al 2014, Bauwe
et al 2015, Harvey et al 2019, Trotsiuk et al 2020).
The overwhelming majority of these studies agrees
that adverse conditions, like increased soil waterlog-
ging in spring, and especially severe drought stress
in summer will lead to growth depressions, range
shifts of species, drought damages and potential die-
back events in forest ecosystems (e.g. Breda et al 2006,
Hacket-Pain et al 2016, Cavin and Jump 2017, Trot-
siuk et al 2020). Currently observed positive growth
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trends in European forests induced by nitrogen fer-
tilization (Etzold et al 2020) will probably be out-
weighed by increasing drought stress, especially in
southern and eastern Europe (Lindner et al 2010) and
for beech (Zimmermann et al 2015). For example,
a growth decline of more than 20% at the end of
the 21st century was predicted for European beech
and pedunculate oak for Northern Central Europe
by Bauwe et al (2015). Similar dimensions of future
drought induced growth decline are predicted by
Trotsiuk (2020).

And indeed, first assessments of forest vitality
in Germany in reaction to the 2018/19 drought
sequence report severe damage in deciduous and
coniferous forest stands as well as dieback events
especially in spruce forests (Bayerisches Staatsmin-
isterium für Ernährung Landwirtschaft und Forsten
2019, Sächsisches Staatsministerium für Umwelt und
Landwirtschaft 2019, Dammann et al 2019, Langer
et al 2020). The consecutive record drought years
2018 and 2019 present a glimpse into the future and
allow the investigation of direct, short term con-
sequences of predicted future climate conditions on
tree species and forest growth.

In this article we use high-resolution radial
growth data fromEuropean beech (Fagus sylvaticaL.),
pedunculate oak (Quercus robur L.), sycamore (Acer
pseudoplatanus L.) and hornbeam (Carpinus betulus
L.) across a range of site conditions and manage-
ment regimes in Northern Germany to explore the
effects of two consecutive drought years on (1) abso-
lute radial growth, (2) onset and cessation of growth.
Based on our results we (3) provide an outlook on
future growth performance of four central European
forest tree species under projected regional climate
scenarios.

2. Methods

Data from three long-term-ecological-monitoring
(LTER-D) plots situated in old-growth, mixed
broadleaved forests in NE-Germany close to the city
of Greifswald was used for this study. The experi-
mental design follows a gradient of decreasing man-
agement intensity from 1) currently managed, via
2) unmanaged since 60 years, to 3) unmanaged
since at least 200 years. Soils at all plots developed
from glacial till parent material and are classified as
stagnic luvisols (Buczko et al 2017) and Cambisols
(Dieckmann et al 2015). They cover a range of sub-
strates from sandy-loamy to pure sands and accord-
ingly differ in their water holding capacity. Soil-
fertility is similar with good nutrient supply and well
developed humus layers at all sites (Dieckmann et al
2015, Buczko et al 2017). At each plot dominant beech
and oak trees with an age of more than 150 years were
chosen as target trees, complemented by the typical
companion species hornbeam and sycamore which
have ages around 100 years.

Radial stem size variations of the target trees are
monitored with point dendrometers (Type DR, Eco-
matik, Munich, Germany) installed at a height of 3 m
on the north facing side of the stems to avoid distor-
tions from direct solar radiation. For oak, part of the
thick outer bark was removed to minimize noise in
the signal due to bark shrinkage and swelling. Radial
displacement of the sensor ismeasured with an accur-
acy of ~1,5 µm in one-minute intervals. For our ana-
lysis we used data from a total of 40 trees: 15 beeches,
13 oaks, 5 hornbeams and 7 sycamores. The data was
quality controlled and averaged over 30-minute inter-
vals.

Micrometeorological data like air temperature,
relative humidity and photosynthetic active radiation
(PAR) are collected at each site and flanked by soil
volumetric water content probes (Campbell Scientific
CS655) in depths of 10, 20, 50 and 100 cm. Litter traps
provide quantitative information about variations in
annual seed production (masting), collected each year
in late fall (November/December). Detailed informa-
tion about site and tree characteristics as well as the
length of the monitoring time series can be depicted
from table S1.

Climate data used in this study was provided
by the German weather service (DWD) for the cli-
mate station Greifswald (54.0967◦N/13.4056◦E). The
data is openly available via the Climate Data Centre
(CDC) at https://cdc.dwd.de/portal/. Time series of
temperature and precipitation start in 1899. Data was
checked for homogeneity and missing values were
extrapolated from nearby climate stations. A climate
space of temperature against precipitation was plot-
ted using summer (June, July, August) and winter
(December, January, February) temperature means
and precipitation sums. To exemplify the predicted
change in these parameters by the second half of
the century, modelled data for the same climate sta-
tion was added to the climate space from the statist-
ical regional downscalingmodelWETTREG (Kreien-
kamp et al 2010, 2013) based on the emission scen-
ario A1B. This data was provided by the German
Climate Computing Center (DKRZ) at https://cera-
www.dkrz.de/WDCC/ui/cerasearch/. Density distri-
butions of the historical and modelled future sta-
tion data were additionally plotted and compared.
Soil moisture development over 2018 and 2019 in
our sites was plotted separately for sandy and loamy
soils substrates. Exemplarily, data for 50 cm soil depth
is presented here because of very similar temporal
development pattern between all monitored depths.
Soil moisture indices for the region were taken from
the German Drought monitor (Zink et al 2016), con-
sidering the entire soil column (~1,8 m depth).

Data processing for explorative data analysis of
the dendrometer data included a range standard-
ization, to remove individual variation as much as
possible and allow for species-wide comparisons
and broader generalizations of the raw dendrometer
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Figure 1. Climate space: Instrumental data of the climate station Greifswald over the period 1901–2019 (blue and grey dots)
compared to modelled data (red and yellow dots) for the same climate station over the period 2050–2100 according to the
statistical regional downscaling model WETTREG for the emission scenario A1B. Red lines in the density plots depict summer
(JJA) and winter (DJF) temperatures and precipitation sums averaged over 2018 and 2019.

series. We standardized the raw dendrometer series
by dividing the raw values by an ‘expected’ tree-
growth of each individual, estimated from average
growth increments, i.e. asymptotes of the dendro-
meter curves, from the pre 2018 monitoring period
(2013–2017; see figure S1 for deviations of temperat-
ure and precipitation over these years from the long-
term average).

After removing individual tree signals we estim-
ated expected growth patterns of each species by treat-
ing previousmonitoring years (2013–2017) as a prob-
ability space, delimited by species-wide extreme val-
ues of the standardized dendrometer curves for each
timestamp. In addition, species specific mean curves
for the two single years 2018 and 2019 were computed
to facilitate comparison. The curves were smoothed
using generalized additive models to exclude short
term fluctuations of shrinkage and swelling. Finally,
onset and cessation of tree-growth was estimated for
the two years based on the species specific mean
curves. A sigmoidal growth curve was fitted to the
year averages and the dates at which 5% and 95% of
annual growth was completed were defined as onset
and cessation of the growth period (Brewer et al
2011).

3. Results

Placing the summer and winter weather conditions
of 2018 and 2019 in climate space of observed and

projected climate variability, clearly indicates that
concerning summer situation both years are extreme
with regard to the instrumental data, but resemble
‘normal’ conditions over the second half of the 21st
century (figure 1). Winters of 2018 and 2019 have
been warmer than the long term average but pre-
cipitation amounts were not significantly different
from the long term winter sums. Model predictions
indicate a shift towards increasing winter precipita-
tion though.

Soil water content in our plots was high in spring
of 2018 but dropped to low values bymid-July (figure
S5). At the end of the vegetation season, in Septem-
ber 2018, severe soil drought of the total soil column
was recorded by the German drought monitor for the
region under study (figure 2). Insufficient soil water
recharge in winter 2018/2019 resulted in lower soil
moisture values at the start of the vegetation season
in 2019 (figure 2). Interestingly, for the plot on sandy
soils (figure S5, lower panel) this development was
not expressed in the first meter of the soil column for
which we have on-site data. Here soil moisture condi-
tions were comparable between both years. Soil mois-
ture reached low values in mid-July and approached
zero in a depth of 50 cm at the sandy substrate
from July 2019 on. For the plots on loamy substrate
volumetric soil water content better resembled the
broader trend depicted in figure 2 with lower soil
moisture in spring 2019 compared to 2018. Notwith-
standing these substrate specific differences in the
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Figure 2. Soil moisture development over 2018 and 2019. Data is taken from the German Drought Monitor (GDM), modelled on
a 4× 4 km grid for the total soil column (~1,8 m) using daily weather data as input for the mesoscale Hydrological model
(mHm); details in (Zink et al 2016) and (Samaniego et al 2010). The red circle outlines the research area.

temporal trend of volumetric soil water content, trees
showed comparable growth behaviour across all sites.

Facing severe meteorological drought over much
of the vegetation season (figures S2–S4), radial tree
growth in 2018 occurred at normal (oak, sycamore)
or above average rates (beech and hornbeam, figure
3, table S2). In 2019 however, radial tree growth at all
plots and across all species showed a strong growth
reduction with values at or below the species specific
probability growth space. In 2019, beech only real-
ized 35.3% and hornbeamonly 29.4%of the reference
growth rates. However, both species showed strong
fructification (masting) in 2019. Oak and sycamore
on the other hand only showed moderate growth
reductions in 2019, with oak still realizing 66.2% and
sycamore 67.9% of their reference growth. Neverthe-
less, also for these species, growth in 2019 was outside
or at the lowermargin of the probability space of ‘nor-
mal’ growth over the previous years (figure 3). For
hornbeam strong inter-annual variability of growth
rates resulted in a very broad probability space. Man-
agement intensity did not show a clear influence on

growth responses of trees to the two extreme years
(figure S6).

Onset of growth was similar in both years for all
four species but growth cessation occurred approxim-
ately two weeks earlier in 2019 in hornbeam and one
week earlier in beech. In contrast, oak and sycamore
ceased their growth later in 2019 compared to 2018
(figure 3). In summary, althoughmeteorological con-
ditions over the vegetation seasons were comparable
between the two years, radial growth was near or
above average in 2018 but strongly reduced in all spe-
cies in 2019, with the highest depression of more than
60% in beech and hornbeam.

4. Discussion

Monitoring of tree radial growth with dendrometers
provides real time data for observing and reporting
direct influences of extreme climatic events on forest
growth. In case of the two extreme climatic years 2018
and 2019 we were able to derive growth reactions as
deviations from average growth for four broadleaved
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Figure 3. Annual radial growth during the years 2018 and 2019 compared to the probability space of realized growth over the
previous years (grey area). Curves are standardized for each tree using annual growth during the 2013–2017 reference period to
account for different absolute growth rates of the individual trees; thick smoothed lines show species specific average growth of all
individuals in 2018 and 2019; vertical lines denote average dates for onset and cessation of growth during the two years.

species in northern-Central Europe using ongoing
long term monitoring time series from three mixed
forest stands.

Significantly different growth reactions between
2018 and 2019 of all four studied tree species to other-
wise climatically comparable growth conditions over
much of the vegetation period highlight the pivotal
role of soil water recharge and lag effects. Just recently
it was demonstrated for beech and oak that most of
the water transpired over the vegetation season has
entered the soil as winter precipitation (Allen et al
2019). In that study both species almost exclusively
showed a signal of winter precipitation in midsum-
mer tree xylem water.

Profiting from sufficient soil water recharge dur-
ing autumn 2017 and winter 2017/18 as well as
warm temperatures already in the beginning of the
vegetation period in 2018, all species in our study
showed average or above average radial growth des-
pite low summer precipitation and record high tem-
peratures. Severe soil drought occurred not untilmost
of the wood formation was completed (figure 2).
However, soil moisture was potentially too low in
August and September to sustain adequate photosyn-
thesis rates for producing sufficient non-structural
carbohydrates (NSC) as storage compounds. Incom-
plete soil water recharge in winter 2018/2019 com-
bined with potentially low reserves of NSC resul-
ted in very unfavourable growing conditions for
tree-growth in spring 2019. This time depleted
soil water reserves restricted trees from profiting
from the warm temperatures and consequently their
radial growth was strongly reduced. Drought induced

growth reductions in trees occur when soil water
availability drops below a certain threshold to sus-
tain sufficient plant water potentials. Trees react with
stomatal closure to reduce water loss which res-
ults in lower photosynthesis- and xylogenesis rates
(Ryan 2011, Choat et al 2018). If drought sustains,
hydraulic failures due to xylem embolisms lead to loss
of hydraulic conductivity and carbohydrate reserves
get depleted (Mitchell et al 2013). Trees are limited in
their capacity to regain functional water conductance
again after drought and differences in ability to refill
embolized vessels are one explanation for species spe-
cific recovery potentials (Yin and Bauerle 2017).

In addition, allocation of reserves to fructifica-
tion affects radial growth, especially in beech. Beech
is known as a masting species with strongly vari-
able seed production between years (Vacchiano et
al 2017). Triggered by the temperature difference
of the two preceding summers, in 2019 a strong
mast occurred which in combination with summer
drought is known to result in a very narrow tree ring
(Hacket-Pain et al 2017, Hacket-Pain et al 2018). Sim-
ilar allocation pathways are likely at play for horn-
beam, a tree-species known to also showing mast-
ing behaviour (Wesołowski et al 2015) with high fruit
production in 2019.

4.1. Outlook on future growth
The assumption that summer climate conditions
which are extreme today likely become average at the
end of the 21st century is supported by model runs
(Jacob et al 2008, Kreienkamp et al 2010). Under
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the projected conditions of hotter and drier sum-
mer, strong impacts of increasing drought condi-
tions on growth rates of all native tree-species and
forests can be expected. Structural adjustments in
crown-shoot ratio and total leaf area can be assumed
under dryer conditions to reduce evaporative demand
(Jump et al 2017, Laginha Pinto Correia et al 2019),
which inevitably will result in lower growth, respect-
ively forest yield. There is historic evidence for
such scenarios during the medieval climate anom-
aly (MCA), a period of warm and dry conditions
over much of Europe from ~1000–1300 AD. Sev-
eral tree-ring datasets of oak and beech show signi-
ficantly lower average growth rates during the MCA
(Büntgen et al 2011, Büntgen and Tegel 2011, Cook
et al 2015, Scharnweber et al 2019, Muigg et al 2020).
Only parts of this discrepancy between contempor-
aneous and historic growth rates can be explained
with the fertilizing effect of recent nitrogen depos-
itions and higher CO2 concentration in the atmo-
sphere (Scharnweber et al 2019). It is more likely,
that generally warmer and dryer summer climate
during the MCA considerably diminished the pro-
ductivity of historical forests. Current forest manage-
ment often aims at concentrating growth to a lim-
ited number of final crop trees by means of thin-
ning measures. These trees develop widely protrud-
ing crowns with high evaporative demands and are
limited in ability to downscale their resource and
water needs during droughts. This so called ‘struc-
tural overshoot’ (Jump et al 2017) might lead to
higher drought sensitivity of large and older trees like
the ones used in our study. Therefore our results,
restricted to observations on dominant trees, might
overestimate growth depressions of average stands.
Higher drought sensitivities of large and dominant
trees compared to smaller and supressed individu-
als are reported frequently (Piutti and Cescatti 1997,
Mérian and Lebourgeois 2011, Bennett et al 2015,
Grote et al 2016, Trouillier et al 2019). Thus, formore
accurate estimates of stand biomass development a
complete sampling of all diameter- and social classes
would be necessary (Babst et al 2014, Alexander et al
2018). Severe growth suppressions of dominant trees
might partly be compensated by increasing growth
rates of suppressed trees which are released from
competition (Grote et al 2016). In addition, if drought
also affects the tree density of a stand via mortality
and rejuvenation, this has an influence on stand bio-
mass and in turn alters individual tree biomass incre-
ment because of competition changes. Despite these
biases and methodological challenges in upscaling of
radial growth data derived from tree-rings or dendro-
meters, these proxies have been shown to provide
rather robust estimates of stand-level aboveground
biomass (Babst et al 2014, Dye et al 2016). In our
study tree-dimensions of ourmonitoring trees are not
significantly different between managed and unman-
aged sites (table S1) which might be one reason for

similar drought responses of the treatments (figure
S6).

From the comparison of growth during the last
two years it becomes obvious that soil water recharge
in winter is extremely important for future growth
and survival of local forests. Climate models project
a slight increase in winter precipitation for north-
ern Central Europe (Jacob et al 2008, Kreienkamp
et al 2010), which might partly compensate for the
dryer summers. In contrast to field crops, trees and
forests can tap deeper soil layers and therefore integ-
rate their water use over longer time scales. The dis-
crepancy between on-site measurements of our soil
moisture probes covering the first meter and the
modelled soil moisture development for the total soil
column (figures 2 and S5) lends credibility to this
assumption. Whereas our measurements show only
slight differences between 2018 and 2019, especially
at the sandy site, the modelled data (integrated over
a deeper soil column), reveals much drier soil condi-
tions in 2019. This is also mirrored in drought indices
like the Standardized precipitation evapotranspira-
tion Index (SPEI) which -if calculated over longer
time-scales- integrates legacy- or lag effects (figure
S3).

Severe growth reductions and dieback can be
expected if multiple drought years occur one after
each other. The cumulative effect will lead to amp-
lified drought damages due to soil water depletion
of deeper soil layers and carry over or legacy effects
(Anderegg et al 2015, Wu et al 2018). The projec-
ted strong increase in frequency and intensity of
extreme climate events like pervasive and hotter or
‘global change type’ droughts (Allen et al 2010, 2015,
Carnicer et al 2011) will be more critical for forest
vitality than a general warming trend (Trotsiuk et al
2020). Our results from the two consecutive drought
years 2018 and 2019 seem to confirm this assumption:
The above average growth in 2018 wasmost likely due
to sufficient soil water supply, and trees profited from
warmer summer temperatures. The strongly reduced
growth in 2019 then seemed the result of a cumulat-
ive second drought year without sufficient soil water
recharge in winter. Results from an extensive net-
work of permanent monitoring plots confirm that
during hot summers reduced plant water availability
had a stronger effect on productivity in beech forests
than temperature (Trotsiuk et al 2020). In that study
net primary productivity was reduced by more than
25% in lower elevation beech forests during warm
and dry extremes. We can therefore expect that sum-
mer drought will counteract the prevailing positive
growth trend in European forests caused by sustained
nitrogen depositions (Etzold et al 2020).

4.2. Species specific reactions
Based on available ecophysiological and observa-
tional evidence due to different traits and adapta-
tions, drought tolerance of the four species under
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study could be ranked in the order oak > horn-
beam > sycamore > beech (Ellenberg 1996, Gebauer
et al 2008, Köcher et al 2009).

It is therefore not surprising that oak shows com-
parably little growth depressions in 2019. It is widely
accepted that oak is more drought tolerant than other
temperate broadleaved species, and especially in mix-
ture with beech shows increasing competitive ability
with decreasing precipitation amounts (Scharnweber
et al 2011, Cavin et al 2013, Mette et al 2013, Vitasse
et al 2019, Vanhellemont et al 2019). Oak can main-
tain photosynthesis at low water potentials (Raftoy-
annis and Radoglou 2002) sustaining a constant but
comparably low sapflow stream under drought stress.
Different adaptions like deep rooting depth and ring-
porous wood structure make oak less vulnerable to
sustained droughts (Scherrer et al 2011).

Hornbeam on the other hand with its continental
distribution is commonly also regarded as a drought
tolerant species (Köcher et al 2009). Deviating from
this, in our study hornbeam showed the strongest
growth decline of all four species. This strong decline
might result from a combination of mechanisms. It
might partly reflect the very high fruit production of
hornbeam in 2019 and the preferential allocation of
carbon to reproduction. It might also be that under
intense drought stress, allocation of carbon is shifted
from stems into roots so that low radial growth in
single years in hornbeam can be even interpreted as
an adaptation measure. We also have to mention that
hornbeam has a very eccentric growth and that we
cannot exclude the possibility that the severe meas-
ured growth decline might be partially a result of dif-
ferent allocation in stem growth.

Similarly the rather moderate growth decline of
sycamore was not to be expected, as this species
is commonly ascribed as being very susceptible to
drought (Gebauer et al 2008, Köcher et al 2009,
Scherrer et al 2011). Compared to beech growth of
sycamore is more influenced by early spring con-
ditions (Battipaglia et al 2008), and it can sustain
higher leaf water potentials even under low soil mois-
ture conditions (Köcher et al 2009). Under drought
stomata closure in sycamore occurs earlier than in
beech and sapflow is manifestly reduced (Scherrer et
al 2011). In our study the length of the growing season
2019 was not shortened for sycamore despite much
dryer conditions compared to 2018. Compared to the
other species in our sites sycamore trees are younger
and smaller, which might play a role in their higher
resilience to drought. In general, drought sensitivity
of trees is increasing with size and/or age (Merlin et al
2015, Trouillier et al 2018).

Finally beech showed very pronounced drought
stress symptoms in 2019. It is generally agreed that
severe summer droughts markedly reduce radial
growth in this species and that recovery can be
very slow (Peterken and Mountford 1996, Cavin
et al 2013). Especially the combination of summer

drought and high reproductive effort—a combina-
tion that occurred in 2019—results in formation of
very narrow tree-rings (Hacket-Pain et al 2017). Sum-
mer drought has become increasingly important for
beech growth over the last decades (Harvey et al 2020)
and growth rates of beech are considered to decline
considerably under further warming (Leuzinger et al
2005, Scharnweber et al 2011, Vanhellemont et al
2019, Trotsiuk et al 2020) especially in the core range
of its distribution (Cavin and Jump 2017). The com-
ing years will show how quickly a recovery of beech
can take place and how strong expected legacy effects
of the combined drought years 2018/19 will alter
forest structure and growth. The intensity of leg-
acy effects is found to be stronger after late-season
(August/September) andmulti-year droughts and for
diffuse-porous trees (Kannenberg et al 2019)which in
our case might provide competitive advantage for the
ring-porous oak over the other diffuse porous species.

In summary, severe growth reductions can be
expected for deciduous tree-species in northernCent-
ral Europe under the predicted dryer and warmer
future growth conditions. Specifically, global change
type droughts which are forecasted to occur more
frequently in the near future will change the com-
petitive ability of most tree-species and therefore not
only affect absolute growth rates but also whole forest
structures and species compositions.

Our results underline the value of real time mon-
itoring of forest growth and how it can be used
for observing and directly reporting influences of
extreme climatic events on forest growth. Initiatives
like the newly implemented DendroGlobal database
(Fonti et al 2016) allow for spatially broader ana-
lyses of daily tree growth responses to weather condi-
tions and weather extremes and provide the basis for
a mechanistic understanding of species-specific reac-
tions of tree-growth to a changing climate. Practition-
ers might use this information for updating adapta-
tion measures in order to sustain functioning forest
ecosystems in a warmer and dryer future.
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NordwestdeutschlandWaldzustandsbericht 2019, Sachsen
Anhalt Göttingen: Nordwestdeutsche Forstliche
Versuchsanstalt 18 21–32

Ellenberg H 1996 Vegetation Mitteleuropas mit den Alpen in
ökologischer, dynamischer und historischer Sicht (Stuttgart:
Eugen Ulmer Verlag)

Etzold S, Ferretti M, Reinds G J, Solberg S, Gessler A, Waldner P,
Schaub M, Simpson D, Benham S and Hansen K 2020
Nitrogen deposition is the most important environmental

8
104



Environ. Res. Lett. 15 (2020) 074022 T Scharnweber et al

driver of growth of pure, even-aged and managed European
forests For. Ecol. Manage. 458 117762

Fonti P, Zou J and DendroGlobal Consortium 2016 Potential and
limitations of a global dendrometer network to describe tree
transpiration patterns European Geosciences Union General
Assembly (Vienna) 18 EGU2016–16553

Gebauer T, Horna V and Leuschner C 2008 Variability in radial
sap flux density patterns and sapwood area among seven
co-occurring temperate broad-leaved tree species Tree
Physiol. 28 1821–30

Grote R, Gessler A, Hommel R, Poschenrieder W and Priesack E
2016 Importance of tree height and social position for
drought-related stress on tree growth and mortality Trees 30
1467–82

Hacket-Pain A J, Cavin L, Friend A D and Jump A S 2016
Consistent limitation of growth by high temperature and
low precipitation from range core to southern edge of
European beech indicates widespread vulnerability to
changing climate Eur. J. For. Res. 135 897–909

Hacket-Pain A J, Lageard J G A and Thomas P A 2017 Drought
and reproductive effort interact to control growth of a
temperate broadleaved tree species (Fagus sylvatica) Tree
Physiol. 37 744–54

Hacket-Pain A J, Ascoli D, Vacchiano G, Biondi F, Cavin L,
Conedera M, Drobyshev I, Liñán I D, Friend A D and
Grabner M 2018 Climatically controlled reproduction drives
interannual growth variability in a temperate tree species
Ecol. Lett. 21 1833–44

Harvey J E, Smiljaníc M, Scharnweber T, Buras A, Cedro A,
Cruz-García R, Drobyshev I, Janecka K, Jansons � and
Kaczka R 2020 Tree growth influenced by warming winter
climate and summer moisture availability in northern
temperate forests Glob. Chang. Biol. 26 2505–18

Heinrich I, Balanzategui D, Bens O, Blume T, Brauer A, Dietze E,
Gottschalk P, Güntner A, Harfenmeister K and Helle G 2019
Regionale Auswirkungen des Globalen Wandels: Der
Extremsommer 2018 in Nordostdeutschland System
9 38–47

Jacob D, Göttel H, Kotlarski S, Lorenz P and Sieck K 2008
Klimaauswirkungen und Anpassung in Deutschland. Phase
1: Erstellung regionaler Klimaszenarien für Deutschland ed
Umweltbundesamt R. Clim. Chang. 11/08 159

Jump A S, Ruiz-Benito P, Greenwood S, Allen C D, Kitzberger T,
Fensham R, Martínez-Vilalta J and Lloret F 2017 Structural
overshoot of tree growth with climate variability and the
global spectrum of drought-induced forest dieback Glob.
Chang. Biol. 23 3742–57

Kannenberg S A, Maxwell J T, Pederson N, D’Orangeville L,
Ficklin D L and Phillips R P 2019 Drought legacies are
dependent on water table depth, wood anatomy and
drought timing across the eastern US Ecol. Lett.
22 119–27

Köcher P, Gebauer T, Horna V and Leuschner C 2009 Leaf water
status and stem xylem flux in relation to soil drought in five
temperate broad-leaved tree species with contrasting water
use strategies Ann. For. Sci. 66 1

Kreienkamp F, Spekat A and Enke W 2010 Ergebnisse eines
regionalen Szenarienlaufs für Deutschland mit dem
statistischen Modell WETTREG2010 Bericht, Clim. Environ.
Consult. Potsdam S 48 48

Kreienkamp F, Spekat A and Enke W 2013 The weather generator
used in the empirical statistical downscaling method,
WETTREG Atmosphere (Basel) 4 169–97

Laginha Pinto Correia D, Bouchard M, Filotas É and Raulier F
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Marx A 2016 The German drought monitor Environ. Res.
Lett. 11 74002

10
106



107



Chapter VI

Combining dendrometer series and
Xylogenesis imagery—DevX, a simple
visualization tool to explore plant

secondary growth phenology

Cruz-García, R., Balzano, A., Čufar, K., Scharnweber, T., Smiljanić, M.,
Wilmking, M. (2019)

Published in Frontiers in Forests and Global Change, 2

108



TECHNOLOGY AND CODE
published: 02 October 2019

doi: 10.3389/ffgc.2019.00060

Frontiers in Forests and Global Change | www.frontiersin.org 1 October 2019 | Volume 2 | Article 60

Edited by:

Andreas Rigling,

Snow and Landscape Research

(WSL), Switzerland

Reviewed by:

Patrick Fonti,

Snow and Landscape Research

(WSL), Switzerland

Teemu Hölttä,

University of Helsinki, Finland

*Correspondence:

Roberto Cruz-García

rc133844@uni-greifswald.de

Specialty section:

This article was submitted to

Forest Growth,

a section of the journal

Frontiers in Forests and Global

Change

Received: 02 July 2019

Accepted: 16 September 2019

Published: 02 October 2019

Citation:

Cruz-García R, Balzano A, Čufar K,
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Combining Dendrometer Series and
Xylogenesis Imagery—DevX, a
Simple Visualization Tool to Explore
Plant Secondary Growth Phenology

Roberto Cruz-García 1*, Angela Balzano 2, Katarina Čufar 2, Tobias Scharnweber 1,

Marko Smiljanić 1 and Martin Wilmking 1

1 Landscape Ecology and Ecosystem Dynamics, Institute of Botany and Landscape Ecology, University of Greifswald,

Greifswald, Germany, 2Department of Wood Science and Technology, Biotechnical Faculty, University of Ljubljana,

Ljubljana, Slovenia

Determining the effect of a changing climate on tree growth will ultimately depend on

our understanding of wood formation processes and how they can be affected by

environmental conditions. In this context, monitoring intra-annual radial growth with

high temporal resolution through point dendrometers has often been used. Another

widespread approach is the microcoring method to follow xylem and phloem formation at

the cellular level. Although both register the same biological process (secondary growth),

given the limitations of eachmethod, each delivers specific insights that can be combined

to obtain a better picture of the process as a whole. To explore the potential of visualizing

combined dendrometer and histological monitoring data and scrutinize intra-annual

growth data on both dimensions (dendrometer→ continuous; microcoring→ discrete),

we developed DevX (Dendrometer vs. Xylogenesis), a visualization application using the

“Shiny” package in the R programming language. The interactive visualization allows

the display of dendrometer curves and the overlay of commonly used growth model fits

(Gompertz andWeibull) as well as the calculation of wood phenology estimates based on

these fits (growth onset, growth cessation, and duration). Furthermore, the growth curves

have interactive points to show the corresponding histological section, where the amount

and development stage of the tissues at that particular time point can be observed. This

allows to see the agreement of dendrometer derived phenology and the development

status at the cellular level, and by this help disentangle shrinkage and swelling due to

water uptake from actual radial growth. We present a case study with monitoring data

for Acer pseudoplatanus L., Fagus sylvatica L., and Quercus robur L. trees growing

in a mixed stand in northeastern Germany. The presented application is an example

of the innovative and easy to access use of programming languages as basis for data

visualization, and can be further used as a learning tool in the topic of wood formation

and its ecology. Combining continuous dendrometer data with the discrete information

from histological-sections provides a tool to identify active periods of wood formation

from dendrometer series (calibrate) and explore monitoring datasets.

Keywords: dendrometer, microcore, xylogenesis, wood anatomy, Gompertz, Weibull, Shiny, forest monitoring
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INTRODUCTION

Forest growth monitoring has become an important field of
research, given that current climate prognoses indicate that there
will be regionally heterogeneous seasonal changes (IPCC et al.,
2014). Hence, intensive monitoring is performed at the tree and
stand level and more frequently an assembly of these datasets
is used to understand forest and tree growth under a changing
environment (Klos et al., 2009; Solberg et al., 2009; Pretzsch
et al., 2014). The most common approaches to study seasonal
tree growth dynamics and wood formation phenology include
the monitoring of stem-size variation (dendrometers), repeated
wounding of the cambium through the pinning technique (e.g.,
Gričar et al., 2007) and repeated cambium sampling through
microcores (e.g., Mäkinen et al., 2008; Drew and Downes,
2009; Prislan et al., 2013; Balzano et al., 2018). Among these
approaches, the use of point-dendrometers has been shown to
be an effective technique for recording intra-annual tree growth
variability and attempts have been made to link radial variations
to meteorological conditions by disentangling hydraulic stem-
diameter fluctuations and biomass increments (Deslauriers et al.,
2007; van der Maaten et al., 2013, 2018; Aldea et al., 2018).
Although the use of daily stem variation data seems to be
promising for understanding the ecology of radial growth
on a fine temporal scale, its use on determining (absolute)
wood formation phenology is limited, since changes in stem
water content can potentially mask signals from actual cellular
production (Cuny et al., 2015; Sass-Klaassen, 2015). This aspect
is highly relevant in dendrochronology, since wood (xylem)
formation phenology provides the key to interpret different
tree-ring parameters (e.g., Prislan et al., 2018; De Micco et al.,
2019) as the observed climate correlations can be the result
of complex interactions between environmental conditions and
physiological processes (e.g., Fritts, 1976; Čufar et al., 2008). It
is widely acknowledged that xylogenesis can only be accurately
determined through microscopic observations of the cambium
and currently formed wood in different phases of differentiation.
Since it occurs inside the tree stem, the pinning or microcore
techniques are often used to track the different phases of
wood formation.

Comparisons of intra-annual growth dynamics between high
resolution dendrometer readings and xylogenesis have proven
insightful to understand the temporal dynamics related to the
tree-ring formation process (Cocozza et al., 2016; Cardil et al.,
2018). The comparison of the two methods has been mostly
done between different trees growing in the same stand with
similar growth rates (Mäkinen et al., 2008; Camarero et al.,
2009; Linares et al., 2009; Chan et al., 2016; Cocozza et al.,
2016), while few studies have assessed dendrometer readings
and cambial activity of the same trees (Michelot et al., 2012;
Cuny et al., 2015; Ziaco and Biondi, 2016; Güney et al., 2017).
Although general growth patterns from a stand can be captured
while monitoring intra-annual stem dynamics with different
approaches on different trees, large individual variability has
been reported on monitoring data of broad-leaved trees in the
temperate Central European forests (Čufar et al., 2008, 2011;
Prislan et al., 2013; Martinez del Castillo et al., 2018). This

complicates a direct comparison of dendrometer data with
time series of cell production and development from repeated
microcoring, especially if the data is derived from different tree-
individuals. Adding to the relevance of xylogenesis studies for
dendroecology, it is noteworthy that during the last two decades,
wood anatomy and the intra-annual dynamics of wood formation
have become a relevant field of study given the uncertainty
of knowing how trees and forests will respond to climate
change (Prislan et al., 2013, 2016, 2019a; Gričar et al., 2015;
Martinez del Castillo et al., 2018). Related to this, software mostly
developed for the R programming environment (R Development
Core Team, 2018) that specializes on dendrometer data and
xylogenesis has been developed over time, focusing mostly on the
statistical assessment and visualization of time series (Rathgeber
et al., 2011, 2018; van der Maaten et al., 2016). Although the tools
for their specific assessment are available separately, combining
dendrometer measurements with wood anatomical approaches
has the potential to improve our mechanistic understanding
of xylem development and environmental conditions, which
in turn would help to physiologically explain climate-growth
relationships (Rathgeber et al., 2016). Thus, allowing the
exploration of individual trees’ phloem and xylem formation
behavior and their respective growth signals in dendrometer
records, the proposed visualization tool can contribute to
improve the parametrization of mechanistic models that deal
with larger-scale ecological phenomena. These include, for
instance, forest landscape models (FLM; Gustafson et al., 2016),
which model forest dynamics based on interacting processes
such as competition, growth, seed dispersal and disturbance.
Exploring phloem and xylem formation parameters based on
individual tree characteristics that could affect these processes
(e.g., species, tree social status, size, etc.) can enhance the
performance and interpretability of such models. Likewise, the
use of the simple visualization tool allows for the identification
of stem-water dynamics and possibly separate them from
periods of actual growth, by identifying active cell production
in dendrometer records. This can also facilitate the posterior
quantitative analysis of dendrometer records.

Xylem phenology is characterized by the cellular development
phases of cell division, cell enlargement, secondary wall
formation and maturation (lignification and apoptosis)
(Rathgeber et al., 2016). Phloem cell production is lower than
in the xylem and it is less responsive to variability in climate
(Prislan et al., 2013). Its cells can be roughly characterized in
early and late phloem, according to the formation time (Gričar
and Čufar, 2008; Prislan et al., 2019b). These processes are linked
to irreversible stem enlargement, however since dendrometer
readings also integrate reversible stem hydraulic dynamics, these
are known to deliver rough estimates of cambial activity and less
reliable critical dates like onset and cessation of growth (de Vries
et al., 2003; Deslauriers et al., 2007; Solberg et al., 2009; van der
Maaten et al., 2018). Therefore, a calibration and comparison
with anatomical sections of tissues including cambium and
forming wood of the same tree should be performed to securely
separate both processes from each other. This in turn can make
monitoring data more relevant in understanding carbon and
biomass deposition dynamics in forests, since cambial sampling
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and preparation of microscopic sections up to data production is
highly time and resource consuming (Rossi et al., 2006).

By generating methods and tools to accurately derive wood
formation phenology estimates from dendrometer data (for
example estimates based on growth model fittings) we can
be a step closer to include the variability related to wood
formation in climate-growth relationships and ultimately for
species distribution models which use climate variables to
constrain species ranges. For the purpose of characterizing
seasonal wood growth data, the Gompertz function has been
the standard use sigmoid curve, since a re-parametrized version
of it can be biologically interpreted (Zwietering et al., 1990;
Rossi et al., 2003). Although usually yielding high goodness of
fit model values, several other sigmoid models can be ultimately
used to describe the wood formation process, such as theWeibull
function (van der Maaten et al., 2018) and ad-hoc models
with biological interpretability (McMahon and Parker, 2015).
However, only few studies have compared different models to
estimate critical dates (e.g., Korpela et al., 2010). Although the
main application of model fitting to tree growth curves is the
standardization of data for the investigation of weather forcing
of stem-radius variation, oftentimes assumptions on the wood
formation process are performed with model fits. This outlines
the need to assess which methods yield best estimates of critical
dates for xylogenesis.

A potential application of combined dendrometer records
and xylogenesis imagery is to determine, according to the
observed tree species and its ecology, which dendrometer
methods are more accurate for the permanent monitoring of
tree-growth. Microcoring being time and effort intensive, can
be applied for a short term only for the determination of best
indicators of phenological phases, thus in a sense allowing for
the calibration of dendrometer measurements. In this article
we present DevX, a software implementation for an interactive
visualization of dendrometer stem radial variations cumulative
curves and xylogenesis samples (microcore thin-sections)
using the widespread statistical programming environment R
(R Development Core Team, 2018). With these interactive
visualizations, ecologists, foresters, dendrochronologists, and
wood anatomists can inspect how well-modeled dendrometer
data and its derived estimates of phenological events fit with
actual wood formation imagery.

MATERIALS AND METHODS

Case Study Site
The case study data used for the deployment of the application
was obtained from a permanent forest monitoring plot located in
the silviculturally managed area of Eldena, a temperate broadleaf
lowland forest in northeast Germany (Coordinates 54◦04′39.2′′N,
13◦28′31.6′′E) and part of the LTER-D (German Long Term
Ecological Research) network. The area is situated in a morainic
landscape, having hydromorphic and stagnic soil types (Buczko
et al., 2017). The region has a temperate humid climate withmean
annual temperature of 8.1◦C and annual precipitation of 562mm
(Harris et al., 2014; 1901–2017 mean). In the beginning of 2016,
three European beech (Fagus sylvatica), three pedunculate oak

(Quercus robur), and two sycamore maple (Acer pseudoplatanus)
trees were selected and point-dendrometers (Type DR, Ecomatik,
Munich, Germany) installed at the trunk. Before mounting, the
dead outer bark was removed from oaks andmaples to ensure low
influence of its changes on measurements. The investigated trees
are all dominant or co-dominant, and represent the three most
abundant tree species present in the plot. Beech trees located
in this stand have an average height of 22.4m (± 9.5) and a
DBH of 32.5 cm (± 25.7), sycamore maples with 23.2m (± 7.89)
average height and 32.4 cm (± 16.6) mean DBH. Pedunculate
oaks, less abundant in this plot than beech and sycamore maple,
are characterized by an average height of 33.0m (± 2.36) and a
DBH of 61.5 cm (± 14.0). A detailedmap with the spatial location
of the monitored trees can be found in Figure 1. The available
tree-ring data for the monitored trees indicate that sycamore
maples and oaks have a cambial age between 131 and 133 years
and beech trees in average 191 years.

Dendrometer Readings and Microcore
Sampling
Stem radial variations were monitored with temporal resolution
of 1min using point dendrometers of the Radius type
(Ecomatik, Munich, Germany) installed at 3m height on
the northward side of the trunk, and connected to CR1000
dataloggers (Campbell Scientific Ltd., Logan, USA) using a “Full-
Bridge” configuration. The final resolution and accuracy of the
datalogger-dendrometer setup was, therefore, 0.2 and 1.5µm,
respectively. Furthermore, two microcores with a diameter of
2 and 15mm length were obtained every sampling date at
breast height from each tree equipped with a point-dendrometer
during the growing season of 2016. Sample collection was
performed from mid March to June on a weekly basis,
and biweekly thereafter until November. A Trephor tool was
used to extract the microcores following a spiral pattern on
the tree stem, with a minimum distance of 5 cm between
sampling points to avoid collection of wound tissue (Rossi
et al., 2006). After collection, microcores were placed in
80% ethanol for transportation and immediately embedded
in PEG after arriving to the laboratory (Polyethilenglycol-
−2000, Carl Roth GmbH&Co. KG, Karlsruhe, Germany).
For the embedding procedure, PEG was warmed to 60◦C
to become fluid and placed in metal containers where a
small amount was poured on. When this small layer of PEG
solidified, the microcore was placed on it with the radial
plane parallel to the ground, afterwards the plates were filled
with liquid PEG and left to solidify. Thin-sections with a
thickness of 8µm were cut with a rotary microtome (Leica
RM 2245, Wetzlar, Germany). The sections were stained using
a safranin/astra-blue solution (Gärtner and Schweingruber,
2013) and mounted in Euparal (Carl Roth GmbH&Co. KG,
Karlsruhe, Germany). Photographs were taken with a light
microscope (Leica DM 2500, Wetzlar, Germany) equipped with
a camera (Leica DFC450C, Wetzlar, Germany) and further
annotations were made on the digital files using a standard
graphics editor (Inkscape 0.92, Inkscape Project). On the
slides, the following tissues were identified: cambium (CC),
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FIGURE 1 | General overview of long term monitoring plot and location of trees from the presented case study, where tree name abbreviations correspond to the

species (Beech = FSY, Oak = QRO, Maple = APS) and letters to individual trees. The inset represents the location of the stand within the whole forest surface (A)

(OpenStreetMap Contributors, 2017). The pre-loaded data in DevX contains monitoring data (dendrometer series and histological images) from these individuals.

Monthly average precipitation sums (gray bars) and temperature (blue line) of the site during the period 1901–2017 (B), taken from CRU-TS 4.02 Dataset. Overview of

location of case study site (C).

differentiating cells in the phases of enlargement (E), cell wall-
deposition and lignification (W) and fully mature (M) cells
(e.g., Prislan et al., 2009; Martinez del Castillo et al., 2018).

Curve Fitting Methods (Weibull, Gompertz)
The commonly used Gompertz (Equation 1) and Weibull
(Equation 2) functions were fitted to the dendrometer data series.
As a first step, dendrometer series were standardized relative to
the total radial increment of the length of the series (Min-Max
standardization). This step was undertaken to ease subsequent
model fitting procedures. Sigmoid Gompertz (1) andWeibull (2)
functions were fitted using the R “stats” package. These functions
have been widely used in dendrometer and xylogenesis studies
(e.g., Deslauriers et al., 2003; van der Maaten et al., 2018).

Their formulas are defined as

y = A ∗ exp

[

−exp

(

µ ∗ exp (1)

A
(λ − t) + 1

) ]

(1)

and

y = 1− exp

(

−

(

t

T

)m )

(2)

where y is stem-radius variation, t is time in 30min intervals,
A is the asymptote of the curve, µ is the largest slope, λ as lag-
phase (prior to growth begin), T as a scale parameter (point
in time where 63% of total cumulative growth is achieved) and
m is a shape parameter. The shown Gompertz formula is a re-
parametrization which makes its terms biologically meaningful
(Zwietering et al., 1990).

Deriving Phenological Phases
Growth phenology was calculated based on the fitted sigmoid
models. Based on the Gompertz and Weibull model fits as well
as the raw dendrometer measurements the points in time where
5 and 95% of the total radial increment were identified and set
as growth onset and growth cessation, respectively. In the case of
raw data, the first point in time where 5 or 95% of growth was
achieved was used to estimate onset and cessation of growth for
comparison with fitted curves. Growth duration was calculated
as the number of calendar days between these estimates.

Interactive Data Analysis (DevX)
To visualize wood development from the obtained microcore
digital images together with dendrometer cumulative radial
displacement curves, an interactive graph deployed as a web
application, called DevX, was developed using the “Shiny” and
“shinydashboard” packages for the R statistical programming
language (Chang and Borges-Ribeiro, 2018; Chang et al., 2018).
Upon starting the visualization, the initial page (“Data selection,”
left menu) indicates how to upload user generated data by on-
screen instructions. The instructions are simple to follow and in
general make two requirements to launch the interactive graph:
(a) dendrometer records in a CSV (“Comma-separated values”)
file with three columns (“tree,” “dendrometer,” and “time”) which
indicate the individual tree identity, the stem-radial cumulative
curves and the timestamp value, respectively and (b) digital
images of histological sections in PNG format whose file name
should contain the identity of the corresponding individual
(matching the “tree” column of the CSV file) and the date of
sampling (in day, month, and year format—“DDMMYYY”).
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FIGURE 2 | Graphical instructions on how to upload user data. After completing the outlined steps, the “Dendro/Thin-section Viewer” page will load showing the

dendrometer curve and available xylogenesis images.

In the current DevX version, the species name should be encoded
in the first three letters of an individual tree identity (as in the
case study data). For the timestamp value in the CSV file, a
string that can be converted to “POSIXct” class (usually a string
indicating the date followed by time in hours, minutes, and
seconds) is expected. Furthermore, the user has the option to
upload annotated images, in case they are available. If annotated
images will be uploaded, their file names have to exactly match
non-annotated images. Examples of valid data are shown in the
software itself and instructions on how to upload user data is
presented in Figure 2.

To start the visualization, the user either has to upload
the required data, or explore the software with the pre-loaded
case study data. If the user wishes to upload data, this has
to be performed first and afterwards the corresponding button
should be clicked. By pressing the corresponding button in
the “Load user data” box, the program launches the option
“Dendro/Thinsection Viewer,” where it is possible to click on
the available microcore sampling dates of each tree, which
displays an image of the obtained wood sample. The dendrometer
data of the case study is comprised of cumulative values of
radial displacement measurements taken every 30min, while

the microcores were sampled every week or biweekly at the
same weekdays. For this reason points representing microcore
sampling dates/images are represented in a daily scale on
the x-axis.

A secondary panel named “Phenology Comparison” is
included. In this option a faceted scatter plot with phenology
estimates per tree, grouped by species (encoded in the first three
letters of individual tree identities), is displayed. Growth onset
and cessation were expressed as dates in day of year format
(DOY) and length as amount of days. A control option was
included to choose the curve from which the derived wood
phenology phases originated. Also, a control panel is included
that allows for (a) choosing a tree record to display and the date
range within the available data and (b) the option to choose the
phenology dates (growth onset and cessation) as derived from
the fitted sigmoid models or raw curve and to choose which
model fits (Weibull or Gompertz) to show, as well as the option
to display the thin-section image with or without annotations
on their features, in case these were uploaded (available for the
pre-loaded data). For the manipulation and preparation of the
dendrometer data and microcore image date and identification,
the packages, “readr,” “broom,” “ggplot2,” “dplyr,” and “lubridate”
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FIGURE 3 | Derived phenology estimates from dendrometer data for three main broadleaved tree species of central Europe and treated in the presented case study.

The lines represent the growth period of the monitored trees according to the estimated dates by the fitted models (and also by the raw-unfitted dendrometer

measurements for comparison). The color of the lines indicate the species and the line type the model fitting used to derive phenological phases.

were used (Grolemund and Wickham, 2011; Wickham, 2016;
Wickham et al., 2017a,b; Robinson and Hayes, 2018). The
software and its code are available upon request as well as directly
on the online deployed application under “Source Code” at the
left panel (“https://rcruzgarcia-dendro.shinyapps.io/DevX”).

RESULTS

Comparison of Derived Phenology for
Different Methods
After fitting the Weibull and Gompertz curves to the raw
standardized dendrometer curves, wood phenology estimations
were obtained for each tree and averages as well as deviations
from the mean. Growth begin, growth cessation and growth
duration were obtained based on fitted Weibull and Gompertz
curves and also from the raw curves for comparison. In general,
theWeibull model consistently yielded smaller values (i.e., earlier
dates) than those obtained from the Gompertz model, in average
for all trees. The derived phenology dates based on raw data
consistently showed earlier growth begins, considerably later
growth cessation dates and consequently longer growth duration
and were similar for the three species analyzed. Although
the sample size is low, it is evident that the unfitted (raw)
dendrometer cumulative measurements do not supply realistic
results, since a previous study performed in the same study area
found that growth phenology is highly species specific, which the
raw data estimates failed to capture (van der Maaten et al., 2018).
When considering Weibull and Gompertz phenology estimates,
beech averages generally suggest shorter growth duration and
an earlier finish than sycamore maple. The latter showed the
latest growth begin of the three observed species. Oak on the

other hand exhibited the earliest growth begin and latest growth
cessation and consequently also presented the longest growth
duration (Figure 3).

Based on the stem radial variation data obtained from
dendrometer records, the stem increment in 2016 was the highest
for the monitored oaks (QROA = 2.0mm, QROB = 4.27mm,
QROC= 1.27mm). The beech individuals showed homogeneous
increment levels (FSYA = 0.64mm, FSYB = 0.73mm, FSYC
= 0.84mm) whereas the two monitored sycamore maples
showed contrasting stem increments (APSA= 0.40mm, APSB=

1.89mm). See Supplementary Figure S1 for an overview of the
before mentioned raw stem increment curves.

Phenology Estimates and Wood Formation
on the Cellular Level
To show the functionality of the application, for each species
one tree was used to offer a qualitative comparison of
the synchronism of phenology estimations and thin-section
evidence. Here only the beech example is presented below and
in Figure 4, see Supplementary Figures S2, S3 for a similar
assessment of oak and sycamore maple data. The Weibull
and Gompertz estimates of wood formation onset, cessation,
and duration were compared with wood formation images. To
descriptively assess the histological images the following criteria
were followed: (1) the onset of growth can be defined based
on observing the first xylem cells produced by the cambium
(C), which were in the phase of enlargement (E) and contained
primary cell wall; (2) The end of growth can be defined as the
stage where no newly produced E cells are observed, while the
wood of the currently formed growth ring might contain cells in
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FIGURE 4 | DevX image composition for the beech example. In the top diagram, the normalized (scaled to min-max values) cumulative growth curve for beech

specimen “B” in 2016 is shown. The vertical lines depict the growth onset and cessation estimates according to Weibull (solid) and Gompertz (dashed) model fits.

Below, the micro-core images relevant to the estimates are shown. Each red dot represents an available micro-core image, which can be displayed by simply clicking

on the respective dot. On the lower histological images, the cambium (C) is depicted by a black bar, wood of the current growth ring with cells in the phase of

extension and cell wall deposition and lignification (E and W) by a white bar and fully mature (M) cells by a red bar. All Scale bars 100 micrometers (except otherwise

stated on the image).

the phase of cell wall deposition and lignification (W) and fully
mature (M) cells.

For Beech individual “B” a histological section from the 29th
of April 2016 fell between both the Gompertz and Weibull
estimates of growth begin (Figure 4, note that this illustration
is a composition of images contained in the online version of
DevX and the same is valid for the figures in this section). The
histological section showed a cambium zone ca. 8 cells wide
and no newly produced cells in phase E. The onset of growth
as estimated by Gompertz (Figure 4) is therefore closer to the
true onset of cambial production than the Weibull estimation.
The sample taken on the 13th of May showed the current tree-
ring with xylem cells in phases E and W, and the slide taken on
the 3rd of June presented cells in all phases of differentiation (E
andW), including some mature cells (M). The thin-section taken
on the 24th of June, close to the asymptote phase of the growth
curve, showed that wood production ceased and the last formed
cells were in phases W and M. This agreed with the estimation of
growth cessation by the Gompertz model fit.

Additionally, a simple assessment on the identification of the
main period of growth in dendrometer data was performed for
sycamore maple individual “A.” An inspection of the available
histological sections indicates that cambium activation was not
reached by the 3rd of June 2016, although the dendrometer series
indicates an upward change in slope. This upward trend (marked
with the left blue bar on Figure 5) might be related to stem-radial
variations caused by re-hydration before the active growth period
commences. On the other end, the histological section from
the 1st of September showed a fully mature tree-ring. In the

showcased example, we adjusted the length of the dendrometer
curve (by adjusting the “Choose a date range” box) to display
the dendrometer series segment where active cellular growth
is occurring.

Interactive Application
The resulting application written in R can be accessed at
“https://rcruzgarcia-dendro.shinyapps.io/DevX/.” In the online
repository (“Source Code” left menu in previous link) all files and
scripts required to run the code locally in R can be found. The
files can be freely downloaded as a bundle or individually. To start
the application the file “DevX.R” should be run in an interactive
R session. If the user has more than 40 images to combine with
dendrometer data, it is recommended to run the program locally.
The software is pre-loaded with the presented case study data of
monitored trees in northeastern Germany, as well as available
microcore thin-section images. The user can follow the simple
instructions on screen (also described in section Material and
Methods) to either upload data or use the pre-loaded case study
data to explore the visualization method. The online deployed
program is available to anyone with Internet access and standard
up-to-date browsers (Chrome, Safari, Mozilla Firefox, etc.). An
overview of the application can be found in following Figure 6.

DISCUSSION

With the development of DevX, we demonstrated that the
methodology used to characterize the general patterns of intra-
annual stem-radius variations can lead to different results
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FIGURE 5 | DevX image composition displaying how to find the period of active growth in dendrometer series. In the top diagram, the identified microcore images

indicate that the period in between contains the active growth signal in the dendrometer curve. The periods marked with a blue bar, when considering the xylogenesis

stage at that point in time, can be attributed to signals regarding other factors affecting stem dynamics.

regarding the definition of critical dates for wood formation.
Dendrometer data being more readily available, should be used
carefully when assumptions about wood formation processes are
made. The methodologies used to characterize sigmoid growth
curves for trees in temperate forests (with a clear unimodal
cambial activity pattern throughout the year) are useful to
observe general species-level patterns. Hence, to obtain precise
xylogenesis critical dates, the use of microscopic observations
of the cambium and currently produced wood, through
microcoring or a similar technique, should be considered.
Considering the lack of a clear synchronization of stem-radial
variations and cambial activity, species-specific calibrations of
dendrometer records with xylem development sampling should
be attempted, also as a prior step when analyzing weather forcing
on stem-radius variation. The application presented here offers
a method to easily do this, once dendrometer records and thin-
sections of repeated cambium sampling are available.

Dendrometer and Microcore Studies
Dendrometers are generally designed to register an increase in
tree diameter. Smaller daily or seasonal fluctuations are due to

general swelling and shrinking of tissues associated with water
balance and changes in the bark, i.e., production of phloem (e.g.,
Gričar and Čufar, 2008; Gričar et al., 2014, 2016) as well as
processes of tissue inflation, sclerification, collapse, and shedding
in older bark. The cambium is a bi-facial meristem which
produces wood and bark (phloem) tissues where the production
of the xylem is normally much higher than the production of
the phloem (Gričar et al., 2009; Prislan et al., 2011). As the
changes in dimensions due to water balance and processes in
the bark are minor, the measurements by dendrometers mainly
record wood production (e.g., King et al., 2013; Cuny et al., 2015).
Nonetheless, stem-radial variation changes in stem water content
(reversible changes) at the daily scale can be bigger than actual
cellular production (irreversible changes) (Deslauriers et al.,
2007), which can make the calculation of exact critical dates of
wood formation from dendrometer data uncertain. This has been
demonstrated in the case study loaded in DevX. Studies where
both approaches, dendrometer, and histological measurements
are combined are still scarce, mostly focusing on conifers in
temperate (Michelot et al., 2012; Cuny et al., 2015; Urban et al.,
2015), Mediterranean (Camarero et al., 2009; Linares et al.,
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FIGURE 6 | DevX overview. A screen shot of the currently deployed online version of the presented visualization tool. An overview of its functionality and options are

given in the section “Material and Methods—Interactive data visualization”.

2009; Vieira et al., 2014a,b; Pacheco et al., 2016; Güney et al.,
2017), and boreal forests (Chan et al., 2016) or mountain ranges
(Ziaco and Biondi, 2016). Some examples of the use of band
dendrometers and xylogenesis analysis in the tropics also exist
(Mendivelso et al., 2016). Even fewer studies compare microcore
samples and dendrometer records of the same tree (Michelot
et al., 2012; Cuny et al., 2015; Urban et al., 2015; Ziaco and Biondi,
2016; Güney et al., 2017). Comparisons of the methodological
approaches for detecting phenological phases on cumulative
stem-radius variations have been performed in several data
analysis methods by Korpela et al. (2010), although none of the
widespread sigmoid models were tested (i.e., Gompertz, Weibull,
and logistic functions). In their work, they concluded that the
application of cumulative sum (CUSUM) charts (Page, 1954) to
detect parameter changes in time-series was the most accurate
method to detect phenological phases in dendrometer records,
as compared to expert assessments (Korpela et al., 2010). The
applied CUSUM charts are a tool to effectively detect changes
in the mean of dendrometer series, however it does not detect
increments in mean related to water uptake or cell formation,
which can be overcome by inspecting cellular characteristics of
the cambium and differentiating wood at different time points
during the vegetation period. Without a mechanistic model of
stem-hydraulics and the xylogenesis process or just without
observations of thin-sections, it is almost impossible to tell
if an increase in dendrometer values is (unequivocally) due
to production of new cells or to water uptake. Additionally,
specialized software for the calculation of critical dates from
wood formation histological datasets exists, however the focus
lies on data analysis rather than visualization of different data

sources (Rathgeber et al., 2018). The use of a visualization tool,
like the one we present, could also aid in the parametrization
and development of hydraulic models that disentangle growth
and swelling-contraction of stem tissues. Through the use
of hydraulic models, Chan et al. (2016) performed a model
parametrization in which the contribution of stem hydraulics and
cell production to stem-radial variations in Scots pine in Finland
was quantified. Such studies could benefit from the use of the
presented application by qualitatively analyzing the model fits to
monitoring records.

When considering stem radial variation data, the possible
phenological phases that can be identified include growth
begin, growth period (amount of days) and growth cessation
(e.g., Rother et al., 2018; van der Maaten et al., 2018). Since
dendrometers record also water storage fluctuations, analysis
of weather forcing on intra-annual radial growth should be
performed on the period of time where the cambium is
actively forming phloem and xylem (Deslauriers et al., 2007). In
fact, stem variation in slow growing tree species in temperate
and boreal forests can show larger variability due to water
budget of the stem (e.g., re-hydration in spring, freezing, and
thawing in winter) than actual increments due to cellular
growth (Deslauriers et al., 2007). The advantage of using
dendrometers for this purpose is the relatively easiness with
which they can be installed and its already widespread use in
permanent forest monitoring plots, being the main disadvantage
that it remains challenging to neatly extract growth signals
from them (Chan et al., 2016). To overcome this, it is almost
unavoidable to look inside the tree stem through cambial
sampling methods and define the timing of critical dates
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through histological analysis. Due to this, dendrometer series
can only possibly reflect phases of xylogenesis where cells
are dividing/enlarging.

Case Study—Xylem Phenology of Central
European Temperate Tree Species
Although the sample size in the case study is not large enough
to draw conclusions on the ecology of xylogenesis for the species
of the monitored trees, a short discussion on the obtained results,
and thus an example of the possible insights DevXmight provide,
is presented as follows.

The general pattern obtained by the derived phenology might
indicate a species-level life strategy adaptation in the timing
of growth. Regarding forest succession in Central European
lowland temperate forests, pedunculate oak is considered an
intermediate, sycamore maple an intermediate-late and beech
a late successional species (Leuschner and Ellenberg, 2017).
This can be is reflected in an early growth start, longer
duration and larger growth increments in our monitored
oaks. Beech, as a tree species with diffuse porous wood
anatomy, leaf out and wood production by the cambium
at the breast height occur approximately at the same time
(Čufar et al., 2008; Prislan et al., 2013). Growth duration
and growth cessation are rather similar for beech and
sycamore maple. It must be noted that to understand (wood)
phenological dynamics in temperate forests tree age and
stand structure should be considered, since productivity can
decrease with age (Ryan et al., 1997), competition stress
(Linares et al., 2009) and can be affected by species-level
leaf phenology (Cuny et al., 2012; Michelot et al., 2012).
All these factors, which could not be controlled in our case
study, can affect xylogenesis and radial growth rates and
would provide a wider picture of the general intra-annual
growth process.

Comparisons of dendrometer and histological wood
formation analysis specifically for temperate lowlands forest
tree species are scarce in general. Considering work performed
outside this area, most studies where both monitoring methods
are applied have found a delay in wood formation phenological
phases, when compared to dendrometer records (Mäkinen et al.,
2008; Michelot et al., 2012; Güney et al., 2017), which might
be partly ascribed to differentiation and production of phloem
(e.g., Gričar et al., 2009, 2016). Urban et al. (2015), although
not comparing growth curves of both monitoring approaches,
found that the growth begin in dendrometers coincided with
histological observations in a pure beech forest. In conifers,
according to Mäkinen et al. (2008), growth dynamics can
systematically lag more than a week behind for microcores
when compared to dendrometer records. They also found that
the 95% increment in dendrometer records was reached at
least one week later compared to the growth cessation date as
extracted from cell counting. For angiosperm seasonal wood
dynamics, Michelot et al. (2012) found a similar lag between
measurements for beech and oak in an oceanic-temperate
forest stand in France. A visual assessment of the influence
of phloem and xylem formation on the stem radial variation

dynamics could be performed through the use of the DevX
visualization method, which can improve the discussion on the
role of phloem formation, early wood vessel formation (e.g.,
in pedunculate Oak) and stem re-hydration dynamics. These
processes might leave a confounding imprint in dendrometer
records, which could be explored through thorough analysis of
xylem and phloem development imagery and intra-annual tree
growth curves.

Regarding the differences between the applicable sigmoid
functions, based on goodness of fit values and general
interpretability, the Gompertz, Weibull, and general logistic (not
shown in DevX) models can certainly almost equally be used
to characterize seasonal growth patterns of tree ring formation
in temperate environments (Pödör et al., 2014). For our case
study, the Gompertz derived phenology consistently delivered
estimates closer to the histological evidence. DevX can be used
to explore which fitting function delivers more accurate critical
date estimates, considering a sufficient sized sample.

Use of the Application in an Educational
Context
The presented application DevX might be also interesting for
educational purposes, particularly in curricula that are dealing
with topics such as wood anatomy, wood formation, sylviculture,
forest monitoring, plant physiology, tree productivity, and
wood quality. Its interactive display in the basic first version
(presented in this article) can be used to explore the temporal
dynamics of wood formation in angiosperms with a marked
seasonal growth. It could be used to comprehend stem-
hydration, plant histology and wood phenology dynamics,
as well as to statistically characterize intra-annual tree
growth data.

Limitations
The main limitation for the extended use of this tool is obtaining
the required data. Unfortunately, microcoring of cambial tissue
has a limited potential in long-term forest monitoring, due to the
large variability in wood phenology between years (Martinez del
Castillo et al., 2016; Prislan et al., 2019a) and the time-consuming
laboratory work involved in the preparation of histological
sections. Nevertheless, the combination of these data could allow
for a more efficient use of high precision dendrometer records,
which are widespread employed. A calibration of dendrometer
readings with xylogenesis analysis for at least one growing season
can help to derive more realistic estimates to study variability
in the wood formation process over time, without the need for
repeated intruding sampling and extenuating laboratory work.

CONCLUSION

The improvement and development of methodologies and
statistical approaches to disentangle the processes within
dendrometer series will lead to a more efficient use of data
that is already available for a large number of monitoring
plots throughout forests in the world. Dendrometer data can
help to understand the influence of climate and weather on
growth processes and with caution, also offer insights on
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growth phenology. If growth dynamics are neatly extracted from
intra-annual dendrometer records and calibrated by xylogenesis
data, it will also be possible to use this information to make
predictions on the impact a changing climate can have on
timing and duration of wood formation, and thus enhance
the use of such data not only for theoretical discussions
but also for practical applications. Furthermore, its use as
a simple visual inspection tool can potentially be an aid
during the development of next generation vegetation models
which include input from single individuals, allowing for finer
parametrization of individual tree growth rates and phenology of
secondary growth. The software we present in this publication
can be used toward these goals by scrutinizing the signals
that dendrometer data contain, as well as the assumptions
we base on them, by comparing perspectives of the same
process (with histological sections) and thus enhancing their
individual value. Furthermore, DevX has the potential to serve
for educational purposes in forestry and biology curricula,
by creating a simple visual representation of a complex
biological process.
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(2015). Plasticity in variation of xylem and phloem cell characteristics of
Norway spruce under different local conditions. Front. Plant Sci. 6:730.
doi: 10.3389/fpls.2015.00730
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Summary

In Chapter I a retrospective analysis over a large network of sites around the Baltic
coast was carried out for beech, oak (Quercus robur and Q. petreae were pooled together)
and Scots pine. The study evaluates the stability of climate responses over time, linking
this behavior to geographical pattern. The novel approach provides new insights on how
non-stationarity in climate-growth relationships arises under current climate change and
updates our knowledge of climate forcing on tree growth in the region. In Chapter II
and III questions how the sources of variability in common-signals of tree-ring data are
handled. Chapter II demonstrates how the location of oak trees within the landscape
pattern affects their climate signal, by looking at the sensitivity to drought in free-standing
trees between cropfields and those from inside a forest stand. A confirmation on how stand
conditions affect the climate signals in tree-rings is then offered by this study and raises
awareness of this characteristic, which could lead to an overestimatation of reconstructed
climate in studies relying on medieval timbers and sub-fossil wood. Chapter III provides
a methodological blueprint on analyzing the sources of variability in the climate response
of a population, by looking at the influence of individual tree traits such as size/age, and
stand level characteristics such as competition pressure and management.

Changing the focus to a finer temporal resolution, Chapter IV characterizes the weather
forcing in a dataset of four years of intra-annual growth monitoring through dendrometers
and assesses the secondary growth phenology of the species in the study. Chapter V de-
scribes how the exceptional drought in the years 2018 and 2019 affected the radial growth
level of deciduous species in the study site, and what were the overarching weather condi-
tions during growth and dormancy season. Chapter VI concludes by offering an interac-
tive software tool to visualize dendrometer readings and histological sections from regular
cambial sampling and offers insights on how the combined insight can inform on seasonal
stem-hydraulic dynamics.
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Changing climate drivers of tree growth and sources of

variability

In Chapter I the main climatic drivers of growth (among monthly precipitation, tempera-
ture and one month integrated standardized potencial-evapotranspiration index - SPEI -)
were determined for each species (beech, oak and Scots pine) and the change of importance,
measured through a change in correlation strength, during the period 1943-1972 and
1972-2002 was also assessed. Species differed in their main climatic limitation. Beech and
oak sites showed a main limitation by June and summer precipitation and previous year
summer/autumn SPEI. Precipitation was positively associated to growth in all species,
which points to the fact that water availability in the growing season is a main factor
and this reaction was found to be stable over time, except for some beech sites where the
strength of the relationship increased in the more recent period. Scots pine sites were
mostly positively limited by mean March temperatures in the year of ring formation.
Regarding the climate variables whose effect most strongly changed during the tested
periods, both deciduous species showed that February temperature influence was positive
on the earlier period and lost strength on the second. Scots pine on the other hand showed
a positive increase in correlation strength to January temperatures in the more recent period.

The reduction of strength in the driving effect of February temperatures in beech
and oak can be related to warmer winters, since winter cold can trigger embolisms in
the stem and also cause fine root damage (Weigel et al., 2018). This indicates how
changes at the decadal scale in climate trends are reflected as non-stable correlations
with ring-width index chronologies. According to the principle of the limiting factor
(Fritts, 1976), growth is limited by the least available resource necessary for the process
at any given time. To exemplify this, let us assume that we observe the growth response
of a site near its northern distribution limit and possesses sufficient water supply. The
growing season falls in the summer months (June-July-August), and as such under normal
conditions growth is limited by temperature. However, if circumstances change and on
another year precipitation is abnormally low, the main climate drivers, temperature,
can have now a detrimental effect on growth increasing transpiration rates and risk of
embolism, that is, by changing its sign to negative in its relationship to growth. To keep
comparability, this dynamic relationship between growth and drivers is usually acknowl-
edged and controlled for by the means of the site selection principle (Fritts, 1976), which
states that samples should be acquired by selecting sites were one factor is strongly limiting.

However, the problematic of changing limiting factors exacerbates in the temperate
forest and particularly in lowlands sites with good nutrient availability and adequate
soil-water capacity (e.g. well drained sites with loam-sand). In sites like these, climatic
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factors tend to have a rather weak growth limitating effect and especially in mixed ages or
mixed crown classes stands, biotic interactions such as competition for light and resources
as well as gap-dynamics, have a stronger driving effect on growth levels (Fritts, 1976;
GóMez-Aparicio et al., 2011; Sánchez-Salguero et al., 2015). Climatic limitation can and
does occur on temperate lowland forests, although it can be very dynamic with changes
in sign between years and has the potential to affect individual trees in a different way
depending on their canopy status (Lebourgeois et al., 2014; Mérian and Lebourgeois, 2011;
Schweingruber, 1988). The mild correlation strength of ring-width index series and climate
in the study region reflects this, with coefficients in the range of −0.4 to 0.4.

On a global assessment of the change of climatic drivers of tree growth, Babst et al.
(2019) found for the global temperate zone the importance of water limitation has increased
during 1960-1990. As a consequence of warming, vapor pressure deficit or atmospheric
water demand have become more limiting for tree growth, as it can lead to carbon
starvation through a imbalance in sugar demand and production rate (Adams et al., 2017).
The partially observed increased response to SPEI in our study seems to be in line with
these findings. Additionally, the study confirms and adds evidence to a fast growing body
of knowledge about changing limiting factor relationships as a consequence of a change in
means of climate variables and documents it, both in time and space (Wilmking et al., 2020).

Having laid the foundations on the perspective for climate impacts in the growth of
important, dominant species of temperate Central European forests, Chapter II and
Chapter III explore mechanisms that potentially drive the variability of the climate
response within populations. The study represented by Chapter II further demonstrates
the applicability of the aggregate conceptual model of tree growth, by looking at the impact
on the climate response once the factor "competition" is ruled out in pedunculate oaks
in northeastern Germany. Here, we could show how the response to the main climatic
limiting factor, corresponding to a drought index of early spring to late summer (the
self-calibrated Palmer Drought Index, short "scPDSI") is larger in free-standing oaks. As
assumed, solitary trees in absence of competition pressure grow faster (i.e. higher absolute
ring-widths) than their counterpart in the forest and long-term weather forcing leaves a
clearer imprint in their growth trajectories. Closed forest oaks have lower evaporative
demands given the shading provided by neighboring trees, which might be responsible
for the observed differences. Trees growing in a stand can also, potentially benefit from
facilitation through the hydraulic lift that the combined root masses cause (Horton and
Hart, 1998). The higher absolute growth rates from solitary trees demonstrates that
competition for light determines these, but possible facilitation in forest stands occurs and
causes a lower drought signal.
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Interestingly, although climatically more informative on the high-frequency domain of
the obtained ring-width series, low-frequency trends differed highly from solitary to closed
forest oaks. While closed forest oaks are able to highly synchronize their long-term trends,
largely individualistic trends were found in solitary oaks. It is difficult to attribute the
synchronous long-term trends to a single environmental factor, remaining unclear whether
it is related to decadal trends in climate, forestry interventions, land-use changes or a
combination. However, these results allow to conclude closed forest stands are able to track
gradual environmental changes to a greater extent than solitary trees.

The increased sensitivity to drought in solitary oaks has also direct consequences for
their conservation. As they express higher drought signals, solitary landmark trees in
this region are at a heightened risk of damage due to drought, which will occur more
frequently and with higher intensity (Ruosteenoja et al., 2018). For dendroclimatological
reconstructions, the findings are relevant since they point out that if using medieval
timbers and sub-fossil wood coming from trees which once grew on similar conditions
as solitary trees, the uncertainty and bias of climate reconstructions can be greater. As
there is evidence which suggests that landscapes in pre-industrial times were very open,
the likelihood to find previously free-standing trees as archaeological wood, specially near
ancient settlements is large (e.g. Nielsen et al., 2012).

In Chapter II we found how excluding competition for light and resources causes
a heightened sensitivity to the dominant climate drivers of growth, and as a result of
open-grown canopy conditions these trees are considerably larger and have larger annual
increments. Here we could clearly separate these effects on growth and climate response
through our sampling design, however these factors also affect trees growing in a closed
stand and it is less understood how this complex interplay of traits that drive climate
sensitivity is expressed in mixed forest stands. As an extension to this topic, Chapter III
suggests an approach to characterize the driving forces behind individual variability in a
heterogeneous forest stand, such as in the Rostocker Heide forest near the city of Rostock in
northeastern Germany. In this forest, a silvicultural approach promoting the establishment
of mixed species stands and natural regeneration dynamics is being enforced.

In Chapter III, the climate signal in the beech average ring-width index chronology
(the population signal) indicates that the growth of this species reacts negatively to
previous summer thermal and positively to water-balance conditions (3 month integrated
SPEI of September and maximal temperature of previous July) as well as positively to
precipitation of current June. High water availability and low to moderate maximum
temperatures represent the optimal growing conditions for beech in the site, which typically
displays drought-sensitivity signals in the region (Scharnweber et al., 2013) and were
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also observed throughout the studied region in Chapter I. The average ring-width index
chronology of oak displayed a large positive influence of temperature of the previous
October on growth, which is possibly related to warm temperatures driving the synthesis
of photo-assimilates to be used during the next growing season, since its start heavily
relies on non-structural carbohydrate reservoirs in this species (McCarroll et al., 2017;
Puchalka et al., 2017). Comparing the climate drivers of the population to individual tree
responses, it is evident that some population (i.e. master chronology) responses are only
reflected in a small group of trees within the sample. The response to June precipitation
was significantly present in less than 25% of the sample for beech and oak. On the other
hand, a large number (> 70%) of single beech trees had a significant correlation with
current year May temperatures, indicating a widespread effect throughout the population,
although the average ring-width index chronology signal did not contain detectable effects
of this parameter. A similar pattern was found with oak’s growth response to current
April temperature, where around half of the sampled trees were significantly associated to it.

Looking at the individual climate response allows for an improved assessment on
expected growth performance of a given site. Since the master chronology amplifies the
climatic signal of a population, its use as sole indicator of future performance should be
done with care (Carrer, 2011; Rozas, 2015). Our results highlight the response of trees in a
stand to a given climate parameter can be highly heterogeneous, with individuals presenting
different signs in correlation direction and chronology signals possibly representing only the
responders in the upper quartiles. Recognizing this heterogeneity in climate response has
implications for assessments on performance expectations under future conditions, biomass
and carbon uptake projections. Signals found in average chronologies might only represent
a sub-group of trees (e.g. large dominant trees) whose growth is strongly coupled to a
climate variable. Trees of other characteristics (e.g. suppressed or with an intermediate
canopy position) might interact with the aforementioned climate variable in an opposite way
(i.e. with a different sign) and counterbalance any projected gains/losses of biomass/carbon.

The individual variability of the climate response to temperature, precipitation and
water balance (as the 3 month integrated SPEI - Standardized precipitation evapotran-
spiration index) is large in beech and oak stands on this site. Averaging tree-ring series
to a master chronology results in a maximization of the climatic signals within and by
consequence, a loss of information on the individuals that compose it (Carrer, 2011; Fritts,
1976). We demonstrate species chronologies from the site contain a higher climatic signal
than series of individual trees, and that often for certain parameters it is only a low
number of individuals that showed a similar response to it as it would be suggested by
the aggregated (species/site response) estimation. Applying hierarchical linear models
to climate-growth relationships, we demonstrated that the strength of climatic drivers in
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individual trees in these stands was rather low, as reflected by the low explained variance
of the most important monthly climate parameters. The variability behind the range of
individual tree responses to climate was associated with age for beech and size/crown
projection for oak. Especially for beech the results suggested that older trees expressed
higher responses to drought conditions in the growing season. Oak trees in this site are not
drought limited, likely due to a large influence of groundwater in the coastal site (up to 1
m below the soil throughout the site), given the capacity of oak of forming a deeper root
system (Zapater et al., 2011). Although in mixed beech-oak stands, beech also displays
dominance in its competitive ability in the root compartment. The conductive system of
beech is more prone to embolisms than that of oak, characteristics which could be related
to the difference in drought sensitivity between the species in the site (Jonard et al., 2011;
Leuschner et al., 2001).

Size and age in trees are deeply interlinked and it is next to impossible to disentangle
their effects on tree growth. Aging in itself might not occur at all in trees, as these
organisms can reach millennial longevities and their meristems never loose the capacity to
grow (Munné-Bosch, 2018). Further evidence that indicates an absence of senescence effects
on growth comes from a grafting experiment performed on Scots pine, where scion donors
with different meristem ages expressed similar radial growth and photosynthetic rates as the
host trees, which were of contrasting sizes (Vanderklein et al., 2007). Meristems in trees are
known to express lower mutation rates (Munné-Bosch, 2018), which further promotes their
longevity. Recently, evidence of a lack of expression patterns related to senescence genes in
cambial tissue of old individuals of the species Gingko biloba was reported together with an
increased level of expression of disease protection metabolites (Wang et al., 2020). As such,
the evidence suggests growth is not limited primarily by tree age, but by the changes in
height and size which comes with increased age and the ability of a tree of a given size to
withstand the local stressors in a site. This also means up to a certain extent, age can be a
proxy for size, as both variables show a positive relationship between each other (whereas
age and growth rate have a negative relationship). On the other hand, tree height is highly
species and site specific, as it reaches a maximum and height increment growth rates turn
minimal (Munné-Bosch, 2018; Ryan and Yoder, 1997). The limit to height growth is related
to stem hydraulic and mechanical limitations, as with increasing height also total biomass
increases, thus leaf expansion and photosynthesis become limited to sustain biomass levels
(Koch et al., 2004). Furthermore, in a given site, maximum heights depend on the premium
gained by incrementing the competition capacity (growing taller) given the density of the
stand (Koch et al., 2004). In our study site for Chapter III, beech stands were highly
heterogeneous in tree size and age, with some individuals reaching more than 340 years.
The found link between climate response variability and age is possibly related to how
these older trees, having reached their maximum height and constantly adding biomass in
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other compartments such as branch and stem growth, root growth and leaf production, are
probably more likely to experience enhanced damage when stressors of a high magnitude
(such as prolonged droughts, see Chapter V) enter the system. The oak sample was more
homogeneous regarding age structure, which allows to get a clear imprint of the effect size
has on the climate response, which in this species’ case increased with crown projection.
Bigger trees have larger respiratory demands and a more prominent position in the stand,
which can result in a higher influence of post radial-growth season temperature (October)
where the majority of photo-assimilates are used for early-wood production for the next
season (Vincent-Barbaroux et al., 2019). Figure 5 contains a representation of age and size
effects in the climate response.

Pervasive drought effects have the potential to appear with a lag of two or more years,
and it is not unusual that growth rates do not show an effect in the year of the event
(Anderegg et al., 2015). This limits the information climate-growth relationships can
provide, as lagged drought legacies can be obscured when looking at the typically used
time window (from previous year summer to current year late summer). Depening on the
severity and duration of drought events, tree damage can range from leaf browning and
premature leaf drop, to partial dieback of individual trees and tree mortality (Jump et al.,
2017). When less severe drought causes visible changes in leaf senescence, trees can adapt
allometric relations by altering the allocation of biomass (Brunner et al., 2015). Under
drought conditions, biomass allocation to the fine-root compartment can be favored as an
adaptive response (Brunner et al., 2015). Depending on the severity of the environmental
stressor, trees can also potentially allocate biomass at different rates along the vertical axis
of the stem (Latte et al., 2016).

To overcome the limitations that tree-ring analysis are bound to when dealing with
seasonal, compounding effects (such as prolonged droughts), the study of tree growth can
be carried out on a finer temporal scale, through the use of monitoring tools such as den-
drometers and histological sampling to observe xylogenesis patterns. Although long-term
monitoring data series from dendrometers are scarce now, their development is crucial
to understand how climate signals emerge from tree-ring series. The following section
introduces the findings of Chapters IV-V-VI which handles the topic of short-term
growth variations in connection to climate drivers.
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Figure 5. Relationship between diameter at breast height, tree height and response to
previous 3 month integrated SPEI of previous September. Faded dots represent extended
inventory data of beech stands in Rostock’s city forest in Chapter III, which includes
trees outside the sampling plots in order to visualize the height-diameter relationship for
the beech trees in the site (the data was obtained for other purposes). Colors represent the
correlation coefficient between ring-width index and SPEI3 of previous September for the
trees that were cored for dendrochronological analysis. Red line is a fitted growth model for
the height-diameter relationship. Although the sample size for climate-growth relationships
analysis was low, the distribution of correlation coefficients tend to become stronger with
increasing size (and thus age). More intensive sampling among all size classes could improve
the visualization of this relationships.

Monitoring radial growth

Climate-growth relationships are essential items in the dendrochronological toolbox to
retrospectively investigate environmental forcing on tree growth. Its counterpart, the obser-
vation of growth reactions on a prospective (monitoring) basis allows for a clear assessment
of the relative contributions of distinct environmental factors on radial growth, while
considering the influence of tree level processes such as growth, leaf and flower phenology.
Retrospective analysis have different sources of bias introduced by sampling. Samples tend
to only contain living trees, which does not allow to understand the influence of climate
and extreme events on mortality (Bowman et al., 2013). Targeting of large dominant
trees favors the sampling of slow growing trees, as they are more likely to reach the target
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status than fast growing trees which tend to not reach very old ages (Bowman et al., 2013;
Duchesne et al., 2019; Nehrbass-Ahles et al., 2014). These factors add uncertainties in
climate-growth relationships. By monitoring tree growth, the impact of meteorological
extremes can be studied as it unfolds and insights on forest growth and health obtained. An
appropriate real-time monitoring design can improve our understanding of forest responses
to extremes.

In Chapter IV remarkable similarities were found in the weather forcing of daily stem-
radial variations of beech, oak and hornbeam. This highlights how stem-radial variations
mostly reflect water status, despite the fact that species differ in their morphology. The
negative dependency to vapor pressure deficit and positive to relative humidity points at
the stem-hydraulic balance and the daily expansion-contraction cycle. In the expansion
phase during the daily cycle trees reach their maximum daily stem diameter shortly
before sun break, when relative humidity is higher and re-hydration occurs (Deslauriers
et al., 2007). During daytime, vapor pressure deficit increases and the stem enters in the
contraction phase, during which active transport of water from roots to leaves takes place,
driven by the leaf water potential (Deslauriers et al., 2007). Thus the high-frequency signal
on dendrometer series is driven mostly by atmospheric water content. When this decreases,
leaf transpiration increases and water is conducted through the stem, while increases
in relative humidity slow this process down. Several other studies on daily stem-radial
variations of temperate forest trees made similar findings (Köcher et al., 2012; Maaten
et al., 2016). In contrast to meteorological forcing, inferred secondary growth phenology
(onset, duration and cessation of growth) differed between the species in the study. Oak
trees, as expected given their need to build large early-wood vessels to guarantee water
transport in the stem (Michelot et al., 2012), started growth earlier and for longer than
beech and hornbeam. Hornbeam had the shortest growth duration and latest onset in the
studied period (2013-2017). During the study period a meteorological drought occurred in
the summer of 2016. The absolute growth rates seen during this event are in line with that
is known about climate forcing of annual growth on oak and beech and the findings from
Chapter I and III, where only beech presented a reduction in its growth level compared to
the levels in the non-drought years of the monitoring data set (2013-2015 and 2017). Beech,
being more drought-sensitive, presented a smaller increment than in previous years, while
oak did not present a reduction in increment levels, pointing to its higher drought-tolerance
as also suggested in Chapter III.

Drought is the main risk factor that will negatively impact tree growth in the temperate
forest (Babst et al., 2019; Bauwe et al., 2016; Millar and Stephenson, 2015). A particular
type of droughts, called "hotter droughts" or "climate change type droughts", characterized
by lasting even several years with high temperatures on top of a lack of or low precipitation,
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are expected to happen more frequently and can potentially cause deep ecosystem changes
(Allen et al., 2015). Based on a comparison with the statistically downscaled regional
climate data projection from the WETTREG model (Kreienkamp et al., 2013), the years
2018 and 2019 had warm and dry summers which are likely to be average in the period
2050-2100, according to the model. In Chapter V, the growth response of beech, oak and
sycamore maple growing in northeastern Germany was investigated during these years. All
trees presented a decrease in absolute stem growth levels in 2019, while their growth was
not impaired in 2018. The winter previous to 2018 was subject to normal precipitation
conditions, whereas the winter between 2018-2019 was on the dry extreme, which prevented
soil water reservoirs to fully recharge and led to considerable decreases in growth rates of
the monitored species. The following Figure 6 illustrates the observed growth response for
beech and oak during the combined drought years 2018-2019.

Figure 6. Standardized dendrometer readings for monitored beech and oak trees in north-
eastern Germany (Chapter VI). Thick lines represent averaged curves for the years 2018
and 2019. The thinner, transparent curves represent individual trees. Both species presented
growth reductions in 2019, beech affected more strongly.

The observed reduced growth levels found in 2019 clearly showcase how meteorological
conditions outside the vegetation period have an influence over radial growth. The replen-
ishment of soil water was possibly decisive in providing sufficient conditions for growth
in 2018 to be sustained at normal levels. The compounding effect of a dry late-summer,
when tree species can replenish their non-structural carbohydrate reservoirs (Barbaroux
and Breda, 2002), together with insufficient recharge during winter followed by another
bout of warm and dry conditions proved to have a significant effect on growth performance.
Extreme events can have a higher impact on forest ecosystems than changes in average
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climate trends (Trotsiuk et al., 2020). An accelerated shift in species composition and
distribution can be expected from more intense deviations of average meteorological
conditions (Jentsch et al., 2007). The findings suggest that the growth of tree species in
the temperate forests of Central Europe will be affected by the occurrence of frequent and
more intense drought events, which can lead to structural changes in these ecosystems. The
study highlights the importance of monitoring radial growth to further understand how the
interaction and sequence of meteorological events and conditions affect it.

One of the main problems with the use of dendrometers in slow growing tree species such
as broadleafs from the temperate forest, is that the water status fluctuations are usually
larger than true increments in stem size due to cellular growth (i.e. by the cells produced
in the vascular cambium). This makes their use for studying inter-annual growth dynamics
in relation to climate and growth phenology challenging. In Chapter VI we showed
through the use of "DevX" that combining histological cambial sections with dendrometer
readings can improve our understanding of intra-annual growth dynamics by exploiting
the information obtained from these two monitoring approaches. In all monitored trees
during 2016, there seemed to be a large uncertainty in the definition of growth onset
based on dendrometer records. Considering that xylogenesis occurs inside of the tree,
dendrometer readings are bound to contain certain error when determining the start of
cellular growth. Oscillations in stem-water content, caused by the diurnal stem cycle and
meteorological conditions, are higher in magnitude and obscure signals from cell production
and enlargement. (see also Chapter IV). Spring re-hydration before leaf development and
radial growth is common in broadleaved trees in the temperate forest, since high turgor
is required for cambial cell activity to start (Kozlowski and Pallardy, 2002). A direct
comparison with histological sections can be performed to calibrate dendrometer records
and neatly extract growth signals, as was demonstrated for beech in Chapter VI and
summarized in the following Figure 7. Additionally, the calibration of dendrometer records
with histological observations can improve the usefulness of permanent monitoring plots for
ecological studies, allowing for a better comparison potential of the relationship between
phenology and changing climate conditions.
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Figure 7. Dendrometer records for one sycamore maple individual (see Chapter VI) for the
year 2016. The histological records depicted on the illustration mark the start of cambial
activity (a) and the first evidence of a fully mature ring (b). By comparing records to
histological evidence it is possible to assign the origin of stem-radial variability to other
than wood formation processes (for instance, re-hydration dynamics during early growing
season or variation in non-structural carbohydrate - NSC - concentration)

.

Limitations

The exposure to unprecedented stressors such as the drought during the years 2018-2019
and the resulting widespread growth decreases observed, indicate that the occurrence
of such extremes will have a larger effect on tree growth than the change in means of
climate drivers. Dendrochronological (retrospective) studies are limited by several factors
when attempting to understand growth reactions to severe disturbances, such as "hotter
droughts". The following is not a complete list of limitations but a discussion of the ones
identified as the most important.

The limitations are in part related to sampling biases in dendrochronological studies.
One of them is the slow-grower survivorship bias (Brienen et al., 2017). Evidence indicates
that there is a trade-off between growth rates and life expectancy in trees (Büntgen et al.,
2019). This implies that fast-growing trees of the past are less likely to be sampled since
they die faster. To partially account for this bias when studying the impact of past
disturbances, all size classes present in a site should be adequately sampled. However, it
is impossible to account for it fully when only living trees at a given site and time are
sampled. A sample containing only currently living trees is biased since no effects on
mortality can be deduced as a result of extreme events or large disturbances (plant disease
and plagues, floodings, etc.). Using a retrospective approach with living and dead trees
on a given site would be required to investigate how disturbance events and changes in
trends affect population dynamics and would inform projections on ecosystem structure
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and function. Base mortality in temperate forests can be up to 3% in normal conditions,
whereas during extreme events it can increase up to 30% (Millar and Stephenson, 2015).
A full dendrochronological survey of all trees throughout the history of a stand would
represent an optimal opportunity to assess vulnerability of individuals to extreme events
and would permit to solve the slow-grower survivorship bias, although this is in practice
unlikely to be achieved. Permanent forest monitoring plots that accurately register forest
dynamics are an option to assess the effect of hotter-droughts and future disturbances,
where records on survival and damage rates will complement the understanding of the
effects of these events on forest structure and composition.

Challenges for understanding long-term growth dynamics also arise when studying mixed
forests, such as the majority of sites in Chapter I and stands in Chapter III. It is generally
believed that species mixtures trigger facilitation conditions during periods of sub-optimal
growth and competition in periods of regular or average conditions (Del Río et al., 2014).
For instance, oak can facilitate beech growth in mixed stands by hydraulic uplift, which can
increase resistance and resilience to drought events (Pretzsch et al., 2013). For this reason,
species mixture has to be accounted for in dendrochronological studies, as growth responses
are also dependent on it.
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Outlook

The observed changes in seasonal climate means and the associated changes in their driving
effects on tree growth underline the necessity to further implement the development of large
dendrochronological networks, encompassing wide geographical ranges on different stand
conditions and throughout size classes present. Although most research networks are the
result of personal interactions based on shared interests between the researchers themselves,
several attempts at creating large databases for tree growth studies exist. The International
Tree-Ring Database (ITRDB) is the largest of its kind for dendrochronological data, en-
compassing thousands of sites over six continents (Zhao et al., 2019). However, a decline in
the upload of dendrochronological data has been occurring since the 90’s, with over 98% of
the youngest rings in its chronologies being from before 2010 (Babst et al., 2017), which has
consequences for the study of meteorological disturbances and the effect of everly increasing
higher temperatures around the world. Additionally, it is to acknowledge that most of the
data within has been collected for dendroclimatological purposes, which introduces a large
big-tree selection bias and a preference for sites in marginal conditions which were sampled
to increase the climatic signal in tree-ring records (Babst et al., 2017; Brienen et al., 2017).
By avoiding non-random (dendroclimatological) sampling and covering a large geographical
area with a fine spatial resolution, network approaches such as the one undertaken in
Chapter I can develop un-biased projections of species growth performance in a changing
climate. The inclusion of relevant ecological data in repositories is also of major importance
to increase the usefulness of tree-ring data to study environmental change, as it can help
understand the natural variation within ecological scales (i.e. individual tree, stand,
population, Babst et al., 2018). An initiative towards an ecologically focused tree-ring
archive has been proposed with the development of the "DEN" (short for "DendroEcological
Network"), which encourages sampling across size classes and supports the input of ancillary
data such as size, canopy class and other traits of ecological relevance (Rayback et al., 2020).

Approaches that encompass the sampling of the full range of individual variability over
large geographical areas is crucial for dendroecology to improve as a useful tool to answer
questions related to climate change and forest ecosystem dynamics. Furthermore, forest
management strategies can be locally developed with the use of dendroecological databases
or networks, as the variability at local ecological scales can be better assessed through them
(Rayback et al., 2020).

Wood anatomical traits and stable isotopes (δ13C and δ18O) represent a clear future
research avenue, as they encode climatic signals more sharply than ring widths since they
are linked to physiological function (i.e. water conductivity in the stem, stomatal closure
and water source in the second, Micco et al., 2019). Cell lumen for instance does not
present the typical decreasing age trend, given that conduit size must increase with tree
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size to cope with a larger crown (Micco et al., 2019). Since larger trees are at higher
impact risk during drought, the relationship between conduit size and stem diameter can
provide a better indication for mortality risk during these events (Micco et al., 2019). Thus
wood anatomical traits offer possible research avenues to understand individual behaviour
in the coupling of growth and environmental conditions. Stable isotopes, specially carbon
isotopes, might be an interesting avenue as it would allow to understand how different
crown classes cope with environmental variability as they represent a proxy for stomatal
dynamics. Stable oxygen isotopes series on the other hand express very low variability
within samples from a given site, since they reflect the source for water uptake in the stem
continuum and this usually is well represented over a large geographical area (Correa-Díaz
et al., 2020; Loader et al., 2019). The analysis of individual variability in relationship to
climate and wood anatomical traits seems promising to improve our understanding of how
future impacts will affect forest tree populations.

As a final remark on future research avenues to improve retrospective studies on climate
forcing on tree growth, increasingly longer remote sensing records can complement tree-ring
records. As the upload rates of dendrochronological datasets in repositories decreases, the
use of remote sensing techniques that record earth images with a fine spatial resolution
is constantly increasing, as such from satellite observation programs like the global land
cover "MODIS" (Sulla-Menashe et al., 2019). Satellite images are frequently used to derive
normalized difference vegetation index (NDVI) based on their electromagnetic spectrum
and is an indicator of vegetation greenness, used to assess productivity and ecosystem
health (Zhou et al., 2020). Furthermore, remote sensing NDVI series represent continuous
observations of vegetation cover, leaf biomass, leaf-area index and photosynthesis rates
but on a larger spatial scale (stand-wide) and smaller time scales that range from days to
months, contrasting with the compounded annual data found in tree-rings (Zhou et al.,
2020). Thus integrating global observations on forest performance and site monitoring
data, and retrospective observations on growth from tree-ring data sets can improve
the understanding of climate forcing without the influence of stand level confounding
factors, such as those explored in Chapter II and Chapter III. This can be achieved by
integrating observations over large areas and thus large sample sizes, with sufficient in-situ
data to statistically calibrate the "noise" caused by micro-site conditions and differences in
tree characteristics.

Regarding prospective approaches on tree growth studies, given the unpredictable
nature of future climate extremes, there is a necessity to perform extensive monitoring
in forest sites around the globe to update and further understand the consequences they
will bring. Although currently long-term dendrometer based recordings are scarce, their
future use together with highly resolved site condition measurements (e.g. soil-water
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status, phenological observations and stem-flow monitoring) will prove invaluable in
understanding short-term reactions on meteorological extremes and their upscaling to
improve performance projections. A global database for dendrometer records of recent
creation, the DendroGlobal database attempts to fill this gap (Babst et al., 2018). As
records become longer, the study of the interactive play between seasonal conditions
and tree-ring formation will be better understood on a mechanistic level by describing
the individual interactions between its components. Furthermore, the uncertainty in
estimations of future performance and carbon stocks can be further improved by better
understanding the wood-formation signals in dendrometer records. A direct comparison
with histological sections can aid in the development of mechanistic models, which are a
required to forecast inter-annual growth reactions (Chan et al., 2016).

Finally, the main research avenues that are suggested from this thesis fall into the follow-
ing categories: i) increase the resolution and coverage of the spatial scale in dendroecological
studies to ensure robust performance estimations and derive management suggestions, ii)
increase site monitoring to assess tree growth and its linked ecosystem processes, such as
changes in community composition and mortality rates and iii) include the use of other tree
traits for the study of environmental change at a large spatial and temporal scale, such as
wood anatomical and stable isotope approaches.

137



Literature

Adams, H. D., M. Guardiola-Claramonte, G. A. Barron-Gafford, J. C. Villegas, D. D. Bres-
hears, C. B. Zou, P. A. Troch, and T. E. Huxman (2009). “Temperature sensitivity of
drought-induced tree mortality portends increased regional die-off under global-change-
type drought”. In: Proceedings of the national academy of sciences 106.17, pp. 7063–
7066.

Adams, H. D., M. J. Zeppel, W. R. Anderegg, H. Hartmann, S. M. Landhäusser, D. T.
Tissue, T. E. Huxman, P. J. Hudson, T. E. Franz, C. D. Allen, et al. (2017). “A multi-
species synthesis of physiological mechanisms in drought-induced tree mortality”. In:
Nature ecology & evolution 1.9, pp. 1285–1291.

Allen, C. D., D. D. Breshears, and N. G. McDowell (2015). “On underestimation of global
vulnerability to tree mortality and forest die-off from hotter drought in the Anthro-
pocene”. In: Ecosphere 6.8, pp. 1–55.

Anderegg, W. R., C. Schwalm, F. Biondi, J. J. Camarero, G. Koch, M. Litvak, K. Ogle,
J. D. Shaw, E. Shevliakova, A. Williams, et al. (2015). “Pervasive drought legacies in
forest ecosystems and their implications for carbon cycle models”. In: Science 349.6247,
pp. 528–532.

Babst, F., P. Bodesheim, N. Charney, A. D. Friend, M. P. Girardin, S. Klesse, D. J. P. Moore,
K. Seftigen, J. Björklund, O. Bouriaud, A. Dawson, R. J. DeRose, M. C. Dietze, A. H.
Eckes, B. Enquist, D. C. Frank, M. D. Mahecha, B. Poulter, S. Record, V. Trouet, R. H.
Turton, Z. Zhang, and M. E. K. Evans (2018). “When tree rings go global: Challenges
and opportunities for retro- and prospective insight”. In: Quaternary Science Reviews
197, pp. 1–20. issn: 0277-3791. doi: 10.1016/j.quascirev.2018.07.009. url: http:
//www.sciencedirect.com/science/article/pii/S0277379118300891 (visited on
03/03/2020).

Babst, F., O. Bouriaud, B. Poulter, V. Trouet, M. P. Girardin, and D. C. Frank (2019).
“Twentieth century redistribution in climatic drivers of global tree growth”. In: Science
advances 5.1, eaat4313.

Babst, F., M. Carrer, B. Poulter, C. Urbinati, B. Neuwirth, and D. Frank (2012). “500 years
of regional forest growth variability and links to climatic extreme events in Europe”. In:
Environmental Research Letters 7.4, p. 045705.

138



Babst, F., B. Poulter, P. Bodesheim, M. D. Mahecha, and D. C. Frank (2017). “Improved
tree-ring archives will support earth-system science”. In: Nature Ecology & Evolution 1.2,
pp. 1–2.

Barbaroux, C. and N. Breda (2002). “Contrasting distribution and seasonal dynamics of
carbohydrate reserves in stem wood of adult ring porous sessile oak and diffuse-porous
beech trees”. In: Tree physiology 22.17, pp. 1201–1210.

Bauwe, A., G. Jurasinski, T. Scharnweber, C. Schröder, and B. Lennartz (2016). “Impact of
climate change on tree-ring growth of Scots pine, common beech and pedunculate oak
in northeastern Germany”. In: iForest - Biogeosciences and Forestry 9.1, pp. 1–11. issn:
19717458. doi: 10.3832/ifor1421-008. url: http://www.sisef.it/iforest/?doi=
ifor1421-008 (visited on 05/30/2016).

Bhuyan, U., C. Zang, and A. Menzel (2017). “Different responses of multispecies tree ring
growth to various drought indices across Europe”. In: Dendrochronologia. issn: 1125-
7865. doi: 10.1016/j.dendro.2017.02.002. url: http://www.sciencedirect.com/
science/article/pii/S1125786516301242 (visited on 02/28/2017).

Bowman, D. M., R. J. Brienen, E. Gloor, O. L. Phillips, and L. D. Prior (2013). “Detect-
ing trends in tree growth: not so simple”. In: Trends in Plant Science 18.1, pp. 11–17.
issn: 13601385. doi: 10.1016/j.tplants.2012.08.005. url: http://linkinghub.
elsevier.com/retrieve/pii/S1360138512001756 (visited on 02/19/2016).

Brienen, R. J. W., E. Gloor, S. Clerici, R. Newton, L. Arppe, A. Boom, S. Bottrell, M.
Callaghan, T. Heaton, S. Helama, G. Helle, M. J. Leng, K. Mielikäinen, M. Oinonen,
and M. Timonen (2017). “Tree height strongly affects estimates of water-use efficiency
responses to climate and CO 2 using isotopes”. In: Nature Communications 8.1, pp. 1–10.
issn: 2041-1723. doi: 10.1038/s41467-017-00225-z. url: https://www.nature.
com/articles/s41467-017-00225-z (visited on 03/03/2020).

Brunner, I., C. Herzog, M. A. Dawes, M. Arend, and C. Sperisen (2015). “How tree roots
respond to drought”. In: Frontiers in plant science 6, p. 547.

Büntgen, U., P. J. Krusic, A. Piermattei, D. A. Coomes, J. Esper, V. S. Myglan, A. V.
Kirdyanov, J. J. Camarero, A. Crivellaro, and C. Körner (2019). “Limited capacity of
tree growth to mitigate the global greenhouse effect under predicted warming”. In: Nature
Communications 10.1, p. 2171. issn: 2041-1723. doi: 10.1038/s41467-019-10174-
4. url: https://www.nature.com/articles/s41467- 019- 10174- 4 (visited on
05/16/2019).

Carlquist, S. (2001). Comparative Wood Anatomy. Springer Series in Wood Science. Springer
Berlin Heidelberg. isbn: 978-3-642-07438-7. doi: 10.1007/978-3-662-04578-7. url:
http://link.springer.com/10.1007/978-3-662-04578-7.

Carrer, M. (2011). “Individualistic and Time-Varying Tree-Ring Growth to Climate Sen-
sitivity”. In: PLOS ONE 6.7, e22813. issn: 1932-6203. doi: 10.1371/journal.pone.

139



0022813. url: http://journals.plos.org/plosone/article?id=10.1371/journal.
pone.0022813 (visited on 04/27/2017).

Cavin, L. and A. S. Jump (2017). “Highest drought sensitivity and lowest resistance to
growth suppression are found in the range core of the tree Fagus sylvatica L. not the
equatorial range edge”. In: Global Change Biology 23.1, pp. 362–379. issn: 1365-2486.
doi: 10.1111/gcb.13366. url: http://onlinelibrary.wiley.com/doi/10.1111/
gcb.13366/abstract (visited on 02/21/2018).

Chan, T., T. Hölttä, F. Berninger, H. Mäkinen, P. Nöjd, M. Mencuccini, and E. Nikinmaa
(2016). “Separating water-potential induced swelling and shrinking from measured radial
stem variations reveals a cambial growth and osmotic concentration signal: Removing
water-related changes from stem radius”. In: Plant, Cell & Environment 39.2, pp. 233–
244. issn: 01407791. doi: 10.1111/pce.12541. url: http://doi.wiley.com/10.
1111/pce.12541 (visited on 03/27/2019).

Cook, E. R. and L. A. Kairiukstis, eds. (1990). Methods of Dendrochronology. Dordrecht:
Springer Netherlands. isbn: 978-90-481-4060-2 978-94-015-7879-0. url: http://link.
springer.com/10.1007/978-94-015-7879-0 (visited on 03/11/2016).

Cook, E. R., R. Seager, Y. Kushnir, K. R. Briffa, U. Büntgen, D. Frank, P. J. Krusic, W.
Tegel, G. van der Schrier, L. Andreu-Hayles, et al. (2015). “Old World megadroughts
and pluvials during the Common Era”. In: Science advances 1.10, e1500561.

Correa-Díaz, A., L. Silva, W. Horwath, A. Gómez-Guerrero, J. Vargas-Hernández, J. Villanueva-
Díaz, J. Suárez-Espinoza, and A. Velázquez-Martínez (2020). “From Trees to Ecosys-
tems: Spatiotemporal Scaling of Climatic Impacts on Montane Landscapes Using Den-
drochronological, Isotopic, and Remotely Sensed Data”. In: Global Biogeochemical Cycles
34.3, e2019GB006325.

Del Río, M., G. SchÜtze, and H. Pretzsch (2014). “Temporal variation of competition and
facilitation in mixed species forests in Central Europe”. In: Plant Biology 16.1, pp. 166–
176.

Deslauriers, A., S. Rossi, and T. Anfodillo (2007). “Dendrometer and intra-annual tree
growth: What kind of information can be inferred?” In: Dendrochronologia. Intra-annual
analyses of wood formation 25.2, pp. 113–124. issn: 1125-7865. doi: 10 . 1016 / j .

dendro.2007.05.003. url: http://www.sciencedirect.com/science/article/
pii/S1125786507000288 (visited on 12/04/2018).

Dittmar, C., W. Zech, and W. Elling (2003). “Growth variations of Common beech (Fagus
sylvatica L.) under different climatic and environmental conditions in Europe—a den-
droecological study”. In: Forest Ecology and Management 173.1, pp. 63–78. issn: 0378-
1127. doi: 10.1016/S0378-1127(01)00816-7. url: http://www.sciencedirect.com/
science/article/pii/S0378112701008167.

Drew, D. M. and G. M. Downes (2009). “The use of precision dendrometers in research on
daily stem size and wood property variation: A review”. In: Dendrochronologia. EuroDen-

140



dro 2008: The long history of wood utilization 27.2, pp. 159–172. issn: 1125-7865. doi:
10.1016/j.dendro.2009.06.008. url: http://www.sciencedirect.com/science/
article/pii/S1125786509000344 (visited on 12/04/2018).

Duchesne, L., D. Houle, R. Ouimet, L. Caldwell, M. Gloor, and R. Brienen (2019). “Large
apparent growth increases in boreal forests inferred from tree-rings are an artefact of
sampling biases”. In: Scientific Reports 9.1, p. 6832. issn: 2045-2322. doi: 10.1038/
s41598- 019- 43243- 1. url: https://www.nature.com/articles/s41598- 019-
43243-1 (visited on 05/20/2019).

Dulamsuren, C., M. Hauck, G. Kopp, M. Ruff, and C. Leuschner (2017). “European beech
responds to climate change with growth decline at lower, and growth increase at higher
elevations in the center of its distribution range (SW Germany)”. In: Trees 31.2, pp. 673–
686.

Fang, J., T. Kato, Z. Guo, Y. Yang, H. Hu, H. Shen, X. Zhao, A. W. Kishimoto-Mo, Y. Tang,
and R. A. Houghton (2014). “Evidence for environmentally enhanced forest growth”. In:
Proceedings of the National Academy of Sciences 111.26, pp. 9527–9532. issn: 0027-8424,
1091-6490. doi: 10.1073/pnas.1402333111.

Fritts, H. C. (1976). Tree rings and climate. London ; New York: Academic Press. 567 pp.
isbn: 978-0-12-268450-0.

Galván, J. D., J. J. Camarero, and E. Gutiérrez (2014). “Seeing the trees for the forest:
drivers of individual growth responses to climate in Pinus uncinata mountain forests”.
In: Journal of Ecology 102.5, pp. 1244–1257. issn: 1365-2745. doi: 10.1111/1365-
2745.12268. url: https://besjournals.onlinelibrary.wiley.com/doi/abs/10.
1111/1365-2745.12268 (visited on 01/09/2020).

GóMez-Aparicio, L., R. GarcíA-ValdéS, P. RuíZ-Benito, and M. A. Zavala (2011). “Dis-
entangling the relative importance of climate, size and competition on tree growth in
Iberian forests: implications for forest management under global change: NEIGHBOR-
HOOD MODELS AND TREE GROWTH DRIVERS”. In: Global Change Biology 17.7,
pp. 2400–2414. issn: 13541013. doi: 10.1111/j.1365-2486.2011.02421.x. url: http:
//doi.wiley.com/10.1111/j.1365-2486.2011.02421.x (visited on 03/19/2018).

Greaver, T. L., C. M. Clark, J. E. Compton, D. Vallano, A. F. Talhelm, C. P. Weaver, L. E.
Band, J. S. Baron, E. A. Davidson, and C. L. Tague (2016). “Key ecological responses
to nitrogen are altered by climate change”. In: Nature Climate Change 6.9, pp. 836–843.

Gričar, J., S. Zavadlav, T. Jyske, M. Lavrič, T. Laakso, P. Hafner, K. Eler, and D. Vodnik
(2019). “Effect of soil water availability on intra-annual xylem and phloem formation and
non-structural carbohydrate pools in stem of Quercus pubescens”. In: Tree Physiology
39.2, pp. 222–233. doi: 10.1093/treephys/tpy101. url: https://academic.oup.
com/treephys/article/39/2/222/5103959 (visited on 06/20/2019).

Hacket-Pain, A. J., D. Ascoli, G. Vacchiano, F. Biondi, L. Cavin, M. Conedera, I. Droby-
shev, I. D. Liñán, A. D. Friend, M. Grabner, C. Hartl, J. Kreyling, F. Lebourgeois, T.

141



Levanič, A. Menzel, E. van der Maaten, M. van der Maaten-Theunissen, L. Muffler, R.
Motta, C.-C. Roibu, I. Popa, T. Scharnweber, R. Weigel, M. Wilmking, and C. S. Zang
(2018). “Climatically controlled reproduction drives interannual growth variability in a
temperate tree species”. In: Ecology Letters 21.12, pp. 1833–1844. issn: 1461-0248. doi:
10.1111/ele.13158. url: https://onlinelibrary.wiley.com/doi/abs/10.1111/
ele.13158 (visited on 02/05/2020).

Hacket-Pain, A. J., L. Cavin, A. D. Friend, and A. Jump (2016). “Consistent limitation of
growth by high temperature and low precipitation from range core to southern edge of
European beech indicates widespread vulnerability to changing climate”. In: European
Journal of Forest Research 135.5, pp. 897–909.

Hartmann, H., C. F. Moura, W. R. Anderegg, N. K. Ruehr, Y. Salmon, C. D. Allen, S. K.
Arndt, D. D. Breshears, H. Davi, D. Galbraith, et al. (2018). “Research frontiers for
improving our understanding of drought-induced tree and forest mortality”. In: New
Phytologist 218.1, pp. 15–28.

Horton, J. L. and S. C. Hart (1998). “Hydraulic lift: a potentially important ecosystem
process”. In: Trends in Ecology & Evolution 13.6, pp. 232–235.

Huang, J.-G., Y. Bergeron, B. Denneler, F. Berninger, and J. Tardif (2007). “Response of
Forest Trees to Increased Atmospheric CO 2”. In: Critical Reviews in Plant Sciences
26.5–6, pp. 265–283. issn: 0735-2689, 1549-7836. doi: 10.1080/07352680701626978.

Jentsch, A., J. Kreyling, and C. Beierkuhnlein (2007). “A new generation of climate change
experiments: events, not trends”. In: Frontiers in Ecology and the Environment 5.7,
pp. 365–374.

Jonard, F., F. Andre, Q. Ponette, C. Vincke, and M. Jonard (2011). “Sap flux density and
stomatal conductance of European beech and common oak trees in pure and mixed
stands during the summer drought of 2003”. In: Journal of Hydrology 409.1-2, pp. 371–
381.

Jump, A. S., P. Ruiz-Benito, S. Greenwood, C. D. Allen, T. Kitzberger, R. Fensham, J.
Martínez-Vilalta, and F. Lloret (2017). “Structural overshoot of tree growth with climate
variability and the global spectrum of drought-induced forest dieback”. In: Global Change
Biology 23.9, pp. 3742–3757. issn: 1365-2486. doi: 10.1111/gcb.13636. url: https:
//onlinelibrary.wiley.com/doi/abs/10.1111/gcb.13636 (visited on 10/10/2019).

Kim, D., D. Medvigy, C. A. Maier, K. Johnsen, and S. Palmroth (2020). “Biomass increases
attributed to both faster tree growth and altered allometric relationships under long-
term carbon dioxide enrichment at a temperate forest”. In: Global Change Biology 26.4,
pp. 2519–2533. issn: 1365-2486. doi: 10.1111/gcb.14971.

Kim, Y. S., R. Funada, and A. P. Singh, eds. (2016). Secondary xylem biology: origins, func-
tions, and applications. OCLC: ocn926743096. Amsterdam ; Boston: Elsevier/Academic
Press. 397 pp. isbn: 978-0-12-802185-9.

142



King, G., P. Fonti, D. Nievergelt, U. Büntgen, and D. Frank (2013). “Climatic drivers of
hourly to yearly tree radius variations along a 6°C natural warming gradient”. In: Agri-
cultural and Forest Meteorology 168, pp. 36–46. issn: 0168-1923. doi: 10.1016/j.
agrformet.2012.08.002. url: http://www.sciencedirect.com/science/article/
pii/S0168192312002547 (visited on 12/04/2018).

Kint, V., W. Aertsen, M. Campioli, D. Vansteenkiste, A. Delcloo, and B. Muys (2012).
“Radial growth change of temperate tree species in response to altered regional cli-
mate and air quality in the period 1901–2008”. In: Climatic Change 115.2, pp. 343–
363. issn: 0165-0009, 1573-1480. doi: 10.1007/s10584- 012- 0465- x. url: http:
//link.springer.com/10.1007/s10584-012-0465-x (visited on 02/19/2016).

Klesse, S., R. J. DeRose, C. H. Guiterman, A. M. Lynch, C. D. O’Connor, J. D. Shaw,
and M. E. Evans (2018). “Sampling bias overestimates climate change impacts on forest
growth in the southwestern United States”. In: Nature communications 9.1, pp. 1–9.

Koch, G. W., S. C. Sillett, G. M. Jennings, and S. D. Davis (2004). “The limits to tree
height”. In: Nature 428.6985, pp. 851–854.

Köcher, P., V. Horna, and C. Leuschner (2012). “Environmental control of daily stem growth
patterns in five temperate broad-leaved tree species”. In: Tree Physiology, tps049. issn:
0829-318X, 1758-4469. doi: 10.1093/treephys/tps049. url: http://treephys.
oxfordjournals.org/content/early/2012/06/01/treephys.tps049 (visited on
02/24/2016).

Kozlowski, T. and S. Pallardy (2002). “Acclimation and adaptive responses of woody plants
to environmental stresses”. In: The botanical review 68.2, pp. 270–334.

Kreienkamp, F., A. Spekat, and W. Enke (2013). “The weather generator used in the em-
pirical statistical downscaling method, WETTREG”. In: Atmosphere 4.2, pp. 169–197.

Latte, N., F. Lebourgeois, and H. Claessens (2016). “Growth partitioning within beech trees
(Fagus sylvatica L.) varies in response to summer heat waves and related droughts”. In:
Trees 30.1, pp. 189–201. issn: 1432-2285. doi: 10.1007/s00468-015-1288-y. url:
https://doi.org/10.1007/s00468-015-1288-y (visited on 03/03/2020).

LeBauer, D. S. and K. K. Treseder (2008). “Nitrogen limitation of net primary productivity
in terrestrial ecosystems is globally distributed”. In: Ecology 89.2, pp. 371–379.

Lebourgeois, F., P. Eberlé, P. Mérian, and I. Seynave (2014). “Social status-mediated tree-
ring responses to climate of Abies alba and Fagus sylvatica shift in importance with
increasing stand basal area”. In: Forest Ecology and Management 328, pp. 209–218. issn:
0378-1127. doi: 10.1016/j.foreco.2014.05.038. url: http://www.sciencedirect.
com/science/article/pii/S0378112714003442 (visited on 02/28/2020).

Lebourgeois, F., N. Bréda, E. Ulrich, and A. Granier (2005). “Climate-tree-growth relation-
ships of European beech (Fagus sylvatica L.) in the French Permanent Plot Network
(RENECOFOR)”. In: Trees 19.4, pp. 385–401.

143



Leuschner, C. and H. Ellenberg (2017). Ecology of Central European Forests: Vegetation
Ecology of Central Europe, Volume I. Cham: Springer International Publishing. isbn:
978-3-319-43040-9 978-3-319-43042-3. doi: 10.1007/978-3-319-43042-3. url: http:
//link.springer.com/10.1007/978-3-319-43042-3 (visited on 05/23/2019).

Leuschner, C., D. Hertel, H. Coners, and V. Büttner (2001). “Root competition between
beech and oak: a hypothesis”. In: Oecologia 126.2, pp. 276–284.

Loader, N. J., D. Mccarroll, D. Miles, G. H. Young, D. Davies, and C. B. Ramsey (2019).
“Tree ring dating using oxygen isotopes: a master chronology for central England”. In:
Journal of Quaternary Science 34.6, pp. 475–490.

Lorenz, K. and R. Lal (2010). Carbon Sequestration in Forest Ecosystems. Dordrecht: Springer
Netherlands. isbn: 978-90-481-3265-2 978-90-481-3266-9. url: http://link.springer.
com/10.1007/978-90-481-3266-9 (visited on 11/30/2016).

Maaten, E. van der (2013). “Thinning prolongs growth duration of European beech (Fagus
sylvatica L.) across a valley in southwestern Germany”. In: Forest Ecology and Manage-
ment 306, pp. 135–141. issn: 0378-1127. doi: 10.1016/j.foreco.2013.06.030. url:
http://www.sciencedirect.com/science/article/pii/S0378112713003988 (visited
on 02/28/2017).

Maaten, E. van der, M. van der Maaten-Theunissen, M. Smiljanić, S. Rossi, S. Simard, M.
Wilmking, A. Deslauriers, P. Fonti, G. von Arx, and O. Bouriaud (2016). “dendrometeR:
Analyzing the pulse of trees in R”. In: Dendrochronologia 40, pp. 12–16. issn: 1125-7865.
doi: 10.1016/j.dendro.2016.06.001. url: http://www.sciencedirect.com/
science/article/pii/S1125786516300662 (visited on 06/20/2019).

Maaten-Theunissen, M. van der, H. Bümmerstede, J. Iwanowski, T. Scharnweber, M.Wilmk-
ing, and E. van der Maaten (2016). “Drought sensitivity of beech on a shallow chalk
soil in northeastern Germany – a comparative study”. In: Forest Ecosystems 3.1. issn:
2197-5620. doi: 10 . 1186 / s40663 - 016 - 0083 - 6. url: http : / / forestecosyst .

springeropen.com/articles/10.1186/s40663-016-0083-6 (visited on 09/30/2016).
Maes, S. L., M. P. Perring, M. Vanhellemont, L. Depauw, J. V. d. Bulcke, G. Brūmelis,
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