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Thesis Summary

Thesis Abstract
The rapid anthropogenic climate change that is projected for the 21st century is predicted to
have severe impacts on ecosystems and on the provision of ecosystem services. With respect to
the longevity of trees, forestry in particular has to adapt now to future climate change. This
requires profound multidisciplinary knowledge on the direct and indirect climate sensitivity of
forest ecosystems on various spatial scales. Predictions on growth declines due to increasing
drought exposition during climate change are widely recognized for European beech (Fagus
sylvatica L.), which is the major forest tree in European temperate deciduous forests. However,
research from other continents or other biomes has shown that winter climate change may also
affect forest growth dynamics due to declining snow cover and increased soil cooling. So far,
this winter cold sensitivity is largely unexplored in Europe. Thus, particularly focussing on
forest growth dynamics and winter cold sensitivity, the goal of this PhD-project was to explore
how climate sensitivity of forest ecosystems differs regionally. By doing so, the project aimed
to deliver insights about possibilities and limits of upscaling regional knowledge to a global
understanding of climate sensitivity. To achieve these goals, this PhD-project integrated five
studies (Manuscripts 1–5) that investigated the climate sensitivity of biogeochemical cycles,
plant species composition in forests, and forest growth dynamics across spatial scales. In
particular, a large-scale gradient-design field experiment simulated the influence of winter
climate change on forest ecosystems by snow cover and soil temperature manipulations
(Manuscript 1). This study indicated that soil cooling and decreased root nutrient uptake may
indirectly reduce growth of adult forest trees. Moreover, this study indicated uniform ecological
sensitivity to soil temperature changes across sites along a large winter temperature gradient
(ΔT = 4 K across 500 km), irrespective of the site-specific history of snow cover conditions,
which motivates upscaling from local winter climate change studies to the regional scale.
Although regional climate drives growth of adult forest trees, local factors, such as site-specific
edaphic conditions, might control plants in the forest understory. This assumption was tested
by mapping the forest understory composition along the same winter temperature gradient as
introduced above (Manuscript 2). Across sites, this study found that edaphic conditions
explained the spatial turnover in the forest understory composition more than climate, which
might moderate direct climate change impacts on the forest understory composition. However,
edaphic conditions, forest structure, and climate are linked by triangular interactions. Thus,
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climate change might still indirectly affect the forest vegetation dynamics. Moreover, a
dendroecological study focussed on the same winter temperature gradient from central to coldmarginal beech populations as above in order to identify gradual changes in summer drought
and winter cold sensitivity in tree growth (Manuscript 3). Towards the cold distribution
margin, the influence of drought on tree growth gradually decreased, while growth reductions
were increasingly related to winter cold due to harsher winter climate. By a large-scale
dendroecological network study assessed the relationship of growth dynamics to climate and
reproductive effort in beech forests across Europe (Manuscript 4). Indeed, this study found the
general pattern across the distribution range of beech that high temperature controlled growth
indirectly via resource allocation to reproduction. However, the strong, direct drought signal
that could be generally detected from dry-marginal to central populations vanished towards the
cold-marginal populations, where the more focussed study of Manuscript 3 identified a
stronger relationship of tree growth to winter cold. Further extending the scope of this PhDthesis to global scales, litter decomposition rates were assessed across biomes (Manuscript 5).
This study found a robust relationship between climate and decomposition rates, but it also
demonstrated large within-biome variability on a local scale. These local scale differences
might depend on habitat conditions that, in turn, could be modulated by climate change, which
calls for a better exploration of indirect climate sensitivity. In conclusion, this PhD-thesis
highlighted that multidisciplinary research can advance the understanding of ecological
interactions in forest ecosystems under changing climate scenarios. In this PhD-project, a winter
climate change experiment, where site-representative target trees were selected by means of
dendroecology, contributed to a mechanistic understanding of winter cold sensitivity in forest
growth dynamics. Dendroecological investigations then put the findings in a broader temporal
and spatial context by describing local climate sensitivity of tree growth on different spatial
scales. This thesis further shows that global generalizations about the relationship of climate
and ecological processes in ecosystem models have to be critically reviewed for the need of
local and regional adjustment because these processes might experience considerable regionalor local-scale variation. However, this thesis reports uniform sensitivity of ecological processes
to altered winter soil temperature regimes across a large winter temperature gradient. Thus,
upscaling from insights of previous winter climate change experiments to regional scales is
encouraged.
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Introduction
Compared to pre-industrial times, the global average temperature has already increased by more
than 0.8 K due to high anthropogenic greenhouse gas concentrations in the atmosphere (IPCC,
2013). For the 21st century, climate models project a further rapid global climate warming of
1.2–4.8 K (IPCC, 2013). From a geological perspective, a global warming of that magnitude
and rapidness is not novel in the earth’s climate history. Sediment archives documented that the
last global hot-house conditions occurred 50 million years ago with three-fold atmospheric CO2
concentrations and temperature anomalies of up to 14 K compared to present times (IPCC,
2013). Since the temporal resolution of sediment archives is very coarse, looking so far back
into the climate history is only possible for millennial averages (e.g., Snyder, 2016) and no
comparison can be made with the projected warming rates in the 21st century on the centennial
time scale. As medium-resolution climate reconstructions from ice cores show, rapid climate
warming events that were probably unrelated to greenhouse gas concentrations occurred at least
during the later Pleistocene glaciation period (IPCC, 2013). With warming rates of 16 K per
century, these rapid warming events far exceeded model projections of current climate warming
(Landais et al., 2004). However, these medium-resolution ice-core archives show at least for
the last 800 000 years that atmospheric greenhouse gas concentrations might not have increased
more and faster than they do currently due to anthropogenic greenhouse gas emissions (IPCC,
2013). On shorter, millennial time scales, high-resolution climate reconstructions can be
produced from environmental archives such as tree-ring chronologies, so that ongoing and
projected climate change can be related more accurately to past climate conditions (e.g., Mann
et al., 2008). Remarkably, these high-resolution climate reconstructions from tree-ring archives,
in combination with reconstructions from ice cores, ocean sediments, and lake sediments, give
evidence that the current global temperatures are already among the warmest of the current
interglacial, the Holocene (Mann et al., 2008; Marcott et al., 2013). Moreover, the projected
rate of current global warming and its modelled magnitude exceed all Holocene comparisons
under all projected IPCC (2013) greenhouse gas trajectories (Mann et al., 2008; Marcott et al.,
2013).
Although plant and animal life per se always persisted even in face of drastic climatic changes
that have naturally occurred during the earth’s history from a long-term geological perspective,
the impact of the ongoing anthropogenic climate change has to be evaluated from the more
anthropocentric Holocene perspective. Human well-being strongly relies on the provision of
ecosystem services from ecosystems that may be vulnerable to the strong, anthropogenic
climate change (Millenium Ecosystem Assessement, 2005; IPCC, 2014). The IPCC (2014)
5

summarized that food production in nowadays highly specialized and intensified agriculture
may regionally suffer from hotter temperatures and increasing climate variability including
more frequent and more extreme drought or heavy rain events. In contrast to simplified
agricultural ecosystems, the assessment of climate change impacts on more diverse forest
ecosystems is more difficult. For boreal and temperate forest ecosystems in particular, the IPCC
(2014) summarized that opposing effects of climate change on forest productivity are currently
known, e.g., an increase in tree growth due to longer and warmer growing seasons contrasting
drought-induced tree mortality and tree-growth decline (Jump et al., 2006; Allen et al., 2010;
Beck & Goetz, 2011). Taking into account these contrasting observations and the limited
mechanistic understanding of forest ecosystem processes on global scales, the IPCC (2014)
attributes only „medium evidence [and] low agreement“ to current assessments of climate
change impacts on forest ecosystems. In times of a strong climate change that will happen
rapidly within a sole tree generation, this lack of confidence urgently calls for a more basic
exploration of ecological and biogeochemical processes in forest ecosystems to allow for a
more precise assessment of future forest growth dynamics from local to global scale (Lindner
et al., 2010; Ammer et al., 2018).
Previous forest research suggested that temperate forests will be increasingly exposed to fire,
storm, flood, and drought events due to climate change (Lindner et al., 2010). Globally, largescale monitoring and modelling studies indicated that this exposition to disturbance events may
disruptively decrease forest productivity due to increased tree mortality (Allen et al., 2010;
Lindner et al., 2010; Vanoni et al., 2016). For temperate forests in Europe, dendroecological
tree-ring studies generally indicate tree-individual drought sensitivity as major growth
limitation across large parts of the continent, which may regionally lead to persistent treegrowth decline due to increased drought probability during projected climate change
(Manuscript 3 & 4; Jump et al., 2006; Scharnweber et al., 2011; Camarero et al., 2018; Móricz
et al., 2018). This is particularly true for European beech (Fagus sylvatica L.), the naturally
dominant tree in European forests (Figure 1a; Leuschner & Ellenberg, 2017), which will most
likely replace conifer dominance locally (Bolte & Villanueva, 2006; Ammer et al., 2008;
Goisser et al., 2016) and is predicted to expand its potential distribution range beyond its current
northeastern cold distribution margin (Kramer et al., 2010; Saltre et al., 2015; van der Maaten
et al., 2017).
In contrast to the strong focus on drought sensitivity, the diverse ecological consequences of
winter climate change are classically underrepresented in forest research (Kreyling, 2010).
Indeed, plant growth might profit from longer growing seasons in future due to warmer winters
6

on average with less snowfall (Kreyling & Henry, 2011). However, a lack of insulating snow
cover during winter leaves the soil potentially exposed to frost (Sturm et al., 1997; Groffman
et al., 2001; Wipf et al., 2009). Although winters become warmer on average, winter frost
events may persist into the future due to increasing spatial and temporal climate variability
(Petoukhov & Semenov, 2010; Yang & Christensen, 2012). Some climate models even project
an increase in likelihood of winter cold events in Europe due to increased advection of polar air
masses induced by lesser Arctic sea ice extent and warming of the Polar Ocean (Petoukhov &
Semenov, 2010). As a consequence, a decline of snow cover and persistence of frost events
may lead to “colder soils in a warmer world” for temperate regions (Groffman et al., 2001).
This phenomenon might be most expressed in areas with current mean winter temperatures of
-5 °C to +5 °C (Brown & Mote, 2009; McCabe & Wolock, 2010). Soils in colder regions than
that might still be protected by sufficient snow cover, while winters in warmer regions might
become so warm on average that frost events become more unlikely even despite increasing
climate variability (Brown & Mote, 2009; McCabe & Wolock, 2010; Kreyling & Henry, 2011).
In the areas with mean winter temperatures around 0°C where soil cooling will increase, plant
growth is predicted to be reduced due to increased fine root mortality, disturbed edaphic life,
and altered biogeochemical cycling (Manuscript 1; Comerford et al., 2013; Campbell et al.,
2014; Reinmann et al., in press).
As discussed in the beginning, tree-ring chronologies are very high-resolution environmental
archives that can be used to reconstruct past seasonal to annual climate conditions beyond
instrumental records (e.g., Mann et al., 2008). In turn, local and regional climatic drivers of tree
growth can be identified from the analysis of tree-ring archives by correlation of tree-ring series
with instrumental climate records (Fritts, 1966), as done in Manuscript 3 & 4. As such, treering studies are the key for local to regional scale understanding of individual-based forest
growth dynamics in changing environments. This local knowledge, however, has to be
aggregated on a more continental to global scale in order to assess large-scale climate change
impacts (Lindner et al., 2010). For beech, several studies exist that analysed large-scale
networks of tree-ring archives across Europe in order to explore general climatic drivers of
beech growth (Dittmar et al., 2003; Piovesan et al., 2005; Di Filippo et al., 2007; Kern & Popa,
2007; Fyllas et al., 2017; Roibu et al., 2017). So far, these network studies highlight summer
drought as the general driver of beech growth, although some of those studies shortly mention
a locally significant influence of winter climate on some beech populations scattered throughout
the whole distribution range (Dittmar et al., 2003; Fyllas et al., 2017; Roibu et al., 2017). This
underrepresentation of winter cold sensitivity in large-scale network studies is probably caused
7

by the high dominance of the drought signals in the multivariate analysis across diverse
environmental site conditions (e.g., Piovesan et al., 2005). Moreover, the formulation of
research hypotheses in beech tree-ring studies often focusses on drought, which causes
underrepresentation of other climatic drivers right from the beginning (e.g., Dittmar et al., 2003;
Fyllas et al., 2017; Roibu et al., 2017). Overall, tree-ring network studies provide a valuable
general basis for the exploration of forest growth dynamics in times of climate change.
However, knowledge from single-site studies that highlight local importance of other climatic
drivers of tree growth (e.g., winter climate sensitivity) should complement global
generalizations. As further complementation, studies along well-defined climatic gradients with
comparable site conditions should be applied to explore how sensitivity to certain climatic
drivers changes on regional scales (e.g., along winter temperature gradient).
Although tree-ring archives contain vast amounts of high-resolution information on past
growing conditions, tree rings cover the shortest time periods compared to other environmental
archives, such as sediments or ice cores (Mann et al., 2008; Marcott et al., 2013). In any case,
dendroecological analysis of climate–growth relationships is only possible for the past decades
in which tree-ring growth can be correlated to instrumental climate records (Fritts, 1966). Thus,
dendroecological analysis does not allow for the evaluation of forest growth dynamics and
climate sensitivity during climate fluctuations in the earth’s geologic past that would be
comparable to the currently projected rapid climate change. Moreover, the correlative
dendroecological approaches may indicate climate sensitivity of tree growth in the first place;
however, dendroecology cannot directly provide mechanistic understanding and physiological
explanations for the observed correlations. To predict climate change impacts on forest
ecosystems, dendroecological insights on tree growth–climate relationships thus have to be
combined with experimental climate change simulations. For winter climate change in
temperate deciduous forest ecosystems, the Hubbard Brook Experimental Forest in the
Northeastern United States is a prominent and so far relatively unique experimental framework,
which assesses impacts of altered winter and snow cover conditions on plant growth and soil.
Although numerous scientific publications originated from this framework, yet only two
publications have combined dendroecological approaches (analysis of climatic signal in
detrended tree-ring series) and field experiments to directly assess impacts of winter climate
change on growth of adult forest trees (Reinmann & Templer, 2016; Reinmann et al., in press).
As previously described, these studies predicted that climate change-induced snow cover
decline and soil cooling will indirectly decrease tree growth due to altered biogeochemical
cycling and reduced root nutrient uptake (Groffman et al., 2001; Campbell et al., 2014;
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Reinmann et al., in press). However, the local sensitivity to winter climate change might differ
due to changing frost tolerance across sites with different history of snow cover conditions
(Makoto et al., 2014; Reinmann et al., in press). Thus, it is currently debated whether insights
from the existing single-site studies on winter climate change allow upscaling to predict
consequences of winter climate change for temperate forest ecosystems on a larger scale
(Makoto et al., 2014; Reinmann et al., in press).
In conclusion, the assessment of climate change impacts requires a sound, spatially explicit
understanding of the climatic drivers of ecosystem processes based on multidisciplinary
methodological approaches (Lindner et al., 2010). For forest ecosystems in particular, the
limited spatial understanding hampers climate change assessments (IPCC, 2014). Winter
ecology is underrepresented in comparison to studies on climate change impacts during the
growing season (Kreyling, 2010; Makoto et al., 2014). Therefore, this PhD-project compared
winter cold sensitivity in temperate forest ecosystems across multiple sites with different winter
climate and snow cover conditions in order to give first estimates of how well previous singlesite studies may contribute to global generalizations about impacts of winter climate change.
This PhD-project combined multiple methodological assets from experimental plant ecology,
vegetation ecology, dendroecology, and soil biogeochemistry. All approaches aimed at gaining
spatially-explicit insights on how year-round climate sensitivity of ecosystem processes
changes across scales, from local to global (along a well-defined continental gradient of winter
temperature in Manuscript 1–3, across the temperate deciduous forest biome in Europe in
Manuscript 4, and across biomes in Manuscript 5). By doing so, the goal was to deliver local
insights that may be upscaled and generalized to contribute to a global understanding of climate
change impacts across seasons.

Synopsis
To specifically focus on ecological impacts of winter climate change, Manuscripts 1–3
zoomed to the main study area of this PhD-project. This main study area includes lowland beech
forests from central populations in North Germany to cold marginal populations in North
Poland (Figure 1a & b). Mean winter temperatures in the study area are between -5 °C and
+1 °C. Thus, the study area is among the areas in Europe that might face winter soil cooling in
times of climate change due to declining snow cover (Groffman et al., 2001; Brown & Mote,
2009; McCabe & Wolock, 2010; site climate according to gridded climate data with reference
period 1950–2000, “climateEU” 4.63, Wang et al., 2012; Hamann et al., 2013). Mean winter
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temperatures within this 500-kilometer-wide study area decrease gradually from west to east.
The study area well represents the climate change projections in Europe with respect to winter
warming trends, decline in snowfall, and decline in average number of frost days. While mean
coldest month temperatures are currently mostly below 0 °C across the whole study area (Figure
1c), large parts of the study area will probably not sustain a regular snow cover any more
towards the end of the current century due to decreased snowfall and mean coldest month
temperatures of 0 °C and above (Figure 1f & j). The model ensemble projections for shifts in
frost frequency across the study area that are shown by the climateEU data (decrease of frost
days parallel to warming trends; Figure 1i & k) might contradict the conclusion of Petoukhov
& Semenov (2010) of persisting or even increasing cold events despite warming trends
predicted from a single atmospheric circulation model. Still, the ensemble projections illustrate
that the colder, eastern study area in particular might experience the most pronounced shifts
towards increased frost exposition of soils because the most drastic reductions in snow fall are
projected there (Figure 1j). The study sites in the warmer, western study area with anyhow
historically low snowfall will probably not experience these pronounced shifts. Across such
sites with currently differing snow cover and potentially divergent future trajectories of winter
conditions, it is so far unexplored how local impacts of winter climate change will differ
(Makoto et al., 2014).
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Figure 1 Winter climate change in Europe and study focus on the cold distribution margin of
European beech. (a & b) Position of the main study area and main study sites within Europe and
within the distribution range of European beech. (c–e) Winter climate conditions in the study area in
the reference period 1961–1990. (f–h) Ensemble projections for the future winter climate conditions in
the study area in the 2080s. (i–k) Projected climate anomalies (difference between 2080s projections
and reference period). Climate data and projections from gridded climate data ‘climateEU’ with
2.5 km resolution (Wang et al., 2012; Hamann et al., 2013). Distribution range of European beech
from EUFORGEN (2009). Country borders according to South (2011).

Manuscript 1, as an experimental study, delivers a fine-scale mechanistic understanding of
ecological responses to changing winter climate and altered snow cover conditions, which may
enable a more accurate forecasting of future climate change consequences (De Boeck et al.,
2015). Further, this presented study was a gradient-design field experiment, which allows for a
better large-scale generalizability of results than it would be possible with highly-controlled
single-site experiments (De Boeck et al., 2015; Kreyling et al., 2018). Winter soil temperatures
11

were altered by manipulating snow cover in experimental plots that were each centred on one
adult beech tree (Figure 2). The manipulation was replicated along the large winter temperature
gradient in the main study area of this PhD-project (ΔT = 4 K across 500 km; Figure 1) in
managed beech forest sites that have comparable soil conditions and stand structure (Figure 3).
To increase the number of study sites by reducing the experiment replication within sites, a
dendroecological pre-study was conducted (compare Manuscript 3) in order to select target
trees that best represented the tree growth patterns of each site. It was analysed which
parameters of plant growth and biogeochemical cycling responded to experimentally altered
soil temperatures. The results suggested that root nutrient uptake decreased with soil cooling,
which consequently reduced stem growth of adult trees. In contrast to growth of adult trees, the
experimentally simulated winter climate change did not affect the vegetation turnover in the
forest understory. However, due to the lagged response of the forest understory composition to
a changing environment (Brunet et al., 1996), a sound exploration of winter climate change
impacts on the forest vegetation dynamics would require a longer observation period than our
soil temperature manipulation over a single winter.
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Figure 2 Experimental plots of the soil temperature manipulation experiment. Each study site
consisted of one plot with ambient conditions (a), one plot where snow was blocked from falling to the
ground by a transparent plastic cover that was permeable for snowmelt and that was mounted on a
wooden roof frame during the treatment period November 2016–March 2017 (b), and one plot where
soil insulation during winter was increased by a fleece cover. In contrast, three experimental plots of
each treatment were installed at the coldest study site KA. Each plot of radius 5 m was centred on an
adult beech tree and fenced to protect against human and animal disturbance.
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Figure 3 Main study sites of the PhD-project. Across all sites, effects of simulated future winter
climate change on forest ecosystems (Manuscript 1), the turnover in the understory composition
(Manuscript 2), and tree growth–climate relationships (Manuscript 3) were analysed. All sites
contributed to the pan-European growth modelling of beech (Manuscript 4) and to the assessment of
global litter decomposition rates (Manuscript 5). In reading direction, the sites are ordered from
warmest (western) to coldest (eastern) sites. Out of logistic reasons, pictures were taken during
different stages of the PhD-project and thus show green canopy for Kolbudy and the experiment set-up
for Kartuzy.
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Previous experimental studies mostly focussed on single or few ecosystem processes and their
response to winter climate change, which does not match the many-layered interactions in
response to altered winter soil temperatures (Makoto et al., 2014). In contrast, Manuscript 1
presented a study that comprehensively investigated responses of decomposition rates, soil
respiration, nitrogen cycling, root growth dynamics, vegetation dynamics, forest tree seed
germination, and tree stem growth dynamics in order to achieve a more general understanding
of these interactions. Moreover, the ecological responses within and across sites were compared
by regression modelling instead of applying the usual ANOVA-type factorial comparison of
treatment effects at one or few study sites (e.g., Gaul et al., 2008; Kreyling et al., 2013; SandersDeMott et al., 2018). Doing so, the study of Manuscript 1 could assess whether the sensitivity
of ecological responses changed from warmer to colder study sites. More precisely, ‘sensitivity’
here refered to the degree of ecological response per degree of soil temperature change.
Notably, the sensitivity of ecological response did not change from warmer to colder sites. This
uniform sensitivity rejects the assumption that plants and soil communities would be most
sensitive due to a lack of frost tolerance at the coldest sites, where the insulating snow cover
during winter presently protects soils from frost and moderates more constant winter soil
temperatures (Dionne et al., 2001; Makoto et al., 2014; Reinmann et al., in press). With the
rejection of this assumption, ecological responses appear to be driven by the strength and
direction of soil temperature change instead of depending on site-specific frost tolerance. Thus,
local insights of previous single-site studies on winter climate change may be projected onto
the regional scale based on appropriate scenarios of snow cover and soil temperature change.
While Manuscript 1 first aimed at providing explanations for fine-scaled responses to winter
climate change, all Manuscripts 2–5 were spatially distributed monitoring studies or
evaluations of environmental archives that more generally aimed to explore and describe
responses of vegetation dynamics, of tree growth, and of biogeochemical cycling to climate
variability in space and time. Here, Manuscript 2 was a study that investigated whether climate
change impacts on the forest understory composition might be moderated by local forest habitat
conditions, such as soil properties and nutrient availability (Brunet et al., 1996; Kolb &
Diekmann, 2004; Jantsch et al., 2013). To do so, this study used the temperature gradient within
the main study area of this PhD-project (ΔT = 4 K), which corresponds to the projected warming
trends during the 21st century, to evaluate the influence of soil properties on the forest
understory composition in a climate change context. Initially, the study sites were selected for
similar stand structure and similar soil conditions in order to facilitate the analysis of climate
sensitivity in forest ecosystems (Manuscript 1 & 3). Still, even the small edaphic differences
15

across study sites explained the species composition better than climate, which might moderate
direct climate change impacts on the forest understory composition. This moderating effect
might also be an alternative explanation for the lacking response to experimentally induced
variation in winter soil temperature (Manuscript 1). In particular, the forest understory
composition was sensitive to soil C/N ratio and soil pH. Both C/N ratio and pH highly depend
on the local forest composition and the specific litter quality of the key tree species (Neirynck
et al., 2000; Vesterdal et al., 2008; Cools et al., 2014). By this interaction between key tree
species and soil, climate change could still indirectly affect the forest understory species
composition because local tree species compositions might change in future if forest managers
apply climate change mitigation practices, such as a higher degree of tree species mixture
(Pretzsch et al., 2013; Morin et al., 2014).
Although plants in the forest understory might be less sensitive to regional climate due to the
moderating effect of local site conditions (Manuscript 2), growth rates of adult forest trees are
well known to respond to climate fluctuations in time (Fritts, 1966). According to basic
dendroecological theory, growth becomes gradually more limited by a certain climatic factor
towards the distribution margin of a tree species (Fritts, 1966). With respect to this theory, the
study presented in Manuscript 3 tested retrospectively, by means of dendroecological analysis,
for an increasing influence of winter cold on tree growth towards the northeastern distribution
margin of beech, which is supposed to be a cold margin (Bolte et al., 2007; van der Maaten et
al., 2017). Such a regional analysis of a gradual change in climate sensitivity requires similar
environmental conditions across the study sites, as given along the strong winter temperature
gradient in the main study area of this PhD-project (Figure 1 & 3). Indeed, the analysis of treering series revealed that growth reductions were increasingly related with winter cold events
towards the cold distribution margin. Generally, the influence of winter cold on growth might
be explained by the decreased root nutrient uptake early in spring due to soil cooling
(Manuscript 1). The increasing growth response to winter cold towards cold-marginal beech
populations was so far underrepresented compared to the strong research focus on drought
sensitivity of beech in previous multi-site studies (Manuscript 4; Knutzen et al., 2017; Cavin
& Jump, 2017). Although this winter cold sensitivity might appear marginal to the whole
species distribution range, large areas, in absolute size, could be affected. Due to climate
change, a range shift of beech beyond its current cold distribution margin is predicted to
compensate for range contractions at the southern dry distribution margin (Kramer et al., 2010;
Saltre et al., 2015; van der Maaten et al., 2017). However, assuming a range and productivity
compensation beyond the current cold distribution margin might be too optimistic with regard
16

to the sensitivity of growth to winter cold events found in Manuscript 1 & 3. As discussed
earlier, soil cooling and occurrence of winter cold events might persist or even increase in a
warmer future (Groffman et al., 2001; Petoukhov & Semenov, 2010; Kodra & Ganguly, 2014).
With the findings described above, the title of Manuscript 3 postulated increasing sensitivity
of tree growth to winter climate towards colder sites. At first, this seems to contrast the title of
Manuscript 1, which postulated uniform sensitivity along the studied winter temperature
gradient. Looking closer, the findings are not contradictory because the different postulations
rather are a discrepancy in scientific terminology between different research fields that was also
applied to Manuscript 1 (plant ecological perspective) and Manuscript 3 (dendroecological
perspective). In dendroecology, correlations between tree growth and climate that are stronger
at one site than another are usually referred to as stronger ‘climatic limitation’ (e.g., Pederson
et al., 2004; Hacket-Pain et al., 2016; Roibu et al., 2017) or higher ‘climate sensitivity’ (e.g.,
Scharnweber et al., 2011; Cavin & Jump, 2017). This terminology is used regardless of whether
the differences are explained by different climatic conditions (harsher climatic environment at
one site) or by different ecological sensitivity in the stricter sense (e.g., differences in local
adaptation to a certain climatic driver); a distinction that cannot be made by the correlative
dendroecological approaches. The uniform sensitivity described in Manuscript 1 rather points
to the first explanation that a stronger relationship of tree growth with winter climate towards
colder sites, as described in Manuscript3, is probably due to exposition to harsher winter
conditions, not due to differences in frost tolerance.
In contrast to the investigation of climate sensitivity along a well-defined temperature gradient
across similar forest sites in Manuscript 1–3, the study presented in Manuscript 4 summarized
over many individual evaluations of local tree-ring archives to identify general patterns of beech
growth dynamics. While Manuscripts 1–3 had a regional context, Manuscript 4 adds a
broader context in space and time by relating this thesis to the whole distribution range of beech.
In case of Manuscript 4, the spatial synthesis over an extensive European data network was
facilitated by the fact that strict common protocols traditionally describe sampling procedures
for the dendroecological analysis of climate–growth relationships (Nehrbass-Ahles et al.,
2014). The study aimed to develop a model to predict beech growth based on the interaction of
reproduction efforts and climate. The modelling approach reconfirmed drought as the major
factor limiting beech growth in large parts of Europe in accordance with previous studies
(Hacket-Pain et al., 2016; Cavin & Jump, 2017; Knutzen et al., 2017). Extending previous
knowledge, the study also highlighted the continent-wide pattern that growth of beech is
reduced by resource allocation to reproduction, which is induced by warm conditions in the
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previous year. In general, the triangular model relationship between climate, reproduction, and
growth showed high validity within regions and could be transferred across Europe. Thus, this
study points towards a large-scale generality of findings from regional studies on climate-driven
forest growth dynamics. However, some regionally important climatic factors were
underrepresented in this continent-wide study. In Manuscript 4, drought-focussed hypotheses
were made to specifically address interactions between summer climate, reproduction, and
growth. Moreover, model generalizations had to be made in order to analyse such a
geographically large-scale data set. Thus, the growth model strictly focussed on drought as the
major limiting factor of beech growth and did not include other potentially important local
climatic drivers of growth. As a result, the model validity drastically decreased towards the cold
distribution margin of beech in North Poland, where growth is more related to winter climate
than to summer drought (Manuscript 3). Thus, general ecological insights may be upscaled
from regional to biome or continental scale, whereas exact model predictions should be adjusted
regionally by knowledge on changes in climatic drivers of tree growth on a finer spatial scale.
Moreover, in line with Manuscript 2, Manuscript 4 showed that discrete predictions of
climate change consequences for plants should also consider indirect effects (Schröter et al.,
2005), such as human interaction with climate change (e.g., forest management) or lagged
plant-internal feedbacks (e.g., masting).
Further extending the spatial scope, Manuscript 5 finally placed this thesis in a global
biogeochemical context by assessing biome specific climate effects on litter decomposition
rates. In times of climate change, the understanding of litter decomposition processes and their
spatial variation is crucial due to the strong links and feedbacks between climate,
decomposition, and the global carbon cycle (Aerts, 1997; Aerts, 2006; Bradford et al., 2014).
So far, this global overview across biomes was hampered by the previously used diverse and
non-standardized protocols when assessing local litter decomposition rates (Keuskamp et al.,
2013). Here, Manuscript 5 is an example of a coordinated network study where, in an immense
collaborative effort of a huge researcher group, a specific ecological question was addressed by
the same standardized methodological approach around the globe. According to a prescribed
common protocol, each researcher incubated standardized litter material for the same time and
in the same soil depth and followed the same laboratory guidelines for measuring the
decomposition as loss of dry weight. Tea bags of the same brand and type were used as
standardized litter bags, with green tea representing high-quality litter (lower C/N ratio) and red
tea representing low-quality litter (higher C/N ratio). Due to this common, standardized
protocol, the results can directly inform modellers of climate change assessments (e.g., Tuomi
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et al., 2009) about the main finding that litter quality (green vs. red tea) was the main driver of
decomposition rates. The further main finding was that a direct global effect of climate on
decomposition rates was overlayed by a high influence of local site conditions. Thus, more
precise global assessments of climate change consequences require a better understanding of
how climate indirectly affects decomposition rates locally by modifying local litter quality and
soil habitat conditions for the decomposer community (Bradford et al., 2014). Again, this
conclusion links back to Manuscript 2 & 4, which also highlighted the importance of indirect
climatic effects on ecological processes.

Future Research Implications
This PhD-project analysed spatial changes in the sensitivity of plant and soil response to climate
with a particular focus on temperate deciduous forests and winter climate change. To focus on
spatial changes along a winter temperature gradient towards the cold-distribution margin of
beech, the main study sites of this PhD-project were selected to have little variation in
precipitation amounts as well as in local factors (edaphic conditions, habitat structure) that may
mask ecological responses to temperature (Bradford et al., 2014). Furthermore, the study sites
spanned from central to cold-marginal beech populations (Figure 1a–b). To support the global
validity of the findings of this thesis, further gradient-design dendroecological studies along
other environmental gradients should identify environmental conditions under which tree
growth also responds to winter climate, preferably by re-evaluation of existing tree-ring
chronologies. Instead of moving towards the cold-distribution margin as in this thesis, such a
gradient study could follow the cold distribution margin from the dry-cold to the wet-cold
distribution margin of beech across similar forest sites. This would include sampling sites from
the Carpathian Mountains over the Pleistocene lowlands in Poland to the northern distribution
margin of beech on the Scandinavian Peninsula (Bolte et al., 2007; Roibu et al., 2017).
Alternatively, this gradient could span across forest habitats and explore how winter cold
sensitivity differs between key tree species and/or edaphic conditions under similar winter
temperature and precipitation conditions. These approaches could explore regions or
environments where winter conditions are harsh enough to drive tree growth in order to identify
risk areas where tree growth might decline due to winter climate change. Doing so, the regional
findings of this thesis could be generalized.
Instead of extending the spatial study scope, the global generalizability of this PhD-thesis,
which broadly explored the winter cold sensitivity of plant and soil communities, would also
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profit from more fine-scaled, complementary perspectives on this sensitivity (Kreyling et al.,
2014). In this PhD-project, the experimental study in particular tried to project fine-scale
ecological processes onto a regional scale. Due to logistic reasons in this large-scale approach,
the resolution of some measurements may have been too crude to capture the high temporal and
spatial variability of ecological responses to soil temperature change within forest sites and
experimental plots in some cases. For instance, highly dynamic soil respiration responses to
altered soil temperatures might have gone unnoticed in the short-term measurement campaigns
of this project (Matzner & Borken, 2008) and root growth dynamics may have been masked by
their high spatial heterogeneity that was not fully captured due to the limited number of
minirhizotron tubes, which were used to take belowground root images. In large-scale studies
with similar logistic constraints, processes that are known to be temporally dynamic, should
thus be assessed by measuring systems that integrate over time; e.g., dendrometers and resin
plates were used in this PhD-project to temporally integrate over tree growth and soil nitrogen
dynamics, respectively. Similarly, bait-lamina sticks could be used to integrate over dynamics
in soil biotic activity (Kratz, 1998) instead of short-term measurements of soil respiration. For
a better spatial coverage of root heterogeneity, more minirhizotron tubes could be installed.
Initially, three tubes per 80 m² plot were installed to cover a soil depth down to 0.7 m in four
segments per tube. As shown in Manuscript 1, experimental snow removal in temperate
regions may only induce mild and shallow soil cooling. Thus, the effort of root analysis (mainly
root image acquisition and evaluation) should be attributed to the evaluation of only the top
segment of a larger number of minirhizotron tubes per plot, instead of three tubes of four
segments each. A study-specific pre-analysis could determine the extent to which the area
analysed per image may be reduced while maintaining sufficient root measuring accuracy.
Thus, the spatial coverage of minirhizotron tubes per plot and the ratio of image area evaluated
could be balanced with respect to the logistic constraints.
Moreover, more controlled, and detailed ecophysiological studies could complementarily
contribute to a more mechanistic understanding of the here broadly explored winter cold
sensitivity. As an explanation for the cold sensitivity of tree growth, the experimental part of
this PhD-thesis suggested a cause-and-effect chain beginning with a decrease in root nutrient
uptake induced by low soil temperatures, which then decreases aboveground growth of adult
trees and increases the potential for nutrient leaching and compensatory root growth
(Manuscript 1). However, research of the complete cause-and-effect chain is still fragmentary,
which motivates more detailed investigations of the temporal shifts in nutrient and energy
transfer between tree stem and root system in response to soil cooling. This would require more
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controlled studies that combine non-destructive high-resolution measurements on tree stem
growth dynamics (dendrometers, as in this project) and root phenology (minirhizotrones, Gaul
et al., 2008) with measurements on root nutrient uptake (nitrogen tracer study and tracer root
assay, Sanders-DeMott et al., 2018) and on within-tree carbon reallocation (assessment of
within-plant dynamics of non-structural carbohydrates, Villar-Salvador et al., 2015).

Conclusions
The anthropogenic climate change during the 21st century is predicted to alter patterns of plant
growth and biogeochemical cycling, which will have consequences for the supply of ecosystem
services and human well-being. To assess the resulting global vulnerability to climate change
by ecosystem modelling, these models have to be informed by profound knowledge on climate
sensitivity of ecosystem processes. Since this sensitivity includes both direct and indirect
effects, climate change research in ecology has to integrate across multiple research fields.
Thus, to contribute to a better understanding of climate change consequences in forest ecology
and to identify climatic drivers of forest growth dynamics, the present PhD-project combined
several methodological assets, e.g., by integrating methods from dendroecology and
experimental plant ecology. Although both disciplines share the research goal to understand
plant–environment interactions, their differing spatial scale under investigation usually
separates them. However, this PhD-thesis demonstrated how this difference may be used to link
both disciplines. For European beech, a large-scale gradient design experiment provided a
mechanistic understanding that soil cooling might indirectly decrease tree growth due to
decreased root nutrient uptake. The gradient-design was facilitated by dendroecological
knowledge on local tree growth patterns, which helped to select only few target trees per site
that represented the local growing conditions. On a larger scale, dendroecological analyses
explored descriptively that the importance of drought as the major driver of growth fades out
regionally towards the cold distribution margin of beech, where the experimentally investigated
growth reductions due to winter cold are more prominent. As discussed before, further
dendroecological identification of the so far underrepresented tree-growth responses to winter
climate across various cold temperate forest ecosystems could help to project the small-scale
mechanistic understanding from the applied soil temperature manipulation experiment to a
larger scale. In turn, this would benefit the precision of global assessments of climate change
impacts on forest ecosystems.
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Besides multidisciplinarity, assessments of climate change consequences also require insights
about possibilities and limits of upscaling from local or regional studies to global
generalizations. Indeed, general climatic drivers of ecosystem processes emerged in this thesis,
such as a strong relationship of decomposition rates and precipitation across biomes or the
general triangular relationship of drought, reproductive efforts, and growth dynamics of
European beech. However, the results also indicated strong local and regional variation in those
global generalizations. Thus, generalizations about climate sensitivity of ecological processes
have to be critically reviewed for the need of local or regional adjustment. This was illustrated
by the case of beech growth dynamics. In fact, lagged growth decline due to summer heat
indirectly induced via resource allocation to reproduction persisted from warm-marginal over
central to cold-marginal beech populations. However, the distribution range-wide assumption
of summer drought as a direct driver of growth decline had to be rejected. As shown in this
thesis, modelling growth dynamics of beech in regions with harsh winter climate rather has to
account for the influence of winter cold. Since there is only low spatial coverage of
experimental research on winter cold sensitivity and winter climate change impacts in temperate
forest ecosystems, large-scale generalizations have been associated with uncertainty so far.
Here, the findings of this PhD-project indicated uniform sensitivity of ecosystem processes to
changing winter soil temperatures across temperate beech forest ecosystems. Notably,
ecological responses did not depend on site-specific frost tolerance and local snow cover
history, but on the particular change in soil temperatures. Thus, the existing knowledge from
previous single-site studies may well be combined with scenarios of future changes in winter
soil temperature to produce large-scale generalizations and predictions about regional
vulnerability of forest ecosystems to winter climate change.
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Abstract
Soil frost events are projected to increase in northern temperate regions in response to climate
warming due to reduced insulation caused by declining snow cover. In temperate deciduous
forests, increased soil frost severity can hamper tree growth and increase the mortality of fine
roots, soil fauna and microorganisms, thus altering carbon and nutrient cycling. From singlesite studies, however, it is unclear how the sensitivities of these responses to altered winter soil
temperatures change along continental gradients from regions with low to high snowfall. We
conducted a gradient-design snow cover and soil temperature manipulation experiment across
a range of lowland beech (Fagus sylvatica L.) forest sites. We predicted i) decreased plant
growth and altered biogeochemical cycling with soil cooling within sites and ii) highest
sensitivity of response to altered soil temperatures in the coldest sites, where soils frequently
are protected from frost by snow cover. While snow exclusion only induced mild and
inconsistent soil frost, there were significant effects of manipulated soil temperatures on tree
increment, germination, litter decomposition and the retention of added

15

N within sites.

However, the sensitivity of response (treatment effect size per degree of warming or cooling)
was not related to prevailing winter climate and snow cover conditions. Our results support that
it may be valid to scale these responses up from local studies to regional scales. This upscaling,
however, needs to account for the fact that cold regions with historically high snowfall may
experience increasingly harsh soil frost conditions, whereas in warmer regions with historically
low snowfall, soil frost may diminish. Thus, despite the uniform biotic sensitivity of response,
there may be opposing directions of winter climate change effects on temperate forests along
continental temperature gradients due to different trends of winter soil temperature.
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Introduction
The magnitude of climate warming over the current century is projected to vary both regionally
and seasonally. Warming is generally projected to increase with latitude, with the averages of
warming exceeding the global average by up to 50% in cool and cold temperate, by up to 75%
in subarctic, and by far more than 75% in arctic climates (IPCC, 2013). For all these regions,
snowfall during winter is a typical feature and soils are protected from frost events if the snow
cover remains sufficiently deep and continuous (Groffman et al., 2001; Sturm, Holmgren,
König, & Morris, 1997; Wipf, Stoeckli, & Bebi, 2009). With rising mean winter temperatures,
the depth of this insulating snow cover will likely decline or snow cover will be absent during
winter more often (Kreyling & Henry, 2011; McCabe & Wolock, 2010; Ye & Lau, 2017).
However, frost events during winter may persist despite warmer mean winter temperatures, and
a future warming of the Polar Ocean might even increase the likelihood of winter cold events
in Europe due to increased advection of polar air masses (Petoukhov & Semenov, 2010; Yang
& Christensen, 2012). A more frequent absence of snow cover in combination with the
occurrence of cold winter air temperatures is anticipated to result in the phenomenon of
increased soil frost despite global warming (Groffman et al., 2001).
Soil frost events directly affect biogeochemical cycling and soil organisms during winter, and
winter frost damage to fine roots can reduce nutrient uptake over the following growing season
(Campbell, Socci, & Templer, 2014; Reinmann & Templer, 2016; Schuerings, Jentsch, Walter,
& Kreyling, 2014). Reduced nutrient supply caused by root damage may in turn reduce
aboveground tree growth (Comerford et al., 2013; Reinmann, Susser, Demaria, & Templer, in
press; Sanders-DeMott, Sorensen, Reinmann, & Templer, 2018). A delayed onset of stem
growth caused by soil frost events also may reduce tree growth (Jyske et al., 2012; Suvanto et
al., 2017). With respect to recruitment, seeds of temperate forest trees often require a
stratification period (sufficient exposure to chilling temperatures) during winter, followed by a
warm period to break seed dormancy and initiate germination (Walck, Hidayati, Dixon,
Thompson, & Poschlod, 2011). Increased soil temperature variability resulting from
discontinuous snow cover may increase the risk of frost damage for seeds due to premature
breaking of seed dormancy (Hawkins, Guest, & Kolotelo, 2003; Walck et al., 2011). A shift in
snow cover and soil frost regimes also could alter the relative abundances of forest understory
species (Kreyling, Haei, & Laudon, 2012). The latter changes could create a positive feedback,
with interspecific variation in litter quality, along with variation in the timing and capacity of
nutrient uptake, further altering nutrient cycling and retention (Mabry, Gerken, & Thompson,
2007).
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Increased temperature generally drives increased decomposition of organic material (Djukic et
al., 2018). Although decomposition rates are lowest in winter (Bokhorst, Metcalfe, & Wardle,
2013), soil frost in winter, and the resulting disruption of microbial (Keuper et al., 2012;
Sorensen, Templer, & Finzi, 2016; Yanai, Toyota, & Okazaki, 2011) and faunal (Bokhorst et
al., 2013) decomposer activity, can reduce annual decomposition (Bokhorst et al., 2013;
Kreyling, Haei, & Laudon, 2013). In contrast, increased fine root mortality and the high
availability of plant litter after winter can fuel decomposer activity, and thus increase annual
soil respiration in temperate forests (Matzner & Borken, 2008; Reinmann & Templer, 2018).
Increased fine root mortality and the subsequent decrease of nutrient uptake during the growing
season also can be a major cause of nitrogen leaching losses in temperate forests (Campbell,
Socci, & Templer, 2014; Groffman et al., 2001; Matzner & Borken, 2008). In this plant–soil
feedback loop, these changes to the soil nutrient cycle can influence plant growth; for example,
the main rooting depth may shift to deeper soil layers to optimise nutrient capture (Schuerings
et al., 2013). Despite the many-layered interactions between biogeochemical and ecological
processes in response to altered soil temperatures, winter climate change studies often focus on
single or only a few processes, either below- or aboveground (Makoto et al., 2014), which
precludes a more general understanding of these interactions.
In temperate regions, snow cover can vary strongly along climatic gradients (Kreyling & Henry,
2011; Makoto et al., 2014) and within temperate sites, snow accumulation can vary widely with
only small winter temperature differences (Brown & Mote, 2009; Henry, 2008; McCabe &
Wolock, 2010). Therefore, in contrast to regions with very cold climates, the phenomenon of
increased soil frost despite global warming is expected to be most pronounced in cool temperate
ecosystems, because they have the potential to transition from winters with thick, consistent
snow cover to those with only thin or discontinuous snow cover, while still frequently
experiencing cold air temperatures (and thus intense soil frost) at night or during cold spells
(Brown & Mote, 2009; Falarz, 2004; Makoto et al., 2014; McCabe & Wolock, 2010).
Conversely, soils in warm temperate regions that currently experience only sporadic snowfall
and occasional soil frost events are projected to experience a future reduction in soil frost
frequency and intensity (Kreyling & Henry, 2011). Due to potential local legacy effects of past
winter conditions on the frost tolerance of plant and soil communities, it has been hypothesized
that the sensitivity of ecosystem responses to altered soil temperatures during winter may be
site specific (Makoto et al., 2014; Reinmann, Susser, Demaria, & Templer, in press).
Particularly, cold temperate sites with historically regular snow cover may react stronger (i.e.
be more sensitive) to specific winter climate change scenarios than sites with a history of
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irregular snow cover. Such trends have been noted for variation in frost tolerance within plant
species, where individuals from northern populations that overwinter under thick snow cover
have lower frost tolerance than individuals from warmer, more southern sites with less
continuous snow cover (Dionne, Castonguay, Nadeau, & Desjardins, 2001). If the responses of
plants and soil processes to variation in winter temperatures are site specific, then generalizing
from findings of single-site studies and upscaling to the biome level would be problematic.
Testing this assumption requires soil temperature manipulation experiments replicated across
sites along large winter temperature and snow cover gradients.
To explore site-specific sensitivity to winter climate change, we altered soil temperatures during
winter in a snow manipulation experiment that was replicated along a large winter temperature
gradient. Such a gradient-design experiment requires that, apart from the investigated
temperature differences, all other site conditions are kept as similar as possible. We therefore
selected beech forests (Fagus sylvatica L.) in the European Pleistocene lowlands as a study
system due to their geological, pedological and ecological uniformity across strong snowfall
and winter temperature gradients (from irregular to more regular snow cover conditions, across
ΔT = 4 K over 500 km), but with similar overall precipitation amounts. Beech naturally
dominates in European temperate forests (Leuschner, Meier, & Hertel, 2006), so that findings
of our study area may be representative for large parts of the forest area in Europe. Moreover,
this study contributes to a more general understanding of winter climate change impacts on
plant growth and biogeochemical cycling in forest ecosystems by providing an assessment of
responses and interactions of decomposition rates, soil respiration, nitrogen cycling, root
growth dynamics, vegetation dynamics, forest tree seed germination, and tree stem growth
dynamics. We hypothesized that (i) soil cooling within sites decreases plant growth and alters
biogeochemical cycling and that (ii) the highest sensitivity of response to altered soil
temperatures occurs in the coldest sites, where soils are frequently protected from frost by an
insulating layer of snow cover.

Materials and methods
Study area, site selection, and study tree selection
We conducted this study in nine temperate deciduous forests that are mono-dominated by
mature European beech trees. The nine sites are situated between Rostock (Germany) and
Gdansk (Poland) (Fig. 1) in an area with annual precipitation sums ranging from 540 to 630
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mm and mean annual temperatures ranging from 5.6 and 8.8 °C (site climates according to
gridded climate data with a reference period of 1961–1990, “climateEU” 4.63, Hamann, Wang,
Spittlehouse, & Murdock, 2013; Wang, Hamann, Spittlehouse, & Murdock, 2012). Along the
500-km study gradient, mean winter temperatures decrease strongly by ΔT = 4 K (Fig. 1&2).
The westernmost (warmest) sites have mean winter temperatures above 0 °C, while those of the
easternmost (coldest) sites are almost -4 °C. From west to east, mean annual precipitation as
snow increases from 50 to 110 mm. With this temperature difference in winter from warmer to
colder sites, the study area is representative of a large part of the temperature range of beech as
the major forest tree in Europe, while for summer precipitation, which is considered to be a
major driver of beech growth (Hacket-Pain et al., 2018), differences are relatively small (Fig.
1c). The study area is situated in the Pleistocene lowlands, where the bedrock consists of glacial
deposits. All sites have the same soil types (sandy Cambisol) and similar soil texture (mostly
sandy silt to silty sand; Tab. S1 in Appendix S1 in Supporting Information). We further selected
the sites to have similar stand structures (tree height 27–39 m, tree diameter 37–52 cm, and
canopy closure 70–80 %). At each site, we selected a set of target trees based on a
dendroecological pre-study (Weigel et al., 2018) that identified the tree individuals that were
most representative of the growing conditions for each site during the last 30 years (Fig. S1 in
Appendix S1). We did so by selecting for the best correlations between individual tree-ring
series and the site chronology (the mean of all individual tree-ring series of a site).
Consequently, the selected target trees within each site showed very similar growth patterns
over the past 30 years and ideally represented the growth pattern of the whole stand. When
setting up the experimental plots, each plot was centred on a single target tree.
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Fig. 1 Location of the study area and the experimental sites (grey dots) in Europe (a), along a climatic
gradient of decreasing winter temperature between Rostock (Germany) and Gdansk (Poland) (b), and
within the climatic distribution range of European beech (c). Climate envelope according to Kölling
(2007) from species occurrences data (EUFORGEN, 2009) and climate data (“climateEU” data,
Hamann et al., 2013; Wang et al., 2012). Map data by South (2011).

Experimental setup and soil temperature manipulation
Each site contained three fenced, circular experimental plots of 5 m in diameter (~80 m²) that
featured either ambient conditions (A), snow exclusion (S-) or additional soil insulation (S+)),
respectively. The coldest site (KA), however, included a three-fold replication of each
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treatment, so that the whole experiment consisted of 33 plots across the studied temperature
gradient. For the S- treatment, snow was blocked from falling to the ground by a transparent
plastic cover (“Lumisol clear”; Hermann Meyer KG, Rellingen, Germany) that was mounted
on a 1.8 m high wooden roof frame during the treatment period (November 2016–March 2017).
The cover was perforated so that it was permeable to snowmelt water; thus, the treatment
received almost the same amount of precipitation, but with a delay. For the S+ treatment, soil
insulation during winter was increased by a permeable gardening fleece cover (70 g/m²;
Hermann Meyer KG, Rellingen, Germany). In each plot, we measured the topsoil temperature
(“TMC20-HD” temperature sensor connected to a “HOBO UX120-006M Analog Data
Logger”; Onset Computer Corporation, Bourne, USA) in half-hour intervals. From these time
series, we derived the absolute minimum soil temperature (henceforth defined as “Tmin”) and
the average soil temperature (“Tave”) during the manipulation period. Our treatments induced
within-site gradients of topsoil temperature, with ΔTmin = 1–3 K and ΔTave = 1–1.5 K (Fig.
2). Across all sites, ΔTmin was 4.5 K and ΔTave was 3 K.
Mean winter
temperature (°C)

Soil
Tmin (°C)

Soil
Tave (°C)

1
0
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Fig. 2 Long-term mean atmospheric winter temperature (period 1961–1990) and soil temperature
parameters of the experimental plots. Tmin and Tave are the absolute minimum soil temperature and
average soil temperature in each experimental plot during the snow manipulation period, November
2016–March 2017 (A: ambient conditions, S-: snow exclusion, S+: additional soil insulation with fleece
blanket).

Ecological and biogeochemical response variables
After the end of the snow manipulation in spring (March) 2017, we measured a suite of
ecological and biogeochemical responses. During 2017, measurements were taken in three
sampling campaigns that took place in March 2017, before the onset of the growing season
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(henceforth labelled as sampling date “1”), late in May, during the early growing season (“2”),
and late in October, after the end of the growing season (“3”). In addition, we conducted a
sampling campaign during the early growing season (“4”) in May 2018 (the post-manipulation
year) to again assess root growth and the sapling establishment rate (see below).
In the following, we briefly introduce all response variables; technical details can be found in
Appendix S1. We assessed aboveground plant responses following our manipulation of winter
soil temperatures by measuring the stem increment of the central study tree within each plot
(half-hourly dendrometer measurements; point-dendrometer “DR”; Ecomatik, Munich,
Germany in “HOBO UX120-006M Analog Data Logger”; Onset Computer Corporation,
Bourne, USA). From these half-hourly stem increment dynamics, we derived the onset of stem
increment in spring and the total annual stem growth. Further, we measured stem increment and
height growth of juvenile beech saplings (< 1 m height). In addition, we tested beech nut
germination rates and beech seedling establishment rates in a germination trial with a
standardized set of beech nut provenances (in total 216 beech nuts planted from 18 provenances
in three replicates per plot). For the forest understory composition, we quantified the temporal
species turnover of each plot by calculating the Bray–Curtis dissimilarities between the species
composition in spring of the year before the experiment, in spring after the treatment period,
and in spring of the year after the experiment.
To assess the belowground biotic responses, we estimated the fine root length and fine root
growth in the topsoil of each plot by analysing 360-degree belowground minirhizotron pictures
(three minirhizotrons per plot). From these belowground pictures, we also estimated the main
rooting depth of fine roots in the topsoil. Furthermore, we quantified litter decomposition using
green tea and red tea bags representing standardized litter material with fast (green tea) and
slow (red tea) decomposition properties due to high and low litter quality, respectively (Djukic
et al., 2018). We measured soil respiration rates in three subplots per plot and assessed the soil
sensitivity to temperature changes by deriving the Q10 temperature coefficient from these soil
respiration rates.
We investigated soil nitrogen cycling in three subplots per plot. We used Plant Root Simulator
Probes (PRS©; Western AG, Saskatoon, Canada) that were buried during the soil temperature
manipulation in winter (first batch) and for 8 weeks in spring directly after the manipulation
(second batch) to obtain temporally integrated estimates of ammonium, nitrate, and mineral
nitrogen (sum of ammonium and nitrate) available for uptake by plant roots. Additionally, we
obtained instantaneous estimates of plant available (mineral) nitrogen in bulk soil samples by
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extraction of the samples in 2M KCl, according to Turner and Henry (2010), followed by
filtration and subsequent measurement of the nitrogen concentration of the filtrate by ion
chromatography and UV-absorbance detection. Further, we conducted a

15

N tracer study to

assess the treatment effect on the fate of added nitrogen. Directly before setting up the snow
manipulation in early November 2016, we injected the nitrogen tracer (27 mg 15N/m² as 72.9 mg
15

NH4-15NO3/m²) into the soil. This amount corresponds to only 1.3–2.1 % of the annual

airborne nitrogen input per surface area at our study sites (according to gridded air pollution
data “EMEP MSC-W”, Simpson et al., 2012). After the manipulation, we measured the tracer
concentration that was retained as total inorganic plus organic nitrogen (15Ntot) in the soil
samples. We also determined the 15N enrichment in the mineral nitrogen adsorbed to the PRS
probes to estimate the mineral tracer availability (15NH4+ and 15NO3-). All the above nitrogen
measurements were conducted in the topsoil to investigate nitrogen availability; the
measurements were repeated in the subsoil (50 cm soil depth) to investigate nitrogen leaching.

Data analyses
We assessed the responses to the soil temperature manipulation treatments by regressing each
response variable separately against Tmin and Tave, which were measured plot-wise during the
winter manipulation. For each response variable per sampling date, we tested for significance
in a two-step approach that accounted for the site effects across multiple sites. First, we tested
for significant treatment effects within and across sites by applying linear mixed-effects models
that included the manipulated soil temperature (we tested separately for Tmin and Tave) as an
explanatory fixed effect and the study site as a factorial random effect (random intercept and
random slope for each site). We report the mixed model summary statistics for models with
significant random effects. If the mixed model from this first step was not significant, we tested
for significant across-site effects separately for Tmin and Tave by ordinary linear regression
modelling in a second step (see Table S2 in Appendix S1). While Tmin was not correlated
significantly with mean climatic conditions, Tave was co-correlated to the long-term mean
winter temperature (mean Tave) of the study sites (e.g., although the manipulation caused
strong within-site soil temperature differences, colder sites tended to have colder soils; see Fig.
S2 in Appendix S1). Very conservatively, we thus only accepted Tmin and Tave as significant
predictors in this second linear modelling step if the observed response was not better explained
by long-term mean Tave. In analogy to long-term mean Tave, we also took the site effects of
local soil settings into account by including soil pHCaCl2 (Fig. 2), which may influence nitrogen
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mobility, as an additional explanatory variable when testing the responses of nitrogen cycling.
We used backward selection to remove non-significant parameters (final model selection
reported in Tab. S3 in Appendix S1). Several response variables were consistently influenced
by the mean winter climate conditions (mean Tave: long-term mean winter temperature) or
local soil settings (soil pH), so that we could not detect responses to the manipulated soil
temperatures for those variables (Tab. S3 in Appendix S1). If necessary, we applied data
transformations (log, square root, quadratic; reported in Tab. S2&S3 in Appendix S1) to meet
the assumption of normally distributed model residuals (tested with Shapiro–Wilk tests and by
visual assessment of histogram and quantile–quantile plots) prior to significance testing. For all
statistical tests, we defined a significance threshold of p <0.05. The effect size of response was
quantified by extracting r² from the linear models and conditional r² (the r² of the fixed effect
only, Nakagawa, Schielzeth, & O'Hara, 2013) from the linear mixed-effects models. For
germination and establishment success, which is a binomial probabilistic process, we applied
generalized linear (mixed-effects) modelling and stated the resulting pseudo-r² accordingly.
This pseudo-r² may have yielded low values compared to the r² from linear (mixed-effects)
modelling (Menard, 2000). All calculations were conducted in “R” 3.1.1 (R Core Team, 2016;
see Appendix S1 for information on the used R-packages).
To investigate whether the sensitivity of the ecological responses to altered soil temperatures
depended on prevailing mean winter conditions, we assessed the strength of within-site
responses to manipulated soil temperatures (represented by the steepness of random slopes from
the mixed-effects modelling in the previous paragraph) across our climatic study gradient. To
do so, we selected all variables that showed significant responses to the temperature
manipulation in the first place. For each of these selected variables, we calculated the withinsite response (random slope) and regressed its strength (slope steepness) against the climatic
gradient (long-term mean Tave of each site). We used the resulting r² of this regression to
quantify the gradual change of sensitivity across the climatic gradient.

Results
Responses to manipulated soil temperatures
Regarding the plant growth variables, there were no significant effects of soil temperature
manipulation within sites, but there were significant correlations with minimum soil
temperature (but not average soil temperature) across sites, with both tree stem increment and
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fine root length more than halving from the warmest to the coldest plots, and rooting depth
almost doubling from the warmest to the coldest plots (Fig. 3 & 4a). The germination success
of beech nuts increased significantly with soil cooling within sites when average winter soil
temperature was used as the explanatory variable, whereas only the across site trend was
significant when minimum winter soil temperature was used as the explanatory variable (Fig.
3 & 4a). All other variables related to above- and belowground plant growth (i.e. onset of stem
growth of adult trees, sapling height growth and radial increment, root growth rates, seedling
establishment, and turnover of understory vegetation) were not correlated with winter soil
temperatures (Fig. 4a).
Below ground carbon cycling was affected significantly by soil temperature manipulation
within sites, with decomposition rates of easily accessible material (green tea) by the end of the
growing season decreasing with average winter soil temperature (but not minimum winter soil
temperature) (Fig. 3 & 4a); over-winter decomposition, however, was not affected significantly
by soil temperature manipulation or across sites (Fig. 4a). Likewise, the decomposition of
material with low litter quality (red tea) was not affected significantly by winter temperature
within or across sites, nor was soil respiration (Fig. 4a).
With respect to nitrogen cycling, the amount of nitrogen tracer (15Ntot) retained over winter in
the bulk soil increased significantly within sites with soil cooling, expressed both in terms of
minimum winter soil temperature and average winter temperature (Fig. 3 & 4a). For the topsoil,
the PRS probes indicated higher over-winter availability of ammonium in the coldest sites, but
this effect was significant across, not within sites, for average winter soil temperature (and not
significant for minimum winter soil temperature) (Fig. 3 & 4a). PRS nitrate and deep-soil
nitrogen leaching and growing season tracer retention were not affected significantly by winter
soil temperature, either within or across sites (Fig. 4a).
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Fig. 3 Significant responses to altered soil temperatures following snow cover manipulation. In the
case of significant within and across site effects (significant mixed-effects model), model predictions of
random slopes (within site effects) are drawn for each site in addition to the across site response to
manipulated soil temperature (fixed effect). In the case of non-significant mixed effect modelling, but
significant linear modelling, only the across site response to manipulated soil temperature is drawn.
The 95% confidence intervals (from 1000-fold bootstrap resampling) for the across site effect are
indicated by dotted lines. For germination success as a binomial process, we applied generalized
linear (mixed-effects) modelling and state pseudo-r² values accordingly. The sampling dates are given
in brackets following variable names. The dates (1–3) correspond to sampling later in the year before
the onset of the growing season (1), during the early growing season (2), and after the end of the
growing season (3). (4) corresponds to sampling during the early growing season in the postmanipulation year.
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PRS ammonium uptake (Tave)(1)
PRS nitrate uptake (Tmin)(2)
PRS N(min) uptake (Tmin)(1)
PRS nitrate leaching (Tave)(1)
PRS N−tracer uptake (Tave)(1)
PRS N−tracer leaching (Tave)(1)
Soil N(tot)−tracer retention (Tave)(1)
Soil N(tot)−tracer leaching (Tave)(2)
Soil N(min) (Tave)(2)
Soil N(min) leaching (Tave)(1)

(b) Increase towards

0.2
0
0.2
0.4
0.6
Sensitivity of effect size
to climatic gradient (r²)
Significance type

within and across sites

significant

not significant

*) pseudo-r² from binomial generalized linear mixed-effects model
**) linear model with site mean Tave as covariate

Fig. 4 Strongest response of each experimental variable to manipulated soil temperatures (a).
Significance was tested by mixed effect modelling (within and across site effect) and by linear
modelling (across site effect only). The sensitivity of effect sizes to the climatic gradient across sites
(b) is represented by the regression strength (r²) of site-specific effect sizes (random slope coefficients)
against the site-specific long-term mean winter temperature. For each variable, the strongest
explanatory variable (absolute minimum soil temperature Tmin or average soil temperature Tave
during the manipulation winter) and the sampling date with the strongest response are given in
brackets. The dates (1–3) correspond to sampling later in the manipulation year before the onset of
the growing season (1), during the early growing season (2), and after the end of the growing season
(3). (4) corresponds to sampling during the early growing season in the post-manipulation year.

Site-specific sensitivity to manipulated soil temperatures
The sensitivities of some ecological responses to manipulated soil temperatures differed
significantly between sites (i.e. significant random slopes deviating from the fixed effect in the
mixed-effects modelling; Fig. 3). However, the site-specific sensitivity of effect sizes was in no
case explained by the local long-term winter conditions (mean winter conditions) across sites
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(Fig. 4b). More precisely, the degree of ecological response per degree of soil temperature
change was not explained by prevailing winter conditions.

Discussion
In northern temperate forests, strong effects of snow manipulation are typically associated with
a strong soil freezing effect (e.g., Hosokawa et al., 2017; Reinmann et al., in press), which
provided the basis of our first hypothesis that soil cooling within sites would decrease plant
growth and disrupt biogeochemical cycles. Although only mild and inconsistent soil frost
(minimum soil temperatures of -3 to 1 °C, and average winter soil temperatures of 1 to 4 °C)
was induced by our snow manipulation treatments, our results nevertheless demonstrated
significant effects of variation in winter soil temperature on plants and soils for a large range of
temperate forest sites. Within these sites, germination, litter decomposition and the retention of
added

15

N all varied significantly with soil temperature manipulation (Fig. 4). Across sites,

winter soil temperatures were correlated significantly with a broader range of plant and soil
responses (i.e. tree stem increment, root length, rooting depth and soil ammonium availability).
Given that these effects could be confounded by variation in summer climate among sites, the
across-site trends might not be due to winter soil temperature variation alone, and they should
be evaluated carefully by reference to the whole interacting system of plant growth and soil
biogeochemical processes. Nevertheless, we attempted to account for confounding effects in
our analysis by only accepting winter soil temperatures as explanatory variables if the response
was not better explained by mean site conditions. Moreover, responses to soil minimum
temperature (Tmin) were most likely an independent signal, because Tmin was not cocorrelated with long-term mean site climate (see Fig. S2 in Appendix S1).
The sensitivity of response (i.e. treatment effect size per degree of soil warming or cooling) was
not correlated with variation in mean winter temperatures among sites (Fig. 4), even though the
experiment spanned a large winter temperature gradient (ΔT = 4 K) across 500 km. This result
was contrary to our second hypothesis, that ecosystem responses would be more sensitive to
changing winter conditions in the coldest sites, which have experienced a history of mild winter
soil temperatures due to the presence of continuous snow cover over much of winter (Makoto
et al., 2014; Reinmann et al., in press).
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Soil N retention response to manipulated soil temperature in the context
of tree growth
Reductions in tree growth following cold winters typically are explained by frost damage to
aboveground plant tissues or by a shortening of the growing season (Dittmar, Zech, & Elling,
2003; van der Maaten, 2012). However, fine root damage from soil frost, and the resulting loss
in stored nutrients and the capacity for nutrient uptake, also potentially could reduce stem
growth (Comerford et al., 2013; Pederson, Cook, Jacoby, Peteet, & Griffin, 2004; SandersDeMott et al., 2018). In our experiment, there was no visible evidence for increased fine root
mortality in response to frost damage in the minirhizotron observations (Figure S3 in
Supporting Information). However, soil 15N retention over winter was actually greatest in the
plots that featured the lowest soil temperatures and, across sites, soil ammonium availability
increased towards colder soils (Fig. 3). The latter results are consistent with decreased microbial
processing of mineral nitrogen and a decreased potential for winter and early-spring root N
uptake due to invisible root cell damage in cold soils (Comerford et al., 2013; Malyshev &
Henry, 2012; Sanders-DeMott et al., 2018).

Forest rejuvenation and understory vegetation
The germination success of beech seeds (beechnuts) increased with soil cooling over winter
(Fig. 3 & 4), but the treatment did not affect seedling establishment, sapling growth, and
understory vegetation composition. For germination success, the increases may have resulted
from the high cold stratification requirements that initiate germination in beech (Bewley,
Bradford, Hilhorst, & Nonogaki, 2013; Walck et al., 2011). It is difficult to interpret the longerlasting consequences of this improved seed germination in the colder soils, given that seedling
establishment in the later sampling dates was not affected by soil temperature manipulation
(Figure S3). Moreover, sapling growth did not respond to the manipulation, which may be due
to the myriad of other ecological filters that influence the initial and juvenile life stages of trees,
apart from winter climate (Jump, Hunt, Martínez-Izquierdo, & Peñuelas, 2006; Wagner et al.,
2010). Soil temperature manipulation did not affect the turnover of the understory species
composition, but observable responses of the forest understory composition to changing
environmental conditions can lag from years to decades in deciduous temperate forests (Brunet,
Falkengren-Grerup, & Tyler, 1996).
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Variation in decomposition and soil respiration with soil temperature
manipulation
Decreased soil temperature during winter decreased annual decomposition rates (Fig. 3 & 4),
which indicates that even mild soil cooling may have affected the decomposer community
(Yanai et al., 2011). The effect on decomposition rates of high quality litter in particular (green
tea as opposed to red tea) contrasts findings from boreal forests, where decreased soil
temperature over winter has had a disproportionate effect on the decomposition rate of low
quality litter (Bokhorst et al., 2013); (Kreyling et al., 2013). Generalizations across ecosystems
would benefit from more detailed insights from coordinated network studies (Djukic et al.,
2018). Despite the decomposition rate response, we did not observe a response of soil
respiration to altered soil temperatures (Figure S3). On the one hand, our measurements might
have lacked the necessary continuity to capture short-term soil respiration responses in spring
to altered winter soil temperatures (Matzner & Borken, 2008). On the other hand, reductions in
soil temperature can reduce soil respiration by slowing microbial activity (Monson et al., 2006).
High availability of dead organic material due to frost can fuel overall decomposer activity
(Keuper et al., 2012; Reinmann & Templer, 2018), but this mechanism was not likely important
in our study, where soil frost damage appeared to be minimal.

Uniform sensitivity to soil temperature changes across the winter
temperature gradient
As described above, the sensitivity of responses to altered soil temperatures during winter did
not change significantly with variation in winter soil temperature along our study gradient (Fig.
4). This uniform sensitivity was surprising, given that altered soil temperatures were expected
to induce the strongest ecological responses at the coldest sites, where continuous snow cover
historically has resulted in more stable soil temperature conditions (Kreyling & Henry, 2011;
Makoto et al., 2014; Reinmann et al., in press). In addition, our results support the assertion that
0 °C does not appear to be an important ecological threshold for cold damage in temperate
forest ecosystems (Kreyling & Henry, 2011; Matzner & Borken, 2008). Ecological responses
to changing winter soil temperatures may occur at abrupt threshold temperatures, rather than
being continuous, but such thresholds were not initiated by snow manipulation along our study
gradient, which suggests that such thresholds may not be ecologically relevant in the absence
of extreme frost events.
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Outlook: potential for diverging effects of winter climate change despite
uniform sensitivity
Our finding of uniform sensitivity to variation in winter soil temperature across a gradient of
European beech forests suggests that it is valid to upscale temperature responses in these
systems from local studies to regional scales. However, this upscaling must account for the
anticipated variation among sites in soil temperature responses to climate warming.
Specifically, cold regions with historically high snowfall may experience increasingly harsh
soil frost conditions because of increased exposure of soils to cold night time air or cold snaps,
whereas in warmer regions with historically low snowfall, soil frost may diminish because of a
decline in the frequency of severely cold air temperatures (Henry, 2008; Kreyling & Henry,
2011). As a result, winter climate change might decrease tree growth at cold sites, while it might
increase growth at warm sites. Thus, on balance, there may be opposing directions of winter
climate change effects along continental gradients of temperate deciduous forests, despite the
uniform sensitivity of ecological response.
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27

Abstract

28

Question: It is debated whether forest understory communities will be sensitive to projected

29

climate change or inert due to the regulating effect of local site conditions and soil parameters.

30

A distinction between the importance of climate or soil is often hardly possible because both

31

usually change on a different spatial scale in forests. Here, the large-scale ecological

32

homogeneity of lowland beech forest ecosystems (Fagus sylvatica) offers the unique possibility

33

to compare what the main abiotic driver of forest understory vegetation is – climate or soil.

34

Location: Nine sites along a strong temperature gradient (ΔT = 4 K from east to west in winter,

35

south to north in summer) between Rostock (Germany) and Gdańsk (Poland) in a Baltic

36

Quaternary ground moraine landscape.

37

Methods: We conducted a vegetation survey in 60 vegetation plots (80 m² each) across nine

38

forest sites mono-dominated by European beech and analysed how much variance in understory

39

plant composition is explained by climate and soil parameters.

40

Results: The composition of the understory vegetation differed between sites and a floristic

41

gradient was expressed along environmental gradients. Soil explained 32 % of the vegetation

42

variance, climate explained 22 %, and 14 % was shared variance explained by both in

43

interaction. Topsoil pH, subsoil organic matter content, and subsoil C/N ratio were the most

44

important soil variables; growing season temperature and annual water availability were the

45

most important climatic factors.

46

Conclusion: The strong dependence on soil properties could temporarily buffer the influence of

47

projected climate change. Forest soil properties, however, strongly depend on the dominant tree

48

species and the macroclimate. The understory vegetation is inert to climate change only as long

49

as the complex triangle of ecological interactions among soil, climate, and key tree species does

50

not exceed the ecological tipping points, i.e. shift of dominant tree species due to climate

51

change.

52

Key words: climate change inertia, ecological interaction, Fagus sylvatica, forest understory

53

composition, key tree species, large-scale spatial gradient, lowland beech forest, soil, species

54

abundance, understorey, vegetation gradient

58

55

Introduction

56

There is a long-standing debate whether climatic conditions or soil parameters are determining

57

local species composition. In large-scale studies where climatic differences are often stronger

58

than changes in soil properties, climate parameters are found to be predictors for the distribution

59

ranges of single species and local species composition (Bertrand et al., 2011; Frenne et al.,

60

2013; van der Veken, Bossuyt, & Hermy, 2004). However, on the local to regional scale where

61

soil gradients are much steeper than climatic gradients, species composition is often reported to

62

change with differing soil properties (Kolb & Diekmann, 2004; Väre, Ohtonen, & Oksanen,

63

1995; Økland & Eilertsen, 1996). Given this scale dependency, it is difficult to directly

64

distinguish the importance of soil versus climate for explaining local species composition

65

(Janssen, Fuhr, Bouget, & Robertson, 2018). This distinction is further complicated if

66

ecosystems change completely along the environmental gradients under study, causing abrupt

67

changes of plant-environment interactions (Diekmann, Eilertsen, Fremstad, Lawesson, & Aude,

68

1999). To distinguish between the influence of climate and soil, however, is crucial for

69

estimating potential responses of plant communities to predicted climate change. During

70

climate change, forest understory communities may be especially threatened by shifting

71

climatic optima over hundreds of kilometres in a relatively short amount of time because these

72

communities typically consist of slow colonizers (van der Veken et al., 2004; Walther et al.,

73

2002). In turn, this would imply changes on the ecosystem scale because the understory supplies

74

important ecosystem services in forests (e.g. nutrient retention, Mabry, Gerken, & Thompson,

75

2007). Since those changes may be buffered if soil properties were more important than climatic

76

forcing as predictor for local species composition within forest ecosystems of a particular key

77

tree species, a deeper understanding of the most important predictor – climate in opposition to

78

soil – for forest understory vegetation is essential.

79

From a climate change perspective, the forest understory is under pressure. Along large spatial

80

gradients, changes in the understory composition in oak and beech forests correlate well with

81

temperature and precipitation gradients, which indicates that understory species will have to

82

track their climatic optimum across large distances during predicted climate change (Bertrand

83

et al., 2011; Frenne et al., 2013; van der Veken et al., 2004). During the past few decades,

84

climate change has already caused shifts in local forest understory communities, mainly with

85

an increasing abundance of thermophile species locally (Frenne et al., 2013; Reczyńska,

86

Świerkosz, & Hédl, 2017). Existing understory communities, though, will likely not shift

87

jointly. Rather, novel understory communities may emerge, because the individual understory

88

species have different migration potentials and different climatic niche breadths (Bertrand et
59

89

al., 2011; Frenne et al., 2013). However, observed changes in the lowland forest understory

90

composition during the last few decades have already strongly lagged behind recent shifts of

91

the potential climate optima (Bertrand et al., 2011). If this lagged reaction is due to low

92

migration potential or lack of migration possibilities, the increasing gap between realized and

93

potential climatic niche might become problematic for local species persistence in the

94

understory of lowland forests (Bertrand et al., 2011; Frenne et al., 2013).

95

Still, the problem of lagging behind shifting climate envelopes might be overestimated, because

96

the lagged response to climate change might also be due to high persistence of forest understory

97

communities against warming trends, or due to the moderating effect of local habitat conditions

98

(Bertrand et al., 2011; Frenne et al., 2013). Indeed, the influence of climate on the understory

99

composition may be buffered by local biotic and abiotic factors, but the microscale influence

100

of these factors is hard to catch in global scale studies of the effects of climate change.

101

Furthermore, studies that focus on similar forest ecosystems and similar climatic conditions

102

show that soil properties such as nutrient availability, pH, and C/N ratio (carbon-to-nitrogen

103

ratio) are strongly linked to vegetation gradients (Brosofske, Chen, & Crow, 2001; Kolb &

104

Diekmann, 2004; Väre et al., 1995). To better distinguish between the influence of soil and

105

climate across different scales, lowland beech forests offer an ideal study system. European

106

beech (Fagus sylvatica L.) is a major forest tree in Europe and grows under a variety of dry to

107

moist climatic conditions and acid to alkaline soil conditions, typically forming mono-dominant

108

stands (Bolte, Czajkowski, & Kompa, 2007; Leuschner, Meier, & Hertel, 2006). As a key tree

109

species, beech is accompanied by a typical set of understory vegetation types that blend into

110

each other along environmental gradients within beech forest ecosystems (Brunet, Falkengren-

111

Grerup, & Tyler, 1996; Diekmann et al., 1999; Härdtle, Oheimb, & Westphal, 2005). In beech

112

forests, soil pH explains diversity well (Brunet et al., 1996). The understory composition can

113

further be explained by organic matter content and the base supply rate (Brunet et al., 1996;

114

Härdtle et al., 2005). A long term study in beech forests in South Germany even showed that

115

changes in the understory composition were far less driven by the recent warming of >1 K

116

during the last 50 years than by changes in soil nitrogen levels (Jantsch, Fischer, Fischer, &

117

Winter, 2013). All above mentioned case studies, conducted in forest ecosystems all over

118

Europe, highlight the moderating effect of soil conditions on understory composition. This

119

shows that the strong influence of soil parameters is consistent across forest ecosystems of

120

various locations and climates. However, global warming has been projected to far exceed an

121

increase of 1 K in the next few decades (IPCC, 2013).Climate models project a global

122

temperature increase of at least 2 K, or potentially even >4 K (IPCC, 2013). Hence, a crucial
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123

basis for estimates about the forest understory in a changing world is to directly compare the

124

importance of local soil conditions with the importance of long climatic gradients in explaining

125

the forest understory composition.

126

In conclusion, numerous findings highlight both climate and soil parameters as determinants of

127

the forest understory composition. A direct comparison of the importance of both is often

128

strongly influenced by the different scale of plant-climate and plant-soil interactions. We

129

therefore suggest beech forest ecosystems along a pronounced climatic gradient of almost 4 K

130

differences in seasonal temperature signals from core beech populations (Rostock, Germany)

131

to colder marginal populations (Gdańsk, Poland) as the ideal study system for this comparison.

132

Along this long climatic gradient, changes in soil properties are relatively small and gradual

133

due to shared Quaternary glacial history. The standardized sampling design and standardized

134

site selection within our study guaranteed data homogeneity, which is a necessity for a

135

quantitative comparison (Diekmann et al., 1999). We hypothesized that 1) forest understory

136

composition changes along the environmental gradient in the study area and that 2) this change

137

can be explained by both soil and climatic factors. We analysed in detail which factors are

138

determinants of the understory composition. In comparison to the full species range, the study

139

area spans a steep climatic gradient and a comparably short gradient in soil conditions (e.g.

140

difference in mean annual temperature ΔT = 4 K and soil acidity ΔpH = 1.3 in the study area

141

compared with ΔT = 10 K and ΔpH = 4.1 in full species range, Kölling, 2007; Leuschner et al.,

142

2006). Thus, we further hypothesized that 3) in a direct comparison, climatic factors better

143

explain the change in understory composition than soil parameters.

144
145

Methods

146

Study area

147

We conducted this study in nine mature forest stands with European beech as the mono-

148

dominant tree species. The lowland study area is located in northeastern Germany and

149

northwestern Poland in proximity to the Baltic Sea (5–100 km inland). Thus, the study sites

150

follow an ecological gradient with strong temperature differences (ΔT = 4 K) that spans from

151

the more central to the northeastern cold margin of the continuous distribution range of

152

European beech (Figure 4, Bolte et al., 2007). Regarding annual means, temperatures range

153

from 5.6 °C to 8.8 °C and precipitation from 540 to 630 mm/year, with conditions becoming

154

colder and wetter towards the eastern sites. Likewise, winters are colder in the east with a strong
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155

increase of snowfall towards the three easternmost sites. Notably, the westernmost sites are

156

hardly influenced by frost, while the mean coldest month temperatures at the easternmost sites

157

are well below -4 °C. In contrast to these longitudinal gradients, summer drought and summer

158

heat increase with distance to the Baltic Sea towards the southernmost study sites. The study

159

area is located in the Pleistocene lowlands, where the bedrock consists of glacial deposits. All

160

sites are managed forest stands and thus are typical representatives for central to northeastern

161

European beech forests. As a prerequisite for our multi-site gradient analysis that focused on

162

soil and climate parameters, we selected the individual sites to have comparable stand structure

163

(tree height, tree diameter, canopy closure).

164

165
166
167
168
169
170

Figure 4 Study area with the nine sampled sites (five survey plots each; 15 in KA) and climatic gradients
expressed in the study area (climate data according to Hamann, Wang, Spittlehouse, & Murdock, 2013
from http://tinyurl.com/ClimateEU). The eastern cold margin of the natural, continuous beech
distribution is indicated by the dotted black line in the map and lies 150 km to the east of Gdansk in the
area not shown on the map (according to Bolte et al., 2007).

171
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172

Vegetation survey

173

We sampled 60 circular vegetation plots (80 m² each) across nine beech forest sites (five per

174

site, 15 at the site (KA) with coldest winters and highest snowfall). Each plot surrounded a

175

mature beech tree and was subdivided in 12 subplots (even sized circular sectors) to report

176

understory species (vascular plants and mosses) frequency for each plot on a scale from 0/12 to

177

12/12 before canopy closure in spring (May) 2016 (see results of the vegetation survey on

178

subplot level in appendix S1 in supplementary material). We started the survey at the western

179

sites and finished at the eastern sites to track the delay in canopy closure between warmer and

180

colder sites. By resampling the vegetation plots at one of the sites during summer (late June

181

2016), we verified by example that the spring sampling date gives a good estimate of the

182

understory community during the growing season (no differences between sampling dates; data

183

not shown). For the nomenclature we used Jäger (2011) and Wirth and Düll (2000) for vascular

184

plants and mosses, respectively.

185

Soil variables (field and lab methods)

186

At each site, we collected mixed soil samples separately for the soil horizons A, B, and C

187

(topsoil, subsoil, and substratum, respectively). All soil samples were air dried and sieved to

188

2 mm prior to subsequent lab analysis. We measured pHCaCl2 in a 0.01M CaCl2-solution 12 h

189

after shaking the soil samples in the solution in a 1/5 ratio (see results of the soil analysis in

190

appendix S2 in supplementary material). The C/N ratio of dried samples (12 h at 105 °C) was

191

analysed with a C/N analyser (vario EL III Element Analyzer, elementar Analysensysteme

192

GmbH, Hanau, Germany), which measured total carbon (Ctot) and total nitrogen (Ntot) mass

193

contents. Since our samples did not contain inorganic carbon (no lime contained, with pH <

194

6.5), the C/N ratio can be expressed as Corganic/Ntot = Ctot/Ntot (g/g). We calculated the organic

195

matter content by weighing the pre-dried samples (12 h at 105 °C), subsequently burned the

196

samples in a muffle furnace (12 h at 550 °C), and determined the weight fraction loss during

197

burning (%). We determined the soil type (particle size distribution) by conducting a laser

198

diffraction analysis in a laser particle sizer (Analysette 22 microtec, FRITSCH, Idar-Oberstein,

199

Germany) of burned (550 C, 12 h) and decalcified (HCl [10 %]) samples; we determined the

200

fraction of sand (grain size 63 µ-2 mm), silt (2 µm-63 µm), and clay (<2 µm). We estimated

201

the potential cation exchange capacity according to Sponagel (2005) from pH and soil type of

202

each sample.

203
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204

Climate data

205

Climate data for all study sites was obtained from European gridded climate data (climateEU)

206

available at http://tinyurl.com/ClimateEU and created with the software package ClimateEU

207

v4.63 based on methodology according to (Hamann et al., 2013). The climate parameters were

208

averaged over 30 years and are represented in a spatial resolution of 2.5 km². For the subsequent

209

statistical analysis we selected seasonal (winter: previous December–February, spring: March–

210

May, summer: June–August, autumn: September–November) and annual temperature and

211

precipitation data, as well as some derived annual measures of drought (Hargreaves Climatic

212

Moisture Deficit), growing season length (growing degree days above 5 °C), snow cover

213

(precipitation as snow), and seasonality (temperature seasonality expressed by the standard

214

deviation of monthly mean temperatures). For precipitation, we also included the precipitation

215

sum during the summer half-year (May–September).

216

Statistical analysis

217

As input for all following statistical analysis, we calculated pairwise Bray–Curtis dissimilarities

218

between all plots from untransformed data (Bray & Curtis, 1957). In analogy, we expressed the

219

environmental dissimilarity between plots as the distance in the Euclidian space from range

220

scaled environmental variables (all variables have range 0–1).

221

We tested for significant differences in understory composition (represented by Bray–Curtis

222

dissimilarities) between sites by applying a non-parametric analysis of variance (Anderson,

223

2001) that was implemented in the R-package vegan with the function adonis (Permutational

224

Multivariate Analysis of Variance Using Distance Matrices, Oksanen et al., 2016).

225

Subsequently, we tested if the homogeneity of variance of Bray–Curtis dissimilarities across

226

sites was satisfied in the above model. To do so, the Euclidian distance of each plot to the site

227

centroid in the ordination space was calculated (implemented in function betadisper in

228

vegan, Anderson, 2006; Oksanen et al., 2016). From those distances, the within group (within

229

site) variance was then computed from a permutated (n = 999) pairwise comparison

230

(permutest in vegan Anderson, 2006; Oksanen et al., 2016). In addition to the factorial

231

testing, we also applied a permutated (n = 999) Mantel test to test numerically if a change in

232

the understory composition (matrix of Bray–Curtis dissimilarities) could be explained by

233

environmental change (matrix of Euclidian distances) across sites.

234

We further applied ordination methods to identify the influence of individual soil and climatic

235

parameters on the understory species composition. To do so, we used Unconstrained Ordination

236

Analysis, namely Non-metrical Multidimensional Scaling (NMDS) with repeated random
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237

starts, as implemented in the function metaMDS in the R-package vegan (Oksanen et al., 2016).

238

Here, we first determined the optimal number of axes to use in the ordination by comparing i

239

different NMDS ordinations with ki = 1–10 axes and 20 random starts each. Based on the

240

criterion of which number of axes-dimensions ki gives the largest relative decrease in NMDS-

241

stress from the previous dimension ki-1, k = 2 was determined as optimal number of axes (Figure

242

S1 in appendix S3 in supplementary material). Second, we repeated the ordination with the

243

optimal number of axes k = 2 and 100 random starts. Third, we fitted the individual

244

environmental parameters (range scaled) onto the NMDS ordination space with the function

245

envfit (R-package vegan, Oksanen et al., 2016). Here, the significance (p < 0.05) of

246

correlations between environmental parameters and ordination axes was assessed in a 999-fold

247

permutation test.

248

With variance partitioning, we analysed how much of the dissimilarity in vegetation

249

composition (Bray–Curtis dissimilarity matrix) could be explained by soil and/or climate data.

250

The environmental data set was highly collinear, so instead of the original soil and climate

251

variables, we first selected the environmental parameters that significantly explained the change

252

in species composition (significant correlation with ordination axes, as described above). From

253

this selection, we subsequently transposed both soil and climate data to ordination axes. This

254

transposition was done by centring (mean was set to zero) and standardizing (standard deviation

255

was set to one) the data, followed by performing separate principal component analyses (PCA)

256

for soil and climate. We used axes 1 to 4 for each PCA, which equalled 99 % variance explained

257

for climate and 91 % variance explained for soil. We used the function varpart in the R-

258

package vegan (Oksanen et al., 2016) to calculate how much (represented by size of adjusted

259

R²) of the variation in understory species composition (Bray–Curtis dissimilarity between plots)

260

was explained by soil and climate PCA-axes.

261
262

Results

263

Differences between sites (H1)

264

Sites differed significantly in their understory composition (p < 0.001; Table 1). However, the

265

Bray–Curtis diversity was not homoscedastic across sites in this categorical test because the

266

within-group variance of compositional distances between plots differed between sites (Figure

267

5, p = 0.027 in 999-fold permutation test for group homogeneity). Numerical testing

268

nevertheless showed that the change of understory composition was significantly correlated to
65

269

the change of environmental parameters (soil and climatic gradient) across study sites (Mantel

270

test R = 0.52, p < 0.001).

271
272
273

Table 1 Effect of sample site on the understory composition in 999-fold ADONIS (Permutational
Multivariate Analysis of Variance Using Distance Matrices).
Degrees of
freedom

Sum of
squares

Mean
Squares

F statistics

R²

p value

Site

8

7.89

0.99

15.67

0.73

<0.001

Residuals

46

2.89

0.063

Total

54

10.79

0.27

274

275
276
277
278
279

Figure 5 Within-site variance (median and range) of Bray–Curtis dissimilarities measured as
Euclidian distance of each plot to group (site) centroid within ordination space of Principal
Coordinate Analysis. Variance differed significantly between sites (p = 0.027 in 999-fold permutation
test).

280
281

Soil and climatic factors explaining the floristic gradient (H2)

282

The gradual change of the understory composition was well modelled by the two-dimensional

283

NMDS, which was shown by the high correlation (R = 0.88) of Bray–Curtis dissimilarities

284

between plots and distance of plots in the NMDS ordination space (Figure S2 in appendix S3

285

in supplementary material). Although the variation in compositional distance among sampled

286

plots was relatively high for some sites (KA, BH, BB), the sites were well separated from each

287

other in the ordination space (Figure 6).
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288
289
290
291
292

Figure 6 Unconstrained ordination analysis (NMDS) of forest understory composition and post hoc fit
of environmental variables (only significant variables p<0.05 shown). Symbol position was slightly
adjusted to avoid overplotting. For full species names and environmental variables (climate and soil)
see Table S1 (appendix S3) and Table 2, respectively.

293
294

The variation in the understory composition was low in our study area, which is also represented

295

by the short ordination axes. We found 54 different species in total. Beech saplings (Fagus

296

sylvatica), Rubus idaeus, Luzula pilosa, Oxalis acetosella, Pleurozium schreberi, and

297

Polytrichum formosum occurred commonly across all or almost all sites (Table S1 in appendix

298

S3, Figure 6). Under less acidic, nutrient richer (lower C/N ratio) conditions Anemone
67

299

nemorosa, Acer pseudoplatanus, Juncus effusus, Mercurialis perennis, Rubus idaeus, and

300

Stellaria media occurred frequently (presence at 3–5 sites); under wetter and more acidic

301

conditions Carex pilulifera, Dicranella heteromalla, Deschampsia flexuosa, Maianthemum

302

bifolium, Picea abies, and Veronica montana occurred frequently. We found relatively few

303

ecological specialists (species only occurring at one or two sites). Those specialists were

304

Aegopodium podagraria, Ficaria verna, and Lamium galeobdolon at wet and rich plots;

305

Alliaria petiolata, Hypnum cupressiforme, Rhamnus frangula, Urtica dioica, and Vaccinium

306

myrtillus at richer plots with warm spring temperatures and a long growing season (high

307

growing degree days); Brachythecium rutabulum and Festuca altissima at the driest, species-

308

poor plots (at sites DE and GR with highest climatic moisture deficit); Betula pendula and

309

Leucobryum glaucum at site WE with lowest humification (wet-cold climate and acidic soils

310

with highest C/N ratio); Ceratodon purpureus and Pinus sylvestris at cold-wet sites (KA, KO,

311

WE); Ulota crispa at a climatically intermediate, but stoniest site (NZ). Therefore, the plots and

312

sites were differentiated by gradual changes of species abundances within a shared species pool

313

rather than by complete shifts of species communities.

314

The change in the understory species composition could be explained by both climate and soil

315

parameters (significant correlation of environmental parameters with ordination axes, Figure 6,

316

Table 2). Among soil parameters, subsoil organic matter content, topsoil pH, and subsoil C/N

317

ratio best explained the species composition change (Table 2). Climate parameters that followed

318

suit in their explanatory power were autumn precipitation, mean annual precipitation, climatic

319

moisture deficit, spring temperature, and growing degree days.
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320
321
322
323

Table 2 Goodness of post hoc fit of environmental variables to ordination axes. Position along
ordination axis and goodness of fit (R² and p-value) are shown for all input variables. Significant
predictors (p < 0.05) are in bold letters. For soil parameters, values are given for A, B, and C horizon
(topsoil, subsoil, and substratum).
Variable

Label in Figure 2

NMDS-scores
Axis 1
Axis 2
Sand content (A)
sand_cont_A
-0.95
-0.30
Sand content (B)
sand_cont_B
-0.59
-0.81
Sand content (C)
sand_cont_C
-0.39
0.92
Clay content (A)
clay_cont_A
0.17
0.99
Clay content (B)
clay_cont_B
0.12
0.99
Clay content (C)
clay_cont_C
-0.62
0.79
Silt content (A)
silt_cont_A
0.96
0.26
Silt content (B)
silt_cont_B
0.61
0.79
Silt content (C)
silt_cont_C
0.029
1.00
C/N-ratio (A)
CN_A
1.00
0.043
C/N-ratio (B)
CN_B
0.68
0.73
C/N-ratio (C)
CN_C
1.00
-0.051
pH (A)
pH_A
-0.89
-0.46
pH (B)
pH_B
-0.42
0.91
pH (C)
pH_C
-0.82
0.57
Organic matter content (A)
OM_A
0.58
0.82
Organic matter content (B)
OM_B
0.20
0.98
Potential cation exchange capacity (A)
CECpot_A
0.31
0.95
Potential cation exchange capacity (B)
CECpot_B
0.39
0.92
Climatic moisture deficit
CMD
0.41
-0.91
Growing degree-days (>5 °C)
DD5
0.26
-0.96
Mean annual precipitation
MAP
-0.21
0.98
Mean annual temperature
MAT
0.063
-1.00
MSP
-0.037
1.00
Mean summer1precipitation
Precipitation as snow
PAS
0.086
1.00
2
Mean winter precipitation
Prec_wt
-0.99
0.14
Prec_sp
-0.32
-0.95
Mean spring3precipitation
Mean summer4precipitation
Prec_sm
-0.029
1.00
Mean autumn5precipitation
Prec_at
-0.021
1.00
Average winter2temperature
Tave_wt
-0.31
-0.95
Tave_sp
0.24
-0.97
Average spring3temperature
Average summer4temperature
Tave_sm
0.29
-0.96
Average autumn5temperature
Tave_at
0.082
-1.00
Temperature seasonality
TSD
0.97
0.25
1
) May—September,2) December (previous year)—February,3) March—May,4)
September—November

R²

p value

0.082
0.117
0.29
<0.001
0.23
0.002
0.073
0.153
0.13
0.032
0.079
0.114
0.084
0.114
0.30
<0.001
0.081
0.108
0.38
<0.001
0.55
<0.001
0.28
<0.001
0.58
<0.001
0.26
<0.001
0.47
<0.001
0.45
<0.001
0.59
<0.001
0.22
<0.001
0.36
<0.001
0.51
<0.001
0.47
<0.001
0.51
<0.001
0.43
<0.001
0.45
<0.001
0.40
<0.001
0.23
<0.001
0.38
<0.001
0.38
<0.001
0.55
<0.001
0.36
<0.001
0.49
<0.001
0.45
<0.001
0.41
<0.001
0.37
<0.001
June—August,5)
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325
326

Importance of soil vs. climate parameters to explain floristic gradient (H3)

327

Variance partitioning showed that soil independently explained 32 % of the variation in species

328

composition. Climate independently explained 22 %. Together, soil and climate additionally

329

explained 14 % of the variance (Figure 7). This resulted in 68 % total explained variance by

330

soil and climate.
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331
332
333

Figure 7 Share of variance in understory species composition explained by soil vs. climate parameters.
The fractions of variance explained refer to the size of adjusted R².

334
335

Discussion

336

The understory composition changed along the environmental gradient in our studied beech

337

forest ecosystems, as hypothesized. The climatic gradients were rather strong in our study area

338

and resembled the likely model predictions for a climate warming of ΔT = 4 K during the

339

current century (IPCC, 2013). However, our analysis showed only a small species turnover in

340

the observed forest understory communities. We could observe a high overlap of species across

341

the understory communities in our study area compared to the relatively low influence of

342

species that are ecological specialists and only occur at one or few sites. Thus, our sites differed

343

in the abundance of common species rather than in species composition. Despite the strong

344

environmental gradients, these fairly continuous vegetation changes are typical for the

345

understory composition along environmental gradients in beech forest ecosystems (Brunet et

346

al., 1996; Diekmann et al., 1999). Given this ecological homogeneity and linearity over the

347

large geographic distance of 400 km, we could analyse the explanatory importance of regional

348

climate parameters in comparison to local soil parameters for the understory composition

349

(Diekmann et al., 1999). In accordance with our second hypothesis, we found that the

350

composition depended on both regional climate parameters and local soil parameters. Our

351

results showed topsoil pH, subsoil organic matter content, and C/N ratio as most important soil

352

parameters, whereas water availability and growing degree days were the most important

353

climatic parameters. Contrary to our third hypothesis, however, soil properties were better

354

predictors of the forest understory composition than the regional climate. Despite the strong
70

355

temperature gradient of ΔT = 4 K in our study area, the regional climate alone explained less

356

than a quarter of the change in understory composition.

357
358

Influence of climate parameters on understory composition

359

Among the regional climate parameters, both indicators for annual water availability (mean

360

annual precipitation, climatic moisture deficit) and temperature during the growing season

361

(average spring temperature, growing degree days) emerged as the most important drivers of

362

the understory composition in our beech forests. The importance of annual – not seasonal –

363

measures of water availability can be explained by the longer water storage and more constant

364

soil moisture within forests compared to non-forested ecosystems (Chen, Franklin, & Spies,

365

1993; Chen et al., 1999). Thus, plants have access to water stored in the soil over longer periods.

366

In contrast to water availability, the most important temperature parameters were those

367

measured during the growing season and not annual means. This is likely because plants and

368

plant growth are directly influenced by the air temperature during this time, while there is little

369

influence of air temperature during winter in temperate ecosystems when plants are dormant

370

(Körner et al., 2016). Although we found differences in the understory composition along these

371

strong gradients of water availability and growing degree days, the climatic differences between

372

sites explained only 22 % of those differences in our study area. This low climatic influence

373

might be explained by the forest canopy that moderates the forest microclimate and buffers

374

influences of the regional climate on the understory vegetation (Frenne et al., 2013). With this

375

decoupling from the regional climate, other local site conditions, such as nutrient availability,

376

are more important for the understory vegetation (Barbier, Gosselin, & Balandier, 2008;

377

Janssen et al., 2018).

378
379

Influence of soil parameters on understory composition

380

The local soil properties better predicted the understory composition in our study area (32 %

381

explained variance) than the regional climate. However, local soil parameters also depend on

382

both the regional settings (i.e. bedrock and long-term climatic influence) and on the moderating

383

effect of the local forest type and its structure, similar to the microclimate (Hagen-Thorn,

384

Callesen, Armolaitis, & Nihlgård, 2004; Neirynck, Mirtcheva, Sioen, & Lust, 2000; Vesterdal,

385

Schmidt, Callesen, Nilsson, & Gundersen, 2008). We found that the understory composition

386

was most responsive to topsoil pH and subsoil C/N ratio, both of which strongly depend on the

387

key tree species (Cools, Vesterdal, Vos, Vanguelova, & Hansen, 2014; Neirynck et al., 2000;
71

388

Vesterdal et al., 2008). Beech litter in particular has a high C/N ratio (litter C/N = 43.1 ± 5.0,

389

Vesterdal et al., 2008) compared to other European deciduous forest trees, resulting in slow

390

litter decomposition (Hagen-Thorn et al., 2004; Neirynck et al., 2000; Vesterdal et al., 2008).

391

Both the low leaf nitrogen content and the slow litter decomposition cause a low nitrogen

392

content and a high C/N ratio in forest topsoils and subsoils (Vesterdal et al., 2008). The

393

moderating effect of beech as a key tree species on the range of C/N ratios in topsoil and subsoil

394

is even stronger than the influence of the bedrock type (Cools et al., 2014). Soil pH is also

395

reduced below beech because the return of base cations is strongly hampered by the long storage

396

in the typically slowly decomposing leaf litter (Hagen-Thorn et al., 2004). In conclusion, we

397

found that the beech forest understory composition is particularly sensitive to soil parameters

398

that are dynamic, because they depend more on the key tree species than on the bedrock. Hence,

399

the 32 % of vegetation variance explained by soil parameters do not reflect the same amount of

400

temporal stationarity that might be expected from soil parameters. The reaction time for

401

adjusting to new pedologic conditions is hard to predict for forest understory communities due

402

to its composition of perennials with diverse longevity and may thus lie between one and several

403

decades (Brunet et al., 1996). With regards to the soil ,the understory composition is

404

nevertheless a rather dynamic steady-state function of the interaction between pedogenesis and

405

forest type (Brunet et al., 1996).

406
407

Interrelationship of soil, climate and key tree species

408

The forest type and key tree species nowadays strongly depend on the feasible forest

409

management practice regarding the regional climate and local soil settings (Härdtle et al., 2005).

410

The management practice again feeds back into the forest microclimate and soil properties,

411

because they in turn are also influenced by the forest type and key tree species specific canopy

412

structure and litter quality, respectively (Barbier et al., 2008; Song, Chen, & Williams, 2014;

413

Vesterdal et al., 2008). Similarly, climate and soil interact because the regional climate

414

influences the pedogenesis and the soil composition feed back to the modulation of the forest

415

microclimate by their influence on the forest type (Härdtle et al., 2005). Our study showed

416

direct influences of both climate and soil on the understory composition. In combination with

417

the previously mentioned ecological interdependencies, our findings indicate that the

418

understory composition ultimately results from the interrelationship triangle between soil,

419

climate, and key tree species. The nesting within this triangle apparently creates some inertia

420

towards shifting climate envelopes, so that effects of global climate change on the forest
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421

understory composition are still buffered in today’s forest ecosystems (Bertrand et al., 2011;

422

Frenne et al., 2013). The complex triangular interactions, however, probably also cause non-

423

linear responses of the understory composition to climate change and make the system hardly

424

predictable with ecological niche models; rather, the response to climate change appears to be

425

buffered in forest ecosystems, though only until certain ecological tipping points are reached,

426

i.e. change of the forest type and abundance of key tree species (Frenne et al., 2013; Ratcliffe,

427

Bosman, & Carnol, 2018). Our study area with approximately 600 mm mean annual

428

precipitation is already relatively dry for beech forest ecosystems (Leuschner et al., 2006).

429

Particularly in our partly drought-sensitive study area (Weigel et al., submitted), such an

430

unpredictable tipping point may be reached if forest managers decide for a higher mixture of

431

beech with other – even exotic (e.g. douglas fir) – tree species to buffer productivity losses

432

against generally increasing drought stress (Bréda, Huc, Granier, & Dreyer, 2006; Pretzsch,

433

Schütze, & Uhl, 2013). Due to those non-linear responses to ecological tipping points or

434

anthropogenic interferences, the future of the forest understory composition is hence

435

surprisingly hard to predict, although we found a strong spatial association of the understory

436

composition with soil and climate parameters.

437
438

Conclusion

439

Previous research has often focused on explaining the community turnover in the forest

440

understory using only climate or only soil gradients because regional climate and local soil

441

conditions usually change on very different scales. However, we were able to make use of the

442

large-scale ecological homogeneity of lowland beech forest ecosystems in the ground moraine

443

landscape of northern Germany and Poland to directly compare whether climate or soil has the

444

stronger influence on the forest understory. Indeed, local soil conditions – not the macroclimate

445

– are the strongest predictors of beech forest understory composition. Thus, at first one would

446

think that the influence of projected climate change on the understory might be buffered.

447

However, the forest soil properties that best explained the understory composition (i.e. pH, C/N

448

ratio, organic matter content), strongly depend on the key tree species. Consequently, the

449

understory composition is buffered against climate change only as long as the complex triangle

450

of ecological interaction between soil, climate, and key tree species does not exceed ecological

451

tipping points. For this reason, we question the suitability of space-for-time-approaches, i.e.

452

ecological niche models, to predict the future of the forest understory composition in a changing

453

world because such approaches typically assume constant non-climatic conditions as well as
73

454

stationarity and absence of tipping points in plant-environment interactions. By contrast, we

455

recommend an understanding of the forest understory composition as a function of diverse

456

ecological interactions. The future of this function would be better predicted by models that

457

incorporate not only climate trends, but also climate risk mitigation preferences of forest

458

managers as well as feedbacks to the soil compartment.

459
460
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from field sampling to lab analysis. Robert Weigel and Jürgen Kreyling discussed the wider
implications of the study results with the other authors particularly contributing knowledge on
nitrogen cycling (Ilka Beil, Gerhard Gebauer, Hugh A. L. Henry), soil respiration (Gerald
Jurasinski), tree stem growth dynamics (Marcin Klisz, Ernst van der Maaten), and seedling
establishment (Lena Muffler). Robert Weigel wrote the manuscript with contributions from
Hugh A. L. Henry and Jürgen Kreyling. All authors commented on the manuscript.
Manuscript 2 (Weigel et al., in review, Forest understory vegetation is more related to soil
than to climatic parameters towards the cold distribution margin of European beech):
Robert Weigel and Jürgen Kreyling conceived and designed the study. All authors contributed
from study site selection to data collection (vegetation mapping and lab analysis of soil
samples). Robert Weigel conducted the statistical analysis with contributions from Jürgen
Kreyling and Michael Manthey. Robert Weigel wrote the manuscript with all authors discussing
the results of the study and commenting on the manuscript.
Manuscript 3 (Weigel et al., 2018, Winter matters: Sensitivity to winter climate and cold
events increases towards the cold distribution margin of European beech (Fagus sylvatica
L.)): Robert Weigel and Jürgen Kreyling conceived and designed the study. All authors
contributed from field sampling to sample processing in the tree-ring lab. Robert Weigel
analysed the data and evaluated climate–growth relationships in tree-ring archives with
contributions from Jürgen Kreyling, Marieke van der Maaten-Theunissen, and Ernst van der
Maaten. Robert Weigel wrote the manuscript with assistance from Ernst van der Maaten. All
authors discussed the implications of the study and commented on the manuscript.
Manuscript 4 (Hacket-Pain et al., 2018, Climatically controlled reproduction drives interannual growth variability in a temperate tree species): Andrew J. Hacket-Pain, Christian
Zang, Giorgio Vacciano, Davide Ascoli, Andrew D. Friend designed the study, conducted the
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global meta-analysis of local tree-ring archives, and led the manuscript writing. Robert Weigel
contributed to the study by scientific evaluation of local tree-ring archives, data management,
delivering expert knowledge in the discussion on local climate–growth relationships, and
commenting on the manuscript.
Manuscript 5 (Djukic et al., 2018, Early stage litter decomposition across biomes): A core
group of authors (Ika Djukic, Sebastian Kepfer-Rojas, Inger Kappel Schmidt, Klaus Steenberg
Larsen, Claus Beier, Björn Berg, Kris Verheyen) conducted statistical data analysis and led the
writing of the manuscript. Robert Weigel contributed to the study by scientific site
management, scientific evaluation of local decomposition rates, data management, acquisition
of local climate data, and commenting on the manuscript.

Supervisor (Jürgen Kreyling)

PhD-applicant (Robert Weigel)
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Data availability
All primary data that was collected during the PhD studies is stored on the primary data server
of the University of Greifswald. All manuscripts refer to supplementary material, which is
attached to this thesis (data-CD). The data-CD also contains all individual manuscripts
contributing to this thesis and the primary data as it is stored on the primary data server.
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List of manuscripts and further scientific contributions
List of manuscripts contributing to this thesis
Manuscript 1

Update: In review. Journal of Ecology.

Weigel, R., Henry, H.A.L., Beil, I., Gebauer, G., Jurasinski, G., Klisz, M., Muffler, L., van
der Maaten, E., Kreyling, J. (submitted) Ecosystem processes show uniform sensitivity to
winter soil temperature change across a continental gradient of temperate forests. Global
Change Biology.
Manuscript 2

Update: Accepted. Journal of Vegetation
Science 2019. DOI: 10.1111/jvs.12759

Weigel, R., Gilles, J., Klisz, M., Manthey, M., Kreyling, J. (in review) Forest understory
vegetation is more related to soil than to climatic parameters towards the cold distribution
margin of European beech. Journal of Vegetation Science.
Manuscript 3
Weigel, R., Muffler, L., Klisz, M., Kreyling, J., van der Maaten-Theunissen, M., Wilmking,
M., van der Maaten, E. (2018). Winter matters: Sensitivity to winter climate and cold events
increases towards the cold distribution margin of European beech (Fagus sylvatica L.).
Journal of Biogeography. DOI:10.1111/jbi.13444.
Manuscript 4
Hacket-Pain, A.J., Ascoli, D., Vacchiano, G., Biondi, F., Cavin, L., & Conedera, M., …,
Weigel, R., Wilmking, M., Zang, C. (2018). Climatically controlled reproduction drives interannual growth variability in a temperate tree species. Ecology Letters.
DOI:10.1111/ele.13158.
Manuscript 5
Djukic, I., Kepfer-Rojas, S., Kappel Schmidt, I., Larsen, K.S., Beier, C., Berg, B., Verheyend,
K., …, Weigel, R. et al. (2018) Early stage litter decomposition across biomes. Science of The
Total Environment 628-629: 1369–1394. DOI: 10.1016/j.scitotenv.2018.01.012
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Further peer-reviewed publications
Weigel, R, Irl, S.D.H., Treydte, K., Beierkuhnlein, C., Berels, J., Field, R., Miranda, J.C.,
Steinbauer, A., Steinbauer, M.J., Jentsch, A. (accepted) A novel dendroecological method
finds a non-linear relationship between elevation and seasonal growth continuity on an island
with trade wind-influenced water availability. AoB Plants.

DOI: 10.1093/aobpla/ply070

Weigel, R., Koellner, T., Poppenborg, P., Bogner, C. (accepted) Crop diversity and stability
of revenue on farms in Central Europe: An analysis of big data from a comprehensive
agricultural census in Bavaria. PLOS ONE.

DOI: 10.1371/journal.pone.0207454

Conference contributions (talks)
Experimental Plant Ecology meets Dendroecology: Indications for the influence of winter
climate on growth towards the cold distribution margin of European beech (Fagus sylvatica
L); Weigel, R., Gebauer, G., Klisz, M., Kreyling, J., van der Maaten-Theunissen, M., Muffler,
L., Wilmking, M., van der Maaten, E. – TRACE 2018 Tree Rings in Archeology, Climatology,
and Ecology, Greifswald, Germany: 24–27 April 2018

Conference contributions (posters)
The importance of snow cover and winter soil temperature for soil biotic activity, nutrient
availability, and plant growth in temperate forest ecosystems towards the distribution margin
of European beech (Fagus sylvatica L.); Weigel, R., Gebauer, G., Henry, H.A.L., Klisz, M.,
Muffler, L., van der Maaten, E., Kreyling, J. - Ecology Across Borders: Joint Annual Meeting
2017, Ghent, Belgium: 11-14 December 2017.
Experimental Plant Ecology Meets Dendroecology: On Effects of Climate and Extreme
Weather Events towards the Cold Distribution Margin of European Beech (Fagus sylvatica
L.); Weigel, R., Klisz, M., van der Maaten, E., van der Maaten-Theunissen, M., Muffler, L.,
Kreyling, J.; Meeting of the COST-action ClimMani — Experiments designed by nature, Novi
Sad, Serbia: 25—27 October 2016.
Experimental Plant Ecology Meets Dendroecology: On Effects of Climate and Extreme
Weather Events towards the Cold Distribution Margin of European Beech (Fagus sylvatica
L.); Weigel, R., Klisz, M., van der Maaten, E., van der Maaten-Theunissen, M., Muffler, L.,
Kreyling, J.; TRACE 2016 Tree Rings in Archeology, Climatology, and Ecology, Białowieża,
Poland: 11–15 May 2016.
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Crop Diversity and Income Stability on Farms in Bavaria: Composition of Portfolios Is More
Crucial than Pure Quantity of Crops; Weigel, R., Bogner, C., Poppenborg, P., Koellner, T.;
45th meeting of the Ecological Society of Germany (GfÖ) 2015, Göttingen, Germany: 31
August–4 September 2015.
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