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and Norway spruce Picea abies along an elevational gradient in the Swiss Alps using
measurements of stem radius changes, sap flow and tree-ring widths. Local-scale inter-
specific differences between the two conifers were further explored at the European
scale using data from the International Tree-Ring Data Bank. Across the analysed
elevational gradient, tree water use showed steeper variability decay with increasing
time scale than tree growth, with no significant interspecific differences, highlight-
ing stronger statistical memory in tree growth processes. Moreover, Norway spruce
displayed slower decay in growth variability with increasing time scale (higher statisti-
cal memory) than European larch; a pattern that was also consistent at the European
scale. The higher statistical memory in tree growth of Norway spruce in comparison to
European larch is indicative of lower resilience of the former in comparison to the lat-
ter, and could potentially explain the occurrence of European larch at higher elevations
at the Alpine treeline. Single metrics of resilience cannot often summarize the multi-
faceted aspects of ecosystem functioning, thus, second-order statistics that quantify
the strength of statistical memory in ecophysiological time series could complement
existing resilience indicators, facilitating the assessment of how environmental changes
impact forest growth trajectories and ecosystem services.
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Introduction

Tree water use and growth are intrinsically coupled processes
that define tree performance and affect terrestrial biogeo-
chemical cycles across spatiotemporal scales. Tree water use
and the resulting fluctuations in stem water storage and fluxes,
not only shape the terrestrial water cycle through transpira-
tion (a major flux of the terrestrial water budget; Schlesinger
and Jasechko 2014, Good et al. 2015), but also affect tree
growth (Fatichi et al. 2015, Jensen et al. 2016, Pfautsch
2016, Venturas et al. 2017). Forest growth, apart from direct
impact on the terrestrial carbon cycle (Huntzinger et al.
2017, Le Quéré et al. 2018, Fatichi etal. 2019), affects several
other biochemical and biophysical processes and trigger local,
regional and global scale climate feedbacks (Bonan 2008,
Friedlingstein 2015). Quantifying the interplay between tree-
level water and carbon dynamics is therefore crucial for better
understanding ecosystem responses to future climatic condi-
tions and hydrometeorological extremes (Reichstein et al.
2013, Reyer et al. 2013).

Tree stems serve as ‘highways” for water and sugar trans-
port (Furze et al. 2018). Yet, so far, tree water use and
growth have primarily been analysed focusing on specific
time scales, e.g. diel water use, annual growth. Most of the
continuous ecophysiological measurements (e.g. with high
frequency sap flow sensors or stem dendrometers) have
been performed on relatively short time scales spanning
few growing seasons, making it difficult to assess long-term
variability in the underlying processes. Tree-ring widths
(TRW) provide a long-term perspective of annual tree
growth, yet intra-annual growth dynamics remain poorly
quantified (Babst et al. 2018). Scrutinizing the variabil-
ity of ecophysiological processes across a continuum (e.g.
hourly to decadal variability) rather than individual time
scales (daily, annual, etc.) could shed light on vegetation
resilience to environmental changes.

Tree secondary growth, i.c. tissue expansion and meriste-
matic activity leading to stem thickening, is an indicator of
tree age and vitality (Dobbertin 2005) and its temporal vari-
ability is strongly linked to tree performance, vulnerability
and resilience to environmental changes (Lloret et al. 2011,
Camarero etal. 2015, Cailleretetal. 2017, Rogersetal. 2018).
Tree water storage has been recently suggested as a robust
indicator of drought-induced tree mortality risk (e.g. rela-
tive tree water content, Martinez-Vilalta et al. 2018). Indeed,
similarly to other geophysical phenomena (Mandelbrot and
Wallis 1969), the statistical properties of spatiotemporal eco-
physiological observations can be used to quantify short- and
long-term persistence (statistical memory, hereafter ‘mem-
ory’) of the underlying processes (Pappas et al. 2017) and to
infer early-warning signals for critical transitions (Dakos et al.
2012, Scheffer et al. 2015). Power spectra (Kleinen et al.
2003) as well as changes in second-order statistics (Carpenter
and Brock 2000) of time series describing ecosystem processes
could provide robust indicators of ecological transitions, such
as, for example, early-warning signals of drought-induced

tree mortality (Camarero et al. 2015, Rogers et al. 2018,
Cailleret et al. 2019). Such statistics are widely applied in sev-
eral disciplines including metrology (‘allan deviation graph’;
Allan 1966), hydrology (Hosking 1984, Pelletier and Turcotte
1997; and ‘climacogram’; Koutsoyiannis 2015), climatology
(Mitchell 1976, Koscielny-Bunde et al. 1998, Markonis and
Koutsoyiannis 2012) and terrestrial carbon cycle (Katul et al.
2001, Stoy et al. 2005, Mahecha et al. 2007, Paschalis et al.
2015, Pappas et al. 2017), but have not been yet exploited in
an ecophysiological context. A systematic characterization of
the temporal variability in tree water use and growth across
a continuum of time scales could provide important insights
not only into tree performance but also into species resilience
to environmental changes, as detailed below.

Variability can be intuitively quantified with the estima-
tor of standard deviation of the examined time series (& ).
Exploring how & decreases with averaging time scale (k), e.g.
hourly, daily, seasonal and inter-annual variability (Fig. 1),
can reveal the strength of the autocorrelation structure (mem-
ory) of the data (‘aggregated variance analysis’; Papoulis
1965, Beran 1994, Taqqu et al. 1995, Koutsoyiannis 2015).
Applying this approach to ecophysiological time series, spe-
cies-specific differences in tree water use and growth may be
pinpointed and species resilience to environmental stressors
may be inferred by the strength of memory in the examined
data (Fig. 1; Pappas et al. 2017). The rationale behind this
approach is that species which exhibit high variability in
ecophysiological variables describing tree vitality (e.g. tree
growth) at longer time scales are characterised by a positive
autocorrelation structure and display higher memory. Species
with higher memory (illustrated, for example, with clus-
ters of local minima or maxima in tree growth time series)
may be more affected by disturbances (e.g. atmospheric
and soil droughts, insect outbreaks), resulting in lower
overall resilience and higher vulnerability to environmental
changes (Pappas et al. 2017, van de Leemput et al. 2018).
On the other hand, species with steeper variability decay
with increasing # correspond to species with lower memory,
and thus faster response/recovery in case of disturbances,
indicating species with enhanced resilience and lower vul-
nerability under environmental changes. The emerging pat-
terns of cross-scale variability are the result of whole plant
trait coordination with numerous interacting processes that
are constrained and coordinated by stoichiometry, resource
availability and local environment. As environmental stress
persists, e.g. insect outbreaks, repeated or extended periods
of water stress, tree vigour gradually decreases till a point that
tree mortality is triggered (Rogers et al. 2018). This could
be reflected in enhanced autocorrelation in tree ecophysi-
ological time series. Thus, autocorrelation structure of tree
ecophysiological time series may provide insights into species
resilience, in accordance with previous definitions of ecologi-
cal resilience (i.e. ‘the capacity to reach pre-disturbance per-
formance levels’; Lloret et al. (2011) and references therein),
where ¢ quantifies the ‘deviation” from mean/undisturbed
conditions at different time scales.
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Figure 1. The two-dimensional logarithmic space of standard deviation (o) versus averaging time scale () used for analysing the cross-scale
variability and statistical memory in tree water use and growth. Plausible regimes of variability decay are illustrated (coloured area). The
variability decay of example processes, namely, deterministic harmonic functions, purely random processes (white noise; no memory) and
processes with constant ¢ across time scales (e.g. random walk, linear trends) are highlighted. A linear slope (6; [unitless]) was used to
approximate the rate of variability decay with increasing 4. Slow variability decay with increasing 4 results in gentle slopes that are indicative
of processes with positive autocorrelation structure and memory. Higher memory in tree ecophysiological processes can be a signature of

lower species resilience to environmental stressors.

Here, we used the aforementioned approach to analyse
tree water use and growth of co-occurring European larch
Larix decidua and Norway spruce Picea abies along a 1400-m
elevational gradient in the European Alps (Fig. 2a-b). The
dataset consists of measurements of stem radius changes,
sap flow and TRW collected using a ‘tree-centred’ approach
(i.e. comprehensive ecophysiological measurements across
selected tree individuals; Sass-Klaassen et al. 2016) together
with concurrently recorded environmental variables, i.e. air
temperature (7), vapour pressure deficit (VPD) and soil
moisture. Stem radius changes were partitioned empirically
to reversible and irreversible changes and were used to char-
acterize tree water use and growth, respectively. Sap flow and
reversible stem radius changes allowed us to quantitatively
describe growing-season tree water use from hourly to sea-
sonal time scales. Hourly irreversible stem radius changes and
TRW were used to describe tree growth dynamics at seasonal
to decadal time scales. Local scale interspecific differences in
the tree growth of European larch and Norway spruce across
the examined elevational gradient were further investigated at
the European scale using TRW from the International Tree-
Ring Data Bank (ITRDB, Fig. 2a).

We hypothesize that the cross-scale temporal variability in
tree water use will display faster decay in comparison to growth
variability decay since tree water use exerts pronounced diur-
nal fluctuations driven by light and vapour pressure deficit,
while tree growth is the result of numerous interacting pro-
cesses acting across multiple time scales. Moreover, the differ-
ent growth form of the two conifers, where European larch is
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deciduous while Norway spruce evergreen species (Ellenberg
and Struce 1988, Lebourgeois et al. 2010), are expected to
lead to different signatures of resilience capacity, as a result of
their interspecific differences in resource allocation and use.

Material and methods

Study area

The study area is located in the Lotschental region of the Swiss
Alps (46°2340"N, 7°45'35"E; Fig. 2b). The area is mainly
covered with well-mixed populations of Norway spruce and
European larch distributed along a 1400-m elevational gradi-
ent, spanning from 800 m a.s.l. till 2200 m a.s.l. at the treeline
and consists of five sampled elevations corresponding to 800,
1300, 1600, 1900 and 2200 m a.s.l. (Fig. 2b, Supplementary
material Appendix 1 Table Al). Stand density ranges from
ca 605 stems ha™ at low elevations (with 53% Norway
spruce and 47% European larch) to ca 207 stems ha™' of
only European larch at the treeline (Supplementary mate-
rial Appendix 1 Table A2; Peters et al. 2017). Environmental
conditions were monitored at each sampled elevation includ-
ing houtly 7, relative humidity (Onset, USA, U23-002 Pro;
used to calculate VPD) and soil volumetric water content
at 10cm depth (SWC; Decagon, USA, EC-5). A detailed
description of the environmental data and their processing is
provided in Peters et al. (2018a, b). Long-term mean annual
total precipitation in the valley exceeds 800 mm while mean
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Figure 2. (a) Spatial distribution of the analysed tree-ring widths from ITRDB and (b) the Lotschental region of the Swiss Alps where mea-
surements of tree water use and growth for European larch and Norway spruce are available. Example time series of the variables used to
describe tree water use and growth are also depicted, namely, (c) hourly stem radius changes (coloured lines correspond to the growing
seasons), (d) hourly sap flux density and (e) annual tree-ring widths. Data correspond to example trees at 1600 m a.s.l.
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annual 7 approximates 5°C. Mean growing season 7" (May—
October from 2008 to 2015; 7g) ranges from 15.4°C at
800m a.s.l. to 8.0°C at the treeline (King et al. 2013). The
treeline coincides with the distribution limit of European
larch while the distribution limit of Norway spruce occurs
at 1900 m a.s.l., where meteorological conditions are slightly
milder (i.e. 7555 ~8.9°C).

Stem radius changes

High-precision point dendrometers (DR Ecomatik, Munich,
Germany) were used to monitor stem radius changes of
mature European larch and Norway spruce along the eleva-
tional gradient covering north- and south-facing slopes.
Data was recorded on a 15-min to houtrly resolution using a
CR1000 data logger (Campbell Scientific, Logan, UT, USA)
and corrections were applied to account for thermal effects
following the manufacturer’s specifications. Data were aver-
aged to an hourly resolution to provide consistent time steps
across all individuals. A detailed description of the experi-
mental design, instrumentation and data pre-processing is
provided in King et al. (2013). Here, we used houtly stem
radius data during nine growing seasons (2007-2015) from
fifteen European larch and twelve Norway spruce distrib-
uted across the study area (Fig. 2¢, Supplementary material
Appendix 1 Table Al, Fig. A1-A7). Start and end of the
growing season for each year was defined by the first and last
observation of the typical transpiration cycle characterized by
positive sinusoidal stem radius fluctuations, with highest val-
ues in the early morning (08:00-10:00 GMT) and lowest in
the late afternoon (16:00-18:00 GMT; Fig. 2b).

Stem radius at time ¢ [h], denoted as RHIt,- [mm], where
i indicates a specific hour of the day, was partitioned empiri-
cally to 1) irreversible changes (expansion) in the stem radius
as a result of tree growth (Gﬂf ; [um]) and 2) reversible stem
radius changes due to tree water use (WI%}:F ; [pm]), i.e. sub-
daily variation in stem water storage (Fig. 3a—d). The for-
mer was estimated as GIS{};F = guy, — &uy,, Where gy, was
defined according to Zweifel et al. (2016), i.e.

RHIfi - max(RHth, ), when RHI& > max(RHIKti )

&up, = (1)
g 0, when RHI& < max(RHthi )

The latter was estimated as the deviation of Ry, from its

daily mean, R, [mm], i.e.

Wéff =Ry, —Rp 2)

assuming that at the sub-daily time scales Ry, variability

was closer related to tree water use than growth (Fig. 3c—d;
King et al. 2013, Pappas et al. 2018). It is worth highlighting
that, complementing the aforementioned empirical approach,
recent literature provides methods for process-based parti-
tioning of high frequency stem radius fluctuations to hydrau-
lic-, osmotic- and growth-driven changes (Mencuccini et al.
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2013, 2017, Chan et al. 2016) with previous method inter-
comparison showing comparable results between the derived
growth signals (Eller et al. 2018).

Sap flow

Sap flux density (/; [gH,Om™s™']) of twelve European
larch and nine Norway spruce, distributed across the study
area was measured from April 2012 to October 2015
(Fig. 2d, Supplementary material Appendix 1 Table A1, Fig.
A8-A11). Thermal dissipation probes (20-mm long stainless
steel probes, with a 2-mm diameter; Tesaf, Univ. of Padova,
Italy) were used (Granier 1987, Lu et al. 2004) and data were
stored with a 15-min resolution on a CR1000 data logger
(Campbell Scientific, Logan, UT, USA). Data were aggre-
gated to hourly resolution. The values of /. were calculated
using species-specific calibration curves established with
cut-stem calibration method for the two species according
to Steppe et al. (2010). For further details on data process-
ing see Peters et al. (2018a, b). We characterized tree water
use using the first-order derivative of hourly sap flux density,
ie. W/Pslf;D =AJs / Ar; [gH,Om™], a proxy of tree hydraulic
functioning comparable to the information derived from the
stem dendrometers (ngl}F ; Fig. 3e—g).

Tree-ring widths

Tree-ring  widths from European larch and Norway
spruce were collected at all sampled elevations and were
used to describe their inter-annual growth dynamics
(Gg RY [em]). We analysed 92 and 70 trees from European
larch and Norway spruce, respectively, that were sampled at
breast height (-1.3m above ground) with increment borers
(Haglof, Sweden; Supplementary material Appendix 1 Table
Al). Standard dendrochronological techniques were used to
prepare the samples, measure ring widths and cross-date visually
and statistically, as detailed in Peters et al. (2017). In order to
account for age and size effects in TRW, instead of detrending
the TRW time series with predefined filters (Peters et al. 2015,
Brienen et al. 2017), we discarded the first 30 yr of each TRW
time series, and consistently use data from 1900 to 2011 for all
the sampled tree cores (Supplementary material Appendix 1
Fig. A12). This approach was preferred since it prevents unre-
alistic reduction of the variance in the original data due to data
detrending, yet potential age-related trends in the TRW time
series during the period 1900-2011 cannot be eliminated with
certainty. It is worth highlighting that strong reductions in TRW
for European larch at the study area, occurring with a regular 9-yr
cycle (Fig. 2e, Supplementary material Appendix 1 Fig. A12), are
caused by the larch budmoth (Zeiraphera diniana Guénée) out-
breaks severely defoliating its host (Esper et al. 2007).

To further analyse species-specific growth dynamics at the
regional scale, we used publicly available TRW data across
Europe, obtained from the International Tree-Ring Data
Bank (ITRDB, Fig. 2a; <www.ncdc.noaa.gov/data-access/
paleoclimatology-data/datasets/tree-ring>). We isolated all
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Figure 3. Overview of the dendrometer-derived tree growth as well as the dendrometer- and sap-flow-derived tree water use for an example
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individual TRW time series from the ITRDB for European
larch (species code ‘LADE’, 26 sites) and Norway spruce
(species codes ‘PCAB’, 85 sites) which contained at least
150 tree rings. Subsequently, we removed the first 50 yr of
the series, to reduce the age effect, and clipped the data to
the common period of 1880-1980. A larger time window
than the TRW from Lo6tschental was selected for address-
ing the age effect in the ITRDB dataset since we have no
information on stand history and subsequent age trends
within these sites. This resulted in a total of 593 and 1250
TRW time series covering elevations from 900 to 2231 and
35 to 2065 m a.s.l. for European larch and Norway spruce,
respectively.

Cross-scale temporal variability

Cross-scale temporal variability in major environmental
variables (i.e. 7, VPD, SWC) as well as tree water use and
growth was quantified by analysing how the empirical stan-
dard deviation (G ) of the examined variable changes across
different averaging time scales (4; Fig. 1). This offers an intui-
tive framework for investigating second-order statistics of
the underlying processes and for quantifying the strength of
memory (long-term persistence) (Koutsoyiannis 2015). The
values of # range from the original temporal resolution (4) of
each dataset, i.e. one hour for environmental, sap flow and
dendrometer data and one year for TRW, to L/10, where L is
the total length of the time series, resulting in robust estima-
tion of ¢ at #=L/10 with at least ten values (Koutsoyiannis
2015). In order to facilitate comparisons between species and
variables, data were standardized, i.e. zero mean and unit
variance, at their original time scale.

A quantitative assessment of the observed patterns in
cross-scale variability was conducted by approximating the
observed variability decay with a linear slope (6 [unitless];
Fig. 1). The values of @ (< 0 for decreasing slopes) are equal
to H—1, where H denotes the Hurst coefficient (Hurst
1951), a measure of long-term persistence (‘aggregated vari-
ance analysis’; Papoulis 1965, Beran 1994, Taqqu et al. 1995,
Koutsoyiannis 2015). The values of @ were estimated per
individual tree for each analysed variable (or per sampled
elevation for the meteorological variables) using the linear
part of variability decay, i.e. for time scales > 24 h. The esti-
mated values of 6 were then compared with theoretical slopes
from characteristic deterministic and stochastic processes.
This included harmonic functions with constant periodic-
ity (6yr=—1.0, Fig. 1; Markonis and Koutsoyiannis 2012,
Pappas et al. 2017) or purely random processes like white
noise (i.e. no memory; @, =-0.5, Fig. 1; Koutsoyiannis
2015). When 8 € (—1.0, —0.5) the underlying process is anti-
persistent with irregular periodicity. For 8&€(=0.5, 0) the
underlying process is characterized by a positive autocorrela-
tion structure (i.e. short- or long-term persistence) and the
larger the value of € the higher the memory of the underlying
process (Fig. 1). All analyses were conducted in R ver. 3.6.0
(R Core Team).
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Results
Cross-scale variability in tree water use

The variability decay in tree water use, as quantified with
the first-order derivative of sap flux density, W;3'> and
stem radius changes, W', showed similar patterns as we
move from hourly to seasonal time scales (Fig. 4-6). Wij
and W cross-scale variability showed steep decrease
with increasing time scale. An increase in time scale by one
order of magnitude resulted approximately in an equivalent
decrease in the standard deviation of Wi3° and W3t .
Moreover, substantial drops in standard deviation occurred at
characteristic time scales corresponding to T=24h and m7/2,
where m e N (Fig. 4). This pattern of variability decay was
the result of the pronounced harmonic fluctuations (i.e. sinu-
soidal cycle with periodicity T=24h; Pappas et al. 2017) in
tree hydraulic functioning (Fig. 3d, g) and was consistent for
both species across the study area from lower to higher eleva-
tions (Fig. 5). Growing season diurnal fluctuations in WI_?RF
(Fig. 3d) and WgFD (Fig. 3g) showed a consistent sinusoi-
dal pattern: during night-time there was an increase in stem
radius and water storage, as a result of lower VPD and tran-
spiration rates; during day-time there was a decrease in stem
radius and depletion of stem water storage as result of higher
transpiration rates and atmospheric demand in comparison
to root water supply (Zweifel et al. 2001, King et al. 2013,
Pappas et al. 2018). Therefore, across all the instrumented
trees at the study area, the slope of variability decay with time
scale (throughout the text values corresponds to mean +one

standard deviation) for Wii'> (&3 =-0.98+0.01 for
European larch; #5°=-1.0340.02, for Norway spruce)

and W}?RF (OF=_0974+0.01 for European larch;
Oy =-0.98+0.01 for Norway spruce) approximated the
theoretical slope of an harmonic function with constant
periodicity (6,,=—1.00; Fig. 6a). The variability decay of
tree water use, shaped by the pronounced harmonic fluctua-
tions, falls outside the meteorological envelope of variability
as defined by 7, SWC and VPD (Supplementary material
Appendix 2 Fig. A13). The slope of variability decay of 7'is mild
and well-constrained across elevations (6,=—0.04+0.01;
Supplementary material Appendix 2 Fig. A13), while the
slope of variability decay of VPD is steeper and becomes
more negative with increasing elevation (6,,=—0.18+0.07;
Supplementary material Appendix 2 Fig. A13). The pattern
of variability decay of SWC is more complex as we move from
low to high elevations (fyy,.=—0.17 +0.06; Supplementary
material Appendix 2 Fig. A13), most probably due to topo-
graphic effects and hysteretic behaviour of SWC dynamics
(Fatichi et al. 2015). The time series length of the available
dendrometer and sap flow data did not allow us to character-
ize inter-annual time scales. No significant interspecific dif-
ferences were found in the variability decay patterns of tree
water use between European larch and Norway spruce (#test;

p-value > 0.05 for 4;:° and &y, ; Supplementary material
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Appendix 1 Table A1, Fig. 6a), while the Pearson’s correlation
coefficients (7) of ﬂe‘;D and HS;F with elevation were also
weak and non-significant for both species (p-values > 0.05;
Supplementary material Appendix 1 Table Al, Fig. 5).

Cross-scale variability in tree growth

Irreversible stem radius changes in European larch and
Norway spruce were used to characterize the continuum of
variability in tree growth from hourly to seasonal time scales
( GIS{RF ). Annual tree-ring widths ( G; RY' were used to extend
the continuum of tree growth variability and capture inter-
annual to decadal time scales. For both European larch and
Norway spruce, the variability of GEIRF and G;{F R¥" showed a
gentle decrease with increasing time scale (Fig. 4). The slopes

of the variability decay in GS and Gy~ were shallower
than the theoretically expected slope for a purely random pro-
cess (i.e. white noise; Oy, =—0.50) with the slopes of GEIRF
being relatively steeper in comparison to those of Gy~ (i.e.
A= —0.3440.08 and 4;°Y =-0.18+0.08 for European
larch; #3%F=-0.2840.06 and 2V =-0.10£0.05 for
Norway spruce; Fig. 4-6). Meteorological conditions frame
an _envelope for tree-ring derived growth variability, with
Y for Norway spruce approaching the variability decay

of T (0:=—0.04+0.01; upper boundary) and the slopes
of variability decay of SWC (Oy-=—0.17£0.06) and VPD
(Bypp=—0.18£0.07) being closer to #FXY  of European
larch (Supplementary material Appendix 2 Fig. A13).

Interspecific differences in the tree growth variability
decay for European larch and Norway spruce were found to
be significant (#-test; p-value < 0.05; Supplementary mate-
rial Appendix 1 Table A1) based on both G and G¢"™¥
data (Fig. 6b). The growth dynamics of European larch dis-
played steeper slopes in the cross-scale variability continuum
(i.e. lower memory, higher resilience; Fig. 1) in comparison
to Norway spruce that showed shallower slopes (i.e. higher
memory, lower resilience; Fig. 1). Such interspecific dif-
ferences were consistent across the study area including
European larch and Norway spruce from lower and higher
elevations (Fig. 5b). The correlations between ﬂSGRF and
elevation were weak and non-significant for both species
(p-values > 0.05), while ﬂng was weakly correlated with
elevation at low significance level, i.e. 7=0.21 (p-value=0.05)
and 7=0.29 (p-value=0.01) for European larch and Norway
spruce, respectively (Supplementary material Appendix 1
Table A1, Fig. 5).

The regional-scale analysis of the TRW data for
European larch and Norway spruce, revealed similar pat-
terns in the growth variability decay of the two species
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Figure 5. Distribution of the slopes (6; [unitless]) of the decay in standard deviation with averaging time scale across elevations for tree water
use (W and WP, for dendrometer- and sap-flow-based estimates, respectively) and growth (G and GgRW , for dendrometer-
and ring-width-derived growth, respectively) for (a) European larch and (b) Norway spruce at the Lotschental valley. Coloured points cor-
respond to different variables while solid coloured lines to loess smoothing for each variable across elevations (standard errors are depicted
in light grey). Grey dots and solid black lines depict the estimated @ values from the tree-ring data across Europe from the ITRDB for the
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Figure 6. Distribution of the slopes (6; [unitless]) of the decay in standard deviation with averaging time scale for (a) tree water use (WIERF

and WI_SIFD , for dendrometer- and sap-flow-based estimates, respectively) and (b) tree growth (GIS{RF and Gg R¥" for dendrometer- and
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ring data across Europe from the ITRDB for the two species (G;&%VRDB)). Note the different value range in the y-axes of the two
subplots.
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across Europe (ﬂ [TRDB)) as m the Lotschental region. The
interspecific dlfferences in ﬂ ITRDB) were significant, i.e.

Ostirrps) =—0-22£0.10 and g e, =—0.12£0.08,
for European larch and Norway spruce, respectively (ztest;
p-value < 0.05; Fig. 6), while the correlation between

ﬂTg\)}/RDB) and elevation for both species was weak, i.c.

r=0.24 (p-value < 0.05) for European larch and »=0.05
(p-value=0.09) for Norway spruce (Supplementary material
Appendix 1 Table A1, Fig. 5). Tree age, inferred here from the
number of recorded tree rings, changed between species and
across elevations for the data from Lotschental and ITRDB.
Yet, the correlations between the estimated slopes of growth
variability decay and tree age were found to be weak with low
significance (Supplementary material Appendix 3 Fig. A14).

Discussion

Contrasting patterns of cross-scale temporal variability
in tree water use and growth

While tree water use and growth are intrinsically coupled pro-
cesses (Fatichi et al. 2015, Steppe et al. 2015, Venturas et al.
2017) our analysis revealed that their temporal variability
exhibits different decay patterns as we move from short-
to longer time scales. Across the study area and for both
European larch and Norway spruce, the variability in tree
water use decreased rapidly with time scale. The mechanism
behind this pattern is the pronounced diurnal fluctuations
triggered by light and the leaf-to-air vapour pressure gradi-
ent (Damour et al. 2010, Venturas et al. 2017). While daily
water use of the two conifers has been found to be compa-
rable, their diurnal temporal dynamics can differ significantly
(Schulze et al. 1985). European larch and Norway spruce dis-
play different stomatal regulation strategies (Anfodillo et al.
1998, Obojes et al. 2018, Peters et al. 2018a) that can affect
carbon assimilation and growth across multiple time scales,
as detailed below.

Contrary to tree water use, the temporal variability of
tree growth decreased more gently as we move from short
to longer time scales, underlining the importance of lagged
effects in tree-level resource allocation and remobilization
(Anderegg et al. 2015, Ogle et al. 2015, Pappas et al. 2017,
Huang et al. 2018). The phenology of tree organs, such as
fine roots, cambium, non-structural carbohydrates (NSC)
and leaves, as well as their coordination and response to
prevailing environmental conditions, shape plants’ resource
acquisition and growth across a continuum of time scales
(Delpierre et al. 2016a). At the intra-annual time scales,
wood formation processes (i.e. xylogenesis) and the resulting
biomass production, have been found to be in asynchrony
with the associated xylem size increase resulting in monthly
or longer time lags (Cuny et al. 2015, Castagneri et al. 2017).
Seasonal dynamics of NSC have been found to play a dual
role in tree growth, being an active storage for immediate

plant functions (i.e. affecting intra-annual time scales), but
also being a passive reservoir for future use (i.e. affecting inter-
annual time scales) (Richardson et al. 2013, Simard et al.
2013, Dietze et al. 2014, Hartmann and Trumbore, 2016,
Martinez-Vilalta et al. 2016). Moreover, wood phenology
(carbon sink) could play a more important role in shaping
inter-annual tree growth in comparison to photosynthetic
production (carbon source) (Kérner, 2013, Delpierre et al.
2016b). At the inter-annual time scales, carry over effects of
spring or autumn anomalies in forest productivity have been
reported at the ecosystem level with eddy covariance measure-
ments of net ecosystem exchange between the land surface
and the atmosphere (Richardson et al. 2010, Wu et al. 2013).
It is thus the interplay of numerous processes that affect tree
growth across a continuum of time scales (e.g. photosyn-
thesis, meristematic activity, phenology, NSC dynamics).
In accordance with previous findings at the ecosystem level,
cross-scale variability in meteorological conditions envelopes
variability of carbon fluxes and tree growth, where energy and
temperature define the upper limit and water availability (e.g.
precipitation, SWC, VPD) the lower limit of the variability
envelope (Pappas et al. 2017).

The estimated tree growth variability decay with den-
drometer data showed relatively steeper slopes in compari-
son to those estimated with tree rings. This highlights that
empirically deriving intra-annual tree growth solely from
dendrometer data remains uncertain (Deslauriers et al.
2007, De Swaef et al. 2015). The pronounced diurnal stem
shrinkage and swelling due to tree water use could mask the
intra-annual irreversible stem radius changes due to cambial
growth (e.g. cell division and expansion; Chan et al. 2016)
and may lead to underestimation of the intra-annual vari-
ability in tree growth processes. Thus, complementing the
empirical partitioning of growth and hydraulic signals pre-
sented here, a process-based partitioning of dendrometer
data, where bark thickness changes are mechanistically attrib-
uted to tree hydraulics (i.e. water potential-induced changes),
osmotic-induced changes and irreversible growth, is expected
to shed light into the interplay of growth and water-use vari-
ability at sub-annual time scales (Mencuccini et al. 2013,
2017, Chan etal. 2016, Eller et al. 2018). Sub-monthly time
series of xylem anatomical features (Fonti et al. 2010, von Arx
and Carrer 2014) could be also incorporated in the proposed
approach to better characterize the continuum of tree growth
variability at the intra-annual time scales, and confront the
growth patterns derived from stem dendrometers.

Cross-scale temporal variability in tree growth and
species resilience

While the cross-scale variability in tree water use did not
show interspecific differences, their cross-scale tree growth
variability differed significantly with the growth dynam-
ics of European larch having faster variability decay (lower
memory) in comparison to Norway spruce (Fig. 6). This
pattern is consistent for tree growth estimates derived from
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dendrometer data and TRW at the Lotschental region, as well
as from TRW for the two species across Europe and confirms
the higher resilience to environmental stressors of European
larch in comparison to Norway spruce that is reported in lit-
erature. Our analysis revealed no clear dependences of the
slope of the variability decay in tree growth with elevation,
neither at the local (Lotschental valley of the Swiss Alps) nor
at the regional scale ITRDB across Europe). Uncertainties
associated with the slope estimates of variability decay (i.e.
linear approximation, time-series length, age and size effects
in ring widths), as well as confounding factors that may
change with elevation (e.g. 7"and precipitation cross-correla-
tions as well as species competition) could explain this lack of
elevational dependence.

In accordance with observational evidence from other
mountain forests in the European Alps, our analysis indicates
that European larch is likely more resilient and less vulner-
able to environmental changes in comparison to Norway
spruce, potentially explaining the occurrence of the former
in higher elevations at the Alpine treeline. The enhanced
resilience capacity of European larch, as quantified here with
the strength of the statistical memory in tree growth time
series, is also demonstrated by its recovery from larch bud-
moth outbreaks, occurring across the examined elevational
gradient during the second half of 20th century at a regular
9-yr cycle (Fig. 2e, Supplementary material Appendix 1 Fig.
A12; Esper et al. 2007). A multi-species analysis of tree rings
from Alpine mountain forests in the northern Limestone
Alps, southeast Germany, confirmed these findings based on
mean growth rates, climatic sensitivities and lag-1 autocor-
relations of Norway spruce to changing climatic conditions
(e.g. higher temperature and water limitations) in compari-
son to European larch (Hartl-Meier et al. 2014). In addi-
tion, Lévesque et al. (2013) using dendroecological methods
quantified the higher drought sensitivity of Norway spruce
radial growth to climatic conditions in comparison to other
conifers from the European Alps, including European larch.
A recent analysis of sap flow and dendrometer data from
European larch along an elevational gradient at the south-
ern Tyrol, Italy, demonstrated the enhanced plasticity and
adaptability of larch to climatic condition and its potential
upward shift under future climates (Obojes et al. 2018).
This plastic behaviour of European larch to changing envi-
ronmental conditions is confirmed at our study site at the
Lotschental region by the higher plasticity of European larch
stomatal conductance to temperature changes in comparison
to Norway spruce (Peters et al. 2018a).

Broader implications

Robust quantification of the vulnerability and resilience of
forested ecosystems to environmental changes is essential for
better understanding how climate change affects tree per-
formance and mortality (Allen et al. 2015, Hartmann et al.
2018) as well as for assessing climate change impacts on for-
est health (Trumbore et al. 2015) and ecosystem services

1396

(Theurillat and Guisan 2001, Elkin et al. 2013). Traditionally,
the vulnerability of forested ecosystems has been quantified
by analysing how vegetation response, described, for exam-
ple, with individual TRW time series or TRW chronologies,
changes with environmental conditions, such as temperature
and soil water availability (Lloret et al. 2011, Lévesque et al.
2013, Fang and Zhang 2018, Serra-Maluquer et al. 2018).
Recently, temporal dynamics of tree- and landscape-level
ecophysiological variables describing vegetation growth have
been found to provide new insights into drought-induced
tree mortality and were used to reveal early-warning sig-
nals of such type of disturbances (Camarero et al. 2015,
Cailleret et al. 2017, 2019, Rogers et al. 2018). Since single
metrics of resilience cannot often summarize the multifaceted
aspects of ecosystem functioning, second-order statistics that
quantify the strength of statistical memory in tree ecophysi-
ological time series could complement these efforts and link
species performance and species resilience to environmental
changes. A quantitative description of resilience capacity
could be used to infer species vulnerability to environmental
stressors and, ultimately, mortality risk. This approach could
be used to scrutinize global networks of tree ecophysiological
data such as for example TRW (e.g. ITRDB) and sap flow
(e.g. SAPFLUXNET; <http://sapfluxnet.creaf.cat/>). Such
information could provide quantitative insights into species-
specific sensitivities facilitating thus adaptive forest manage-
ment under environmental changes.

Data availability statement

The R code used in the presented analysis is available from:
<https://github.com/PappasChristoforos/alps_variability_
decay>. Data from the Lotschental valley used in this scudy
are available upon request from the corresponding author
and will be archived at <www.envidat.ch/>.
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