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<b>REVIEWER COMMENTS</B>
Reviewer #1 (Remarks to the Author):

This is a well performed study presenting a unique dataset of dendrometer measurements to
assess the impact of the 2018 drought on growth and stem shrinkage across a large number of
sites and species in Europe. The main conclusions are that the 2018 heatwave did not reduce
growth, but did affect tree water status. Authors further detect a difference between conifers and
broadleaf trees in the variation in TWD. The conclusions are well supported by the data and
provide a valuable contribution to existing literature that will be of great interest to others in the
field.

A major asset of this study is that it is one of the first to apply these dendrometer techniques to a
well-replicated spatial network and assess the response to a widespread drought.

I recommend this study for publication, but do have some issues that I feel should be addressed.

1. The article is built on the assumption that stem shrinkage provides a direct measure of stem
water status. One can understand that temporary stem shrinkage within a tree can indeed only be
due to variation in stem water status, but how should inter-species differences be interpreted? In
other words, is there a role for wood structure in causing differences in shrinkage of stems
observed between species? Some aspects such as capacitance, elasticity, embolisms resistance are
mentioned in the discussion (lines 319-320), but a more elaborate discussion on this issue would
be welcome. How does it affect the outcome of this study and could observed differences between
conifers and broadleaf trees be explained by their differences in wood structure? This need to be
added to the discussion, along with possibly some cautionary notes on the interpretation of these
data.

2. If the differences in TWD response between species are indeed purely due to stem water status,
can these differences be interpreted in greater depth? The differences between species in TWD are
very big (Fig. 2). For most of the species included in this study, information on stomatal control
and rooting depth must be available. Could the authors thus try to attribute variation in TWD to
stomatal controls (eg. Anisohydric vs isohydric controls), rooting depth, or other traits? Has this
been attempted? Why are only 4 species included in the inter-species comparison?

3. I was a bit surprised that the authors did not also analyse TWD anomalies with respect to VPD
and REW anomalies. HW2018 did result in greater stem shrinkage but would it not be more
powerful to show that magnitude to stem shrinkage is indeed related to the severity of the (soil
and atmospheric) drought (relative to sites’ background climate)?

4. Finally, there are some methodological issues that require some clarification:

-Lines 583-585 : REW calculations need explaining a bit more. How is the permanent wilting point
calculated? Does it vary between sites and soil types? This all needs explaining further. It is not
explained why this approach was used instead of using soil moisture water content.

- Do I understand correctly that the second approach regressed the TWD2018:control against the
mean VPD and REW within the HW2018 interval (and not the mean VPD and REW for 2016-2017)?
This is not made clear in the methods section nor in figure legends and axes (although said at one
point in the results). Make this clear throughout the ms, explicitly state this in the methods, and in
the figure captions and axes (which should read VPD2018HW , etc., I think).

- Two different approaches were applied for calculating TWD anomalies. In the second approach
the 95th percentile of the TWD was taken to calculate the ratio. This is not explained? Please do
explain why the approach here differs from approach 1. Also, are the same results obtained when
using the mean, or median?

- I may have missed this, but I could not find information on how Figs 2 and 3 were produced. It is
a somewhat unusual way of presenting data and does need a bit of explaining. Also, again here,
the hydrometerological space does it represents the background climate or the heatwave REW and
VPD?

Minor presentational issues:
-Figure S1: axis of the upper panel is missing. Can this be added?



-Explain in legend what are heatwave extend and heatwave days. Heatwave days are defined as
five consecutive days with Tmax daily > 90th percentile. That is clear, but what is heatwave
extent? This is not clear. It is said that this when heatwave days overlapped for more than five
sites, but that is inconsistent with what is shown in the figure S1.

-Line 208 - 210 : Hydrometeorological space was not different for broadleaf and conifers but the
accompanying Figure S3 makes it hard to appreciate this. Can you plot specifically the space for
broadleaf next to conifer?

-Line 212-213 : Be more specific. You mean here “... with greater values of TRW2018
corresponding to lower REW and higher VPD during the 2018HW ? Also, do you really mean
greater values corresponding to decreasing soil water availability, or simply lower soil water
availability (in HW2018)?

-It would be nice if the axes in figs. 3 and 4 could also be added for panels b (at top) and c (left)?

Reviewer #2 (Remarks to the Author):

Salomon et al present an analysis of tree growth and stem water balance response to the extreme
drought of 2018 across Europe. Using an innovative approach based on dendrometers and
partitioning the dendrometer data between a growth component and a variability component
(which is referred to as tree water deficit), they are able to show that temporary shrinkage
increased during the drought as a sign of water stress, whereas annual growth seemed rather
unaffected. The paper is generally very well written, and the unique and large data sets allows for
the generalized conclusions as drawn by the authors, some limitations apply (see below for
detailed critique). The concept of the hydrometeorological space is intuitive and helpful, and the
associated figures are really great! All findings are interpreted plausibly based on tree
ecophysiology. I feel that the statistical analyses are all sound and reproducible. However, I have
some doubts concerning the representativity of the network in terms of the regional scope of the
HW2018, which might also affect the somewhat controversial finding of no distinct growth
response.

# Major comments
1) Drought scope and validity of control years

The network of sites has some regional foci in areas that have not been identified as affected by
the 2018 drought in other studies. E.g., the sites in central Spain and in Romania would not be
classified as being hit by the 2018 drought in e.g. Bastos et al. 2020 and Buras et al. 2020. From
figure S1 it also seems that some sites are outside the main area of the 2018 drought impact.

In addition, 2017 was a severe heatwave/drought in Southern Europe, and some of the sites in the
network will have experienced more extreme conditions in 2017 in comparison to 2018, see e.g.
Rita et al. 2020. This questions the validity of using 2016 and 2017 as control years for all sites. I
am wondering if restricting your data set to only those sites where 2018 was the stronger drought
than 2017 will yield an even clearer picture of the response - maybe the large spread in TWD
(Lines 187ff) could be confined by a more climate-informed selection of the sites?

2) Fixed time frame for drought and control years

If TWD is at least partly controlled by xylem phenology (which I don't know!), then choosing a
fixed reference time frame (fixed range of DOYs) could be problematic. Due to different climatic
conditions up to this time frame for 2018 (extreme spring warming, only moderate precipitation
deficits) in contrast to the control years, trees will have been in a different growth state by the
time they reach the reference time frame, which might be associated with a given background
level TWD variability. This could easily be ruled out by comparing variability in TWD fluctuations
for varying time windows.

3) Immediate growth response in other studies not put in perspective

This study does not find a pronounced impact of the HW2018 on radial growth in the year itself,



which is at odds with reports of immediate growth reduction in association with 2018 (e.g, Rohner
et al. 2021 for Switzerland; Larysch et al. 2021 for Germany). Could the absence of a growth
response be related to point 1), i.e. site-level effects that cancel each other out?

# Minor comment
- L155: HW2018 not defined before here
# Reference
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Response to reviewers letter | Manuscript "The 2018 European heatwave led to stem
dehydration but not to consistent growth reductions” (NCOMMS-21-21559)

Reviewer #1

This is a well performed study presenting a unique dataset of dendrometer measurements to assess
the impact of the 2018 drought on growth and stem shrinkage across a large number of sites and
species in Europe. The main conclusions are that the 2018 heatwave did not reduce growth, but did
affect tree water status. Authors further detect a difference between conifers and broadleaf trees in the
variation in TWD. The conclusions are well supported by the data and provide a valuable contribution
to existing literature that will be of great interest to others in the field.
A major asset of this study is that it is one of the first to apply these dendrometer techniques to a well-
replicated spatial network and assess the response to a widespread drought.

| recommend this study for publication, but do have some issues that | feel should be addressed.

Response: We thank the reviewer for the positive assessment of our manuscript. We carefully went
through the raised issues, performed additional analyses, and adjusted the text accordingly. With these
considerations, we hope we have addressed the reviewers’ concerns.

1. The article is built on the assumption that stem shrinkage provides a direct measure of stem water
status. One can understand that temporary stem shrinkage within a tree can indeed only be due to
variation in stem water status, but how should inter-species differences be interpreted? In other words,
is there a role for wood structure in causing differences in shrinkage of stems observed between
species? Some aspects such as capacitance, elasticity, embolisms resistance are mentioned in the
discussion (lines 319-320), but a more elaborate discussion on this issue would be welcome. How does
it affect the outcome of this study and could observed differences between conifers and broadleaf trees
be explained by their differences in wood structure? This needs to be added to the discussion, along
with possibly some cautionary notes on the interpretation of these data.

Response: Differences in wood structure, xylem resistance to embolism, hydraulic capacitance, and
elasticity indeed affect the capacity of stem water depletion and refilling of a tree species, which overall
determines water-related stem diameter fluctuations. Therefore, we used tree-specific response ratios
for the analyses and comparisons to account for variability related to individual stem size, bark
thickness, and abovementioned wood traits. For this, we estimated tree-specific ratios of GRO and
TWD in 2018 divided by control years (2016 and 2017). These tree-specific ratios allow for a more
straightforward comparison of stem shrinkage during HW2018 in relation to the control period among
species. We acknowledge that this key point was not clear enough and it has now been emphasized
earlier in the revised text (at the end of the introduction; L194-200): “Tree-specific normalization of 2018
data relative to control years (see Methods) accounted for variability related to individual stem size,
bark thickness, local environmental conditions, and wood traits that might affect depletion and refilling
rates of stem water reserves, such as xylem hydraulic conductivity, hydraulic capacitance, wood
elasticity, and xylem resistance to embolism formation. Tree-specific response ratios therefore allow for
comparison of TWD and GRO across species and sites, highlighting differential temporal dynamics due
to HW2018".

As noted by the reviewer, absolute values of TWD and GRO were indeed largely affected by wood
traits, as denoted by the large variability among species (Fig. S3). Particularly the hydraulic resistances
the wood exerts on axial and radial water flow impact the water potential gradients generated within
tree stems and therefore the rates of depletion and refilling of stem water reservoirs. For instance, highly
conductive wood structures, like ring-porous species (i.e., Quercus robur'), commonly show a lower
axial hydraulic resistance and thus would have greater ease at refilling the storage tissues when water
is available and atmospheric demand decreases. Coniferous species commonly show a higher
hydraulic resistance? and would thus be more strained at rehydrating their storage tissues when
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atmospheric water demand decreases. Moreover, although not assessed with dendrometers, the wood
anatomical structure, tissue elasticity, and the presence and abundance of radial pathways for water
flow also affect the hydraulic capacitance of sapwood and bark tissues. Species with larger hydraulic
capacitance can buffer sudden increases in xylem tension providing xylem hydraulic safety** and would
be expected to experience greater shrinkage (and hence TWD). These relevant points should
encourage parallel research, as noted and extended along the discussion in the revised manuscript
(L338-344). However, in this study we focus on performing an observational study on the impact of the
2018 heatwave, where explanatory mechanisms are beyond the scope of this study, as no information
is available on the wood traits of the specific monitored tree stems. Additionally, destructive sampling
is not advised when continuously monitoring a tree over many years.

2. If the differences in TWD response between species are indeed purely due to stem water status, can
these differences be interpreted in greater depth? The differences between species in TWD are very
big (Fig. 2). For most of the species included in this study, information on stomatal control and rooting
depth must be available. Could the authors thus try to attribute variation in TWD to stomatal controls
(eg. Anisohydric vs isohydric controls), rooting depth, or other traits? Has this been attempted? Why
are only 4 species included in the inter-species comparison?

Response: With respect to differences in TWD responses, we should keep in mind that response ratios
to HW2018 were compared among species and not absolute values. Finding physiological links
between the absolute stem water status and other hydraulic traits and mechanisms is indeed of great
interest. We are aware of multiple trait databases which could be used for such analyses, including root
traits®, general plant hydraulic traits®® and leaf specific traits®'°. Moreover, inter-specific comparisons
considering sap flow data and traits have certainly already been performed''. The limitation on
performing such analyses in this work is rooted in the fact that we are constrained by the available
dendrometer data, collected from 2016 till 2018, which narrows the number of species and thus
precludes finding sufficient species-specific and spatial overlap between globally collected traits and
our compiled data for sound analyses.

We have attempted to link the TWD response ratio to species-specific root traits (see Fig. R1 in this
response letter), as the often unknown root architecture plays a critical role in facilitating water access.
Although rooting databases are available®, linking this information to our tree-centered dataset was
unfeasible as the available data is quite sparsely distributed and the analysis outcome would be highly
uncertain. We do, however, agree that this would be an important aspect to explore in the future and
have thus added this consideration to the discussion (L338-344): “Other hydraulic traits are likely
involved in the complex species-specific response of stem water reserves to heatwaves. For instance,
we could expect that tree species with higher stem hydraulic capacitance and less dense wood, and
hence a lower Young's modulus of elasticity, would experience larger stem shrinkage and swelling for
a given change in xylem tension. Linking our dendrometer findings to leaf, root and plant specific
hydraulic traits would be a critical next step, yet requires a more intense data collection in species
richness and spatial detail”.
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Fig. R1. Example of meta-analysis on root traits of common European tree species. Data originates from the
GRooT database®. Target species are highlighted in the legend, indicated with consistent colors. Quercus spp.
includes Q. robur and Q. petraea. (a) Sampling locations for root traits in Europe. (b) Rooting depth recorded for
the target species. (c) Root production rate for the target species. For (b) and (c) both the maximum range of data
is highlighted (transparent polygon) and 5" and 95™ percentile (solid polygon).

The inter-specific comparison was performed on the four most important forest species of Europe, both
in terms of spatial distribution and economic importance'? (see Methods and results, L241-243, 704-
707). This analysis was uniquely performed on these four species because the number of sites was
quite low for the other species within the available dataset (Fig. R2) and therefore did not cover broad
gradients of climatic conditions (in terms of VPD and REW). As the most dominant species within the
database are Fagus sylvatica, Picea abies, Quercus robur/petraea and Pinus sylvestris (Fig. R2) we
focused our mixed-effect modelling efforts on these species. This consideration has been added to the
method section to further clarify this point (L708-710): “Moreover, these species were selected due to
their appropriate spatial coverage within the available dataset, both in terms of number of sites and
registered gradients of climatic conditions.”
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Fig. R2. Number of sites per species available within the database.

3. | was a bit surprised that the authors did not also analyze TWD anomalies with respect to VPD and
REW anomalies. HW2018 did result in greater stem shrinkage but would it not be more powerful to
show that magnitude to stem shrinkage is indeed related to the severity of the (soil and atmospheric)
drought (relative to sites’ background climate)?

Response: We thank the reviewer for making this relevant statement. When performing the analyses
we already discussed this crucial point with the co-authors and decided for the analyses shown in Figs.
3 and 4 to compare TWD response ratios across comparable climatic conditions in 2018 — in absolute
values of vapor pressure deficit (VPD) and relative extractable water (REW) — as described in the
methods (L690-694). As such, we accounted for the absolute variability in heatwave climatic conditions
at the different sites. Moreover, as we solely have 2016 and 2017 as control years for the TWD data,
we were not able to establish the long-term mean shrinkage patterns observed for the species, which
would be unbalanced in comparison to the available data regarding long-term background climatic
conditions. Therefore, we decided to maintain the analyses as it is within the manuscript. However, we
do agree that it might be relevant to test whether stem shrinkage patterns are similar when accounting
for the background site climate in terms of VPD and REW. We performed similar analyses as presented
in Fig. 3 (absolute VPD and REW as explanatory variables) with relative VPD and REW as explanatory
variables. For this, the 2018 REW and VPD conditions during the heatwave period (day of year 208 till
264) were divided by the mean REW and VPD conditions during the heatwave period from 2000 {ill
2017 (considered as the site’'s background climate; Fig. R3). Values <1 for the ratio of REW
(REW201s:control) indicate drier soil conditions compared to the background conditions, while values >1
for the ratio of VPD (VPD2o1s:control) indicate periods with higher atmospheric demand compared to the
background conditions. We have incorporated this Figure within Supplementary Information (as Fig.
S6) and refer to it along the results (L233-240). These additional analyses confirm the general response
of greater stem shrinkage with increasing relative VPD and decreasing REW. Moreover, it verifies that
the main difference in shrinkage patterns is found for the daily minimum TWD, where conifers show
higher TWD2o18:control ratios over a larger (relative and absolute) hydrometeorological space area.
However, due to the lower overlap in the common hydrometeorological space area, the proportion of
daily min. TWD > 1 for broadleaved species increased.
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Fig. R3. Response of tree water deficit (TWD) to the relative change in vapor pressure deficit (VPD2¢1s:control)
and relative extractable water (REW21s:.control) Of broadleaf (a, c) and conifer (b, d) species. The
hydrometeorological space was determined by dividing the daily 2018 VPD and REW values during the heatwave
period (day of year 208 till 264) by the mean VPD and REW conditions during the same heatwave period from
2000 till 2017. a-d, Linear-mixed effect model output of the ratio of the daily minimum (a, b) and maximum (c, d)
TWD in the 2018 heatwave compared to the 95th percentile of the control period (TWD2018:controt). TVWD2018:control
above 1 indicates a larger shrinkage was registered during the 2018 heatwave compared to the control period.
From the hydrometeorological space range of the entire database (indicated in grey), models have been adjusted
for the common climatic range of broadleaf and conifer species only (indicated with dotted lines). e, Bars indicate
the percentage of the hydrometeorological space covering different ranges of TWD201s:control Values (see legend).

4. Finally, there are some methodological issues that require some clarification:

-Lines 583-585: REW calculations need explaining a bit more. How is the permanent wilting point
calculated? Does it vary between sites and soil types? This all needs explaining further. It is not
explained why this approach was used instead of using soil moisture water content.

Response: We determined field capacity and permanent wilting point to standardize the data to relative
extractable water (REW; see methods L639-640). Determining REW is often done in meta-analyses
when information on the soil texture class and bulk density is lacking, which calls for the use of soil
water potential'®, likely a better indicator of plant drought stress, as this is independent from soil
properties™. Yet, within our study neither soil water potential data nor detailed soil descriptions at the
site level were available. Moreover, relating local soil texture class measurements to the used larger
scaled-products could introduce uncertainty due to local soil heterogeneity. As such, we could solely
work with the raw soil moisture (SM) values, which can lead to equivocal conclusions when comparing
multiple sites with different soil texture classes as the points of near water saturation (field capacity;
blue line in Fig. R4) and highest soil drainage (orange line in Fig. R4) can substantially vary (Fig. R5).
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Fig. R4. Example of soil moisture content time-series for a site in the Czech Republic (left panel) and Austria (right
panel; see Table S1). Relative extractable water (REW) is determined by using the 95" percentile and the site-
specific minimum.

We thus calculated the commonly applied REW, a normalized measure of soil water moisture"'%. The
standard normalization was performed according to:

Sle,i - SMmin,j

SMgsth,j - SMmin,j

REWj,; =

where REW,; and SM;; are site (j) and daily (i) values, and SMosth; and SMmin are the points of
approaching field capacity and minimum SM values, respectively. The 95" percentile, and not the
maximum value, was used to avoid including rain events which cause full soil water saturation (i.e., Fig.
R4). We realized, thanks to the reviewer’s comment, that the soils likely do not reach permanent wilting
point during the survey period here. We incorrectly named this minimum value as such, and should
refer to it as minimum SM recorded in the series. Although the minimum SM is arguable a less
standardized metric, we think it is the optimal practice when having limited information on site-specific
soil conditions. Following these considerations, we have rephrased this point in the text (L639-643):
“Relative extractable water (REW) was calculated to account for inter-site differences in soil properties
and absolute soil moisture levels, a commonly used normalized metric of soil water availability to
facilitate inter-site comparisons®. REW was calculated by scaling the site-specific daily soil moisture
simulations to field capacity (95" upper percentile = 1, hereby excluding rain events that may result in
soil water saturation) and the site lowest soil moisture value (minimum value = 0)".

The referee correctly notified that there is variability in both field capacity values and sites’ absolute
minimum (Fig. S5). Unfortunately, we do not have site-specific soil information which could explain
these differences and further refine proxies of available soil water.
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- Do I understand correctly that the second approach regressed the TWD2018:control against the mean
VPD and REW within the HW2018 interval (and not the mean VPD and REW for 2016-2017)? This is
not made clear in the methods section nor in figure legends and axes (although said at one point in the
results). Make this clear throughout the ms, explicitly state this in the methods, and in the figure captions
and axes (which should read VPD2018HW, etc., | think).

Response: This is a correct point raised by the referee and connects to point#3. We indeed selected
climatic conditions experienced during HW2018 (absolute VPD and REW) for analyses, while
standardizing TWD for HW2018 to the control period (2016-2017) as explained above (point#1). This
approach was used to ensure that similar climatic conditions in 2018 were compared for the tree-specific
daily TWD response ratios from the different sites. We adjusted the methods and the text throughout
the manuscript to clearly mention this point (L194-200, 215-218, 690-694). Moreover, axes in Figs. 3
and 4 have been adjusted accordingly to further clarify that we refer to the hydrometeorological space
in absolute terms during HW2018.

- Two different approaches were applied for calculating TWD anomalies. In the second approach the
95th percentile of the TWD was taken to calculate the ratio. This is not explained? Please do explain
why the approach here differs from approach 1. Also, are the same results obtained when using the
mean, or median?

Response: We thank the referee for pointing us to this unclear description of the methods. We state for
the second approach that “the ratio between the 2018 daily TWD and the 95™ percentile of the control
years (2016-2017) within the heatwave timeframe was calculated” (L694-695). To understand this
difference, we need to consider the time scale of the two approaches. The first approach works with
annual values, while the second approach uses daily values. To avoid confusion, we adjusted the text
(L690-691): “In contrast to the annual values used in the first approach, the second approach assessed
the daily response of minimum and maximum TWD to HW2018 (Figs. 3-4, Tables S3-S4).” For the daily
analyses (second approach) we decided to use the 95" percentile of TWD within the control period
(2016-2017) instead of the mean as this metric informs about the maximum shrinkage (avoiding outliers)
experienced by the tree before the 2018 heatwave. The reasoning behind this is that one can compare
the daily shrinkage during HW2028 to the maximum shrinkage experienced by the tree during the
control period focusing on the daily intensity of stem shrinkage. Note that for the first approach (annual
time scale — Fig. 2), comparisons were made using mean values to better compare TWD in terms of
both intensity and duration.

Indeed, we also considered using the mean or the median value for the second approach. An example
of using median and 95" percentile values for two dendrometer series is shown in Fig. R6. The issue
with using the median is apparent from this figure, where the proportion of days with fully refilled
(hydrated) stems (i.e., TWD = 0) during the HW2018 time frame result in low median (or mean) values
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(upper panels) and subsequently generates disproportionally high TWD daily ratios for the daily values
(lower panels) as seen in the FRFon-site. Due to the heterogeneity in number of days with full refilling
across sites, this makes obtaining appropriate model fits for the hydrometeorological space of 2018
implausible, which is solved when using the 95" percentile values. As such, we decided to go for the
95 percentile and not present results using median (or mean) values. This point has been clarified in
methods (L695-699).
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Fig. R6. Tree water deficit values and their subsequent calculated ratios for a tree growing in the Czech Republic
(left hand panels) and France (right hand panels). Within the upper panels both the 95" percentile (blue line) and
the median (cyan line) values were calculated through days covering the heatwave period (orange dots) during the
control period (2016-2017). Within the two lower panels the subsequent ratios to the control period values are
plotted. Mind that some tree water deficit peaks in winter are caused by well-known winter shrinkage patterns.

- | may have missed this, but | could not find information on how Figs 2 and 3 were produced. It is a
somewhat unusual way of presenting data and does need a bit of explaining. Also, again here, the
hydrometerological space does it represent the background climate or the heatwave REW and VPD?

Response: We believe the reviewer refers to Figs. 3 and 4. These figures show the resulting modelling
fits of the climatic response analysis, where linear mixed effect models were fitted to predict min. and
max. daily TWD201s:control @s a function of daily VPD (using a 2" order polynomial) and REW (using a 3™
order polynomial) of 2018, with tree nested within site, and species as crossed random (intercept)
effects. The models were used to generate a 3-dimensional figure presenting the TWD ratio of 2018 to
the control period (TWDz2o1s:control) for each daily VPD and REW condition during HW2018. We agree
that presenting model outputs in a 3-dimensional space is not common (but see reference™). We thus
clarified the interpretation of this figure in the text (L218-221): “This procedure was used to ensure the
comparison of daily minimum and maximum TWD2o18:control Under comparable climatic conditions, and
is presented in a 3-dimensional space using a linear-mixed effect model with a polynomial structure
(see Methods).”
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Moreover, the hydrometeorological space represent the absolute REW and VPD during 2018, which
has been clarified in the figure caption and axis titles.

Minor presentational issues:

-Figure S1: axis of the upper panel is missing. Can this be added?

Response: We thank the referee for this detailed consideration. We included the axis in the upper panel
as requested (Extended Material Fig. S1).
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Fig. S1 | Heatwave extent in 2018 for all sites included within the network. a-b, Frequency distribution and
site-specific distribution of the heatwave extent and days. A heatwave is defined as five consecutive days with a
maximum daily temperature higher than the 90" percentile of the control period (1951-2000 E-OBS data). The
selected heatwave extent for analyses is indicated with dotted lines (from DOY 208 until 264). This extent shows
the day of year (DOY) when more than five sites overlap in heatwave days to define the start and the end of the
heatwave period.

-Explain in legend what are heatwave extend and heatwave days. Heatwave days are defined as five
consecutive days with Tmax daily > 90th percentile. That is clear, but what is heatwave extent? This is
not clear. It is said that this is when heatwave days overlapped for more than five sites, but that is
inconsistent with what is shown in the figure S1.

Response: We adjusted the figure caption accordingly (see point above). We clarified the selection of
the dotted lines (heatwave period) as the day of year (DOY) when more than five sites show an overlap
in heatwave days to define the start and the end of the heatwave period. Within the figure this is given
by the DOY when more than five grey rectangles are overlapping. In panel (a), this is clear at the point
where the polygon goes above five.

-Line 208 — 210 : Hydrometeorological space was not different for broadleaf and conifers but the
accompanying Figure S3 makes it hard to appreciate this. Can you plot specifically the space for
broadleaf next to conifer?

Response: We agree that for the analyses presented in Fig. 3 one needs to get an idea on the actual
climate space covered within the analyses. As such we incorporated Fig. R7 within the supporting
information (as Fig. S5) and the text has been adapted accordingly (L232-235).
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Fig. R7| Hydrometeorological space for conifer and broadleaf species. Site-specific daily mean vapor pressure
deficit (VPD) and relative extractable water (REW) per taxonomic clade during the 2018 European heatwave (from
DOY 208 until 264). Darker point clouds indicate a higher occurrence of days with similar VPD and REW conditions.

-Line 212-213 : Be more specific. You mean here “... with greater values of TRW2018 corresponding
to lower REW and higher VPD during the 2018HW? Also, do you really mean greater values
corresponding to decreasing soil water availability, or simply lower soil water availability (in HW2018)?

Response: We thank the reviewer for pointing us to this unclear description of the results. We adjusted
the text accordingly, which now reads (L221-224): “Both the daily minimum and maximum TWD201s:control
showed significant responses to decreasing REW and increasing VPD for broadleaf and conifer species
(P < 0.05; Table S3), with greater TWD2o1s:control ratios during periods of lower soil water availability and
higher atmospheric evaporative demand (Fig. 3a-d).”

-1t would be nice if the axes in figs. 3 and 4 could also be added for panels b (at top) and c (left)?

Response: We added the axes as suggested by the reviewer (see new Figs. 3 and 4).
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Fig. 3 | Response of tree water deficit (TWD) to vapor pressure deficit (VPD, kPa) and relative extractable
water (REW, unitless [-]) of broadleaf (a, c) and conifer (b, d) species in the VPD-REW climate space.
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Fig. 4 | Species-specific response of tree water deficit (TWD) to vapor pressure deficit (VPD) and relative
extractable water (REW) in the VPD-REW climate space.
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Reviewer #2

Salomén et al present an analysis of tree growth and stem water balance response to the extreme
drought of 2018 across Europe. Using an innovative approach based on dendrometers and partitioning
the dendrometer data between a growth component and a variability component (which is referred to
as tree water deficit), they are able to show that temporary shrinkage increased during the drought as
a sign of water stress, whereas annual growth seemed rather unaffected. The paper is generally very
well written, and the unique and large data sets allows for the generalized conclusions as drawn by the
authors, some limitations apply (see below for detailed critique). The concept of the hydrometeorological
space is intuitive and helpful, and the associated figures are really great! All findings are interpreted
plausibly based on tree ecophysiology. | feel that the statistical analyses are all sound and reproducible.
However, | have some doubts concerning the representativity of the network in terms of the regional
scope of the HW2018, which might also affect the somewhat controversial finding of no distinct growth
response.

Response: We thank the reviewer for the very positive assessment of our manuscript, particularly in
relation to the performed analyses and data representation. The raised concerns are relevant and aided
us in further improving the work. We performed additional analyses to tackle these issues and
welcomed the suggested literature for consideration. We hope to have addressed the limitations
postulated by the reviewer.

# Major comments
1) Drought scope and validity of control years

The network of sites has some regional foci in areas that have not been identified as affected by the
2018 drought in other studies. E.g., the sites in central Spain and in Romania would not be classified
as being hit by the 2018 drought in e.g. Bastos et al. 2020 and Buras et al. 2020. From Fig. S1 it also
seems that some sites are outside the main area of the 2018 drought impact.

In addition, 2017 was a severe heatwave/drought in Southern Europe, and some of the sites in the
network will have experienced more extreme conditions in 2017 in comparison to 2018, see e.g. Rita
et al. 2020. This questions the validity of using 2016 and 2017 as control years for all sites. | am
wondering if restricting your data set to only those sites where 2018 was the stronger drought than 2017
will yield an even clearer picture of the response - maybe the large spread in TWD (Lines 187ff) could
be confined by a more climate-informed selection of the sites?

Response: We thank the referee for this relevant comment. Indeed, the 2018 European heatwave
showed substantial temporal and spatial variability. Although we were not able to incorporate sites from
central Spain in the dataset, we do have sites from Romania and Southern France (Fig. 1), for which
environmental stress might have not particularly threatening during summer 2018. When comparing
both the average VPD and REW during the HW2018 period with the corresponding period in 2017, it is
indeed clear that the Romanian sites in particular did not experience higher VPD and lower REW during
2018 (Fig. R8).
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Fig. R8 | Climate-informed selection of sites. Site-specific values on the difference between 2018 and 2017
vapor pressure deficit (VPD) and relative extractable water (REW). For both years the mean values during the
heatwave period (day of year 208 till 265) were determined, after which the difference (A) was calculated. Sites
with lower VPD or higher REW in 2018 compared to 2017 are highlighted in orange.

We agree with the suggestion of the reviewer to test restricting the data to those sites significantly hit
by the HW2018 and assess whether results, especially the lack of a growth response, remain the same.
It should be noted that it is unclear how the reviewer defines a stronger drought, as this can be
atmospheric (VPD) or soil (REW) driven. This difficulty becomes apparent in Fig. R8, where several
sites show higher VPD during 2018 while not showing lower REW or vice versa. We re-run the analysis
presented in Fig. 2 (considering 175 trees from 37 sites) by selecting sites with higher VPD and lower
REW during the 2018 heatwave period compared to 2017 (black dots in Fig. R8). According to this
criterion, excluded sites were mainly distributed across Eastern Europe (i.e., Czech Republic, Romania)
and the dataset was reduced to 150 trees from 30 sites. When re-running the analyses (Fig. R9),
minimum and maximum TWD2o1s:control Fesults did not significantly change in relation to those reported
in the main text (TWD in 2018 was greater than during the control years, and similar for both taxonomic
clades). Results of the GRO2o1s:control ratio did slightly change in relation to the previous analyses (with
less strict site-selection criteria): a non-significant trend (P = 0.06) of lower growth during 2018
compared to control years was noticed, with no significant differences between conifers and
broadleaves. This new observation has been included and discussed along the text (L178-181, L209-
212, 257-262), and Fig. R8 above has been also included in the Supplementary Information (as Fig.
S2).
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Fig. R9 | Species-specific ratios of tree water deficit (TWD) during the 2018 heatwave and 2018 annual
growth (GRO) relative to control years (2016-2017). Solely sites were included within these analyses where
vapor pressure deficit and relative extractable water were higher and lower in the heatwave periods of 2018
compared to 2017, respectively. Graphical presentation is similar to that of Fig. 2.

Thanks to the suggestion of the referee, while performing this new analysis, we found a unit issue which
affected absolute values of TWD and GRO; for a few sites, data was not converted into um in the radial
direction (as for most of the sites). This issue has now been solved. Absolute values of GRO and TWD
are obviously different, and Fig. S3 has been corrected accordingly. The issue does not affect log
transformed TWD2o1s:control ratios (nor statistical analyses and main conclusion) as unit differences
equally affected the numerator and denominator of the response ratio. However, the unit addition (1
pm) to GRO before log transformation (to maintain trees with null growth within analyses) did slightly
affected GROz2o1s:control ratios, but not the main conclusions derived from statistical analyses. Fig. 2b,
Table S2 and results (L207-209) have been adapted accordingly.

2) Fixed time frame for drought and control years

If TWD is at least partly controlled by xylem phenology (which I don't know!), then choosing a fixed
reference time frame (fixed range of DOYs) could be problematic. Due to different climatic conditions
up to this time frame for 2018 (extreme spring warming, only moderate precipitation deficits) in contrast
to the control years, trees will have been in a different growth state by the time they reach the reference
time frame, which might be associated with a given background level TWD variability. This could easily
be ruled out by comparing variability in TWD fluctuations for varying time windows.

Response: Xylem phenology exerts a limited control on TWD since the wood is generally more rigid
than the bark. TWD dynamics mainly reflect bark tissue shrinkage and swelling (L147-151) due to use
and replenishment of internally stored water in elastic bark tissues. While critical questions remain on
how phloem physiology (as part of the bark) changes seasonally’, early studies report that phloem cells
are produced before new xylem differentiation begins, and that phloem differentiation precedes xylem
differentiation by approximately 1 %2 months?. This suggests that bark internal water reservoirs are
mainly present and functional from early season onwards. Moreover, changes in bark water content
due to the flow of water from bark to xylem, resulting in bark tissue shrinkage measured with
dendrometers, were demonstrated with magnetic resonance imaging (MRI)3. As such, TWD is a useful
metric to quantify the relative importance of internally stored water during drought.
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As detailed in point #1 (reviewer #1), standardized tree-specific ratios were used in our study to allow
for a straightforward comparison of stem shrinkage during HW2018 in relation to the control period
among species. Given that TWD reflects the instant use of internally stored water in the present bark,
the chosen fixed reference time frame (from day of year 208 until 264) can be used without problem.
This instant use of water and the ability to measure it, point to the early-warning applications that resides
in dendrometer measurements.

If trees were in a different growth stage due to different climatic conditions up to the HW2018 time
frame, the existing internal water reservoirs are expected to be relatively similar, further indicating that
standardized tree-specific ratios with fixed time frames can be used. Moreover, TWD is estimated as
stem shrinkage relative to the preceding maximum (Fig. 1c), so TWD during periods of limited drought
stress (before HW2018 time frame) would tend to be zero and seasonal TWD averages during 2018
would therefore decrease, potentially leading to TWD2o1s:control Fatios approaching one. Enlarging the
time window (or using different time windows during periods of limited drought stress) might therefore
hinder our ability to detect differences in TWD patterns during HW2018 in relation to the control period
(Figure 2), i.e., as the differences will be smaller. For daily analyses (Figures 3 and 4), including days
with limited drought stress might lead to a larger number of points with relatively low TWD ratios, but
this would not change the output of polynomial models and the main results, as we used for daily
analyses the 95" percentile of TWD during the control period.

3) Immediate growth response in other studies not put in perspective

This study does not find a pronounced impact of the HW2018 on radial growth in the year itself, which
is at odds with reports of immediate growth reduction in association with 2018 (e.g, Rohner et al. 2021
for Switzerland; Larysch et al. 2021 for Germany). Could the absence of a growth response be related
to point 1), i.e. site-level effects that cancel each other out?

Response: We appreciate this comment and realized that the overall neutral response of stem growth
to HW2018 was weakly discussed. Stem growth reductions in 2018 have been indeed observed in
some regional studies (e.g., Rohner et al. 2021; Larysch et al. 2021), and also here at the species level
(see species-specific boxes in Fig. 2b below the zero dashed line). In contrast, other regional studies
have reported a neutral response, and as noted along point#1, a restrictive criteria of site selection
considering uniquely those sites where HW2018 effectively led to greater soil and atmospheric drought
stress resulted in slightly different results (a non-significant trend of growth reduction; P = 0.06). We
therefore agree with the referee that a variable GRO201s:control response among sites and species are
able to cancel out each other.

This important observation has been included in detail to open the discussion (L254-262): “Our results
partially supported hypothesis 1, as stems experienced larger shrinkage during HW2018 relative to
control years. However, no consistent reductions in annual stem growth were found (Fig. 2), as a
variable response among sites and species cancelled each other out. lllustratively, regional studies
have reported negative?®?°, neutral®®3', and positive®? responses of annual stem growth to HW2018.
Similarly, our results were dependent on the site selection for analysis, as more restrictive criteria
according to HW2018 intensity tended to increase the plausibility of growth reductions. Limitations to
stem-girth increment are therefore highly dependent on site-specific conditions and, importantly, on the
timing of the extreme climatic events. [...]”

# Minor comment
- L155: HW2018 not defined before here
Response: The 2018 heatwave (HW2018) has been defined now on its first mention (L157-158).
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<b>REVIEWERS' COMMENTS</b>
Reviewer #1 (Remarks to the Author):

The authors responded exceptionally well to my comments and I am happy to recommend
publication of this manuscript.

Perhaps there are three small points that could still be considered.

Firstly, I find the fig. R4 and the formula for REW highly illustrative and wonder if this could be
included in the ms methods (both the equation and explanation of the symbols, and the figure). Of
course the reader can also look up the cited references but it would make it easier for the reader if
it is included in the text.

Secondly, should the added text in line 343/344 not read " .. yet requires data for more species
with greater variation in traits and with greater spatial replication." I believe "data collection in
species richness" implies a different meaning.

Finally, and this is a bit of a pedantic point... the definition of the heatwave period start and end is
still not very clear. I understand that the start and end of the heat wave period are taken when
there are more than 5 sites with heatwave extend (not heatwave days- this is still confusing the
caption) but how are the heatwave extent periods for each site defined? You are connecting
together over time the first and last heat waves and in some sites there was at least a gap of a
month or more in between with no heatwave. I have no problem with the period used, but
according to your own definition there are actually four separate heatwaves!

Reviewer #2 (Remarks to the Author):

I thank for authors for addressing my concerns and even re-running some of their analyses to
demonstrate the robustness of their conclusions.

I have, however, still have a mild concern about how skillful the network really is in representing
drought and heat load for the presented species. This concern is partly rooted in the distribution of
measurement sites as listed in table S1, and partly rooted in the use of relative metrics for
drought and heat load.

As an example, the majority of beech sites is located above 800 m a.s.l., which in my
understanding can lead to the relatively optimistic response pattern for beech in Fig. 2. Many
strongly affected beech stands in central and southern Germany are distributed along lower
altitudes (own observations and e.g., Obladen et al. 2021), i.e., an altitudinal range that is not
covered well by the network presented in this study. From dendroecological studies it is known
that the detrimental effect of heat waves and droughts on tree growth in the low altitudes can be
reversed towards a positive effect in higher altitudes (e.g. Dittmar et al. 2003) - can the authors
exclude such a potential mis-attribution, e.g. that the adverse conditions by heat and drought in
the low lands are actually translated into more favorable growing conditions at higher altitudes? In
my understanding, the relative definition of heat and drought used in the study would not exclude
such a misinterpretation.

Other than that, I am very convinced by the revision. Especially the rebuttal of my concern about
a potential influence of xylem phenology on TWD dynamics is convincing, and I thank the authors
for their well-argued clarification.

Reference:
Dittmar, C., Zech, W., & Elling, W. (2003). Growth variations of Common beech (Fagus sylvatica

L.) under different climatic and environmental conditions in Europe—A dendroecological study.
Forest Ecology and Management, 173(1-3), 63-78.



Obladen, N., Dechering, P., Skiadaresis, G., Tegel, W., KeBler, J., Héllerl, S., Kaps, S., Hertel, M.,
Dulamsuren, C., Seifert, T., Hirsch, M., & Seim, A. (2021). Tree mortality of European beech and
Norway spruce induced by 2018-2019 hot droughts in central Germany. Agricultural and Forest
Meteorology, 307, 108482. https://doi.org/10.1016/j.agrformet.2021.108482



Response to reviewers letter | Manuscript "The 2018 European heatwave led to stem
dehydration but not to consistent growth reductions in forests" (NCOMMS-21-21559A)

Reviewer #1

The authors responded exceptionally well to my comments and | am happy to recommend publication
of this manuscript.

Perhaps there are three small points that could still be considered.

Firstly, I find the fig. R4 and the formula for REW highly illustrative and wonder if this could be included
in the ms methods (both the equation and explanation of the symbols, and the figure). Of course the
reader can also look up the cited references but it would make it easier for the reader if it is included in
the text.

Response: The equation has been included in the Methods section, and Figure R4 has been included
in the Supplementary information (as Figure S7).

Secondly, should the added text in line 343/344 not read " .. yet requires data for more species with
greater variation in traits and with greater spatial replication." | believe "data collection in species
richness" implies a different meaning.

Response: "Species richness" has been omitted, and the sentence has been reworded accordingly.

Finally, and this is a bit of a pedantic point... the definition of the heatwave period start and end is still
not very clear. | understand that the start and end of the heat wave period are taken when there are
more than 5 sites with heatwave extend (not heatwave days- this is still confusing the caption) but how
are the heatwave extent periods for each site defined? You are connecting together over time the first
and last heat waves and in some sites there was at least a gap of a month or more in between with no
heatwave. | have no problem with the period used, but according to your own definition there are actually
four separate heatwaves!

Response: The explanation of the heatwave period (HW) was indeed not 100% clear. The explanation
has been clarified. In the caption of Figure S1, we now make the distinction between site-specific and
overall HW extent for analyses and further clarify that the overall HW extent connects the first and last
DOY when more than five sites overlap in site-specific heatwave days (not site-specific heatwave
extent):

"Figure S1 | Heatwave extent in 2018 for all sites included within the network. a-b, Frequency
distribution and site-specific distribution of the heatwave days and extent and days. A heatwave is
defined as five consecutive days with a maximum daily temperature higher than the 90th percentile of
the control period (1951-2000 E-OBS data). The selected overall heatwave extent for analyses is
indicated with dotted lines (from DOY 208 until 264). This overall extent shows temporally covers the
first and last day of year (DOY) when more than five sites overlap in heatwave days to define the start
and the end of the overall heatwave period, respectively."
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Reviewer #2

| thank for authors for addressing my concerns and even re-running some of their analyses to
demonstrate the robustness of their conclusions.

| have, however, still have a mild concern about how skillful the network really is in representing drought
and heat load for the presented species. This concern is partly rooted in the distribution of measurement
sites as listed in table S1, and partly rooted in the use of relative metrics for drought and heat load.

As an example, the majority of beech sites is located above 800 m a.s.l., which in my understanding
can lead to the relatively optimistic response pattern for beech in Fig. 2. Many strongly affected beech
stands in central and southern Germany are distributed along lower altitudes (own observations and
e.g., Obladen et al. 2021), i.e., an altitudinal range that is not covered well by the network presented in
this study. From dendroecological studies it is known that the detrimental effect of heat waves and
droughts on tree growth in the low altitudes can be reversed towards a positive effect in higher altitudes
(e.g. Dittmar et al. 2003) - can the authors exclude such a potential mis-attribution, e.g. that the adverse
conditions by heat and drought in the low lands are actually translated into more favorable growing
conditions at higher altitudes? In my understanding, the relative definition of heat and drought used in
the study would not exclude such a misinterpretation.

Response: We perfectly understand this concern. Despite being the first continental-scale dendrometer
dataset for large-scale analysis, we acknowledge the limited spatial resolution and species-specific
replication of the compiled dataset. Of course, these limitations affect the output of the statistical
analyses, and the stem growth response to environmental drivers will be site-dependent and specific-
dependant. Actually, we believe the example outlined above for beech trees could be similarly argued
for each sampled species within the dataset, as potential sampling bias is inherently associated with
large-scale analysis, like the one presented here.

For this reason, aiming at delivering a message within the context of the collected dataset, we
repeatedly mention throughout the manuscript that:

e "our results were dependent on the site selection for analysis",

¢ "limitations to stem-girth increment are therefore highly dependent on site-specific conditions”,
and

e "avariable response among sites and species cancelled each other out. lllustratively, regional
studies have reported negative?®?°, neutral®®3!, and positive® responses of annual stem growth
to HW2018".

Therefore, we do not think additional clarifications are required in this line. In any case, our tree-level
observations agree with ecosystem-level measurements of carbon exchange across Europe, as we
discuss at the beginning of the Discussion section (i.e., spring growth stimulation and summer reduction
compensated each other, resulting in nearly average ecosystem carbon uptake over the year, which
implies a neutral growth response to the 2018 heatwave at the continental scale).

Other than that, | am very convinced by the revision. Especially the rebuttal of my concern about a
potential influence of xylem phenology on TWD dynamics is convincing, and | thank the authors for their
well-argued clarification.

Response: Thank you for this appreciation.

Reference supplied by Reviewer #2:

Dittmar, C., Zech, W., & Elling, W. (2003). Growth variations of Common beech (Fagus sylvatica L.) under different climatic and
environmental conditions in Europe—A dendroecological study. Forest Ecology and Management, 173(1-3), 63—78.

Obladen, N., Dechering, P., Skiadaresis, G., Tegel, W., KeRler, J., Hollerl, S., Kaps, S., Hertel, M., Dulamsuren, C., Seifert, T.,
Hirsch, M., & Seim, A. (2021). Tree mortality of European beech and Norway spruce induced by 2018-2019 hot droughts in
central Germany. Agricultural and Forest Meteorology, 307, 108482. https://doi.org/10.1016/j.agrformet.2021.108482
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