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HIGHLIGHTS GRAPHICAL ABSTRACT

e Carbon allocation to woody biomass in
European beech is sink limited.

e Drought causes beech to de-prioritize
wood formation in favor of other
processes.

e Gross primary productivity recovers
more rapidly from drought than tree
growth.

e The timing of drought determines if
growth is reduced in the current or next BPE=Gre

S r
year. w ~1; [Carbon allocation to woody biomass

The drought response of biomass production efficiency (BPE) in European
beech follows that of aboveground carbon increment (ACI) in stem
biomass, rather than that of gross primary productivity (GPP).
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ARTICLE INFO ABSTRACT

Editor: Manuel Esteban Lucas-Borja The fraction of photosynthetically assimilated carbon that trees allocate to long-lasting woody biomass pools
(biomass production efficiency — BPE), is a key metric of the forest carbon balance. Its apparent simplicity belies
Keywords: the complex interplay between underlying processes of photosynthesis, respiration, litter and fruit production,
Fagus sylvatica L and tree growth that respond differently to climate variability. Whereas the magnitude of BPE has been routinely

Carbon allocation

T h quantified in ecological studies, its temporal dynamics and responses to extreme events such as drought remain
Tee grow

Gross primary productivity less well understood. Here, we combine long-term records of aboveground carbon increment (ACI) obtained from
Eddy covariance tree rings with stand-level gross primary productivity (GPP) from eddy covariance (EC) records to empirically
Climate response quantify aboveground BPE (= ACI/GPP) and its interannual variability in two European beech forests (Hainich,
Drought extremes DE-Hai, Germany; Sorg, DK-Sor, Denmark). We found significant negative correlations between BPE and a daily-
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resolved drought index at both sites, indicating that woody growth is de-prioritized under water limitation.
During identified extreme years, early-season drought reduced same-year BPE by 29 % (Hainich, 2011), 31 %
(Sorg, 2006), and 14 % (Sorg, 2013). By contrast, the 2003 late-summer drought resulted in a 17 % reduction of
post-drought year BPE at Hainich. Across the entire EC period, the daily-to-seasonal drought response of BPE
resembled that of ACI, rather than that of GPP. This indicates that BPE follows sink dynamics more closely than
source dynamics, which appear to be decoupled given the distinctive climate response patterns of GPP and ACI.
Based on our observations, we caution against estimating the magnitude and variability of the carbon sink in
European beech (and likely other temperate forests) based on carbon fluxes alone. We also encourage compa-
rable studies at other long-term EC measurement sites from different ecosystems to further constrain the BPE
response to rare climatic events.

1. Introduction

Carbon allocation to long-lasting woody biomass pools such as tree
stems is an important process that co-determines the forest carbon sink
dynamics. How many resources trees invest in woody growth is not only
relevant from an ecological perspective, but also from a human
perspective. The latter is with regard to nature-based climate solutions
(Anderegg et al., 2022; Giebink et al., 2022; Hemes et al., 2021; Novick
et al., 2022), timber production (Johnston and Radeloff, 2019), forest
management (Calfapietra et al., 2015; Thiirig and Kaufmann, 2010), or
assessment of wildfire risk (Nolan et al., 2022). Two important processes
that drive carbon allocation to tree stems are 1) carbon fixation through
photosynthesis (gross primary productivity, GPP = carbon source for the
tree and sink for the atmosphere) and 2) carbon sequestration through
wood formation processes that drive the allocation of carbon to long-
lasting structural biomass (herein quantified by the aboveground car-
bon increment, ACI = carbon sink). Other processes such as fine root,
foliage, and fruit production also affect a tree’s growth and carbon sink
capacity but are associated with large uncertainties (Pugh et al., 2020;
Yang et al., 2021) and not explicitly quantified in this study. The
“biomass production efficiency” (BPE = ACI/GPP) of trees is thus
defined as the fraction of GPP that is sequestered in structural woody
biomass and is a key metric for the long-term forest carbon sink (Cam-
pioli et al., 2015; He et al., 2020; Vicca et al., 2012).

Environmental drivers of carbon source and sink dynamics in trees
are varied, complex, and expected to shift under global change (Fatichi
et al., 2014; Friend et al., 2019). For example, a recent meta-analysis of
global flux-tower and tree-ring data has concluded that GPP and tree
growth are largely decoupled and under different environmental con-
straints (Cabon et al., 2022) but without comparing the two processes
quantitatively. GPP can respond to drought via stomatal limitation,
which is both a reaction to soil water shortage and high atmospheric

water demand. In addition, both GPP and CO; losses through autotro-
phic respiration (Ra) are temperature sensitive, but variation in Ra is
caused by multiple pathways and processes in different tree organs,
which are differently affected by environmental drivers and tree internal
regulations compared to GPP. The remainder of the sequestered carbon,
net primary productivity (NPP = GPP-Ra), is available to be allocated to
different non-structural and structural sinks, including ACI (Fig. 1). The
ACI is primarily achieved through the processes of wood formation,
which are strongly influenced by turgor pressure and thus highly
drought sensitive (Peters et al., 2020a; Peters et al., 2023). Given that
GPP and ACI respond differently to climatic variability, we can expect
BPE to shift during drought episodes and particularly during extreme
events. This re-prioritization of resources has, however, rarely been
quantified in empirical studies.

We have adopted BPE as a conceptually simple quantitative metric of
carbon allocation to woody biomass that is, however, not straightforward
to measure in-situ. The required measurements of both GPP and ACI can
only be achieved at a relatively small number of ecological monitoring
sites (<100 sites worldwide; Babst et al., 2021) where carbon fluxes have
been continuously recorded using the eddy covariance (EC) method for
the past one to three decades. Such long time series are key to assess BPE
trajectories and its response to climatic variability and extremes. Com-
bined tree-ring and biometric measurements from within the footprint
area of a flux tower are thereby the preferred option to quantify stand-
level ACI retrospectively, which requires a spatially representative sam-
pling approach that differs from traditional dendrochronological data
collection (Evans et al., 2022; Klesse et al., 2018; Nehrbass-Ahles et al.,
2014). The number of existing studies that have quantified BPE this way
has remained modest and these studies have drawn a varied picture of the
magnitude, environmental constraints, and temporal variability of forest
carbon allocation (e.g. Babst et al., 2014; Mund et al., 2020; Pappas et al.,
2023; Pappas et al., 2020; Teets et al., 2018).

H1) The inter-annual variation of BPE is impacted by seasonal

climate and particularly drought
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Fig. 1. Conceptual diagram illustrating the processes of carbon allocation along with three hypotheses investigated in our study. Note: Parameters in blue were
utilized for analysis. Stem growth is represented by the tree-ring width index (TRI), NSC refers to non-structural carbohydrates, and VOCs refers to volatile

organic compounds.
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Environmental stressors, such as drought, can have pronounced
impacts on a tree’s physiology and in particular growth that can last for
several years and alter carbon allocation within an ecosystem (Anderegg
et al., 2015). Currently, however, there is a shortage of quantitative
analyses regarding the variations of BPE under changing climatic con-
ditions and over longer timescales. Therefore, it is crucial to understand
if the BPE ratio depends more on GPP or ACI, and if it changes with
reduced water availability. Clarifying these connections will improve
our understanding of carbon allocation dynamics and help enhance
land-surface models, which often predict vegetation carbon budgets
solely based on GPP (Zuidema et al., 2018). Trees have the capacity to
flexibly allocate the carbon obtained from GPP towards various sinks;
this allocation can depend on factors such as climatic conditions,
nutrient and light availability. In this respect, evidence is mounting that
stem growth has a relatively low priority when environmental factors
become limiting (Merganicova et al., 2019; Peters et al., 2020a; Sevanto
and Dickman, 2015; Xia et al., 2017). Instead, carbon allocation is re-
prioritized towards other sinks (Fig. 1, process II), including foliage
(Kannenberg et al., 2019b), reproduction (Mund et al., 2020), roots
(Miao et al., 2022), and non-structural carbohydrate storage (Carbone
et al.,, 2013; Huang et al., 2021). Carbon that is allocated away from
growth can also be released as volatile organic compounds (VOCs) for
communication and defense purposes (Fig. 1, process III). As such, we
anticipate that stem growth-related processes exhibit a higher sensitivity
to drought compared to GPP (Kannenberg et al., 2019b; Peters et al.,
2020b).

European beech (Fagus sylvatica L.) ranks among Europe’s most
abundant forest species (van der Werf et al., 2007) and contributes to a
mean long-term carbon sink of ca. 75 g C m 2 yr~! (Luyssaert et al.,
2010). These beech forests have demonstrated a certain tolerance,
plasticity, and resilience in their response to drought (Dyderski et al.,
2018). However, the continuous rise in aridity, coupled with the
occurrence of extreme droughts, poses a significant challenge to the
productivity and survival of beech forests in their present state (Bosela
et al., 2018). At sites with a pronounced drought limitation of beech
forests, we expect that growth will be sink-limited and that the drought
sensitivity of BPE would resemble that of ACL If so, drought would
reduce the capacity of beech trees to function as effective long-term
carbon sinks. Testing this hypothesis is important because droughts
are predicted to become more frequent and intense with climate change
(Chiang et al., 2021). It is also challenging, because extreme events are
rare by definition and existing flux-tower records are still relatively
short. Despite these data constraints, we are now entering a time when
BPE can be quantified over sufficiently long timescales to assess the
impact of at least a limited number of drought events on stand-level
carbon allocation (Kannenberg et al., 2022).

Table 1
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In this study, our objectives were as follows: 1) To quantify the
annual variation of BPE empirically at two long-standing flux-tower sites
in European beech stands, namely Hainich (DE-Hai, 2000-2018) and
Sorg (DK-Sor, 1997-2017); 2) to compare the daily-to-seasonal climate
sensitivities of BPE, GPP, and ACI; 3) to assess the impacts of drought
extremes on these three metrics to identify priorities for carbon alloca-
tion under restrictive conditions. We tested the following guiding hy-
potheses: H1) The interannual variation of BPE is impacted by drought
because GPP and ACI respond differently to water availability and de-
mand (Cabon et al., 2022), H2) The climate sensitivity of BPE is more
similar to that of ACI than that of GPP because drought induces turgor-
limited growth (Peters et al. 2021), and H3) GPP recovers more quickly
from drought events than stem growth (Peters et al., 2020a), leading to
reduced BPE in the year following drought.

2. Materials and methods
2.1. Study sites

Our sampling sites are located at two well-studied and long-term
ecological research stations in European beech forests with over two
decades of eddy-covariance monitoring (see Table 1 and Fig. S1 for site
locations). Both sites, Hainich (DE-Hai, Knohl et al., 2003), and Sorg
(DK-Sor; see Peters et al., 2020a) are part of the FLUXNET network (see
https://fluxnet.fluxdata.org), as well as the Integrated Carbon Obser-
vation System (ICOS; https://www.icos-cp.eu), and have adopted the
respective measurement and data standards (Sabbatini et al., 2018). The
long-term records with full-year data of carbon and water fluxes start in
2000 and 1997 for Hainich and Sorg, respectively, and continues
presently.

Hainich (51°04'45” N, 10°27'07"E, 430 m a.s.]) is located in the core
zone of the Hainich National Park, Thuringia, Germany. The climate is
suboceanic-submontane, with mean annual temperatures of 8.3 °C and
mean precipitation of 732 mm. The soil is composed of an underlying
Triassic limestone and covered with variable Pleistocene loess deposits.
The tree species composition within our sampling plot and the entire
flux-tower footprint is a mixture of the dominating European beech
(Fagus sylvatica L.), with European ash (Fraxinus excelsior L.), sycamore
maple (Acer pseudoplatanus L.), and a small fraction of additional de-
ciduous species (Mund et al., 2020). The site has been unmanaged for
roughly a century, so that it can be characterized as a near-naturally
growing beech forest.

Sorg (55°29'13"N, 11°38'45"E2, 40 m a.s.l) is located in the middle of
the Lille Bpgeskov forest on the island of Zealand, about 80 km south-
west of Copenhagen. The climate is temperate maritime, with mean
annual temperatures of 8.5 °C and annual precipitation of 891 mm based

Stand characteristics of the two European beech sampling sites. Mean values are given with +/— one standard deviation.

Hainich (DE-Hai)

Sorp (DK-Sor)

Location 51°04'45" N 55°29'13"N
10°27'07" E 11°38'45"E
Elevation (m a.s.l.) 440 40
Management Unmanaged Thinning of 10 % per 10 years
Stand age range” Uneven-aged stand, 47-234 yrs. Mostly even-aged, 49-94 yrs
Annual precipitation sum (mm)” 732 £+ 156 891 + 299
Mean annual temperature ("C)b 8.3 +0.7 8.5+ 0.6
Plot area (m?) 2827 2460
Arithmetic mean tree height (m) 21.5+11.4 26.0 +9.8
Arithmetic mean tree DBH (cm) 33.2 +£27.1 39.4 +18.3
Number of sampled trees 89 54
Tree density (stems ha™1) 325 207
Tree-ring period 1785-2018 1924-2017
Analyzed eddy flux period 2000-2019 1997-2017

Substrate

Triassic limestone

Alfisols, Mollisols

@ Stand age range is based on the tree-ring records within the stands.
> Annual mean temperature and precipitation sums were calculated from local meteorological data during the common period 2000-2017 between the two sites.


https://fluxnet.fluxdata.org
https://www.icos-cp.eu

J. Wei et al.

on the local meteorological record from 2000 to 2017. The soils are
brown soils and classified as either Alfisols or Mollisols (depending on a
base saturation of under or over 50 %) with a 10-40 cm deep organic
layer (Pilegaard and Ibrom, 2020; Wu et al., 2013). The forest is mainly
dominated by Fagus sylvatica L. with few scattered other tree species
such as Picea abies and Larix decidua. The trees in the forest stand were
planted around 1920 following a clearcut. Recently, a forest manage-
ment regime with a thinning of 10 % of the basal area every 10 years has
been implemented (Pilegaard and Ibrom, 2020). Further site details are
provided in Table 1.

2.2. Field sample collection

In 2018 and 2019, we established sampling plots within the primary
footprint areas of the flux towers, known from local footprint modeling.
This modeling is based on wind direction and speed, as well as tower
height. Plots were placed in the core footprint and their area adjusted
based on footprint size and stand density to capture a representative
subset of the area from which the measured carbon fluxes originated.
The sampled areas included 2830 m? in Hainich and 2460 m? in Sorg.
Within each plot, we collected two increment cores to the pith of all trees
with a diameter at breast height (DBH, 1.3 m above the ground) >5.6
cm. Our sampling resulted in a total of 182 and 108 cores from Hainich
and Sorg, respectively (Table 1). For each individual tree, we also
recorded DBH (cm), height (m), crown base height (m), social status
(dominant, co-dominant, or suppressed), as well as its precise location
(distance and azimuth) relative to the plot center. The increment cores
were dried, sanded, and polished down to a 15 pm grate, and visually
dated using standard dendrochronological techniques (Schweingruber,
1996). Each tree ring was measured to the nearest 0.01 mm using a
LINTAB-6 measurement system (Rinntech, Heidelberg, Germany), and
the quality of the dating was checked visually and statistically using the
COFECHA program (Holmes, 1983). Accurate dating of annual growth
rings failed in a small number of young individuals, for which we esti-
mated growth variability based on that of up to five randomly selected
trees of the same species with a comparable DBH (+2 cm). For the long-
term tree-ring chronologies at the site level for Hainich and Sorg, please
refer to Fig. S2.

2.3. Tree biomass increment and BPE

To derive annual tree biomass increment, we first reconstructed
historical tree DBH based on the measured DBH in the sampling year and
the tree-ring width series of the respective tree. To avoid biases due to
sample orientation and non-circular tree shapes, we used the propor-
tional method put forth by Bakker (Bakker, 2005). In case an increment
core did not reach the pith, we performed a pith-offset estimation based
on the curvature of the last five rings using the concentric circles method
(Pirie et al., 2015). Subsequently, we applied five published allometric
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biomass equations to calculate the aboveground biomass increment
(ABI) of individual trees. Depending on the equation, ABI was estimated
based on DBH alone or based on a combination of DBH and tree height to
account for site-specific DBH-height relationships (Fig. S3). Given the
good agreement between biomass estimates from the five equations, we
used their mean in our primary analyses (Fig. S4). The individual
equations are listed in Table S1, including the generalized equation from
Forrester et al. (2017) that estimates the annual aboveground biomass of
each tree as follows:

in(Y) =Inp,+1In (D) B, +¢ 1)

where prediction of aboveground biomass (Y, kg) is calculated by the
intercept (fo = —1.6594 for F. sylvatica and fy = —2.8255 for
F. excelsior), slope (1 = 2.3589 for F. sylvatica and $; = 2.8048 for
F. excelsior), and the independent variable tree diameter (D, cm), plus an
error term e. We then calculated the aboveground biomass increment
(ABI) of each tree by subtracting its biomass in year t-1 from the biomass
of in year t. To enable direct comparisons with the EC measurements [g
C m 2y 1], we multiplied ABI by the carbon content of the wood using
site-specific carbon content values (i.e., 47 % in Sorg) or estimating it at
50 % (in Hainich) (Gea-Izquierdo and Sanchez-Gonzalez, 2022; Ruiz-
Peinado Gertrudix et al., 2012; Skovsgaard and Nord-Larsen, 2011). The
resulting metric of aboveground carbon increment (ACI) per tree (Fig. 2)
was assessed within size classes and also summed up to the plot level and
expressed on a per-area basis (g C m~2 y™1). By dividing ACI by GPP, we
were then able to quantify BPE as the fraction of sequestered carbon that
is allocated to aboveground structural growth each year.

2.4. Eddy covariance data

Daily sums of Net Ecosystem Exchange (NEE; gC m~2 d’l) calculated
from half-hourly EC data were derived from the FLUXNET2015 Dataset
(Pastorello et al., 2020). Measurements for the remaining years towards
present were obtained directly from the site principal investigators.
Daily GPP estimates (gC m ™2 d™1) were aggregated from half-hourly
data using the partitioning method based on daytime (Sorg) and night-
time (Hainich) respiration (i.e., GPP_NT_VUT_REF), and they were then
summed up to the annual scale (Reichstein et al., 2005; Wu et al., 2013).

2.5. Climate response analysis

The relationships between climate (temperature, precipitation, and
the standardized precipitation evapotranspiration index SPEI) and BPE,
GPP, and ACI were analyzed using the R package dendroTools (Jevsenak
and Levanic, 2018). Climate data during the flux-tower period were
obtained from local meteorological observations at the study sites,
whereas long-term records (1953-2017) were obtained from the grid-
ded E-OBS database at a spatial resolution of 0.1°. Data were extracted
for the grid cells that encompass our study sites. The SPEI was calculated

Sorg
n = 54; 100%
n=12;2% DBH class [em]
n=12;19% — Total
— 020
— 21-40
41-60
— 61-80

w

1950

1925 1975 2000

Fig. 2. Variation in annual aboveground carbon increment (ACI, kg) at the Hainich (1795-2018) and Sorg (1924-2017) sites based on the distribution of diameter at
breast height (DBH, cm). DBH groups encompassed 0-20 cm, 21-40 c¢m, 41-60 cm, and 61-80 cm (Hainich only). n represents the number of sampled trees, and %
represents the percentage of total ACI for each DBH class. When summed up to the plot level, ACI is shown in black.
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using the spei package in R and with evapotranspiration estimated based
on the Hargreaves method. Day-wise aggregated climate correlations
were calculated between 1 and 270 days from June of the previous
calendar year to October of the current calendar year during the shared
period of 2000-2017. Within this 19-month window that encompasses
most lagged and concurrent climate influences on tree growth in Europe
(Babst et al., 2014), we tested all possible combinations of consecutive
days (up to 270 days) to identify the most relevant climatic seasons for
tree growth at our sites.

Beyond their responses to short-term climate variability, we also
looked for longer-term trends in ACI, GPP, and BPE. Only the annual
GPP at the Sorg site showed a significant positive trend during
1997-2017 (Fig. 3f). This data was detrended for climate response
analysis by calculating the residuals of a linear model applied to the time
series, which were then normalized by the percentage deviation from
the mean. In order to benchmark the climate correlations obtained for
the EC period, we also calculated equivalent correlations from the long-
term E-OBS records of the three climate variables. Over this multi-
decadal time scale, growth-climate relationships were only analyzed
for detrended tree-ring width data to confirm the main limiting climate
factors (Fig. S5).

2.6. Drought events detection and analysis

We expected BPE anomalies to be particularly pronounced during or
after drought extremes when the differing responses of ACI and GPP

Science of the Total Environment 919 (2024) 170726

should take full effect. Hence, we targeted drought episodes that
occurred during the limited periods covered by the EC measurements at
the two sites. We also looked for concurrent growth anomalies: Based on
“Cropper values” as introduced by Cropper (1979). These values are
calculated from the standard deviations of annual growth (Fig. S7), by
normalizing 9-year low-pass filtered tree-ring series within a moving
window centered around each year using the R packages dplR and
pointRes (Bunn, 2008; Cropper, 1979; van der Maaten-Theunissen et al.,
2015). Cropper values of +1.28 (moderate growth anomaly) and +
1.645 (extreme growth anomaly) were adopted as thresholds of pointer
year classes following Jetschke et al. (2019). This way, we were able to
identify growth anomalies that coincided with the occurrence of
droughts during specific seasons that had emerged from our systematic
climate response analyses as important for tree growth at our sites (i.e.,
spring and summer). To analyze the variations of BPE in response to
droughts during these relevant seasons, we calculated mean tempera-
ture and total precipitation anomalies for spring (March — May) and
summer (June - July) from the meteorological station data at the flux-
tower sites, expressed as percent deviations from average during the
EC period (Fig. S8). Specifically, seasonal droughts in 2003, 2011, and
2018 were detected at the Hainich site, while the droughts in 2006 and
2013 were observed at the Sorg site (Fig. S8). As the tree-ring record did
not extend far enough towards the present to capture the growth
anomaly during the 2018 drought, which was one of the most severe
droughts that central Europe has experienced (Peters et al., 2020c;
Salomon et al., 2022), we utilized instead the annual variation of stem
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diameter measured by dendrometers at Hainich (Mund et al., 2020) to
obtain the 2018 growth anomaly (see Fig. S9). All data analyses were
conducted in R 4.0 (R Core Team, 2021).

3. Results
3.1. Magnitude and trends of ACI and BPE at the stand level

The primary contributors towards stand-level woody biomass stocks
and increments were trees with a large diameter at breast height (DBH).
As visible in Fig. 2, the magnitude and interannual variability of ACI in
the largest DBH classes (61-80 cm at Hainich, 41-60 cm at Sorg) aligned
closely with those of total stand-level ACI over time. These dominant
DBH classes accounted for 81 % and 79 % of the total ACI for the two
sites, respectively. Hence, despite comprising a relatively small subset of
the total stem counts, trees with large DBH importantly control the
ecosystem woody biomass and carbon sequestration, particularly in the
uneven-aged forest of Hainich.

BPE showed inter-annual variability ranging between 14 and 31 % at
the Hainich site and between 13 %-22 % at the Sorg site. A significant
difference in BPE between these two sites was observed, as indicated by
a t-test (p < 0.001). BPE trends were non-significant at both sites during
the EC period (Fig. 3a and b, slope ~ 0), although a slight increase in
BPE was observed at the Hainich site towards present while the annual
ACI remained relatively stable at ca. 340 + 56 g Cm™2 y~! (Fig. 3¢). In
contrast, Sorg exhibited a significant increasing trend in annual GPP (R?
= 0.63, p < 0.001) that was accompanied by a less pronounced increase
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in annual ACI (mean = 378 + 60 gC m 2 y~!) during 1997-2017.
Overall, the magnitude and variability of BPE were larger at Hainich
compared to Sorg, indicating that, despite the lower GPP, carbon allo-
cation to woody biomass in Hainich exceeded that of Sorg. Therefore,
the parameter of interest, BPE, reveals contrasting trends and values
between the two sites, reflecting the intricate relationship between GPP
and ACL.

3.2. Relationship between BPE and climate variables

When focusing on drought responses, BPE exhibited a notable corre-
lation with daily SPEI at the Sorg site (Fig. 4f), reaching two seasonal
peaks in correlation coefficients (Rpnqy). The first peak, with significant
positive correlation coefficients ranging from 0.46 to 0.55, occurred from
April 15 to May 1 (DOY 105-131) with a 25-day interval. The second
peak, with significant positive correlation coefficients ranging from 0.46
to 0.59, was observed during July 23 to August 8 (DOY 204-220) with a
25-day interval. These results delineate the seasons when drought had the
most negative impact on carbon allocation to woody biomass at the Sorg
site. By contrast, BPE at Hainich exhibited only one period with signifi-
cant positive correlations with SPEI (Fig. 4e) during the late growing
season with Ry, = 0.55 (DOY 232-275, 24-day interval). Together, these
results indicate that Sorg was subjected to more prolonged and persistent
drought effects on BPE than Hainich over the recent two decades. These
results also persist through the different size classes of trees (Fig. S6), even
though the drought signal in smaller trees was reduced, likely due to
multiple concurrent limitations on growth.
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In addition to SPEI our study revealed positive correlations between
BPE and spring temperature, as well as negative correlations between
BPE and summer temperature at both study sites (Fig. 4a and b). In turn,
correlations between BPE with summer precipitation were slightly
positive (Fig. 4c and d). Overall, we found that the magnitude of the
temperature signal was more noticeable than that of the precipitation
signal, especially at Sorg. For example, BPE exhibited a significant
positive correlation with precipitation (Ryq = 0.59, DOY 104, 97-day
interval, April 14 — July 19). Taken together, our climate response an-
alyses support our first hypothesis (H1), evidencing that drought is a key
driver of inter-annual variability in carbon allocation to woody growth
at both sites.

At the seasonal level, we find that the response of BPE to June — July
SPEI in Hainich is more similar to that of ACI than to that of GPP, as
indicated by linear regression analysis (Fig. 5). This finding provides
support for our second hypothesis (H2). Furthermore, the other
observed parameters (ACI and GPP) showed different correlations with
the drought index, and the strongest SPEI correlation was still found for
BPE at the Sorg site for June to July (Fig. 5b, slope = 0.47). These results
indicate that drought affects carbon allocation to aboveground woody
biomass during the summer season. In contrast, GPP at both sites was
less sensitive to summer drought than BPE or ACI (shallower slope in
Fig. 5e-f) across the common period of 2001-2017.

3.3. BPE, ACI, and GPP during and after drought extremes

Droughts that occurred late in the growing season, such as the
identified droughts in 2003 and 2018, had negative effects on BPE not in
the concurrent, but in the following year. For example, BPE in the post-
drought year 2004 at Hainich was reduced by 16.82 % compared to the
mean BPE during 2000-2018 (Fig. 3a). Similarly, the annual radial
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growth of trees in 2019 (Fig. S9) showed reductions of 13.47 % (Euro-
pean beech), 5.25 % (European ash), and 27.97 % (Sycamore maple)
compared to the mean during 2003-2020 for the respective species.
Conversely, droughts that occurred early in the growing season such as
the spring droughts in 2011 at the Hainich site, and in 2006 and 2013 at
the Sorg site, exerted immediate and strong negative effects on BPE, with
observed reductions of —29.36 %, —31.32 %, and — 13.81 %, respec-
tively. In the post-drought year, a legacy effect of the spring drought
2013 for BPE was only observed in 2014 at the Sorg site, with a
reduction of —15 % (Fig. 3a and b).

ACI reduction during the identified drought years was more sub-
stantial in large size classes, such as 61-80 cm at Hainich (Fig. 6a) and
41-60 cm at Sorg (Fig. 6b), indicating that trees with a bigger DBH are
more sensitive to water limitation (see also Fig. S6). Similarly, the
observed increase in ACI in 2003 at the Hainich site was most pro-
nounced in the 41-60 cm and 61-80 cm DBH classes, suggesting that
large trees also benefit disproportionately from abundant water re-
sources in the early growing season. The 2003 drought occurred late in
the growing season, i.e., after the tree volume increment for that year
had already largely been completed, and dampened wood formation
only in the following year.

GPP time series for the same detected drought and post-drought
years at both sites show that droughts caused immediate GPP re-
ductions during all drought events (Fig. 7). For instance, during the peak
drought period (DOY 211-254) in the year 2003, the reduction in GPP
was —32.36 % compared to the long-term average (2000-2019) at the
Hainich site. In the drought year 2018, GPP was even suppressed by
—57.27 % during the late summer period (DOY 174-278). Importantly,
in the post-drought years, annual GPP decreased only by —0.68 %,
—1.06 %, and — 11.88 % in 2004, 2012, and 2019 compared to the long-
term average at Hainich, respectively. However, at the Sorg site, GPP
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increased by 4.35 % and 22.55 % in the post-drought years 2007 and
2014, respectively. Therefore, the rapid recovery of GPP compared to
BPE supports our third hypothesis (H3).

4. Discussion
4.1. The interannual variation of BPE is impacted by drought

Past research on the links between GPP and tree growth has pri-
marily focused on qualitative comparisons between the temporal vari-
ability and climate sensitivities of the two processes (e.g., Cabon et al.,
2022). By focusing on the BPE parameter, our study has now explored
source-sink relationships in two European beech forests in a quantitative
way to assess the possible re-prioritization of carbon sinks under
restrictive environmental conditions (i.e., drought). Earlier studies that
have quantified BPE have covered relatively short time scales (Gea-
Izquierdo and Sanchez-Gonzalez, 2022; Heid et al., 2018; Vicca et al.,
2012) and could not provide a comprehensive assessment of BPE vari-
ability over annual-to-decadal scales. This has limited our

understanding of how climatic factors — and drought in particular - alter
the magnitude of carbon allocation to woody biomass. Our analyses of
nearly 20-year time series from two European beech stands revealed a
noticeable negative impact of drought on BPE during peak summer
(Fig. 4). This finding is consistent with the results of Miao et al. (2022)
who detected drought impacts on BPE in two coniferous plantation sites
(Pinus taeda). There is still an active debate on the climate-driven dy-
namics of carbon use efficiency (CUE), which is conceptually similar to
BPE but measured as the ratio of total net primary production (NPP) to
GPP and supposedly remains fairly constant over time (DelLucia et al.,
2007; Waring et al., 1998). This constant CUE fraction is being applied
in most global carbon cycle models (Friend et al., 2019) where NPP is
implemented as a direct derivative of GPP. Challenging this practice,
Collalti et al. (2020) highlighted that a warming climate may enhance
the efficiency of the GPP to NPP conversion, leading to increased organic
matter production. Our findings support this notion of climate-driven
variation in carbon allocation but instead point to a reduction of BPE
under drought. Related to this, a synthesis study by Campioli et al.
(2015) suggested that carbon allocation in various forest sites is not only
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influenced by climate but modulated by soil fertility and management
practices. We thus anticipate that future studies that include a larger
number of EC sites with well-documented soil and management regimes
will shed further light on BPE’s response to climate variability.

4.2. The drought sensitivity of biomass growth drives changes in BPE

Our study has confirmed the initial hypothesis that the variability
and climate sensitivity of BPE follow those of ACI more closely than
those of GPP. This is likely a consequence of the fact that growth-related
processes are highly sensitive to tree water status (Peters et al., 2020b;
Fatichi et al., 2019). Interestingly, ACI reduction in response to SPEI was
more pronounced in larger size classes (Fig. 6 and Fig. S6), underscoring
the sensitivity of trees with bigger DBH to water limitation. Further, the
largest size class in Hainich showed broad variation in ACI (Fig. 6),
indicating the presence of large trees with both fast and slow growth
rates. The slow-growers could be suffering from repeated drought events
that caused specific individuals to reduce growth due to hydraulic
damage (Arend et al., 2022). At the same time, our climate response
analyses showed that drought impacts on GPP are less pronounced (Fig.
$10), which is in line with earlier work showing that photosynthetically
assimilated carbon is more temperature-sensitive than tree growth
(Guillemot et al., 2017; Williams et al., 2014). Tree growth may thus
slow down during drought, at a relatively higher rate (Hartmann et al.,
2018; Korner, 2003; Muller et al., 2011). Under increased sink limita-
tion, trees might allocate a higher proportion of their sequestered carbon
towards sinks other than growth, such as non-structural carbohydrates
(NSC), that may exhibit a transient increase during the initial phases of
drought (Muller et al., 2011). This reprioritization is reflected by
reduced BPE and a decline in the stem growth of trees (Huang et al.,
2018), which can have longer-term consequences for carbon allocation
dynamics at the stand level (Guillemot et al., 2017). Hence, we recom-
mend caution when using solely carbon fluxes to estimate the magnitude
and variability of the forest carbon sink.

4.3. The seasonal timing of drought plays a key role in modifying BPE

Drought impacts on tree growth increase markedly with drought
duration and the seasonal timing of water limitation is equally impor-
tant (Huang et al., 2018). We found that spring and summer droughts
had contrasting impacts on carbon allocation: early season droughts
primarily reduced current-year BPE (2011 at Hainich; 2006 and 2013 at
Sorg), while late-season droughts (2003 and 2018 at Hainich) reduced
the next year’s BPE. The anticipated decrease in BPE in 2019 was
confirmed by rapid GPP recovery (Fig. 7) and a concurrent growth
decline observed in dendrometer data (Fig. S7), which we obtained to
substitute the missing tree-ring data (and thus BPE) for this post-drought
year. These results support existing evidence of drought legacy effects on
tree growth for up to 4 years (Anderegg et al., 2015; Huang et al., 2018;
Salomon et al., 2022). Also, in line with a synthesis study linking GPP
and tree rings with drought legacy effects across the United States
(Kannenberg et al., 2020), we found that source-limited GPP is less
suppressed than sink-limited ACI after droughts. This rapid GPP recov-
ery will further amplify the decrease of BPE as stem growth is de-
prioritized. Future studies will continue to unravel the complex mech-
anisms underlying ecosystem responses to drought by considering the
various involved mechanisms in integrated studies at well-equipped
ecological monitoring sites (Zweifel et al., 2023).

4.4. Uncertainty and need for future research

There are inherent scaling uncertainties in all studies that assess
forest productivity based on in-situ biometric data (Babst et al., 2018).
The allometric methods used for ABI quantification are mainly based on
a combination of tree-rings and observed tree size in the sampling year,
without corrections for historical stand dynamics of tree growth,

Science of the Total Environment 919 (2024) 170726

recruitment, and mortality (Gea-lzquierdo and Sanchez-Gonzalez,
2022). This uncertainty increases rapidly back in time, decreasing the
reliability of ACI data that extend more than a few decades back
(Alexander et al., 2017). Yet, because the EC period at our sites covers
only the past approximately 20 years, we do not expect stand dynamics
to substantially affect the robustness of our ACI (and thus BPE) data.

We also note that BPE specifically quantifies the percentage of car-
bon that is allocated to aboveground woody biomass, whereas our study
did not quantify belowground allocation to coarse and fine root biomass.
This is clearly a limitation of the experimental setup at our sites as root
biomass is generally assumed to equal approximately 22 % of above-
ground biomass (Chojnacky et al., 2013). In individual studies targeting
the Canadian boreal forest, root biomass has even accounted for 39.8 %
of NPP (Smyth et al., 2013). Enabling the quantification of belowground
BPE is thus an important frontier to further elucidate relative changes in
carbon allocation under climatic extremes.

The management practices undertaken at Sorg have included 10 %
thinning approximately every 10 years, resulting in an average annual
thinning rate of 1 % (Pilegaard and Ibrom, 2020). Such practices aim at
enhancing carbon allocation to stem biomass and reducing the risk of
mortality by lowering competition between trees and alleviating phys-
iological stresses (Collalti et al., 2018; Gomez-del-Campo et al., 2002).
This management could thus influence the magnitude of BPE compared
to a naturally grown forest. We expect, however, minimal impacts of
forest management on the variability and climate sensitivity of ACI and
BPE (Testolin et al., 2023). This is confirmed by our growth-climate
analyses based on long-term tree-ring chronologies that demonstrate
consistent drought signals for both the managed (Sorg) and near-natural
(Hainich) forests between 1953 and 2017 (Fig. S5).

Drought effects on BPE observed in our study portray sink limitations
on carbon accumulation in woody biomass at the inter-annual time
scale. But our dataset did not allow us to trace intra-annual carbon dy-
namics, which could further solidify our finding that late summer
drought leads to reduced carbon investment in the latewood (Cuny et al.,
2015; Puchi et al., 2023). Moving forward, it will be important to assess
the different seasonal patterns of BPE on time scales ranging from weeks
to months to verify that growth is indeed prioritized during favorable
conditions and de-prioritized when water becomes limiting (Heid et al.,
2018; Merganicova et al., 2019). For example, quantitative wood
anatomy can provide further insight in woody tissue formation (von Arx
et al.,, 2016), as can X-ray computed tomography for wood biomass
production and wood density (Lehnebach et al., 2021), or the regular
collection of micro-cores for near-real-time measurements of xylo-
genesis (Rossi et al., 2006). These higher-resolved measurements can
more closely link BPE to physiological processes (e.g. cell-wall thick-
ening time) at weekly to yearly time scales, and thereby contribute to an
improved understanding of the seasonal dynamics of carbon cycling
within trees.

5. Conclusion

Europe has experienced a series of prolonged, dry, and hot summers
since the onset of the 21st century. Assessing drought effects on the
processes of carbon allocation is thus essential for predicting vegetation
feedbacks to intensifying climate change. By evaluating the temporal
variability in and relationship between tree-ring based ACI and carbon
flux-based GPP, we quantified annual variations in BPE and constrained
its response to drought at two of the longest existing EC monitoring sites
in European beech stands. Our findings revealed that water stress
modifies BPE by causing stronger stem growth than GPP reductions
during and after drought events. We also found that the variability of
BPE follows that of ACI, rather than that of GPP, indicating sink limi-
tations on carbon allocation to woody biomass. Our findings further
imply that variations in environmental constraints such as the timing of
drought contribute to the decoupling of carbon uptake and allocation.
Further experiments and observational networks across a broader range
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of species and ecosystems will help identify the effects of drought on
carbon allocation at larger scale and in species other than beech.
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