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Abstract

In temperate forests, tree growth and vitality are significantly influenced by drought, often reflected by low stem diameter
growth. Additionally, masting, the cyclic production of seeds, can also affect growth, particularly through its interactions
with environmental factors like drought. Despite extensive research on the individual impacts of drought and masting,
their combined effects on growth allocation remain underexplored, especially for a broader variety of species. This study
aims to bridge this gap by investigating how drought and/or masting influence growth patterns in the coniferous species
Abies alba and Picea abies, as well as the deciduous broadleaved species Fagus sylvatica and Quercus petraea. Utilising
tree-ring data collected over several decades, we analysed how basal area increment (BAI) at 1.3 m stem height as well
as along the stem axis responds to various scenarios of drought and masting. Our results showed that drought consistently
reduced BAI in all species. F. sylvatica and P. abies experienced significantly lower BAI during mast years that coincided
with drought, suggesting a potential trade-off between vegetative and reproductive growth under resource limitation. In
contrast, Q. petraea exhibited higher BAI during mast years, indicating a distinct carbon allocation strategy. Furthermore,
our study revealed that differences in BAI between mast and non-mast years were most prominent in the upper stem in
the deciduous species, particularly during drought periods. These findings highlight the complex interactions between
environmental stress, stem diameter growth and seed production, emphasising the need for further research into whole-
tree carbon allocation processes.

Key message
Drought and masting jointly affect basal area increment along the stem axis with species-specific patterns. Overall, beech
and spruce are severely affected, while oak and particularly fir show less impact.

Keywords Carbon allocation - Fructification - Basal area increment - Dendroecology - Generative growth - Water
availability
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Introduction

Drought has been recognised as a critical factor for tree
growth and vitality in temperate forests (Bréda et al. 2006;
Allen et al. 2010) and is associated with reduced stem diam-
eter growth in a range of species (Vitasse et al. 2019; Song
et al. 2021; Zimmermann et al. 2021). As sufficient turgor
pressure is required for cell division and elongation, second-
ary wood formation is strongly controlled by water avail-
ability (Peters et al. 2021) and drought periods thus affect
individual cell development (Stangler et al. 2021; Martinez-
Sancho et al. 2022). At the tree-ring level, especially the rate
of growth, but also its duration determine the overall stem
radial increment (Larysch et al. 2021). Thus, drought peri-
ods that affect secondary xylem formation are likely to be
reflected in low stem diameter growth. This has not only
been observed as an immediate effect occurring in the year
of the drought but also as a lagged effect in the subsequent
year(s) (Vanoni et al. 2016; Fuchs et al. 2021; Rohner et
al. 2021; Stangler et al. 2022). These lagged effects may be
related to adverse effects on hydraulic functioning and/or
carbon availability, or result from carbon allocation to other
sinks than stem diameter growth (Kannenberg et al. 2020).
While drought timing, intensity and duration are important
factors (Werf et al. 2007; Gao et al. 2018; Huang et al. 2018),
the responses to drought are also species-specific (Danescu
et al. 2018; Vitasse et al. 2019; Vanhellemont et al. 2019).
Further, the production of cones and seeds, especially in
species with strong masting patterns (i.e. high inter-annual
variability in reproductive growth) can also involve low stem
diameter growth, as has been particularly shown for Fagus
sylvatica (Hacket-Pain etal. 2018). Due to the complex inter-
relationships between weather — and drought in particular
—, masting and stem diameter growth, the (lagged) effects
of drought and masting can be confounded. For instance,
if low stem diameter growth is observed after a year with
a severe drought period, this may not be a lagged drought
effect but an indirect effect of a mast event, which was trig-
gered by the warm and dry conditions in the previous year
(Miiller-Haubold et al. 2013; Hacket-Pain et al. 2015). Fur-
ther, especially the co-occurrence of drought and masting
can result in low stem diameter growth, as has been shown
for F. sylvatica in Europe (Hacket-Pain et al. 2017) as well
as for Araucaria araucana in South America (Mundo et al.
2021; Hacket-Pain et al. 2024). Although developing seeds
are strong carbon sinks (Miyazaki 2013), it has been argued
that reduced stem diameter growth in mast years is not sim-
ply caused by a trade-off in carbon allocation (Mund et al.
2020) but rather the result of complex interactions of direct
and indirect endogenous and environmental effects, also
related to the timing of the respective processes (Mund et
al. 2010). It is important to consider that these interrelations

@ Springer

are also likely to differ between species, which do also differ
in their masting strategies (Nussbaumer et al. 2021). While
stem diameter growth is particularly low in mast years in
F sylvatica, no such effect has been found in Quercus sp.
(Nussbaumer et al. 2021). In Picea abies, both no reduc-
tion in stem diameter growth in a mast year (Seifert and
Miiller-Starck 2009) and an effect depending on site eleva-
tion (Mencuccini and Piussi 1995) have been observed. As
masting requires a large amount of resources, it could also
be assumed to affect stem diameter growth in the year(s)
following a mast event. While no such effect has been
observed in F. sylvatica (Nussbaumer et al. 2021) and Picea
abies (Seifert and Miiller-Starck 2009), a minor reduction
in basal area increment after a mast year was observed in
Quercus sp. (Nussbaumer et al. 2021). These results point
to species-specific patterns and lag effects, potentially also
interlinked to climatic conditions in the respective years.

The impact of factors such as masting or drought on
stem diameter growth are mostly studied at a stem height of
1.3 m (=breast height), and the observed effect is then used
as a proxy for the response at the tree level (e.g. Zang et al.
2014; Camarero JJ et al. 2018). Yet, growth allocation along
the stem can vary inter-annually, especially as affected by
environmental factors. Drought has been observed to induce
a stronger growth reduction at breast height than higher up
the stem in F. sylvatica (Bouriaud et al. 2005; Peters et al.
2020), a pattern that is analogous to the growth decline
recorded during hot summers in P. abies and Abies alba
(van der Maaten-Theunissen and Bouriaud 2012). Under
such unfavourable conditions, assimilates are likely to be
primarily used within the crown and are less transported to
the lower parts of the stem, thus increasing the impact on
stem diameter growth as the distance between the site of
carbon assimilation and the potential carbon sink increases
(Fritts 1976; Lacointe 2000; van der Maaten-Theunissen
and Bouriaud 2012). Thus, in this study we aimed to gain
further knowledge on the effects of drought and/or masting
on growth allocation patterns in the two coniferous species
A. alba and P. abies as well as the two broadleaved species
F sylvatica and Q. petraea. In a first step, we investigated
how basal area increment at 1.3 m stem height is affected
by drought and/or masting conditional on the occurrence of
drought and/or masting in the previous year. Then, focus-
sing on stem diameter growth in the current year only, we
analysed how the occurrence of masting and/or drought
affects basal area increment along the stem axis.
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Table 1 Number of trees per study and species (number of trees with samples at several stem heights per tree in brackets). A total of 986 (340)

trees were considered

Source Abies alba Picea abies Fagus sylvatica Quercus petraea
A (Boden 2014) 31
B (Diaconu 2016) 105
C (Hauser 2003) 18
D (Hillenmeyer 2021) 20 (20) 22 (22)
E (Hirsch 2019) 45 204
F (Lassig 1991) 18
G (Mattes 2014) 40 (34) 39(37)
H (Nutto 1998) 40 (9)
I (Schuler 2011) 58 (34) 67 (36)
J (Spathelf 1997) 25 43
K (Tojic 2010) 26 (23) 16 (16)
L (van der Maaten 2012) 54
M (van der Maaten-Theunissen 2012) 70 (64) 45 (45)
Sum 140 (64) 183 (88) 517 (106) 146 (82)
Fig. 1 Locations of sample
trees in southern Germany A B
for A) analysis at 1.3 m stem 51 51
height and B) analysis at dif-
ferent stem heights per tree. 50 .50
Blue=Abies alba, Green=Picea z o z
abies, Yellow = Fagus sylvatica, © ® ®© o ° P L S o
Red=Quercus petraea B 49 S : B 49 ° e
= o & = @
3 o, © 3 ® o *
48 o8 o° 48 3 %
é e o
6 8 10 12 14 6 8 10 12 14

Longitude [°E]

Material
Tree-ring data

Tree-ring data were extracted from the internal database
of the Chair of Forest Growth and Dendroecology at the
University of Freiburg and comprise of datasets of the
four species Abies alba, Picea abies, Fagus sylvatica and
Quercus petraea that were collected during the last decades
within different research projects (s. Table 1 for the refer-
ences). Samples were taken as either tree cores or stem
discs. An overview of the number of trees per study is given
in Table 1, the locations of the sampled trees are shown in
Fig. 1 and the time period covered by the respective tree-
ring series in Fig. 2.

Climate and masting data

Daily data on precipitation and minimum as well as maxi-
mum temperature were extracted for each location with
the R-package easyclimate (Moreno and Hasenauer 2016;
Pucher and Neumann 2022; Cruz-Alonso et al. 2023; Pucher

Longitude [°E]

2023). As no records of masting activity were available for
the sampled trees, data on mast intensity were extracted
from the MASTREE +database (Hacket-Pain et al. 2022).
We obtained records of visual crop assessment available for
our study region (Southwest Germany) and the time period
of interest (1954-2013). Despite a certain degree of inter-
and intra-regional variability, masting is generally strongly
synchronised across large scales (Nussbaumer et al. 2016;
Vacchiano et al. 2017; Bogdziewicz et al. 2021), allowing
for the inference of masting activity of the sampled stands
from these regional data.

Methods
Preparation of tree-ring data

For each tree, we averaged multiple tree-ring width series
from the same stem height into a single series per tree and
stem height, where applicable. Based on these series and
the cumulative sums of tree-ring widths, basal area (at the
respective stem height) and the annual basal area increment

@ Springer



27 Page 4 of 14

Trees (2026) 40:27

Fig.2 Overview of time series A B
available between 1954-2013 for Abies alba Fagus sylvatica Abies alba Fagus sylvatica
A) analysis at 1.3 m stem height [—
and B) analysis at different stem :|
heights per tree. Each horizon-
tal line represents one tree-ring
series (i.e. one tree, as annual
values were averaged if series for
different radii were available per Picea abies Quercus petraea Picea abies Quercus petraea
tree), colours represent the differ-
ent studies (cf. Table 1)

—

1960 1980 2000 1960 1980 2000 1960 1980 2000 1960 1980 2000
Year Year
A C D E F G H | J K L M
Study

were calculated for each year. Tree age was estimated based
on the number of rings at 1.3 m stem height. We added 15
years to the respective number to account for the time nec-
essary to reach a tree height of 1.3 m, conceding that this is
a rough estimate only with high inter- and intraspecific vari-
ability. Yet, as the aim was to account for ageing within a
tree rather than comparing absolute values, we deemed this
approach reasonable.

Estimation of absolute and relative height of trees
and samples

In order to be able to compare basal area increment at dif-
ferent (relative) stem heights across trees, we converted
the absolute stem heights at which samples were taken to
relative stem heights. For that, we first had to estimate the
absolute tree height at the point of sample collection, i.e.
the missing length between the topmost sample taken and
the apex. Based on the height of the topmost sample taken
and the age of the tree at the stem height where the lowest
sample was taken, we calculated the average annual height
increment. Then, based on the cambial age of the topmost
sample, we estimated the presumed length to the apex to
calculate the overall tree height in the year of sampling.
Considering that each tree continuously grows in both stem
diameter and height, the next step was to calculate the rela-
tive stem height for each sample (i.e. absolute stem height
at time of sampling) and year. To do so, we linearly interpo-
lated the annual height increment between two samples (i.e.
absolute stem heights) based on the respective cambial ages
of these samples, resulting in an estimate for tree height in
each year. Finally, the relative stem height at which the sam-
ple was taken was calculated as the percentage of the overall
tree height in each respective year.

@ Springer

Preparation of climate and masting data

Daily mean temperature was calculated from the minimum
and maximum values and then aggregated into monthly
averages. Similarly, daily precipitation values were summed
to derive monthly totals. Based on the monthly values and
the latitude of each location, potential evapotranspira-
tion (PET) was calculated using the Thornthwaite equa-
tion. From that, the climatic water balance was calculated
as the difference between precipitation and PET and stan-
dardised as the SPEI using R-package SPEI (Begueria and
Vicente-Serrano 2023). SPEI was calculated integrating a
timescale of three months and the lowest value from May,
June and July was selected to represent water availability in
the period, in which stem diameter growth primarily takes
place (Michelot et al. 2012; Larysch et al. 2021; Miller et
al. 2022).

The time series of masting activity were first converted to
binary values, i.e. observations of no or scarce masting were
categorised as “non-mast” years and observations of inter-
mediate and heavy masting as “mast” years. As, depending
on the species and year, observations of up to 15 series were
available, we tested for intra-annual agreement per species
by calculating the mean and did then exclude any years,
where the mean value was <0.66 for mast years or >0.33
for non-mast years. Thus, we did only retain years with high
synchrony across our study region in order to increase appli-
cability of the data to our sample trees and the robustness of
our analysis (Fig. 3).

Statistical analysis

All analyses were carried out for the time period 1954-2013
(260 years) using R (R Core Team 2023).
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Fig. 3 Overview of available 9 8
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Effect of masting and drought on basal area
increment at 1.3 m stem height

For each of the four species, a generalised additive model
was formulated with the basal area increment (BAIL) as
the response variable. The minimum SPEI-3 of the period
May-July of the current (SPEI-3 MJJ,) and preceding year
(SPEI-3 MJJ, )) were included as a tensor smooth interac-
tion, and the different combinations of mast occurrence in
the current and preceding year were included as factor-by-
smooths in order to analyse the effects of masting in inter-
action with potential drought conditions. In addition, stem
basal area at 1.3 stem height and tree age were included as
smooth predictors. To account for underlying growth trends,
calendar year was included as a smooth effect to address
global temporal trends, such as rising temperatures or
increasing atmospheric CO, levels. Additionally, an interac-
tion between calendar year and tree ID was modeled using
Duchon splines to capture individual growth effects over
time, such as competition and release (Nothdurft and Vos-
pernik 2018). To address spatial autocorrelation, the coor-
dinates of each location were included as an anisotropic
tensor product smooth. The Gamma family was used with a
log-link. For all but the individual tree effect we employed
P-splines with a second-order difference penalty in order to
balance flexibility and potential overfitting (Eilers and Marx
1996). We further applied the double penalty approach to
allow a term to be entirely removed from the model (Marra
and Wood 2011). In order to fit biologically plausible fits
that have limited wigglyness we fitted the temporal and
spatial components with a maximum of ten basis functions
and all other terms with a maximum of five basis functions.
Model diagnostics were carried out using a simulation-
based approach to compare observed to expected residuals
using R-package DHARMa (Hartig 2022). The estimates of
the smooth effects were extracted using R-package gratia
(Simpson 2023). In order to compare the effect of masting
and SPEI-3 MJJ on annual basal area increment, we calcu-
lated the estimated marginal means based on the different
combinations of masting in the current and preceding year

: : : ! ! T T :
1975 1980 1985 1990 1995 2000 2005 2010
Year

using R-package emmeans (Lenth 2023). To this end, three
values were calculated for SPEI-3 MJJ that represent the
mean conditions as well as one standard deviation difference
to represent below-average and above-average conditions.

Effect of masting on basal area increment at
different stem heights and under different drought
scenarios

In this step, we focussed on the effect of masting in the cur-
rent year only. In order to analyse the joint effect of drought
and masting along the stem, we modelled relative stem
height and SPEI-3 MJJ, as a tensor-product smooth, which
accounts for the different units of both variables and added
mast as a factor-by-smooth. This allows to create a sepa-
rate smooth of the interaction of relative stem height and
SPEI-3 MJJ, for mast and non-mast years, respectively. To
account for the general effect of masting on BAI, it was
also included as a fixed effect. The maximum number of
basis functions for relative stem height was set to eight.
All remaining predictors and settings as well as diagnostics
were the same as for the models described above.

Results

The effects of masting and drought on basal area
increment at 1.3 stem height

In a first step, we assessed the effect of masting in the current
or previous year on basal area increment at a stem height of
1.3 m based on the estimated marginal means of the first
model. It is important to note that the reference grids dif-
fered between species, i.e. with respect to (mean) tree age
and basal area, so that increment levels should not be com-
pared between species. In Table 2, the estimated marginal
means are shown for the respective SPEI-3 values represent-
ing average and dry conditions. In years with average con-
ditions, both F. sylvatica and P. abies showed significantly
lower BAI, in mast years and years following a mast year

@ Springer
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Table 2 Estimated marginal means of annual basal area increment in different scenarios of mast year sequences for both years with average min.

SPEI-3 MJJ and lower than average min. SPEI-3 conditions

Average conditions (Mean minimum SPEI-3 MJJ))

Fagus sylvatica Quercus petraea Abies alba Picea abies
M, ,=0,M,=0 82+27 C 11.6+2.1 AB 9.8+1 B 19.8+1.7 C
M, =0,M,=1 7.7+2.6 B 126+2.3 A 9.8+1 B 17.5+1.5 A
M, =1,M,=0 72+24 A 11+2 B 10£1.1 B 183+1.6 B
Dry conditions (Mean minimum SPEI-3 MJJ, - SD)

Fagus sylvatica Quercus petraea Abies alba Picea abies
M, =0,M,=0 73+24 C 10.8+2 A 8.1+0.9 AB 18.7+1.6 B
M ,=0,M,=1 58+19 A 103+1.8 A 83+0.9 A 151+1.3 A
M, =1,M=0 65+22 B 104+1.9 A 89+0.9 B 18.7+1.6 B

Letters indicate significant differences in BAI, within species. Average conditions correspond to SPEI-3 MJJ, values of —1.2 in F. sylvatica and
P. abies, —1.3 in Q. petraea and — 1.1 in 4. alba. Dry conditions correspond to SPEI-3 MJJ, values of —1.7 in in F. sylvatica and P. abies, —1.8 in

Q. petraea and — 1.6 in 4. alba.

Fagus sylvatica

254 A B B A B B A B B
204
15 1
104
-] M sl
0_
& Quercus petraea
E 251 A AB B A B c A A B
£ 20-
< 151 I
@ 10- o | 1 i !
& 5-
1)
E o0-
s Abies alba
'§25' A B C A B C A B B
(020..
€
< 151
%10- b . - b R |
el | I |
= o
o 0
Picea abies
254 A B B A B C A A B
201 Lo ol I I I
154
104
5-
O-

M4=0,M=0 M_4=0,M=1 M=1M=0

Fig. 4 Estimated marginal means of BAI, for different mast scenarios
and SPEI-3 MJJ conditions (dark red=mean - SD, medium red=mean,
light red=mean+SD). Mean (standard deviation) of SPEI-3 MJJ cor-
responds to —1.2 (0.5) in £ sylvatica and P. abies, —1.3 (0.5) in Q.
petraea and — 1.1 (0.5) in A. alba

than in non-mast years, which were also preceded by a non-
mast year. On the contrary, BAI in Q. petraea was higher
in mast years than non-mast years, although the difference
was only significant when comparing with a non-mast year
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following a mast year. For 4. alba, however, there were no
significant differences in BAI, at all.

In dry years, 4. alba did show slight differences, where
BAI, was significantly higher in a non-mast year following
mast than in a mast year. In turn, there were no significant
differences in Q. petraea. In F. sylvatica and P. abies, BAI,
was again significantly lower in mast than in non-mast years.

Within each category (no masting, masting in preced-
ing year, masting in current year) we assessed the effect of
SPEI-3 MJJ,, while assuming average conditions of SPEI-3
MJJ;. In all species, BAI, was significantly lower in dry
years compared to average and/or wet years regardless of
the occurrence of masting (Fig. 4).

The plots for the joint effects of SPEI-3 MJJ in the cur-
rent and preceding year show that there was a general ten-
dency of a positive effect of less negative SPEI-3 MJJ in the
current and/or preceding year (Fig. 5). Yet, within species
this effect was slightly modified when comparing the differ-
ent scenarios of mast occurrence.

The effect of masting and drought on basal area
increment along the stem axis

The second set of models was employed in order to quantify
the effect of SPEI-3 MJJ; on basal area increment along the
stem axis, again considering potential differences in mast
and non-mast years. In Fig. 6, the fitted values of BAI, as
affected by relative stem height, SPEI-3 MJJ, and mast are
shown. In order to gain further insight into the effect of
masting, the ratios of the estimated marginal means between
mast and non-mast years were calculated in 10%-steps from
5% to 95% relative stem height (where 0% corresponds to
the base of the stem and 100% to the apex). The four spe-
cies showed different, distinct patterns with respect to basal
area increment along the stem axis as affected by masting
and drought (Fig. 7). For P. abies, basal area increment at
the respective stem height was almost always higher in
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Fig. 5 Partial effect of minimum SPEI-3 MJJ of current and previous
year on basal area increment at d, 5 for different scenarios of mast year
sequences (no mast in current or previous year, mast in the current year,
mast in the previous year). To aid interpretation, dashed lines trace
contours of selected equal values of estimated basal area increment

non-mast than mast years along the complete stem axis. In
F sylvatica and A. alba, however, this was only true for dry
years, whereas in average and wetter-than-average years,
the difference was only significant in the upper parts of the
tree. In Q. petraea, under average and wetter-than-average
conditions, BAI; was higher in mast than non-mast year,
if significantly different at all. This relation shifted in the
upper 15% of the tree. Interestingly, under dry conditions,
there was no significant difference in BAI, except for in the
top part, where BAI, was then however mostly higher in
non-mast years than mast years.

Discussion

Analysing the effects of growing conditions (i.e. water avail-
ability) and masting on basal area increment gave insight
into complex interactions, which were also subject to inter-
specific differences. While we cannot compare (relative)
carbon allocation to different sinks based on our analysis,
investigating the effects of masting on growth (at different
stem heights) under different drought scenarios may help to
understand these species-specific patterns.

How do masting and drought affect basal area
increment at 1.3 m stem height?

For this analysis, we investigated the joint effects of drought
and mast in the same year as well as a potential lagged
effect of masting, and finally a combined effect of drought
in the current and preceding year given the different mast
scenarios.

Basal area increment (BAI) was significantly lower in
dry years compared to BAI in years with average conditions
in most species and mast scenarios, but at least compared
to years with wetter-than-average conditions (Fig. 4). Such
low growth resistance to drought and particularly a negative
effect of low water availability and/or high temperature in
spring/summer has been shown in previous studies across
all of our studied species (Vanhellemont et al. 2019; Vitasse
et al. 2019; Petritan et al. 2021). At least to some degree, it
can be explained by the direct effect of reduced water avail-
ability on cell production and enlargement rates for wood
formation, to the extent that drought may even induce the
premature cessation of cell enlargement (Larysch et al.
2021, 2022). While the adverse effects of drought on stem
diameter growth have been vastly studied, their interaction
with effects of masting are less known, especially for spe-
cies other than F. sylvatica (Hacket-Pain et al. 2017). Yet,
from our study based on interactive effects of SPEI in the
current and previous year with mast in current and previous
year, it is apparent that both effects have to be considered in
combination across species. Especially for F. sylvatica and
P. abies, in a dry mast year, BAI was substantially reduced,
both in comparison to BAI in non-mast dry years and to
mast years with average conditions in May-July (Table 2;
Fig. 4). For P. abies, this is in contrast to the results of a
previous study, where no trade-off between biomass invest-
ment into stem diameter growth and cones was observed
(Seifert and Miiller-Starck 2009). However, a reduction of
stem diameter growth in mast years has also been found to
be dependent on elevation and competition in this species,
highlighting the influence of site and growing conditions
(Mencuccini and Piussi 1995). In F sylvatica, BAI was
particularly reduced in years, in which mast and drought
co-occurred, suggesting that a potential trade-off between
vegetative and generative growth depends on the concomi-
tant weather conditions in this species (Hacket-Pain et al.
2017). Yet, such observed trade-off does not necessarily
imply a general carbon limitation (Mund et al. 2010, 2020).
Rather, other sinks such as storage may be prioritised over
stem diameter growth to ensure sufficient carbon supply in
the long run (Sala et al. 2012). Moreover, as cambial activ-
ity and cell elongation can be directly affected by water
shortage due to reduced turgor (Hsiao 1973), studies on
intra-annual xylem formation and phenology are necessary
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Fig. 6 Fitted values of annual basal
area increment along the stem axis
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to investigate if and how tree hydraulics are modified by the
production of flowers, cones or seeds. In contrast to F. syl-
vatica and P. abies, BAI was (partly significantly) higher in
mast years than non-mast years in Q. petraea in years with
average climatic conditions. This confirms results from pre-
vious studies where no immediate negative effect of masting
on stem diameter growth has been observed (Lebourgeois et
al. 2018; Nussbaumer et al. 2021), which suggests that oaks
do not follow a “resource-switching”-strategy such as beech
(Kelly and Sork 2002). It is currently under debate whether
Quercus sp. exhibits a resource-matching strategy instead
(Lebourgeois et al. 2018; Nussbaumer et al. 2021). That
Q. petraea showed a higher BAI in mast compared to non-
mast years in our study could indeed indicate such pattern,
i.e. high resource availability does not only enable strong
fructification but also high stem diameter growth at the
same time. Q. petraea has been found to generally prioritise

@ Springer

Relative stem height [%]

carbon allocation to storage more than F. sylvatica, which is
potentially related to the differences in wood anatomy — in
ring-porous oaks the large earlywood vessels get embolised
in winter, requiring the formation of new earlywood ves-
sels in spring before leaf unfolding occurs and new carbon
is assimilated (Genet et al. 2010). Thus, tracing back to
the different wood anatomies, Q. petraea and F. sylvatica
potentially follow distinct strategies of carbon storage and
utilisation, which are then also reflected in their growth
potential in mast years. However, this pattern did not show
in dry years, in which there was no significant difference in
BATI across the different masting scenarios. This would sug-
gest that in mast years with adverse conditions, Q. petraea
is also limited in resources — or allocates them to other sinks
but stem diameter growth. Interestingly, in the coniferous
A. alba, such lack of significant differences in BAI became
apparent in years with average climatic conditions instead.
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Fig. 7 Ratios of estimated marginal means of basal area increment
along the stem axis (10% steps from 5 to 95% relative stem height)
in years with average SPEI-3 MJJ, (medium red solid line), lower
than average SPEI-3 MJJ, (dark red dashed line) and higher than aver-
age SPEI-3 MJJ, (light red dotted line). Values>1 indicate that BAI
is higher in non-mast than mast years, values<1 indicate that BAI is
higher in mast than non-mast year. Filled circles indicate significant
differences in estimated BAI between mast and non-mast years within
species and relative stem height

In dry years, while partly significant, differences were small
as well, indicating that masting neither in the current nor
preceding year substantially affected stem diameter growth
in this species.

When regarding basal area increment as the result of car-
bon allocation patterns, one could also assume a lasting or
lagged effect of mast on BAI in the subsequent year. Indeed,
in a year with average SPEI-3 MJJ,, a mast event in the pre-
vious year had a similar effect on BAI as masting in the cur-
rent year in F. sylvatica, A. alba and P. abies. Nussbaumer
et al. (2021) have observed a similar effect and attributed
this to resource depletion as a result of high allocation to
generative growth in the preceding year. This seems reason-
able, given that e.g. in F. sylvatica, up to 20% of the carbon
used for xylem formation at the beginning of the growing
season originated from reserves (Skomarkova et al. 2006).
Yet, no depletion of NSCs in the branch or stem xylem has
been observed as a consequence of masting (Koérner 2003;
Hoch et al. 2003). This illustrates that further knowledge
is required concerning the conditions under which carbon
from which source (current assimilation vs. reserves) is
available or utilised for which process (Dietze et al. 2014).
In contrast to the other three species, BAI was significantly
lower in a year following a mast event than in a mast year

itself in Q. petraea under average weather conditions. This
is in line with a recent study, in which BAI was slightly
reduced in the two years after a mast event, attributed to
a potentially moderate resource depletion (Nussbaumer et
al. 2021). However, as BAI in such year was comparable
to that in a non-mast year following a year without mast
event, this may not be a lagged effect but an indication of a
resource-matching strategy. Yet, in P. abies and F. sylvatica,
where BAI was significantly reduced in non-mast years fol-
lowing a mast event compared to years without masting in
neither the current nor preceding year, such a lagged effect
seems more plausible.

While potential lag effects of masting require further
research, legacy effects of drought on tree growth and
vitality have been vastly observed (McDowell et al. 2008;
Schuldt et al. 2020). These can result from direct effects —
e.g. resource limitation, reduced leaf area or hydraulic fail-
ure (Bréda et al. 2006; McDowell 2011) — or indirect effects,
as drought has been found to trigger masting in a number
of species (Nussbaumer et al. 2018), which itself can be
concomitant with low vegetative growth in some species, as
shown above. We thus investigated the combined effect of
the current as well as previous year’s SPEI-3 MJJ for the dif-
ferent mast scenarios (Fig. 5). For F. sylvatica, the negative
effect of masting on BAI in the subsequent year, described
above, was particularly enhanced if this mast year was also
characterised by dry conditions in May-July. This indicates
that under such conditions, the combination of high carbon
demand and potentially limited supply lasts throughout the
following year. In mast years, less dry conditions in the pre-
vious year did also have a positive effect on BAI, especially
in combination with less negative SPEI3-MJJ in the current
year, underlining the direct effect of favourable weather
conditions on BAI in mast years (Mund et al. 2020). In con-
trast, low SPEI-MIJJ in the previous year rather had a more
positive effect on BAI in Q. petraea, especially when mast-
ing occurred in either of those years. Across Europe, growth
in Q. petraea has been shown to hardly respond to precipi-
tation in previous year’s spring and summer and was also
characterised by high recovery after spring and especially
summer droughts (Bose et al. 2021). The observed pattern
could thus be related to the resource dynamics in this spe-
cies — a single summer drought may not have substantial
effects on overall resource storage in this species, and low
stem diameter growth in a dry year (Fig. 4) may even entail
higher resource availability for wood formation in the fol-
lowing year. The opposite is visible in 4. alba, where partic-
ularly the combination of dry conditions in the current and
previous year had a negative effect on BAI, at least when
masting occurred in either of these years. This is in line with
arecent study showing increased drought sensitivity of stem
diameter growth in this species, especially regarding drought
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legacy effects (Stangler et al. 2022). P. abies showed similar
patterns — and weather conditions in the previous year were
especially relevant when they co-occurred with masting,
which may also hint at a certain degree of resource deple-
tion under such unfavourable conditions, in which resource
demand for cone production is high.

It has to be noted that, while our analysis offers insights
into the complex interactions between drought, masting and
the respective lag effects, we did not consider other envi-
ronmental variables or time periods. Further, as we were not
able to account for intra-annual variability in masting within
our study, the results need to be verified based on dendro-
ecological studies combined with masting observations in
the respective trees.

How does masting affect growth partitioning along
the stem under differing drought conditions?

So far, only few studies exist that investigate the effect of
drought on growth allocation along the stem but these do
consistently show that basal area increment in F. sylvatica, P.
abies and A. alba is particularly impaired at the lower stem
parts (Bouriaud et al. 2005; van der Maaten-Theunissen and
Bouriaud 2012; Peters et al. 2020). To our knowledge, our
study is the first to assess the effect of masting on BAI at
different stem heights. While we did not compare relative
growth allocation between different stem positions, the ratio
of BAI in mast compared to non-mast years showed rela-
tively stable patterns within a given SPEI-3 MJJ, scenario
in most species in the lower half of the tree, indicating that
the effect of masting becomes particularly apparent in the
crown (Fig. 7).

The production of flowers, cones and seeds is a strong
carbon sink (Seifert and Miiller-Starck 2009; Miiller-
Haubold et al. 2013; Mund et al. 2020) and of high priority
in mast years, even under drought conditions (Hesse et al.
2021). In deciduous species, once the leaves have flushed,
carbon reserves are refilled simultaneously with stem diam-
eter growth (Klein et al. 2016; Zahnd et al. 2024). If masting
occurs, the required carbon is in general fully provided from
current assimilation taking place in the respective branch-
lets (Hoch 2005; Hoch et al. 2013). While carbon reserves
in the branches at the end of the growing season generally
show low between-year variability, indicating that (environ-
mental) conditions do not substantially affect refilling, par-
ticularly low starch levels have been observed in F. sylvatica
in a year, in which drought and mast co-occurred (Zahnd et
al. 2024). This potential inability to fully refill reserves in
years, in which unfavourable conditions and a high demand
for masting coincide could likely be reflected in a particu-
larly strong difference in BAI between mast and non-mast
years under drought conditions, if related to an overall
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carbon limitation. Indeed, in F. sylvatica, the difference in
BAI was particularly strong in dry years, and in average
and wet years only significant in the upper half of the tree
(Fig. 7). Thus, while carbon allocation to secondary growth
was reduced throughout the stem in dry years, only the
crown was affected in non-drought years. Here, the flower
and seed production was likely favoured over the second-
ary growth of branches, potentially along with the refilling
of reserves (Sala et al. 2012). Thus, even in non-drought
years, BAI in this part of the tree seemed to be limited or
of lower priority. In contrast, in Q. pefraea, BAI in average
and wet years was similar, or higher in mast than non-mast
years along the complete stem axis except for the very top,
underlining the indication of a resource-matching strategy
in this species as described above (Fig. 7). Interestingly, in
the upper third of the tree, BAI was significantly higher in
non-mast than in mast years. The carbon for seed production
in Q. petraea is entirely provided by current assimilation
(Hoch et al. 2013) and reduced diameter growth of branches
may indicate some resource limitation or at least low pri-
oritisation of secondary growth to occur in this species as
well, at least when conditions are unfavourable. In 4. alba
and P. abies, the responses to drought and masting observed
at 1.3 m stem height mostly correspond to those along the
complete stem axis, where the difference between BAI in
mast and non-mast years is particularly strong in dry years
and lower or even not significantly different under more
favourable conditions. In these two coniferous species,
the effect of mast on growth allocation is however mostly
consistent throughout the length of the tree, and thus less
affected by the distance to the sites of carbon assimilation as
well as cone and seed production.

Conclusion

Species-specific effects of drought and mast need to
be considered in combination

Our study confirms the ubiquitous negative impact of
drought on BAI across species. However, our analysis
clearly showed that it is difficult to identify species-specific
responses of stem diameter growth to masting. Rather,
the impacts of drought and masting should be considered
jointly so as to avoid confounding effects. In F. sylvatica and
P abies, BAI showed a strong reduction in mast compared
to non-mast years, particularly when drought co-occurred.
This potentially indicates a resource switching strategy,
especially under unfavourable conditions. In Q. petraea,
however, BAI was higher in mast than non-mast years, at
least under average climatic conditions, potentially related
to the generally stronger prioritisation of carbon storage in
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this species as well as a resource-matching strategy. 4. alba
showed small effects of masting on BAI overall. Our results
show that the interrelations between the effects of drought
and masting are further complicated by potential lag effects
of both factors, necessitating a deeper understanding of car-
bon allocation dynamics and the prioritisation of different
sinks.

Effect of masting on BAl is particularly pronounced
in the upper tree but allocation patterns are also
affected by drought

Our analysis of BAI along the stem axis offered some first
clues with regard to intra-tree variability in biomass alloca-
tion. While the impact of masting was rather uniform along
the lower part of the stem across species, more substan-
tial differences in BAI between mast and non-mast years
showed in the upper part of the tree/crown area, especially
in the two broadleaved species. In this part, the co-occur-
rence of drought did further modify these patterns. While
we could not determine the underlying processes, our study
highlights that whole-tree processes related to carbon allo-
cation need to be investigated further in order to improve
the understanding the effect of masting on tree growth.
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