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Resource allocation to different plant tissues is likely to be affected by high investment
into fruit production during mast years. However, there is a large knowledge gap
concerning species-specific differences in resource dynamics. We investigated the
influence of mast years on stem growth, leaf production, and leaf carbon (C), nitrogen
(N), and phosphorus (P) concentrations and contents in Fagus sylvatica, Quercus
petraea, and Q. robur at continental and climate region scales using long-term data
from the International Co-operative Programme on Assessment and Monitoring of
Air Pollution Effects on Forests (ICP Forests) and similar datasets. We discussed the
results in the light of opposing resource dynamics hypotheses: (i) resource accumulation
before mast years and exhaustion after mast years (resource storage hypothesis),
(ii) shifting resources from vegetative to generative compartments (resource switching
hypothesis), and (iii) investing resources concurrently in both vegetative and generative
compartments (resource matching hypothesis). Linear mixed-effects modelling (LMM)
showed that both stem growth and leaf production were negatively influenced by
weather conditions which simultaneously lead to high fruit production. Thus, the impact
of generative on vegetative growth is intermixed with effects of environmental factors.
Superposed epoch analyses and LMM showed that for mast behaviour in F. sylvatica,
there are indicators supporting the resource storage and the resource switching
hypotheses. Before mast years, resources were accumulated, while during mast years
resources switched from vegetative to generative tissues with reduced stem and leaf
growth. For the Quercus species, stem growth was reduced after mast years, which
supports the resource storage hypothesis. LMM showed that leaf C concentrations
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did not change with increasing fruit production in neither species. Leaf N and P
concentrations increased in F. sylvatica, but not in Quercus species. Leaf N and P
contents decreased with increasing fruit production in all species, as did leaf C content
in F. sylvatica. Overall, our findings suggest different resource dynamics strategies in F.
sylvatica and Quercus species, which might lead to differences in their adaptive capacity
to a changing climate.

Keywords: climate change, Fagus sylvatica, long-term monitoring, mast fruiting, Quercus petraea, Quercus
robur, resource dynamics

INTRODUCTION

Synchronised occurrence of mass seed and fruit production
in stands and forests is a reproductive phenomenon of many
long-lived plant species (Nilsson and Wästljung, 1987; Kelly,
1994; Kelly and Sork, 2002; Nussbaumer et al., 2018; Vacchiano
et al., 2018). Years with mass seeding, so called mast years,
have an impact on wood production, tree vitality, and natural
regeneration, as well as on the biogeochemical cycles of carbon
(C) and nutrients (Eichhorn et al., 2008; Drobyshev et al., 2010).
In the light of recent climate change, an increase in frequency
of climatic and biotic extreme events impacting tree functioning
is observed, including C resource dynamics at large scales (Sala
et al., 2012). In addition to these cascading effects of extreme
events, mast years repeatedly impact resource dynamics, which
may, in combination with extreme events, impair long-term tree
performance. Furthermore, mast years play an important role in
ecosystems in many ways, e.g., they provide an additional food
source for forest wildlife, for example for red deer (Picard et al.,
1991), wild boar (Henry and Conley, 1972; Wohlgemuth et al.,
2016) or bird species (Herrera et al., 1994). It can even impact
the migration pattern of birds, for example bramblings which are
known to winter further north after beech mast years in Middle
Europe (Jenni, 1987). Mast years can also have a bearing on
human health due to denser rodent populations (Ogawa et al.,
2017). Infection pressure of zoonoses typically increases 1 or 2
years after a mast year, depending on the life cycles of the vector
species. This potentially leads to higher infection rates of e.g.,
Lyme Borreliosis or diseases induced by Hanta viruses (Vapalahti
et al., 2003; Ostfeld, 2013; Brugger et al., 2018).

According to Herrera et al. (1998) and Koenig et al. (2003),
mast behaviour is a result of individual annual variability in seed
production and synchrony between individuals. Different causes
for mast behaviour are currently debated. Ultimate hypotheses
concentrate on the evolutionary advantages of mast behaviour,
while proximate hypotheses explain the mechanisms of mast
behaviour, including resource dynamics (Kelly, 1994; Pearse et al.,
2016). The underlying assumption for ultimate hypotheses is
that it is favourable for trees in a stand to synchronise their
flowering to reduce the costs for seed production, which always
includes economy of scale effects. The most commonly discussed
ultimate hypotheses are the predator satiation hypothesis, the

Abbreviations: BAIann, average annual basal area increment per plot; fruitann,
annual volumes of fruits (kg/ha) per plot; ICP Forests, International Co-operative
Program on Assessment and Monitoring of Air Pollution Effects on Forests;
leafann, annual volumes of leaves (kg/ha) per plot; LMM, linear mixed-effects
modelling; SEA, superposed epoch analyses.

pollination efficiency hypothesis, and the environmental prediction
hypothesis (Pearse et al., 2016). Concepts to investigate and
explain allocation shifts of resources, such as C and nutrients,
belong to the proximate hypotheses and are summarised in
terms of resource dynamics (Kelly and Sork, 2002; Crone and
Rapp, 2014; Pearse et al., 2016; Figure 1). The most commonly
discussed proximate hypotheses and mechanisms are the resource
budget hypothesis (also known as resource budget model) which
includes: (i) the resource storage hypothesis with the underlying
mechanisms resource accumulation and resource depletion and
(ii) the resource switching hypothesis. An additional common
hypothesis is (iii) the resource matching hypothesis (Janzen, 1971;
Kelly, 1994; Kelly and Sork, 2002; Monks and Kelly, 2006;
Hacket-Pain et al., 2015; Pearse et al., 2016; Bogdziewicz et al.,
2020a). (i) The resource storage hypothesis assumes that a strong
flowering/fruiting year will only occur after years with no or
low fruit production in which resource accumulation/resource
storage above a certain threshold occurs (Isagi et al., 1997; Satake
and Iwasa, 2000; Han et al., 2014; Bogdziewicz et al., 2020a).
Synchrony between trees is controlled by one or more additional
factors, such as pollination efficiency or weather cues (Rees
et al., 2002; Pearse et al., 2016). Resource depletion is likely to
occur following a mast year due to the size of the reproductive
effort masting requires (Janzen, 1971; Hacket-Pain et al., 2015;
Pearse et al., 2016). (ii) The resource switching hypothesis
states that a variable fraction of a relatively constant annual
resource budget is allocated to reproduction (Pearse et al., 2016).
Therefore, resources are primarily allocated to generative instead
of vegetative tissue during a mast year, leading to a reduction
of vegetative growth in favour of fruit production (Kelly, 1994;
Pearse et al., 2016; Bogdziewicz et al., 2020a). (iii) The resource
matching hypothesis, in contrast, assumes that the occurrence of
mast years is triggered by favourable environmental conditions
and, thus, larger resource availability (Kelly and Sork, 2002;
Monks and Kelly, 2006; Pearse et al., 2016). Under those
conditions, sufficient resources would be obtainable for both
vegetative and generative functioning. Accordingly, it is expected
that vegetative growth is not reduced by generative growth, but
can even be enhanced (Kelly, 1994; Pearse et al., 2016).

Fruit, wood and, to some extent, also leaf production are
partly controlled by weather conditions, before and during the
growing season. Fagus sylvatica L. is known to be a masting
pollen producer. This means that flower buds are not produced
every year, which can be seen in the lack of airborne pollen
in the following spring (Geburek et al., 2012). Mast years in
F. sylvatica typically occur after a summer with low temperatures
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FIGURE 1 | Proximate mast hypotheses concerning resource dynamics: The resource storage hypothesis states that resources have to be accumulated before high
amounts of fruits can be produced (resource accumulation). In the wake of the mast year, resources are depleted (resource depletion) and have to be accumulated
again before another mast year occurs. The resource switching hypothesis assumes that during the mast year, resources are shifted from vegetative to generative
growth. The resource matching hypothesis states that in environmentally favourable years, vegetative and generative growth are equally enhanced. ?: Resource
dynamics in mast years can vary. Red arrows: Stem growth of the current year. Year –1 = 1 year before mast year, Year 0 = mast year, Year + 1 = 1 year after mast
year. Original artwork by Anita Nussbaumer.

and high precipitation rates 2 years prior to the mast year,
and a warm and dry summer 1 year prior to the mast
year (Piovesan and Adams, 2001; Drobyshev et al., 2010, 2014;
Hacket-Pain et al., 2015; Bogdziewicz et al., 2017; Vacchiano
et al., 2017; Lebourgeois et al., 2018; Nussbaumer et al., 2018).
Additionally, warm and dry conditions during the flowering
period in the mast year itself are important for masting success
(Kasprzyk et al., 2014; Nussbaumer et al., 2018). Stem growth
in F. sylvatica is positively influenced by high precipitation
sums during (early) spring and summer of the current year
(Lebourgeois et al., 2005; Piovesan et al., 2008; Ježík et al.,
2011; Michelot et al., 2012; Siegmund et al., 2016; Mund et al.,
2020), but negatively impacted by high summer temperatures
in the current year (Michelot et al., 2012) and dry summer
conditions in the previous year (Piovesan et al., 2008; Seidling
et al., 2012). Similar to stem growth, high leaf production in beech
is dependent on low summer temperatures in the previous year
and high precipitation sums during the growing season (Müller-
Haubold et al., 2013). According to Geburek et al. (2012), Quercus
species produce high amounts of pollen every year and are so-
called non-masting pollen producers. In contrast to F. sylvatica,
Quercus species are therefore prepared to produce high amounts
of fruits every year. Mast years in Q. robur L. and Q. petraea
(MATT.) LIEBL. mainly follow favourable weather conditions
during the flowering season, with weather conditions in previous
years having little impact (Bogdziewicz et al., 2017; Lebourgeois
et al., 2018; Nussbaumer et al., 2018). Stem growth in Q. robur
and Q. petraea is positively impacted by high precipitation sums

in the previous autumn (Michelot et al., 2012), and negatively
influenced by cold and dry winters (Lebourgeois et al., 2004;
Rozas, 2005; Rozas et al., 2009; Michelot et al., 2012), a warm
March (Mérian et al., 2011), and a cold or dry May and summer
(Lebourgeois et al., 2004; Rozas, 2005; Mérian et al., 2011). In
contrast to stem growth, the impact of weather conditions on leaf
production of Q. robur and Q. petraea has not been specifically
investigated in earlier studies.

The impact of mast years on wood production has been
investigated in several recent studies at a regional to national
scale, and species-specific differences were indicated. Stem
increment of F. sylvatica was shown to be reduced in years with
high beechnut production in Germany (Eichhorn et al., 2008),
South Sweden (Drobyshev et al., 2010), France (Lebourgeois et al.,
2018), and Switzerland (Braun et al., 2017). In contrast, stem
growth of Q. robur and Q. petraea increased during mast years
in France (Q. robur and Q. petraea; Lebourgeois et al., 2018) and
in the Volga region in Russia (Q. robur; Askeyev et al., 2005), and
was even enhanced in the subsequent year (Askeyev et al., 2005).

Changes in allocation dynamics of C and nutrients, such as
nitrogen (N) and phosphorus (P), during mast years have been
widely investigated. When looking at the results of such studies
it must be taken into account that C and nutrient concentrations
depend, inter alia, on leaf size, which can also be impacted by
high fruit production. Therefore, a distinction has to be made
between nutrient concentrations (mg/gleaf) and nutrient contents
(mass per leaf). Hoch et al. (2013) showed that in F. sylvatica,
stored C is invested into leaves and flowers but not into fruits.
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This shows that during mast years, currently assimilated C is
mainly allocated to fruits and less to leaves (Ichie et al., 2013;
Han and Kabeya, 2017). Two studies on leaf N concentration in
F. sylvatica showed a reduction during mast years (Han et al.,
2011; Müller-Haubold et al., 2015). Han et al. (2014) further
found that in Fagus crenata (Blume), N concentrations of leaves
and branches were lower in the year following a mast year. In
contrast, Braun et al. (2020b) found that in European beech, leaf
N and P concentrations increased during mast years, while N and
P contents were reduced. Abe et al. (2016) and Yasumura et al.
(2006) found that fruit production in F. crenata required high
amounts of N, but neither leaf N content nor N concentration was
reduced during mast years (Yasumura et al., 2006). Jonard et al.
(2009) hypothesised that leaf P concentrations may be reduced
during mast years in F. sylvatica, Q. robur, and Q. petraea in
France, Walloon and Luxembourg. Braun et al. (2020b) found
for F. sylvatica that leaf P concentrations were higher in trees
with high fruit production, and Fernández-Martínez et al. (2017)
found a similar pattern for deciduous species genera across
Europe. These findings suggest that N and P are both essential
nutrients for fruit production and, thus, can act as a limiting
factor for mast year occurrence.

Recent studies show that the frequency of mast years increased
within the last decades in F. sylvatica, Q. robur and Q. petraea
(all species: Nussbaumer et al., 2016; beech: Bogdziewicz et al.,
2020b, oak: Caignard et al., 2017). Climate scenarios show
that weather extremes, such as summer heat waves, prolonged
droughts, or late frost events will most probably increase in the
next few decades (IPCC, 2013, 2019). Such climatic extreme
events potentially lead to stress in forest ecosystems. High fruit
production, which may be seen as a biotic extreme event, can
act as an additional stress factor impacting resource dynamics.
In a new study on the impact of the 2018 summer drought
on F. sylvatica in Switzerland, Nussbaumer et al. (2020) found
that prolonged summer heat waves and droughts during fruit
development lead to fruit abortion. There is thus evidence that
some tree species may struggle to reproduce under the projected
climate scenarios for the next 50–100 years. Therefore, it is crucial
to better understand the mechanisms of resource dynamics
in forest tree species in order to recognise potential stress
reactions, and to support decision making for future forestry,
from both ecological and economic perspectives. A recent
review on forest C allocation modelling under climate change
revealed that the reproductive pool and its dynamics is often
ignored due to patchy knowledge of the governing processes
(Merganičová et al., 2019). Therefore, large-scale species-specific
studies can strongly contribute to the improvement of forest
ecosystem modelling.

In this study, we investigated F. sylvatica, Q. robur, and
Q. petraea across Europe. We evaluated data from European-wide
long-term forest monitoring datasets. The analyses were carried
out at stand and individual tree level, investigating fruit and leaf
production, stem growth, and leaf nutrient concentrations. In an
earlier study, Nussbaumer et al. (2018) showed that the impact
of external and internal conditions on fruit production differ
regionally and, therefore, data was analysed at continental as well
as climate region scale.

The main objective of our study was to shed light on the
impact of masting on vegetative growth and assign our findings to
the commonly discussed proximate hypotheses and mechanisms
of resource dynamics. We investigated the following issues:

(i) Which common resource dynamics mechanisms are
involved in fruit and leaf production, nutrient allocation
and stem growth of the investigated species?

(ii) How spatially consistent are these mechanisms at a
continental scale?

(iii) How do weather conditions and fruit production control
stem growth and leaf production of the investigated
species?

MATERIALS AND METHODS

Species and Sites
In this study, we investigated generative and vegetative growth
in the most common European deciduous tree species Fagus
sylvatica L. (hereafter beech), Quercus robur L. and Q. petraea
(MATT.) LIEBL. (hereafter oak). For all species, flowering
begins between early April and early May, depending on the
geographical region. Fruits are developed over the summer of the
same year. Fruit fall starts around late September and continues
until late October. In beech, the growing season starts in April
and ends in late summer, and in oak, stem growth starts in early
April and continues until October.

We analysed data from intensive monitoring plots of
the International Co-operative Programme on Assessment
and Monitoring of Air Pollution Effects on Forests (ICP
Forests), carried out under the UNECE Convention on
Long-Range Transboundary Air Pollution (UNECE and ICP
Forests Programme Co-ordinating Centre, 2016). Furthermore,
we included data from an eddy covariance site in the
Jastrebarsko forest in Croatia (Anić et al., 2018) and from
long-term monitoring plots of the Institute of Applied Plant
Biology (IAP) in Switzerland (Braun and Flückiger, 2013). The
plots explored in this study cover Mediterranean, temperate,
continental and alpine climates, and are distributed from 5.5◦
W to 24◦ E and 41.5◦ N to 57◦ N, with an altitudinal
range of 0–1,500 m a.s.l (Supplementary Figures 1, 2 and
Supplementary Tables 1A,B).

Meteorological Data
We used the gridded meteorological observation E-OBS
dataset (Version 17.0) of the European Climate Assessment
and Dataset (ECA&D) which provides daily measurements
with a spatial resolution of 0.25◦ (Haylock et al., 2008).
We calculated the long-term means (1996–2015) for 2
months mean temperatures and precipitation sums. For
the statistical analyses we calculated deviations from the
2 months mean temperatures and precipitation sums for
the months July to December of the previous year, and for
January to August of the current year, according to equations 1
and 2 (see below).

Frontiers in Forests and Global Change | www.frontiersin.org 4 July 2021 | Volume 4 | Article 689836

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-689836 July 6, 2021 Time: 18:39 # 5

Nussbaumer et al. Resource Dynamics in Mast Years

Data Collection and Investigated
Variables
Within the ICP Forests network, measurements and assessments
are carried out at individual tree or plot level, and the two
additional datasets from Croatia and Switzerland consist of plot
level measurements. For our analyses, we used litterfall, fresh
leaf and stem growth measurements (litterfall: Ukonmaanaho
et al., 2016; fresh leaf: Rautio et al., 2016; stem growth: Dobbertin
and Neumann, 2016; additional datasets: Braun and Flückiger,
2013; Anić et al., 2018; Supplementary Tables 1A,B; list of
used variables: Supplementary Table 2). The data cover the
periods 1994–2018 (litterfall), 1994–2017 (fresh leaves), and
1995–2017 (stem growth; Supplementary Tables 1A,B). We
used the variables: (i) annual fruit biomass (hereafter fruit
production) and annual leaf biomass (hereafter leaf production)
from the litterfall survey, (ii) dry mass of 100 leaves and
leaf C, N and P concentrations from the fresh leaf sampling
survey, and the products of dry mass of 100 leaves and C, N
and P concentrations, hereafter leaf C, N and P contents, and
(iii) average annual basal area increment per plot (BAIann) from
the growth survey.

All data from ICP Forests were collected by members of
the ICP Forests, and the additional data were gathered in
similar ways. (i) Litterfall was sampled continuously with litter
traps with a minimum size of 0.18 m2 (Ukonmaanaho et al.,
2016). After drying at a maximum of 70◦C, the samples
were sorted into pre-defined fractions, such as leaves and
fruits of the main tree species (Ukonmaanaho et al., 2016).
The samples were pooled into annual volumes of leaves
(leafann) and fruits (fruitann) per plot. We excluded years if
litterfall was collected for less than 280 days per year, or
if litterfall was not collected during the leaf and fruit fall
period. (ii) Fresh leaves were harvested from the canopy at
the end of the growing season (usually late July to mid-
August) before leaf senescence, generally every second year,
although at some sites, samples were collected annually. For
the chemical analysis of C, N and P, subsamples were taken
from the total volumes of the leaves, and the dry mass of
100 leaves was measured (Rautio et al., 2016). We calculated
C, N and P contents as products of mass of 100 leaves
and C, N and P concentrations. (iii) Stem diameter or stem
circumference at breast height (1.3 m above ground) was
measured on approximatively 10 dominant or codominant
trees per plot either several times during the year or once
a year during dormancy (October to early March, depending
on altitude; Dobbertin and Neumann, 2016). At the French
sites, tree-ring widths were used, which we did not standardise
for age trends as we investigated only short periods. At the
Croatian eddy-flux site, measurements were performed at all
trees with a stem diameter above 2 cm (Anić et al., 2018).
We calculated annual BAI of individual trees as the difference
in basal area during dormancy between two consecutive years.
To calculate an average value per plot (BAIann) for each
species, we averaged all available BAI of individual trees per
plot and species.

Statistical Analyses
We used long-term monthly mean temperature and precipitation
sums of the E-OBS dataset (Haylock et al., 2008) to assign
the plots to climate regions using the Ward method
(CLUSTER procedure in SAS 9.4; SAS Institute Inc., Cary,
NC, United States). The resulting three clusters are: the
(i) warm temperate region (warmest and driest conditions),
the (ii) moderate temperate region (intermediate temperate
conditions), and the (iii) cool temperate region (coldest and
wettest conditions; all clusters according to Köppen, 1936;
Supplementary Figures 1, 2).

We analysed the two oak species both individually and
as one genus. Since it cannot be excluded that the two oak
species are unwittingly mixed in the collectors or during
sorting, we discuss only the results of the analysis of the
genus Quercus sp. The results for the individual oak species,
defined by the main tree species on plot, can be found in
the Supplementary Material (Supplementary Figure 8 and
Supplementary Tables 9–12).

The analysed plots were measured for 3–20 years (beech,
median: 8 years) and 3–18 years (oak, median: 9 years). Dry
mass of 100 leaves, leaf C, N and P concentrations, and leaf
C, N and P contents were measured for 3–11 years (beech,
median: 7 years) and 3–15 years (oak, median: 7 years). Median
frequency of years with 60% of the maximum of measured
fruit biomass per plot (= mast years) was 28% on the beech
plots and 25% on the oak plots. Mean coefficients of variation
per plot (ratio of standard deviation and long-term mean;
Koenig et al., 2003) did not differ between the species (beech:
140%, oak: 130%).

We investigated: (i) the influence of fruitann and weather
conditions on BAIann and leafann, and the influence of the
same weather parameters on fruitann with linear mixed effects
models (LMM). We used these results to better interpret the
results from the subsequent superposed epoch analyses [(SEA,
see (ii)] investigating the influence of years with high fruitann
on BAIann and leafann. To explore underlying resource dynamics
mechanisms we analysed (ii) the temporal variation of BAIann
and leafann before, during and after years with high fruitann with
SEA, and iii) the changes in dry mass of 100 leaves, leaf C, N and
P concentrations, and leaf C, N and P contents with increasing
fruitann using LMM.

(i) We performed LMM to investigate the influence of
fruitann and weather parameters on BAIann and leafann,
as well as the influence of weather parameters on
fruitann. We included deviations from the 2-monthly mean
temperatures and precipitation sums from July of the
previous year to August of the current year in the model.
We did not find multicollinearity between the independent
variables (variance inflation factor <5, “vif ” function from
the R package “car”; Burnham and Anderson, 2002). We
tested two LMM to explore the influence of fruitann and
weather conditions on BAIann and leafann: (a) including
all measured years (full model), and (b) including only
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years with less than 10% of the maximum of fruitann
(low fruiting model):

y = fruitann + Tjul/aug lag1 + Tsep/oct lag1 + Tnov/dec lag1

+ Tjan/feb lag0 + Tmar/apr lag0 + Tmay/jun lag0 + Tjul/aug lag0

+ Pjul/aug lag1 + Psep/oct lag1 + Pnov/dec lag1 + Pjan/feb lag0

+ Pmar/apr lag0 + Pmay/jun lag0 + Pjul/aug lag0 + plot (1)

where y is BAIann or leafann.
For the analysis of the influence of weather parameters on
fruitann we used:

fruitann = Tjul/aug lag1 + Tsep/oct lag1 + Tnov/dec lag1

+ Tjan/feb lag0 + Tmar/apr lag0 + Tmay/jun lag0 + Tjul/aug lag0

+ Pjul/aug lag1 + Psep/oct lag1 + Pnov/dec lag1 + Pjan/feb lag0

+ Pmar/apr lag0 + Pmay/jun lag0 + Pjul/aug lag0 + plot (2)

In both equations T is mean temperature, P is precipitation
sum, lag1 is the value of the previous year, lag0 is the value
of the current year, and “plot” is a random factor. We
used the R function “dredge” from the R package “MuMIn”
(Barton, 2017) to calculate all possible models of (a) and (b)
with up to five variables. We applied the corrected Akaike
information criterion (AICC; Burnham and Anderson,
2002) to define the best fitting models, and calculated
average models of all models with deviation <2 from the
best AICC. In each LMM we included a correction term
for temporal autocorrelation and evaluated the models via
marginal and conditional R2 (Nakagawa and Schielzeth,
2013). The marginal R2 explains the effect of the fixed
effects on the dependent variable, and the conditional
R2 explains the accuracy of the whole model, including
the random effects.

(ii) To test for temporal correlation, i.e., the correlations
between fruitann and related weather conditions in a focal
(year with high fruitann) and vegetative growth (BAIann
and leafann) in the same year and the years before
and after the focal year, we used SEA for all spatial
classes. We tested the SEA for various cut-off points for
focal years (60, 70, 80, and 90% of the maximum of
fruitann) and found that the results only differ slightly
between the thresholds (Supplementary Figures 5, 6 and
Supplementary Tables 3, 4). Hereafter, we present results
using the 60% threshold (Supplementary Figures 3, 4).
We focused on the period of the two preceding and two
subsequent years of the focal year, resulting in 5-year time
series. The SEA function estimates whether the means
of individual years within the 5-year epochs centred on
the focal year are different from equivalent years from
randomly selected 5-year epochs via bootstrap resampling
(Bunn et al., 2018). SEA allow the comparison of focal
years in different time series, exclude noise from other
potentially influential factors with similar time scales, and

is not restricted to normally distributed data (Prager and
Hoenig, 1989; Bunn et al., 2018; Park et al., 2019).

For the SEA, we used a subset to meet the model
requirements, i.e., five consecutive measurement years,
the third of which is a mast year. This resulted in 18%
(beech) and 17% (oak) of all measured years being mast
years. Standard errors and confidence intervals of the
SEA for all analyses at a 60% threshold can be found
in Supplementary Tables 6, 10. Beech is considered a
species with a basic 2 years mast cycle (Matthews, 1955;
Braun et al., 2020a; Nussbaumer et al., 2020). In our beech
data, such a pattern was partly present but not dominant
(Supplementary Figure 3). Cases of mast years 2 years
before or after the focal years occurred in nine (Year−2;
41%) and six (Year+2; 27%) out of 22 SEA series in the
European dataset. In the warm temperate region there were
four cases for both Year−2 and Year+2 (57%) out of seven
series, in the moderate temperate region there were four
(Year−2; 44%) and one (Year+2; 11%) cases out of 9 series,
and in the cool temperate region there was one case for both
Year−2 and Year+2 out of six series (17%).

(iii) We applied LMM for the investigation of the effect of
fruitann on dry mass of 100 leaves, leaf C, N and P
concentrations, and leaf C, N and P contents, and used
“plot” as a random factor (Pinheiro et al., 2020):

y = fruitann + plot (3)

where y equals dry mass of 100 leaves, leaf C, N and P
concentrations, or leaf C, N, and P contents. We performed
the analyses for Europe and the climate regions if at least
20 measurements were available. As described in (i) we
included a correction term for temporal autocorrelation
in the LMMs and evaluated the models via marginal and
conditional R2.

We performed statistical analyses using R, version 3.5.1 (R
Core Team, 2019), i.e., SEA using the function “sea” from the
R package “dplR” (Bunn et al., 2018) and linear mixed-effects
modelling (LMM) using the function “lme” from the R package
“nlme” (Pinheiro et al., 2020).

We transformed values of BAIann, leafann, and fruitann into
percentage of maximum values per plot to be able to quantify the
effect size. We used a significance level of α = 0.05, and considered
results with p-values between 0.05 and 0.10 as marginally non-
significant.

RESULTS

Beech
Weather Analyses
In the analysis of weather conditions and fruitann impacting
BAIann, fruitann of beech was a main explanatory variable in
the full model and showed a strong negative impact on stem
growth (LMM, full model: n = 210, marginal R2 = 0.139,
conditional R2 = 0.324; Figure 2A). In both the full and the

Frontiers in Forests and Global Change | www.frontiersin.org 6 July 2021 | Volume 4 | Article 689836

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-689836 July 6, 2021 Time: 18:39 # 7

Nussbaumer et al. Resource Dynamics in Mast Years

FIGURE 2 | Results from averaged linear mixed-effects models assessing the effects of weather cues and fruit production (fruitann) on basal area increment (BAIann)
and leaf production (leafann), and the effects of weather conditions on fruitann. (A) Fagus sylvatica, (B) Quercus sp. Weather conditions were used as deviations from
the 2-monthly long-term mean temperatures and precipitation sums of the previous and current year. Full model: Includes all measured years on all plots, low fruiting
model: Includes only years with less than 10% of maximum fruit production, fruitann model includes all measured years on all plots. + : Increase, –: Decrease, symbol
size shows parameter importance in the averaged models. mR2: Marginal R2, cR2: Conditional R2.

low fruiting models, low mean temperatures in July/August of
the previous year, high precipitation sums in July/August of the
current year and, to a lesser amount, high precipitation sums in
January/February of the current year were the most important
weather conditions for enhanced BAIann (LMM, low fruiting
model: n = 114, marginal R2 = 0.150, conditional R2 = 0.362;
Figure 2A).

leafann of beech was primarily influenced by high temperatures
in September/October of the previous year, high temperatures

in January/February and July/August of the current year, and
low temperatures in March/April of the current year (LMM, full
model: n = 210, marginal R2 = 0.201, conditional R2 = 0.302;
low fruiting model: n = 114, marginal R2 = 0.207, conditional
R2 = 0.372; Figure 2A).

The best explaining weather conditions leading to high
fruitann were high mean temperatures in July/August of the
previous year, low mean temperatures from September to
December of the previous year, high mean temperatures and, to
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FIGURE 3 | Superposed epoch analyses (SEA) for Europe and climate regions: (A) basal area increment in Fagus sylvatica, (B) leaf biomass in Fagus sylvatica, (C)
basal area increment in Quercus sp., (D) leaf biomass in Quercus sp. SEA investigate the relations of a parameter in focal years (Year 0) to the same parameter in the
previous and subsequent years (Year–2 = 2 years before mast year, Year–1 = 1 year before mast year, Year 0 = mast year, Year + 1 = 1 year after mast year,
Year + 2 = 2 years after mast year). All values in percent of the maximum value per plot. Threshold level for mast year definition: 60% of the maximum of measured
fruit biomass per plot. For better visibility the curves are displayed slightly offset. BAI: Basal area increment.

a lower amount, also precipitation sums in March/April of the
current year (LMM, n = 210, marginal R2 = 0.380, conditional
R2 = 0.469; Figure 2A).

Resource Dynamics
BAIann of beech at European scale was reduced by 14.2% during
mast years (SEA, n = 22, p0 < 0.001) and enhanced by 7.6
and 6.6% in the preceding years (SEA, n = 22, p−2 = 0.026,
p−1 = 0.036; Figure 3B and Table 1). At climate region scale,
this pattern was also present, although the effects were generally
weaker, and in the cool temperate region, BAIann was not
significantly lower during mast years.

leafann of beech at European scale was reduced by 4.4%
during mast years (SEA, n = 53, p0 = 0.027) and 1 year before
mast years, it was enhanced by 6% (SEA, n = 53, p−1 = 0.005;
Figure 3B and Table 1). In the cool temperate region, this pattern
was also present, but in the warm temperate and the moderate
temperate region, leafann was not significantly reduced during
mast years. Dry mass of 100 leaves decreased with increasing
fruitann at European scale (LMM, 240 observations on 36 plots,
marginal R2 = 0.188, conditional R2 = 0.397, p < 0.0001;
Figure 4A and Supplementary Table 8) and in all climate regions
(Supplementary Table 8). Leaf C concentration was not affected
by enhanced fruitann (Figure 5A and Supplementary Table 7).
Leaf N and P concentrations increased with increasing fruitann at
European scale (LMM, N: 242 observations on 37 plots, marginal
R2 = 0.020, conditional R2 = 0.517, p = 0.0007; P: 250 observations
on 38 plots, marginal R2 = 0.010, conditional R2 = 0.669,

p = 0.0077; Figures 5C,E and Supplementary Table 7) and in the
warm temperate region (Supplementary Table 7). Leaf C, N, and
P contents decreased with increasing fruitann in Europe (LMM, C:
108 observations on 32 plots, R2 = 0.225, conditional R2 = 0.225,
p < 0.0001; N: 238 observations on 36 plots, marginal R2 = 0.100,
conditional R2 = 0.229, p < 0.0001; P: 239 observations on 36
plots, marginal R2 = 0.071, conditional R2 = 0.409, p < 0.0001;
Figures 6A,C,E and Supplementary Table 8).

fruitann of beech 1 year before and after mast years was very
low, but 2 years before and after, it was not significantly lower
than during mast years (SEA, Supplementary Figures 5A, 7A
and Supplementary Tables 3, 5).

Concerning a suggested 2 years mast cycle, there was no
significant effect of mast year occurrence 2 years before and after
the focal years: Neither was fruitann enhanced nor BAIann or
leafann reduced except for leafann in the cool temperate region
(Figures 3A,B, Table 1, Supplementary Figures 5A, 6A, 7A, and
Supplementary Tables 3–5).

Oak
Weather Analyses
The most important weather conditions for enhanced BAIann
of the oak species in both the full and the low fruiting models
were low mean temperatures in July/August of the previous and
the current year, and high mean temperatures in March/April
of the current year. Additionally, in the full model precipitation
sums were high in July/August of the current year. In the low
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TABLE 1 | Results (p-values and effect size in %) of the superposed epoch analyses for Europe and climate regions investigating the temporal correlation between fruit
production and vegetative growth (basal area increment and leaf production).

p-value Effect size (%)

Species Dependent
variable

Region n mast
years

n plots Year –2 Year –1 Year 0 Year +1 Year +2 Year –2 Year –1 Year 0 Year +1 Year +2

Fagus
sylvatica

BAI Europe 22 18 0.026 0.036 <0.001 0.427 0.514 7.63 6.57 –14.19 0.14 −0.16

Fagus
sylvatica

BAI Warm
temperate

7 6 0.046 0.258 0.016 0.340 0.377 12.79 4.34 –16.60 2.12 −2.66

Fagus
sylvatica

BAI Moderate
temperate

9 8 0.098 0.120 0.001 0.432 0.362 7.94 6.57 –15.71 0.46 0.74

Fagus
sylvatica

BAI Cool
temperate

6 4 0.419 0.083 0.206 0.473 0.298 1.14 9.17 −9.08 −2.65 1.42

Fagus
sylvatica

Leaf
production

Europe 53 38 0.455 0.005 0.027 0.285 0.339 0.26 5.99 –4.44 −1.11 −0.69

Fagus
sylvatica

Leaf
production

Warm
temperate

10 9 0.153 0.499 0.216 0.254 0.538 6.60 1.20 −4.61 −4.07 0.87

Fagus
sylvatica

Leaf
production

Moderate
temperate

27 19 0.152 0.038 0.146 0.160 0.187 2.67 5.38 −2.94 −2.74 −2.36

Fagus
sylvatica

Leaf
production

Cool
temperate

16 8 0.027 0.002 0.042 0.156 0.363 –8.21 10.02 –6.87 3.88 1.18

Quercus sp. BAI Europe 26 18 0.202 0.018 0.145 0.061 0.092 −2.88 6.88 4.24 –4.51 –3.73

Quercus sp. BAI Warm
temperate

16 11 0.354 0.099 0.261 0.083 0.067 1.28 5.88 3.29 –5.08 –5.37

Quercus sp. BAI Moderate
temperate

8 6 0.389 0.067 0.178 0.245 0.155 −2.36 5.86 3.66 −2.95 −4.20

Quercus sp. Leaf
production

Europe 38 27 0.439 0.200 0.377 0.342 0.209 −0.41 1.66 −0.76 1.13 −1.62

Quercus sp. Leaf
production

Warm
temperate

21 15 0.376 0.221 0.415 0.487 0.524 −1.32 1.99 −0.79 0.17 −0.06

Quercus sp. Leaf
production

Moderate
temperate

14 10 0.276 0.125 0.464 0.317 0.126 −2.48 3.81 0.17 1.94 −3.45

BAI: Basal area increment, Year –2: 2 years before mast year, Year –1: 1year before mast year, Year 0: Mast year, Year +1: 1 year after mast year, Year +2: 2 years after
mast year, n mast years: number of analysed mast years, n plots: number of analysed plots.
Values in bold: p < 0.05; in italics: p < 0.1.

FIGURE 4 | Scatter plots of dry mass of 100 leaves (g) vs. fruit production in percentage of maximum values per plot at European scale. (A) Fagus sylvatica,
(B) Quercus sp. Red line: Response curve of the linear mixed-effects modelling, dashed line: Standard errors, mR2: Marginal R2, cR2: Conditional R2.

fruiting model, mean temperatures were lower than average in
September/October of the previous year, and precipitation sums
were lower in July/August of the previous year (LMM, full model:
n = 320, marginal R2 = 0.189, conditional R2 = 0.226; low fruiting

model: n = 186, marginal R2 = 0.191, conditional R2 = 0.191;
Figure 2B). fruitann was not part of the best fitting models.

Weather conditions controlling leafann of the oak species
were high precipitation sums in July/August in the previous
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FIGURE 5 | Scatter plots of leaf carbon concentration in g/100g, nitrogen and phosphorus concentrations in mg/g vs. fruit production in percentage of maximum
values per plot at European scale. (A,B) Carbon concentration, (C,D) nitrogen concentration, (E,F) phosphorus concentration, (A,C,E) Fagus sylvatica, (B,D,F)
Quercus sp. Red line: Response curve of the linear mixed-effects modelling, dashed line: Standard errors, mR2: Marginal R2, cR2: Conditional R2.

year and high temperatures in July/August of the current
year in both the full and the low fruiting model. In
the full model, high precipitation sums in March/April
and low temperatures in May/June of the current year
were also favourable for leaf production (LMM, full model:
n = 320, marginal R2 = 0.038, conditional R2 = 0.176;
Figure 2B). In the low fruiting model, high precipitation
sums in September/October of the previous year and low
precipitation sums in May/June of the current year were
important drivers for leaf production as well (low fruiting
model: n = 186, marginal R2 = 0.028, conditional R2 = 0.032;
Figure 2B).

The weather conditions leading to high fruitann in oak were
low mean temperatures in July/August of the previous year, high
mean temperatures from September to December of the previous
year, low precipitation sums in March/April of the current year,
and high precipitation sums in July/August of the current year
(LMM, n = 320, marginal R2 = 0.163, conditional R2 = 0.163;
Figure 2B).

Resource Dynamics
At European scale, BAIann of the oak species was not affected
in mast years, but in the year before mast years, BAIann was
enhanced by 6.9% (SEA, n = 26, p−1 = 0.018; Figure 3C
and Table 1). In the 2 years after mast years, BAIann was
marginally non-significantly reduced by 4.5 and 3.7% (SEA,
n = 26, p+1 = 0.061, p+2 = 0.092; Figure 3C and Table 1). In
the warm temperate region, the same pattern was present, but in
the moderate temperate region there was no reduction in BAIann
in the years after the mast year.

leafann of the oak species did not change during the
investigated 5-years periods (SEA, Figure 3D and Table 1). Dry
mass of 100 leaves significantly decreased with increasing fruitann
at European scale (LMM, 228 observations on 33 plots, marginal
R2 = 0.024, conditional R2 = 0.319, p = 0.0108; Figure 4B
and Supplementary Table 8) and in the warm temperate region
(Supplementary Table 8). Leaf C, N, and P concentrations
showed no significant change with increasing fruitann (LMM,
Figures 5B,D,F and Supplementary Table 7). Leaf C content
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FIGURE 6 | Scatter plots of leaf carbon mass in 100 leaves (= content; g/100 leaves), nitrogen and phosphorus contents (mg/100 leaves) vs. fruit production in
percentage of maximum values per plot at European scale. (A,B) carbon content, (C,D) nitrogen content, (E,F) phosphorus content, (A,C,E) Fagus sylvatica,
(B,D,F) Quercus sp. Red line: Response curve of the linear mixed-effects modelling, dashed line: Standard errors, mR2: Marginal R2, cR2: Conditional R2.

showed no significant change with increasing fruitann (LMM,
Figure 6B and Supplementary Table 8). Leaf N and P contents
decreased with increasing fruitann in Europe (LMM, N: 248
observations on 33 plots, marginal R2 = 0.015, conditional
R2 = 0.278, p = 0.0350; P: 239 observations on 36 plots, marginal
R2 = 0.022, conditional R2 = 0.420, p = 0.0038; Figures 6D,F and
Supplementary Table 8).

fruitann of the oak species was significantly reduced in the 2
years before and 1 year after a mast year (SEA, Supplementary
Figures 5B, 7B and Supplementary Tables 3, 5).

DISCUSSION

Resource Dynamics
Our results show that years with high fruit production are partly
controlled by weather conditions which simultaneously might
reduce stem growth and leaf production. The effect of high fruit

production on stem growth is therefore likely to be intermixed
with the effect of weather conditions as was shown in a previous
study by Hacket-Pain et al. (2018) for beech. The best fitting
weather models we found for leaf production showed a similar
effect for all investigated species (Figure 2), although for oak, the
weather conditions partly varied between the full model and the
low-fruiting model. Consequently, the results of the superposed
epoch analyses include the effect of mast years with its triggering
weather parameters on vegetative growth rather than the effect of
high fruit production alone.

Our findings show that the impact of mast years on vegetative
growth is species-specific. Although we found evidence for the
resource storage hypothesis for all investigated species (Janzen,
1971; Kelly, 1994; Hacket-Pain et al., 2015; Pearse et al., 2016),
the effect of mast years on resource allocation to generative
compartments was more accentuated for beech than for oak.
Reduced stem growth and leaf production in beech during mast
years indicates resource switching. Higher vegetative growth in
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the years prior to mast years suggests resource accumulation in
beech (Figures 3A,B and Table 1). Increased leaf production
might lead to higher photosynthetic capacity, which is likely
to enable higher accumulation of available nutrients and C
in the years before mast years. However, surplus C is mostly
assimilated as non-structural C and might not be available for
fruit production in a following mast year (Fatichi et al., 2014).
This is also in accordance with the findings by Hoch et al.
(2013); Ichie et al. (2013), and Han and Kabeya (2017) who found
that C in beech fruits mostly stems from currently assimilated
C. In oak, total mass of leaves was not reduced in mast years
which shows that oak is able to compensate for reduced mass
of individual leaves and presumably also for leaf C content by
producing more leaves (Figures 3D, 4B, 6B and Table 1). In
contrast to beech, leaf production was not enhanced before the
mast year and therefore, resource accumulation appears to not
take place (Figure 3D and Table 1). However, high stem growth
in oak in the years before the mast year shows that resources
were available for increased growth (Figure 3C). Reduced stem
growth in oak in the years after the mast year is indicative of
resource depletion, but this effect was moderate (Figure 3C). The
absence of an immediate effect of high fruit production on stem
growth shows that oak is able to invest additional resources for
fruit production without resource switching, and follows different
resource allocation mechanisms than beech.

Increasing fruit production had no effect on leaf C
concentrations in all species and on leaf N and P concentrations
in oak. In beech, leaf N and P concentrations increased
with increasing fruit production (Figure 5 and Supplementary
Table 7). This is in contrast with Han et al. (2011) and Müller-
Haubold et al. (2015) who found that beech leaf N concentrations
decreased with higher fruit production in beech, and with Jonard
et al. (2009) who suggested that P concentrations are likely to be
reduced in mast years in our investigated species. Our findings
can be explained as a concentration effect of smaller leaf mass
in mast years (Figure 4A and Supplementary Table 8), which is
also described in Braun et al. (2020b), but could also be a sign
for better nutrient supply. However, we found a decrease of leaf
C, N and P contents with increasing fruit production, except for
leaf C content in the oak species which was not affected by fruit
production (Figure 6 and Supplementary Table 8). Hence the
increase of N and P concentrations in beech could be an effect of
reduced leaf C content when in mast years C is less invested in
leaf production as seen in the reduced mass of 100 leaves. This
assumption does not contradict Ichie et al. (2013) and Han and
Kabeya (2017) who found for beech that currently assimilated C
is used for fruit production, and Hoch et al. (2013) who showed
that for leaf production, stored C is used. It seems that in beech
mast years, overall C allocation to leaves is reduced even if stored
C is available. This could be a sign for resource switching from
leaves to fruits in beech mast years. The reduction in N and P
contents in oak is also likely to be evidence for resource switching
as, at the same time, C content was not reduced. Furthermore, the
reduction of N content with increasing fruit production supports
the assumption of Pearse et al. (2016) that N is the most likely
candidate for resource depletion in connection with mast years
as it is a crucial nutrient for fruit production.

There was no evidence for the resource matching hypothesis in
either species. For the oak species, this is in contrast to earlier
studies which found an increase in stem growth during mast
years in France (Q. petraea and Q. robur: Lebourgeois et al., 2018)
and the Volga region in Russia (Q. robur: Askeyev et al., 2005).
For beech, however, a reduction in stem growth during mast
years has been described in several previous studies, which is in
contrast with the resource matching hypothesis (Eichhorn et al.,
2008; Drobyshev et al., 2010; Lebourgeois et al., 2018).

For beech, we found an immediate negative correlation
between high fruiting levels and leaf production in Europe and
in the cool temperate region (Figure 3B and Table 1), and a
simultaneous reduction in dry mass of 100 leaves (Figure 4A
and Supplementary Table 8). Autumn weather conditions in
the previous year and spring weather conditions in the focal
year had an opposing effect on leaf and fruit production which
might be part of this effect. Our results further suggest that
in cool and wet conditions, beech has difficulty compensating
for smaller leaves in years with high fruit production. This
is in accordance with earlier observations in European beech
(Müller-Haubold et al., 2015; Braun et al., 2020b). A negative
effect of fruit production on leaf production was also recently
found in a subset of the ICP Forests Level II plots (Swiss
beech stands; Nussbaumer et al., 2020). However, in the warmer
climate regions, beech leaf production was not significantly
reduced during mast years. These findings are in accordance
with Dobbertin (2005) who found for Swiss beech trees that
resources allocated to vegetative tissues are primarily invested in
leaves rather than stem growth. The reduction of stem growth
in beech in the warm temperate and moderate temperate region
corresponds with earlier regional studies in Germany (Eichhorn
et al., 2008) and France (Lebourgeois et al., 2018). Studies on
weather conditions controlling stem growth have shown that
wet (and cool) conditions are favourable for beech stem growth,
especially during the growing season (Dittmar et al., 2003;
Lebourgeois et al., 2004; Rozas, 2005; Piovesan et al., 2008; Ježík
et al., 2011; Mérian et al., 2011; Michelot et al., 2012; Scharnweber
et al., 2013; Siegmund et al., 2016; Mund et al., 2020; Figure 2A).
In our study, plots in the cool temperate region showed no
change in stem growth with increasing fruit production. This
is in contrast to previous findings by Drobyshev et al. (2010,
2014) on beech stem growth in a comparable climate region
(South Sweden) where stem growth was compromised by high
fruit production. For oak, stem growth was positively influenced
by the same weather conditions in summer of the recent year as
for successful mast years (Bogdziewicz et al., 2017; Lebourgeois
et al., 2018; Nussbaumer et al., 2018). This may explain the
lack of an immediate negative impact of fruit production on
stem growth in oak.

Adaptation Potential to Climate Change
Current climate models predict that, while temperatures will
very likely increase throughout all seasons, annual precipitation
sums will not necessarily be reduced in Europe (Representative
Concentration Pathways RCP 8.5; IPCC, 2013, 2019). However,
precipitation sums in summer are likely to be reduced up to
40%, while winter precipitation is likely to increase up to 30%
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in the next few decades, leading to a higher risk for summer
droughts (IPCC, 2013, 2019). In our study, we found that for
both species, high precipitation sums during summer and, to a
lesser amount for beech, before the start of the growth season,
are crucial for high stem growth. This is also in accordance with
earlier studies (Dittmar et al., 2003; Lebourgeois et al., 2005;
Piovesan et al., 2008; Michelot et al., 2012; Scharnweber et al.,
2013). Furthermore, summer droughts and prolonged heatwaves
can lead to years with mast failure in beech, i.e., years with
successful pollination in spring but failing fruit development
during summer. This has already been observed at beech stands
in Switzerland during the very hot and dry summer 2018
(Nussbaumer et al., 2020). For oak, on the other hand, high
summer temperatures have not yet had a negative impact on fruit
production (Shibata et al., 2020). Although studies on the possible
impact of recent climate change show that seed production
increased with increasing temperatures in the last few decades (all
species: Nussbaumer et al., 2016; beech: Bogdziewicz et al., 2020b,
oak: Caignard et al., 2017), this trend may be reversed for
beech in the future.

Our results further suggest that beech may face problems
with vegetative as well as generative growth in future climates.
However, it cannot be concluded from our results that oak will
have similar problems. Especially in cool and humid regions,
leaf production in beech was lower during years with high fruit
production and, therefore, it can be assumed that photosynthesis
is also reduced, leading to decreasing C accumulation. Recent
studies on the impact of the 2018 extreme summer drought in
large parts of Europe show that under hot and dry conditions
beech is prone to early browning and leaf loss in mid-summer
(Schuldt et al., 2020). Furthermore, as stated above, we found
that, similar to earlier studies, wet spring and summer conditions
have a positive impact on beech stem growth (Dittmar et al.,
2003; Lebourgeois et al., 2004; Rozas, 2005; Piovesan et al.,
2008; Ježík et al., 2011; Mérian et al., 2011; Michelot et al.,
2012; Scharnweber et al., 2013; Siegmund et al., 2016; Mund
et al., 2020; Figure 2). For oak in our study, we found that
high temperatures in spring and low precipitation sums in both
the summer before a mast year and the mast year itself are
favourable for stem growth. The first finding is consistent with
previous studies, while the latter is in contrast (Lebourgeois
et al., 2004, 2005; Rozas, 2005; Rozas et al., 2009; Mérian
et al., 2011; Michelot et al., 2012; Siegmund et al., 2016;
Mund et al., 2020; Figure 2B). However, the results in those
studies did not always agree with each other. This may be
evidential of a greater dependency of oak on regional climatic
conditions than beech. In accordance with this assumption,
Mérian et al. (2011) found that for oak, weather cues influencing
stem growth changed on a longitudinal gradient. Therefore,
we assume that in some regions, the adaptation potential of
oak to future climates is higher than in others. This agrees
with a recent common garden experiment which investigates
the influence of local conditions on adaptation capacity to
future climates (Bert et al., 2020). Our findings are further
in accordance with results of other studies investigating the
survival potential of tree species in Europe in the next few
decades (Hanewinkel et al., 2013; Sáenz-Romero et al., 2017).

They found a higher adaptive potential for oak than for beech
as, in general, oak is better adapted to warmer and drier
conditions than beech.

CONCLUSION

For beech, we found evidence for resource accumulation
before mast years, and for resource switching from vegetative
to generative tissue during the mast year. For oak, resource
depletion was present in the years after the mast year,
but in the mast year itself, resource allocation to vegetative
tissues was not different from other years. For leaf N, P,
and C in all species we suggest that resource switching
is present in years with high fruit production. While leaf
concentrations were either enhanced (N and P in beech)
or unaffected by increasing fruit production (C in beech,
C, N, and P in oak), N and P contents were reduced
in all species, and C content was reduced in beech. Our
findings confirm our hypothesis that beech and oak have
partly different resource allocation strategies. Climate change is
likely to lead to severe changes in environmental conditions,
influencing resilience against extreme events, which will affect
mast patterns in many tree species. We found that for beech,
fruit production, together with high summer temperatures in
the previous year, can act as a stress factor with reduced
vegetative growth in years with enhanced generative growth,
while oak is able to allocate resources to generative and
vegetative growth simultaneously. We further found differences
in stem growth, leaf production and leaf nutrient concentrations
in beech mast years and in leaf nutrient content in oak
mast years between climate regions. Therefore, we suggest
that, although mast years often occur in synchrony over
large areas, caution is advised when performing spatial
extrapolation of specific findings. In our study, we analysed
long-term monitoring data which can be used to investigate
correlations between variables rather than questions of cause
and effect. Therefore, future studies on mast behaviour should
concentrate on experimental data, e.g., by exploration of
different provenances such as common garden experiments.
Furthermore, direct measurements of leaf chemistry and stem
growth processes could be used to better understand resource
allocation strategies.
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