Ecosystems (2020) 23: 529-540 ( )
https://doi.org/10.1007/s10021-019-00419-0 ECOS ' STEMS| o
eck Tor

© 2019 Springer Science+Business Media, LLC, part of Springer Nature updates

Impacts of Multiple Environmental
Change Drivers on Growth
of European Beech (Fagus sylvatica):
Forest History Matters

Katharina Mausolf,'*® Werner Hirdtle,'® Dietrich Hertel,?
Christoph Leuschner,?® and Andreas Fichtner®

Institute of Ecology, Leuphana University of Liineburg, Universitdtsallee 1, 21335 Liineburg, Germany; Albrecht von Haller Institute
for Plant Sciences, Plant Ecology and Ecosystems Research, University of Goettingen, Untere Karspiile 2, 37073 Gottingen, Germany

ABSTRACT

Revealing the interactive effects of multiple envi- growth responses in recent and ancient forests: (1)
ronmental change drivers (water deficits, nitrogen for both forest history types, growth reductions
(N) deposition, land-use change) is crucial for during summer water deficits result from the
evaluating actual and possible future changes in antagonistic effects of elevated N deposition
forest ecosystem functioning. Here, we analyse according to the ‘resource optimization hypothe-
whether and to what extent combined effects of sis’. The tendency towards higher negative growth
spring and summer water deficits and variable responses in recent forests seems to be caused by a
amounts of N deposition affect radial growth of higher fine root mortality and lower standing fine
beech trees growing on forest sites with a different root biomass compared to ancient forests; (2)
forest history. Dendrochronological data showed higher growth reductions in ancient forests during
that trees growing on ancient forest sites (forest spring water deficits are likely the result of mass
continuity > 200 years) exhibit a higher negative fructification, which is enhanced by N deposition.
growth response under high N deposition and We conclude that nutrient cycling may differ be-
simultaneous spring water deficits than trees tween forests with contrasting forest history, which
growing on recent (post-agricultural) forest sites. can modulate the growth trajectories of forests in
Based on additional analyses of the fine root system response to multiple, co-occurring environmental
and masting behaviour, we propose two different changes.

mechanisms to explain differing influences of N

deposition and water deficits on negative radial Key words: ancient forests; climate change;

European beech; mast event; nutrient cycling;
phosphorus legacy effect; recent forests; reproduc-
tion-growth trade-off.
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e N deposition affects resource allocation towards
mass fructification of beech.

e Legacy-mediated nutrient cycles affect growth
response to water deficits and N deposition.

INTRODUCTION

Both climate change and increasing levels of
atmospheric nitrogen (N) deposition are considered
important drivers of environmental change that
alter key processes in forest ecosystems (Lindner
and others 2010; Greaver and others 2016) and
impose threats to forest biodiversity (Sala and
others 2000). Although there is increasing evidence
of the (single) effects of climate shifts and N
deposition on tree growth, our understanding of
conceivable interaction effects of these drivers of
environmental change is still limited. Furthermore,
many forest ecosystems of old cultural landscapes,
for example in Central Europe, are characterized by
a long history of land-use changes, which in turn
might affect their response to present changes in
environmental conditions (Perring and others
2016). It is therefore key to understand the inter-
active effects of land-use legacies and multiple
drivers of global change to predict future forest
responses in terms of important functions such as
biomass production and carbon (C) sequestration.
In particular, little is known about the interactive
effects of forest history and drivers of environ-
mental change on tree growth, such as simultane-
ous water deficits in the growing season and
atmospheric N deposition.

In large parts of Central Europe, beech forest
ecosystems represent the potential natural vegeta-
tion, and European beech (Fagus sylvatica L.) is
considered to be one of the most economically and
ecologically important tree species (Leuschner and
Ellenberg 2017). Beech is competitively superior to
other tree species in many areas of Central Europe,
even though it is acknowledged that beech is
highly sensitive to drought (Leuschner and Meier
2018), meaning that beech shows higher climate
warming-related growth declines compared to
other European tree species (Zimmermann and
others 2015). The climate-growth response of
beech was observed to vary with factors such as
precipitation (Miiller-Haubold and others 2013),
elevation (Di Filippo and others 2007; Dulamsuren
and others 2017), forest management history
(Mausolf and others 2018a), and tree species
composition of the stand (Metz and others 2016).

There is evidence that N deposition (as a single
driver of environmental change) has several effects

on forest ecosystem functioning. According to Mi-
chel and others (2018), atmospheric deposition of
reactive N compounds in forest ecosystems en-
hances the risk of soil acidification, or has profound
consequences for forest productivity and plant
species composition. N deposition has been found
to reduce the diversity and alter the species com-
position of the forest ground vegetation and of
epiphytic lichens in temperate forests (Bobbink and
others 1998). On the tree level, N deposition can
increase both foliar N content and stand leaf area,
thereby promoting C gain and C sequestration (De
Vries and others 2014; Schulte-Uebbing and De
Vries 2018). Correspondingly, a stimulating effect
of moderate N deposition on stem growth incre-
ment was found for temperate beech forests
(Gentilesca and others 2018).

Fore beech, experimental (Dziedek and others
2016, 2017) and observational (Hess and others
2018) studies demonstrated that the combined ef-
fects of multiple environmental change drivers are
non-additive, where N deposition enhances a trees’
climate sensitivity. This response was mainly re-
lated to an increase in the shoot-to-root ratio.
According to the ‘resource optimization hypothe-
sis’, which predicts plants to allocate less C to roots
and to increase shoot-to-root ratio with increasing
nutrient availability (Agren and Franklin 2003), an
increase in drought sensitivity of fertilized plants
can be attributed to both: changes in the fine root
system (Dziedek and others 2017; Hess and others
2018) and a higher evaporative demands above-
ground (Meyer-Griinefeldt and others 2013). Thus,
we can assume a direct non-additive effect on ra-
dial growth, when two environmental change dri-
vers (water deficits and N deposition) act together.

Beside this direct effect of environmental change
drivers on the radial stem growth of beech, the
increased frequency of mast years (for example,
years with a high fruit production) in European
beech stands has been identified as a cause of
periodic growth declines (Hacket-Pain and others
2015). Instead of investing resources such as C and
N into radial growth, they are consumed to pro-
duce large seed crops, which reduces radial growth
in mast years (‘reproduction-growth trade-off’;
Hacket-Pain and others 2015). Evidence exists that
high temperatures or high solar radiation in the
previous summer functions as triggers of high seed
production (Miiller-Haubold and others 2015),
suggesting a second pathway, through which fu-
ture climate extremes could influence the radial
growth of beech (Hacket-Pain and others 2018).
However, the impact of N deposition on seed pro-



Environmental Change Effects on Beech Tree Growth 531

duction is still debated (Miiller-Haubold and others
2015; Braun and others 2017). It is conceivable
that N deposition exerts an indirect, mast-mediated
effect on the radial growth of beech as well and
thus (non-additively) interacts with climate ex-
tremes.

In regions with a long forest use history, the
currently acting drivers of environmental change
and their effect on forest productivity and stress
response may further depend on possible legacies of
former land use, which likely act through altered
soil nutrient and/or water availability (Biirgi and
others 2017; Maes and others 2018). For example,
former land use such as past agricultural activity
has been found to cause long-lasting shifts in soil
chemical properties (Fraterrigo and others 2006;
von Oheimb and others 2008; Kopecky and Vojta
2009; Blondeel and others 2018) and soil micro-
biomes (Fichtner and others 2014; De la Pefia and
others 2016) in recent forest ecosystems. Altered
edaphic conditions due to land-use legacies, in
turn, were shown to indirectly affect the suscepti-
bility of tree growth to adverse climatic conditions
(von Oheimb and others 2014), mediated by
changes in fine root biomass and morphology
(Mausolf and others 2018b).

Based on this knowledge, we used dendroeco-
logical data of beech trees growing in stands dif-
fering in forest history. Additionally we used
climate variables, N deposition data, and records of
mast intensity to disentangle possible (non-addi-
tive) effects on the growth of adult beech trees in a
fully factorial approach. We hypothesized that (1)
forest history and therefore legacies of former land
use alter the response of adult beech trees to the
simultaneous acting of water deficits and high N
deposition, and (2) mast intensity plays a crucial
role in mediating the growth response of beech to
water deficits and N deposition.

MATERIALS AND METHODS
Study Sites and Study Design

The study was conducted in beech forests (Galio-
Fagetum community) near the city of Kiel in
northern Germany (Schleswig-Holstein, 54°19'N,
10°7'E). The area is characterized by a sub-oceanic
climate with a mean annual precipitation of
777 mm and a mean annual temperature of 8.5°C
(DWD Climate Data Center 2017). Elevation ranges
from 32 to 81 m a.s.l. Soils originated from deposits
of the last (Weichselian) glaciation and consist of
till (clay/sandy loam) with varying carbonate con-

tent in deeper soil layers. The predominant soil
types are (pseudogleyic) Luvisols.

To assess the effect of former land use on the
growth response of beech to varying environmen-
tal conditions, we identified eight forests domi-
nated by beech (canopy cover of beech > 90%) that
differed in former land-use history: ancient forests
(n=4), characterized by a continuity in forest cover
of at least 230 years (indicated in historical maps);
and recent forests (n=4), established between 1870
and 1930 on former agricultural land (grassland:
n=3, arable land: n=1). To avoid confounding ef-
fects between land-use history and stand or site
characteristics (Fraterrigo 2013), we restricted the
analyses to stands that were similar in stand
structure (that is, mature, even-aged stands) on
sites with similar topography (level terrain) and
edaphic conditions (that is (very) good nutrient
and water supply). All investigated beech stands
have been managed for at least 100 years (see Ta-
ble 1 for further stand and target tree attributes).
Within each stand, we randomly established 2-5
study plots (40 x40 m), resulting in a total of 28
plots. All trees within a plot with diameter at breast
height (DBH; at 1.30 m) above 7 cm were mea-
sured in 2014. For each measured tree, DBH and
species identity were recorded.

Tree-Ring Analyses

In each plot, we randomly selected ten dominant
beech trees of the upper canopy, resulting in a total
of 280 target trees. To determine radial growth
rates, we cored target trees at 1.30 m height above
ground and extracted two bark-to-pith increment
cores perpendicular to each other from the south-
ern and eastern side of the trees using a borer of
0.5 cm diameter and 40 cm length (Suunto 400,
Vantaa, Finland) in 2014. The preparation and
measurement of the wood cores followed the pro-
tocol of Mausolf and others (2018b) using a core-
microtome of WSL (Birmensdorf, Switzerland) for
surface preparation and measuring annual tree-
ring width (TRW) from bark to pith with a mea-
suring table (resolution of 0.01 mm; IML GmbH,
Wiesloch, Germany) and the IML software T-Tools
Pro (version 1.4, IML GmbH, Wiesloch, Germany).
Subsequently, single TRW series per tree were
cross-dated. We used the cross-dating index pro-
vided by TSAP-Win (Version 4.69 k, Rinntech,
Heidelberg, Germany) to evaluate matches be-
tween the two cores of a tree. A CDI greater than
20 was used as a threshold. Accordingly, the cores
of 37 of the 280 trees (13%) were omitted due to
inconsistent matching between the two cores of a
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Table 1. Summary Statistics of Structural Stand Characteristics of the 28 Study Plots in 2014 and Target Tree
Characteristics of the 243 Target Trees for the Period Investigated (2000-2013)

Ancient forests Recent forests

Mean (SE) Mean (SE)
Stand characteristics

Forest continuity (years) > 230 100-140
Stand density (stems ha™) 177.94 (18.60) 198.08 (14.25)
Stand basal area (m? ha™') 34.49 (1.74) 34.41 (2.06)
Species composition (%)

Beech 95.84 91.70

Others 4.16 8.30

n(plots) 15 13

Target tree characteristics
Age (years)?
Mean diameter at breast height (cm)
TRW1000-2013 (mm)
Maximum TRW,gp0-2013 (mm)
Minimum TRWjg00_2013 (mm)
SD (TRW2000-2013)
AC (TRW3000-2013)
n(trees)

TRW Tree-ring width index, SD standard deviation, AC first-order autocorrelation.

“Values are related to cambial age at coring height.

126.89 (1.48) 101.31 (2.30)

58.23 (0.56) 54.07 (0.70)
2.17 (0.07) 2.51 (0.09)
3.49 (0.09) 3.95 (0.12)
0.88 (0.04) 1.25 (0.07)
0.77 (0.02) 0.78 (0.02)
0.21 (0.02) 0.30 (0.02)
134 109

Values are means and standard errors (SE, in brackets). Significant differences (p < 0.05) between the two forest history types are highlighted in bold. P values for target tree
characteristics were obtained from mixed-effects models using study plot as random effect; all stand characteristics data from Mausolf and others (2018b).

tree. Afterwards, the averaged TRW series per tree
were standardized for size- and age-related differ-
ences between trees. We used the moving average
standardization procedure provided by the software
TSAP-Win to retain as much as possible of the
interannual climate signal within the chronologies.
First, we calculated the 5-year moving average
trend of each chronology. In a second step, tree-
ring series were divided by the 5-year moving
average trends, resulting in a dimensionless index
of tree-ring width (TRI) (Dulamsuren and others
2017). Descriptive dendrochronological statistics
were based on individual tree chronologies and
calculated using TSAP-Win (Table 1).

Climate, Nitrogen Deposition, and Mast
Intensity Data

We used the standardized precipitation-evapo-
transpiration index (SPEI) to quantify temporal
changes in climatic conditions. The SPEI represents
a climatic water balance index that comprises both
precipitation and potential evapotranspiration
(Vincente-Serrano and others 2010) and allows
best to analyse the effects of climate change in
beech tree-ring chronologies for variable time
scales (Bhuyan and others 2017). SPEI data were
extracted from the Global SPEI database (http://

spei.csic.es/database.html, accessed 14.09.2017) for
the nearest 0.5 grid cell (54°45'N, 10°25'E). We
selected climate indices for spring and summer
conditions, as beech has been shown to be most
sensitive to climatic variations during these periods
(Lebourgeois and others 2014; Hacket-Pain and
others 2015; Bosela and others 2016). For each
season, we used aggregated SPEI values based on a
3-month period (that is, SPEI,ine for March, April,
May; SPEIgymmer for June, July, August; Figure S1).

Nitrogen deposition data (Nge,) for the years
2000-2013 were provided by the German Envi-
ronment Agency (UBA, Dessau, Germany) and
based on monthly deposition measurements within
a grid of gauging stations across Germany (UBA
2014). Measurements were taken with wet-only
samplers (type ARS 721, according to the VDI
standard 3870) (LLUR 2010; UBA 2014). Ngcp
sampling was conducted near the city of Born-
hoved in the framework of the Level II permanent
monitoring plot network which is part of the
International Co-operative Program on the
Assessment of Air Pollution Effects on Forests,
established to perform ecosystem-related studies on
cause—effect relationships (Michel and others
2018). Distance between the Ny, sampling site and
the investigated forest sites is 35 km at maximum;
we therefore assume that the Bornhoved data de-
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scribe the deposition climate at our sites well. Ngep-
values were calculated as the sum of the amount of
N deposited in the form of ammonium (NH,-N in
kg ha ' a!) and nitrate (NO5; -Ninkgha'a™"). To
reduce the number of explanatory variables in our
models, we used Pearson correlations to evaluate
the linkage between different Nyep-values and an-
nual TRI values of single trees. We tested for cor-
relation between the seasonal (spring and summer)
totals of deposited N in the year of ring formation
and in the year previous to tree-ring formation, as
well as for the totals of deposited N during the
entire growing season (April to October) and an-
nual deposition data. The tightest correlation be-
tween TRI and Ngcp-values was found for values of
the current growing season and Ny, for the current
summer (r=—0.37; p <0.001; r=—0.38; p <0.001;
Pearson correlation between TRI and deposited N
during growing season and summer, respectively).
As Ny¢p in the growing season (Ngepgs) and Ngep in
summer show a high collinearity; we only used
Nyepgs as explanatory variable (Figure S1).

Information about the frequency of beech
masting was derived from Dammann and others
(2016), who give masting intensity as the per-
centage of beech trees showing high seed produc-
tion in a given year in the federal state Schleswig-
Holstein. Since masting events in beech generally
occur synchronously over larger spatial scales
(Packham and others 2012), data from Dammann
and others (2016) were considered applicable for
our study sites (see Hacket-Pain and others 2018
for a similar approach).

Fine Root Data and Soil Chemical
Properties

To characterize beech fine root mass at each of the
28 plots, we randomly selected six sampling loca-
tions per plot for the fine root inventory in October
2015. Sampling was conducted by using a soil borer
(3.5 cm diameter) to a depth of 30 cm of the
mineral horizon. The soil cores were divided in two
fractions, 0-10 cm depth and 10-30 cm depth. To
determine the fine root, biomass and necromass
root samples were cleaned from soil residuals above
a sieve (mesh size 0.5 mm). Afterwards fine root
fractions (rootlets > 10 mm in length, <2 mm in
diameter) were divided by species identity (beech
vs. other species) and living and dead rootlets un-
der a stereo-microscope. Selection criteria (that is,
colour, root elasticity and cohesion of the cortex,
periderm and stele) following Hertel and others
(2013). Sorted fine roots were dried at 70°C for
24 h; afterwards dry matter of living and dead

beech fine roots was determined for each soil depth
separately. As the highest proportion of the fine
root system is located in the uppermost soil layers,
here we only use the values for 0-10 cm depth.

In addition, soil chemical properties of the 28
plots were analysed in 2015 and published by
Mausolf and others 2018b (for a description of the
methods see Mausolf and others 2018b). The
chemical characterization of the soils showed dif-
ferences between the stands which are likely
caused by former land use. Soils of recent forests
were associated with significantly lower carbon to
phosphorus (C/P) ratios and a tendency towards a
higher base saturation (BS). Soil chemical proper-
ties of the uppermost 10 cm of the mineral soil are
shown in Table S1.

Data Analysis

The time series of available Ny, data restricted our
analyses to the period 2000-2013. In this interval,
we found 6 years with positive and 8 years with
negative SPEI,,, values, whereas 8 years were
characterized by positive and six with negative
SPELsummer Values. Nitrogen deposition during the
growing season (Ngepgs) ranged between 5.3 and
10.2 kg N ha™' a™' (Figure S1). We applied linear
mixed-effects models to test whether Ngepgs, shifts
in the climatic water balance during spring
(SPELpring) and summer (SPELgummer), and former
land use (forest history) exerts interacting effects
on TRI. To account for spatial dependency, ‘study
plot” was used as a random effect. We used a com-
pound symmetry correlation structure to account for
temporal autocorrelation among years (‘tree’ nested
in ‘plot’; Zuur and others 2009). Competing models
were evaluated by sequential comparison (backward
selection) based on the Akaike information criterion
(AIC) and maximum likelihood. Furthermore, we
simplified the model with the lowest AIC value by
removing non-significant terms. Parameter esti-
mates of the final model were fitted using the re-
stricted maximum likelihood (REML) method (Zuur
and others 2009). We fitted a global model con-
taining climatic conditions during spring and sum-
mer to account for both effects simultaneously. All
continuous predictors were standardized (mean=0,
SD=1) before analysis.

To evaluate the linkage of N deposition during
the growing season and radial tree growth, we
performed confirmatory path analysis by using
structural equation model (SEM) techniques
(Grace and others 2012; Lefcheck 2016). As the
radial growth of beech is greatly influenced by
masting which is triggered by high temperatures
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during the previous summer, we included infor-
mation on masting intensity and the mean maxi-
mum temperature during previous June and July
(Maxjyy_;) derived from the CRU TS gridded dataset
(v 4.01, Harris and others 2014) to our models (see
Hacket-Pain and others 2018 for a related ap-
proach). We hypothesized that the effect of N
deposition on radial growth consists not only of a
fertilizer effect, that is, a direct positive influence
on tree growth, but there is also an indirect path-
way of N deposition on tree growth mediated
through masting intensity. Confirmatory path
analysis was performed for each forest history type
(ancient forests vs. recent forests) separately, using
pooled values of TRI per year and forest history
type to reduce all variables to single annual values.
To account for temporal correlation among subse-
quent years, we used generalized least square
models with a first-order autoregressive correlation
structure. Model fits were evaluated by using the
model fit statistics Fisher’s C and p-values. Models
were checked for missing paths by using the dSep-
function of piecewiseSEM.

Prior to analyses, data exploration was performed
following Zuur and others (2010) and model
assumptions were visually checked and confirmed
according to Zuur and others (2009). All analyses
were conducted in R (version 3.5.1) using the
packages MASS (Venables and Ripley 2002), nmle
(Pinheiro and others 2016), piecewiseSEM (Lefcheck
2018) and vegan (Oksanen and others 2016).

REsuLTs

On average, TRW tended to be higher in recent
than in ancient forests (2.51 mm vs. 2.17 mm,
respectively), but this difference was not significant
(Table 1). However, ancient forests showed a sig-
nificantly lower mean minimum TRW than recent
forests (0.88 mm vs. 1.25 mm, p <0.05, Table 1).
The best-fitting growth model revealed positive
effects of SPEI and negative effects of Ngepgs, with
the effect of Ngepgs on TRI being stronger than that
of SPEI (Table 2).

The best-fitting growth model showed a three-
way interaction between Ngepgs, SPELpring and
forest history type (Figure 1; Table 2; p=0.006).
Under low Ngepgs, radial growth in both forest
history types was only little influenced by negative
climatic water balances during spring; a negative
response in radial growth, that is, negative TRI
values, due to water deficits was predicted to occur
only in the trees of the ancient forests (Figure 1a).
In contrast, radial growth of trees growing in recent
forests did not show a strong response to water

Table 2. Regression Coefficients of the Best-Fit-
ting Mixed-Effects Model for Tree-Ring Width In-
dex (TRI) of European Beech for Spring and
Summer

Estimate (SE) p value
Intercept —0.095 (0.01) < 0.001
SPELpring 0.387 (0.02) < 0.001
SPEIsummer 0.423 (0.02) < 0.001
Naepas —0.457 (0.02) < 0.001
Forest history type (RF) —-0.013 (0.01) 0.234
SPEILpring X Naepas 0.168 (0.02) < 0.001
SPELummer X Ndepas 0.305 (0.02) < 0.001
Ngepgs X RF 0.076 (0.02) 0.001
SPEI,ring X RF —0.092 (0.03) < 0.001
SPELpring X Ngepgs X RF 0.047 (0.02) 0.006

Predictor estimates were standardized; hence, their magnitude is proportional to
the effect size. Note that the intercept refers to the response of ancient forests,
whereas ‘RF’ indicates recent forests.

SPEIp,ing standardized precipitation-evapotranspiration index aggregated for
March, April and May, SPEI, ey Standardized precipitation-evapotranspiration
index aggregated for June, July and August, Ngepqs total of deposited nitrogen (N)
during the growing season (April-October; kg N ha ' a '), SE standard error.

deficits in spring and responded only slightly with
increased radial growth rates to a more positive
climatic water balance. In the ancient forests, radial
growth was significantly promoted by a more pos-
itive climatic water balance (Figure la). Moreover,
the increase in radial growth rates was steeper in
ancient forests than in recent forests under slightly
negative SPEL,n, values. Although deterioration
of the climatic water balance did not have a marked
negative effect on TRI under low Ngepgs rates, high
Nyepgs caused a strong negative response of radial
growth rates in both forest history types even un-
der ample water supply (Figure 1b). The negative
response in radial growth rates under negative
SPEL,ing values was stronger for the trees of an-
cient than recent forests.

The best-fitting growth model indicated that high
Nyepgs and negative SPELgmmer values have a
negative interactive effect on TRI (Figure S2; p <
0.001), and this effect was consistent across forest
history types. Furthermore, radial tree growth re-
sponses tended to be more sensitive to water defi-
cits during summer in recent forests, as indicated
by the marginal significant interaction between
SPELsummer and forest history type (p <0.0572).
Due to the marginal significance, this interaction
term was removed from the best-fitting growth
model. In contrast to the effects of SPELping, We
found no significant three-way interaction be-
tween Ngepgs, SPELummer and forest history type.
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Figure 1. Effect of forest history type (ancient vs. recent forests) on the growth (tree-ring width index, TRI) response of
European beech to interannual fluctuations in the climatic conditions during spring (2000-2013) considering (A) years
with low nitrogen (N) deposition (30% quantile) and (B) years with high N deposition (70% quantile). The climatic
gradient is characterized by the standardized precipitation-evapotranspiration index (SPEI) aggregated for the months
March to May. Negative SPEI values display conditions with a tendency of water deficits (negative climatic water balance),
positive values display conditions with ample water supply (positive climatic water balance). Lines correspond to the
predicted response based on mixed-effects models and shaded areas indicate the 95% confidence interval.

For each forest history type, the confirmatory
path analyses provided a good fit to the data
(Fisher’'s C=1.787, p=0.409, df=2 for ancient for-
ests; Fisher's C=1.219, p=0.544, df=2 for recent
forests). Directed separation analysis confirmed no
missing paths within the models. The path analyses
confirmed a significant indirect effect of Ngepgs on
radial tree growth through masting intensity.
Naepgs was positively related to masting intensity
(with 31% of the variation of masting intensity
explained), which in turn negatively affected TRI.
This effect was only significant for the trees of the
ancient forests (Figure 2). A direct effect of Ngepas
on TRI was not significant for both forest history
types, and it tended to be negative. The explained
variation in TRI was slightly higher for ancient
forests (R*=0.36 and R*=0.45 for recent and an-
cient forests, respectively).

DiscussioN

Our findings confirm our first hypothesis that forest
history, and therefore legacies of former land use,
alters the response of adult beech trees to the
simultaneous effects of water deficits and high N
deposition. The separate analysis of data from

spring (March to May) and summer (June to Au-
gust) produced different results with respect to the
role of forest history in modulating the radial
growth response to multiple environmental change
drivers. On the one hand, high N deposition com-
bined with summer water deficits led to a negative
trend in radial increment in both forest history
types. On the other hand, sensitivity to high N
deposition and water deficits in spring was higher
in trees from the ancient forests, as indicated by the
three-way interaction between spring climate
conditions, N deposition during the growing sea-
son, and forest history type.

Direct Effects of N Deposition and Water
Deficits on Radial Growth

In general, our results are in line with other studies
on the effects of high N deposition, which found
antagonistic effects of high N loads and high
growing season temperatures on the radial growth
of adult beech (that is, Braun and others 2017; Hess
and others 2018). Hess and others (2018) suggested
that N fertilization triggers an aboveground shift in
plant internal resource allocation which is in line
with the predictions of the resource optimization
hypothesis (Agren and Franklin 2003) and as-
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Figure 2. Confirmatory path analyses linking nitrogen (N) deposition and climate conditions, mast intensity and tree
growth in (A) ancient forests and (B) recent forests across the years 2000-2013. Black solid, grey solid, and dashed lines
indicate significant (p <0.05), non-significant (p>0.1) and marginal significant (p <0.1) relationships, respectively.
Positive and negative numbers at arrows are standardized regression coefficients; thus, the magnitude of the coefficients is
proportional to their effect size. R*-values for each endogenous variable are given below the boxes. Abbreviations: MI Mast
intensity (% of trees showing a high seed production), TRI Tree-ring width index, Ng,cs Cumulative amount of N
deposited during the growing season (April-October, kg N ha™' a™'), Max,,., Mean maximum temperature during June

and July of the previous year.

sumed a possible decline in root productivity. A
reduced fine root biomass in N-rich soils as the
consequence of high N deposition could explain a
lower radial growth rate in the face of water defi-
cits, as the trees might be more susceptible to
summer water deficits in both forest history types.

Radial growth of trees in recent forests tended to
be more sensitive to water deficits during summer
than radial growth of trees in ancient forest stands
(interaction SPELgmmer X forest history type; p=
0.0572). This might be the result of differences in
the fine root biomass of the investigated stands,
which in turn are related to changes in soil chem-
ical properties through former land-use activities
(Mausolf and others 2018b, Table S1). Physiologi-
cally even more relevant could be the observation
that the fine root necromass/biomass ratio was
about two times higher in the recent than the an-
cient forests, pointing at a higher root mortality in
the former (Figure S3). Although it is unclear,
whether the lower fine root biomass and higher
root necromass/biomass ratio in the recent forests is
a consequence of the higher P and N availability or
is caused by other edaphic factors, it is likely that a
reduced fine root biomass/aboveground biomass

ratio increases the trees” susceptibility to water
deficits.

N Deposition Effects on Growth Mediated
Through Mast Fruiting and Possible
Interaction with Water Deficits

Interactive effects of water deficits in spring and
elevated N deposition increased the sensitivity of
radial growth of trees growing in ancient forests.
Confirmatory path analyses clearly suggest that
mast intensity plays a crucial role in mediating
growth responses of beech trees to water deficits
and N deposition, thus confirming our second
hypothesis. Beech as a masting tree species pro-
duces a large number of nuts every 3-6 years,
which alternate with non-seed years (Packham and
others 2012). As high seed production comes at a
high cost in terms of resource consumption, vege-
tative growth (that is, radial stem growth) in mast
years, and sometimes in subsequent years as well,
is lower than in non-mast years (Mund and others
2010; Hacket-Pain and others 2015; Miiller-Hau-
bold and others 2015). During recent decades, the
frequency of mast events as well as the seed crop
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itself has increased in many beech stands across
Central Europe (Overgaard and others 2007; Paar
and others 2011; Miiller-Haubold and others
2015), suggesting that climatic or edaphic drivers of
fruit production have changed. The mechanisms
triggering the synchronous investment of a large
amount of resources into reproduction in beech are
still a matter of debate. High temperatures and also
high radiation intensities during the period of bud
formation in previous-year summer were found to
be a key driver for the switch from vegetative
growth to the investment of resources into repro-
duction (Overgaard and others 2007; Miiller-Hau-
bold and others 2015; Hacket-Pain and others
2018; Lebourgeois and others 2018). Additionally,
pollination success during spring is a strong driver
for the production of large amounts of seed crop
(Pearse and others 2016; Lebourgeois and others
2018; Nussbaumer and others 2018), as beech is a
self-incompatible, wind-pollinated species (Pack-
ham and others 2012). Because beech nuts are
relatively rich in N, nitrogen availability in partic-
ular is discussed as a key driver of masting (Smaill
and others 2011; Bogdziewicz and others 2017). In
a study about the resource consumption with seed
crop production in Fagus crenata, Abe and others
(2016) found that inner seed maturation highly
depends on N availability. Furthermore, Miyazaki
and others (2014) showed that N is a key regulator
for the expression of various genes responsible for
flowering in Fagus crenata, indicating that high N
availability promotes flowering and fruit ripening.
Hence, the physiological basis for an N deposition
effect on the reproduction dynamics of Fagus is
quite well understood. The path analyses con-
firmed a positive effect of N deposition on masting
intensity in the Fagus sylvatica trees of our study,
which is in agreement with these findings. We are
aware of the limitation to generalize results from
short-term N deposition time series (that is, N
deposition data were only available from 2000 to
2013 in this study). However, our results suggest
that simultaneously occurring environmental
change drivers may not only affect radial growth
responses of beech trees, but may also change their
reproductive behaviour.

An interesting finding is that a significant nega-
tive effect of masting intensity on TRI was only
found for trees growing in ancient forests, but not
for those of the recent forests. The shift in resource
investment (C and N) from vegetative growth (that
is, radial stem growth) to reproductive growth (that
is, seed production) thus seems to be stronger in
trees growing in ancient forests. We hypothesize
that the apparently more pronounced reproduc-

tion-growth trade-off in ancient forests is caused by
a higher sensitivity of these less disturbed systems
to the mast-triggering effect of increased availabil-
ity of reactive N compounds, which would be in
line with the resource matching hypothesis
according to which a plant’s resource investment
varies with resource availability (Abe and others
2016; Kelly 1994). Given that more research is
needed to evaluate the mechanisms underlying the
observed differences in radial growth response be-
tween forest history types, our findings suggest that
recent and ancient forests may be associated with
different modes of nutrient acquisition and recy-
cling, which in turn can influence many other
ecosystem properties (Lang and others 2016).
Consistently lower C/P- and C/N-ratios in the soils
of the recent forests might therefore indicate that
these forest history types are characterized by more
open (acquiring) nutrient cycles. In contrast, an-
cient forests (associated with lower P availability in
the uppermost mineral soil layer and lower N
availability in deeper mineral soil layers) likely are
characterized by tighter (recycling) nutrient cycles
(Lang and others 2016), which should be more
responsive in growth to reproduction-mediated
effects of additional N input.

CONCLUSIONS

Overall, we assume that the different growth
responsiveness of beech in ancient and recent for-
ests to N deposition and water deficits is likely a
consequence of differences in nutrient cycling and
availability, caused by partial interruption of bio-
geochemical cycles and land-use influences in the
past. Water deficits in spring in combination with
elevated N deposition have therefore the potential
to promote a reproduction-growth trade-off of
beech trees primarily growing in ancient forests.
Our results indicate that the ‘ecological memory’ of
a forest is a crucial component for assessing
ecosystem reactions to simultaneously acting
environmental change drivers. It should be noted
that our data do not allow for exploring forest
history-mediated effects of simultaneous long-term
N deposition and water deficits on radial tree
growth and reproduction behaviour. Thus, it would
be valuable in future research to assess the role of
forest history in modulating complex relationships
between co-occurring shifts in environmental
conditions based on long-term observations and
larger spatial scales.
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