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Abstract

In this study, we investigated the role of climatic variability and atmospheric nitro-
gen deposition in driving long-term tree growth in canopy beech trees along a geo-
graphic gradient in the montane belt of the Italian peninsula, from the Alps to the
southern Apennines. We sampled dominant trees at different developmental stages
(from young to mature tree cohorts, with tree ages spanning from 35 to 160 years)
and used stem analysis to infer historic reconstruction of tree volume and dominant
height. Annual growth volume (Gy/) and height (Gy) variability were related to annual
variability in model simulated atmospheric nitrogen deposition and site-specific cli-
matic variables, (i.e. mean annual temperature, total annual precipitation, mean
growing period temperature, total growing period precipitation, and standard precip-
itation evapotranspiration index) and atmospheric CO, concentration, including tree
cambial age among growth predictors. Generalized additive models (GAM), linear
mixed-effects models (LMM), and Bayesian regression models (BRM) were indepen-
dently employed to assess explanatory variables. The main results from our study
were as follows: (i) tree age was the main explanatory variable for long-term growth
variability; (ii) GAM, LMM, and BRM results consistently indicated climatic variables
and CO, effects on Gy and Gy were weak, therefore evidence of recent climatic
variability influence on beech annual growth rates was limited in the montane belt
of the Italian peninsula; (jii) instead, significant positive nitrogen deposition (Ngep)
effects were repeatedly observed in Gy and Gy; the positive effects of Nge, on
canopy height growth rates, which tended to level off at Ng., values greater than
approximately 1.0 g m~2 y~1, were interpreted as positive impacts on forest stand

above-ground net productivity at the selected study sites.
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1 | INTRODUCTION

Anthropogenic climate change, triggered by a rise in greenhouse
gases, and atmospheric nitrogen (N) deposition, fostered by N emis-
sions from fuel combustion and intensive agriculture, have potential
to result in relevant consequences on the function and productivity
of forest ecosystems (Churkina et al., 2010; IPCC, 2014). Under-
standing the impacts under global change conditions is pivotal
knowledge, as this information will likely serve to shape forests that
better meet carbon store objectives and wood demands; however,
these objectives present challenges due to the interactions between
the environmental drivers of forest growth and functional feedbacks
in the long-term (Boisvenue & Running, 2006; Hyvonen et al., 2007).

A range of studies recorded increased forest growth and carbon
accumulation in recent decades for many temperate and boreal for-
ests over large geographic areas (e.g. Ciais et al,, 2008; Pretzsch,
Biber, Schitze, Uhl, & Rotzer, 2014; Spiecker, 1995; Spiecker, Mie-
likainen, Kohl, & Skovsgaard, 1996). Enhanced forest productivity
was variously attributed to changes in environmental conditions (e.g.
increased atmospheric CO, concentrations, extended growing season
as a consequence of climate warming, and fertilization due to N
deposition), however, anthropic pressure reductions on timber
extraction and major reshaping in forest management are also likely
to play a role through substantial effects on site fertility; see Kahle
et al. (2008) for a summary of results from the Recognition project
on growth trends in European forests.

Approximately 18 x 10° kg of N are globally deposited in for-
ests each year, with large regional differences in annual deposition
rates among regions and forest types (Leonardi, Magnani, Nole,
Van Noije, & Borghetti, 2015; Schlesinger, 2009). For this reason,
nitrogen deposition (Ngep) impacts on forest productivity were the
subject of a range of studies (Hyvonen et al., 2007; Schulte-Ueb-
bing & de Vries, 2017; Solberg et al., 2004; de Vries, Reinds, Guin-
dersen, & Sterba, 2006), with a lively scientific debate on the
relevance and magnitude of the Ng, response, particularly follow-
ing a paper by Magnani et al. (2007), where results showed a
strong relationship between Nge, and net ecosystem production in
temperate and boreal forests (Magnani et al., 2008; de Vries et al.,
2008). Subsequently, Solberg et al. (2009) reported a response of
forest growth to N availability from a synchronic analysis of forest
plots established throughout Europe to monitor air pollution effects
on forests (ICP Forests), which suggested a likely cause-effect rela-
tionship between Nge, and forest growth, particularly for pine and
spruce. In this synchronic approach, large spatial variability was
considered, assessment of single predictor effects was challenging,
and some environmental effects remained uncertain; see also de
Vries, Dobbertin, Solberg, Van Dobbers, and Schaub (2014) and
Schulte-Uebbing and de Vries (2017) for review and meta-analysis.
Cienciala et al. (2016) showed similar results on forest growth sen-
sitivity to Ngep based on a comparison of forest inventory plots.
Other studies provided useful insights regarding forest growth

response to Ngep; however, the data were restricted to radial

increments (Hess et al., 2018; Kint et al., 2012) or were based on
short-term experimental approaches, which neglected age-effects
on tree growth (e.g. Ferretti et al.,, 2014; Gentilesca, Vieno, Perks,
Borghetti, & Mencuccini, 2013) or annual variability in Nge, was
not included to interpret annual growth variation (Bontemps, Hervé,
Leban, & Dhote, 2011).

A diachronic study in which the relationship between long-term
annual forest growth rates, annual variability in climatic variables,
and annual nitrogen deposition rates is explored at a range of sites
under different nitrogen loads is not yet available. Current evidence
indicates Ngep, might have limited effects in areas with chronic or
high Ngep levels (Aber, McDowell, & Nadelhoffer, 1998; Gentilesca
et al, 2013), whereas a positive effect on forest growth might be
expected in areas with low to medium Nge, (Vadeboncoeur, 2010).

Reconstruction of past forest growth is a useful and widely
applied approach to explore potential forest response to changes in
environmental conditions. Long-term growth trends were often
obtained by tree ring analyses, however, radial growth strongly
depends on competition among trees and is therefore sensitive to
natural or management-induced disturbances. Growth analysis of
canopy dominant trees and retrospective reconstruction of stem vol-
ume and height growth rates by stem analysis is a time-consuming
approach, however, it is important to obtain reliable long-term trends
in forest productivity and interpretation of environmental effects on
forest growth (see Bontemps, Hervé, & Dhote, 2009, 2010, for
review and application).

In this work, we studied canopy trees in common beech (Fagus
sylvatica L.) forests across a regional transect in the montane belt
of the Italian peninsula, where a range of climatic conditions and
nitrogen deposition rates were examined. We generated an histori-
cal reconstruction of tree volume and dominant height with the
objective of resolving the role of climatic variables and Ngep in
driving aboveground forest productivity. For this purpose, we used
historical model simulated Nge, and ad hoc generated synthetic
records of monthly temperature and precipitation series, recon-
structed to be representative of the specific forest sample sites. In
particular, our objective was to answer the following questions: (i)
is there a direct human footprint on the annual growth of canopy
beech trees due to Ngep and is the Nge, effect consistent at sites
under different N loads?; and (i) is a clear sign of climatic variabil-
ity evident on beech growth at the selected sites or might the
response to single climatic variables, (e.g. higher assimilation rates
as the primary CO, response, increased growing season length as
the main temperature response) be masked by functional feed-
backs and outweighed by the effects of increased N-availability?
Common beech was chosen as a model species due to its ecologi-
cal and economical importance and the species’ reported sensitivity
to climate change, particularly towards its geographic limit in south-
ern Europe, where beech growth and competitiveness were consid-
ered limited by increased drought and warming temperatures
(Jump, Hunt, & Penuelas, 2006; Piovesan, Biondi, Di Filippo,
Alessandrini, & Maugeri, 2008).
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2 | MATERIALS AND METHODS

2.1 | Study sites, tree sampling, and stem analysis

Beech-dominated forests were selected at four sites along a latitudi-
nal transect across the Italian peninsula, distributed over the natural
range of beech in Italy, from the Eastern Alps to Southern Apenni-
nes; at these sites forests span the so-called European beech to the
Mediterranean beech forest types (Pignatti, 1998), experience a wide
range of climatic conditions, and different N-loads from long-term
Ngep (Table 1). Forests with a well-documented management history
were chosen, with similar structural characteristics at sites where
beech grows under favorable climatic and soil conditions (Tables S1,
S2 and Figure S1 in Supplementary Information).

In each forest, three even-aged tree cohorts at different develop-
mental stages, from young to mature, were identified based on
descriptions available in forest management plans. In each cohort, 8-
10 dominant trees forming the main canopy and having compara-
tively well-developed crowns were visually selected, located at least
20 m apart from each other, and subsequently marked. For each
selected tree, we checked growth was not suppressed over the
tree’s entire life. This was conducted by extracting two perpendicular
wood cores from the stem of each tree at a height of 1.30 m using
an increment borer. In the laboratory, tree rings were measured to
the nearest 0.01 mm using a tree ring measuring system (LINTAB 6
coupled with TSAP-Win Scientific software, Rinntech, Heidelberg,
Germany) and cross-dated using Cofecha software (Holmes, 1983).
Ring series were subsequently standardized with Arstan software
(Cook, Krusic, Holmes, & Peters, 2007) and growth suppression anal-
ysis was performed following Rubino and McCarthy (2004).

Stem analysis was performed on trees sampled that did not exhi-
bit radial growth suppression over their life; data were collected
from 34 trees aged 35 to 160 years (Table 1). Sample trees were

felled and 3-5 cm thick cross sections were taken every 2-4 m
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along the stem; sections were transferred to the laboratory, air-dried,
and sanded with increasingly fine sandpaper; annual ring widths
were then measured to the nearest 0.01 mm, as described above.
Data analyses for historical volume and height reconstruction; and
annual stem volume growth (Gy) and annual stem height growth (G,
computations were performed using the “tReeglia” package (Basci-
etto, Cherubini, & Scarascia Mugnozza, 2004) available for the R sta-

tistical suite version 3.2.3 (R Development Core Team, 2015).

2.2 | Environmental variables

The availability of long and reliable temporal series of meteorological
variables, possibly very close to forest sites, is crucial to evaluate the
climate-growth relationships. However, global or regional climatologi-
cal datasets frequently lack of representativeness at the local scale,
especially remote sites. Therefore, we reconstructed long-term cli-
matic variability in a more accurate way; specifically, long-term
monthly temperature and precipitation series (Table 1) were recon-
structed for each site by utilizing the rich data available for Italy and
interpolating the climate information provided by weather station
data applying the anomaly method (Mitchell & Jones, 2005; New,
Hulme, & Jones, 2000), as described in Brunetti et al. (2012). The
objective was to obtain the best representative climate reconstruc-
tion of the specific sample site locations as possible. The procedure
reconstructed independent climatologies (i.e. climatological normals
over a given reference period) and anomalies (i.e. departures from
given reference period). Given the geographic area, climatologies are
often characterized by remarkable spatial gradients, require a high
spatial climate station density (even under limited temporal cover-
age), and a sophisticated interpolation procedure (Brunetti, Maugeri,
Nanni, Simolo, & Spinoni, 2014; Crespi, Brunetti, Lentini, & Maugeri,
2018) for reconstruction; anomalies (linked to climate variability) are
more coherent and a low spatial density is enough, however, long-

term temporal coverage and accurate homogenization (e.g.

TABLE 1 Study sites: Sitel, Serra S. Bruno, CS; Site2, Abriola, PZ; Site3, Pian di Novello, PT; Site4, Cansiglio, BL; latitude-N (Lat) and
longitude-E (Long) in decimal degrees, and altitude (m) above sea level (Alt); Neum = accumulated N deposition (g/m?) in the period 1850-2014;
Intg = time interval of tree growth reconstruction; Inty = time interval of temperature reconstruction, Intp = time interval of precipitation
reconstruction; Intngep = time interval of N deposition reconstruction; Int,ss = time interval for which the assessment took place in each site;

n = number of sampled trees; Ager = age range (years, min-max) of sampled trees

Sitel Site2 Site3 Site4

Lat 38.56 40.48 44.10 46.03
Long 16.29 15.75 10.70 12.40
Alt 1050 1380 1300 1150
Neum 36.0 87.5 100.0
Intg 1920-2014 1891-2014 1856-2014 1866-2014
Intr 1881-2014 1901-2014 1865-2014 1865-2014
Intp 1869-2014 1868-2014 1865-2014 1865-2014
IntNgep 1850-2014 1850-2014 1850-2014 1850-2014
Int,ss 1920-2014 1901-2014 1865-2014 1866-2014

n 7 9 8 10
Ageg 60-95 57-124 35-160 66-149
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procedures that remove nonclimatic signals introduced by stations
and instrument relocation, changes in measurement practices, and so
on) is required. Finally, temperature and precipitation monthly series
in absolute values for each sampling site can be obtained by super-
imposing the two fields. Information about the techniques and their
accuracy are provided in Brunetti et al. (2012, 2014), and Crespi
et al. (2018); and the spatial distributions of the confidence intervals
associated to climate reconstructions are presented in Brunetti et al.
(2014), for temperature, and in Crespi et al. (2018), for precipitation.
Mean annual temperature (T) and total annual precipitation (P)
were calculated from site-specific reconstructed monthly series;
mean temperature (T,) and total precipitation (Pg) were also deter-
mined for April through July, the period during which most tree
growth occurs.

For each site, the monthly Standardized Precipitation Evapotran-
spiration Index (SPEI) was computed following the algorithm pro-
posed by Vicente-Serrano, Begueria, and Lépez-Moreno (2010)
implemented in the “SPEI" R package (Begueria & Vicente-Serrano,
2013). SPEI is a multiscalar drought index that evaluates the balance
between precipitation and potential evapotranspiration (PET); the
calculation was based on the difference between monthly precipita-
tion data (P) and PET, which was estimated using the Thornthwaite
equation derived from temperature (T) and latitude.

For each site, mean annual total atmospheric reactive nitrogen
deposition (Ngep, including both oxidized and reduced reactive com-
ponents) was retrieved for the 1850-2014 period from the long-
term WCRP'’s Coupled Model Intercomparison Project (CMIP6) forc-
ing datasets (v6.2.2, last release 1st November 2017) available via
ESGF at https://esgf-node.linl.gov/search/input4mips/. This is pure
model data with a spatial resolution of 1.9 x 2° (Eyring et al., 2016).

Annual atmospheric CO, concentration was obtained from the
Monte Cimone observatory dataset (44.1938° N, 10.7015° E), avail-
able for download from the World Data Center for Greenhouse
Gases  (http://ds.data.jma.go.jp/gmd/wdcgg/pub/products/cd-rom/
dvd_07/menu/data.html). These data covered 1975-2015; CO, con-
centrations for previous periods were estimated from a regression
between Monte Cimone values and those provided by McCarroll
and Loader (2004). CO, values were assumed the same for all sites
in a given year.

For each site, annual environmental predictor values were
assigned to each combination of reconstructed growth rates and
defined tree cambial ages. Table 1 reports the time interval during
which the assessment was performed for each study site.

Dataset is available from the Figshare online repository at
https://doi.org/10.6084/m?9.figshare.5982298.v1.

2.3 | Statistical procedures

Generalized additive mixed models (GAM) were applied using the
“mgcv” library available in the R statistical suite version 3.2.3 (R
Development Core Team, 2015) to inspect the shape of stem vol-
ume (Gy) and stem height (Gy) growth response curves to tree age
GAMs are nonlinear and

and environmental predictors.

nonparametric regression techniques that do not require a priori
functional relationship specifications between dependent and inde-
pendent variables. The model strength is the production of link func-
tions to establish a relationship between the response variable mean
and a smoothed function of each explanatory variable (Hastie & Tib-
shirani, 1990; Wood, 2006). A random intercept, considering correla-
tions among trees within sites, was included in the model.

We also predicted tree age and environmental variable effects
on Gy and Gy by fitting a linear mixed-effects model (LMM), using
the library “nlme” available in the R statistical suite.

Initially, we entered all variables with their interactions as fixed-
effects into the model (full model). Following Schielzeth (2010), fixed
terms were centered and scaled to improve parameter estimates and
allow direct comparisons of the regression coefficients. A random
effect was included in the model to account for variability among
trees within the same site; maximum-likelihood method (ML) and
restricted maximum-likelihood method (REML) were, respectively,
applied to estimate fixed-effects terms and optimal random struc-
ture. Residual error variance and correlation structure were explicitly
integrated in the models to include measurement heterogeneity and
independence.

Subsequently, a “reduced” model was obtained by performing an
automatic backward/forward elimination of full model fixed terms
(Burnham & Anderson, 2002). The “stepAIC” function in R library
“MASS” was used to determine the best models: stepAIC begins
with the full LMM model and sequentially removes and re-combines
variables to select a variable set that minimizes the Akaike Informa-
tion Criterion (AIC) in the final model. At the end of the process, the
final model exhibited lower AIC values compared with previously
generated models and a Likelihood Ratio Test (LRT) was applied to
test the difference between full and reduced models. Marginal and
conditional R? scores (Nakagawa & Schielzeth, 2013) were calculated
to examine the variation explained by models using the “r.squar-
edGLMM"” function in the “MuMIn” package. The variance inflation
factor (VIF) was also computed with the “vif.mer” custom function to
check for possible collinearity effects in the model.

Generalized Additive Models and LMM were performed for the
entire period where growth and climatic data were both available at
each study site (Table 1).

Finally, a Bayesian regression model (BRM), an independent
method well suited for hierarchical data structures (Gelman & Hill,
2007), was employed to evaluate relationships between predictors
and tree growth. The statistical model used in this analysis was anal-
ogous to a multiple regression with standardized (centered and
scaled) variables. Our approach was hierarchical with a normally dis-
tributed random intercept and slope for each tree, assuming weak
prior distributions (mean = 0 and standard deviation = 100) and a
normal residual error distribution. Markov Chain Monte Carlo
(MCMC) simulations were performed with the package “rstan” (ver-
sion 2.16.2) running four different chains, each with 2000 “burn-in”
and 8000 subsequent cycles with a thinning rate of 1 of 8 steps.
The median, 2.5% and 97.5% quantiles were computed on the pos-
terior distribution of regression coefficients and a significant
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relationship was inferred if the interquantile interval did not overlap

the zero value.

3 | RESULTS
Substantial variability in environmental conditions was detected
among sites (Figure 1). Mean annual temperature (T) and mean tem-
perature during the growing period (Tg) decreased with increased lat-
itude (Figure 1a,c); atmospheric nitrogen deposition (Ngep) also
showed geographic variation, with increased Ngep, at northern study
sites 3 and 4 (close to industrialized area) (Figure 1e); annual precipi-
tation did not show the same geographic pattern, with similar values
between the southernmost site 1 and the northernmost site 4 (Fig-
ure 1b), however, a geographic pattern was observed for total pre-
cipitation during the growing period (Pg) (Figure 1d); and SPEI
showed similar average values at different sites (Figure 1f).
Long-term temporal variability in environmental variables (Fig-
ure S1) exhibited the following: (i) a steep increase in temperature at
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recent decades, more notable for site 3; (iii) more frequent negative
“dry” values in recent decades at all sites, indicated by SPEI; and (iv)
a steady increase in nitrogen deposition in recent decades, however,
a tendency for Ngep to level off was observed, especially at north-
ernmost sites 3 and 4.

The most relevant relationships observed were between the fol-
lowing environmental variables: (i) a negative correlation between
precipitation during the growing period (Pg) and temperature (T and
T, r=—0.68, r=—0.65, respectively); (i) a positive correlation
between T and C, (r = 0.41); and (iii) with distinctive patterns at dif-
ferent study sites, a positive correlation between C, and Ngep
(r = 0.74) (Figure S2).

Variability was observed in volume (Gy) and height (Gy) annual
growth rates, within and among sites (Figure 2), with higher growth
rates at southernmost site 1 (Figure 2). Statistical dependence was
not observed between Gy and Gy when all data were pooled (Fig-
ure S3).

Evident patterns were observed in the relationship between cam-
bial age (Age), Gy, and Gy. Results showed Gy increased steadily

all sites in recent decades; (ii) a slight decrease in precipitation in with Age and leveled off only when trees reached Age > 130 vyears,
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approximately; Gy increased steeply with Age, however, Gy peaked
quite early (aged 30 years, approximately) and subsequently steadily
decreased (Figure S4, but see also GAM results below).

Generalized Additive Models (GAM) were applied to the entire
dataset (data from all sites pooled) to describe predictor variable
effects (independent of each other) on Gy and Gy of a given t year.

We used the following as predictor variables: cambial age (Age),
mean annual temperature (T), total annual precipitation (P) [or alter-
natively, growing period mean temperature and total precipitation,
Tg and Pgl, mean annual N deposition (Ngep) rate, atmospheric CO,
concentration (C,), and SPEI index. GAM plots (Figures 3a and 4a)
confirmed the strong Age effect on Gy and Gy, with patterns similar
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to those shown in Figure S4 and results described above. GAM
results indicated environmental variables exhibited a weak effect on
G, (Figure 3b,c,e/f), with the exception of an apparent positive Ngep
response at low Ngep values (Figure 3d). A slightly positive G trend
was observed in T (Figure 4b) and a more pronounced positive trend
in Ngep, Up to values of approximately 1 g m~2 y~! (Figure 4d). An
association with SPEl was not apparent (Figure 4f) and if we con-
sider GAM plots in regions of highest observation densities (i.e. x-
axis portions with “thickened” lines), patterns were also not associ-
ated with P (Figure 4c) and a slight positive trend was detected with
C, (Figure 4e). When T, and P, were replaced as covariates for
annual T and P values, appreciable differences in Gy were not
detected. A Gy relationship with temperature was not observed
when T, and P, were applied as covariates, however, the positive
Ngep response remained notable (Figures S5 and Sé).

Generalized Additive Models analysis for Ngep effects on Gy was
repeated separately for each study site using the same set of covari-
ates. Results revealed positive Ny, effects on Gy at low N, values

2

(Ngep < 1 g m 2y~ 1), whereas a threshold effect was suggested at

sites with higher N loads (sites 3 and 4) for Nge, values

Ciobsl hangeBiclopy MYU TR VRS

>1 g m~2 y~* (Figure 5). GAM statistics are shown in Tables S3, 4,
and S5 of Supporting Information.

A linear mixed-effect model (LMM) was chosen to describe varia-
tion in Gy and Gy, including all covariates (Age, T (and Ty), P (and Py),
Naeps Car and SPEI); previous year's mean annual temperature (T;_)
and total annual precipitation (P;_4) were also included. Following
the procedure described in the methods, we initiated the analysis by
simplifying a rather complex model, including variable-covariate
interactions. Indeed, AIC scores suggested including interaction
terms slightly increased the model’s predictive capacity. Model struc-
tures, covariates with model coefficients, standard errors, and signifi-
cance levels are summarized in Table 2 for Gy, and Table 3 for Gu.
Model results explained a suitable proportion of total variability,
higher for Gy (approximately 85%) than G (approximately 60%). A
rather large proportion of total variance was explained by trees
within sites, as shown by intraclass correlation coefficients (ICC).

Analysis of a single covariate effect indicated a significant effect
in Age and Ngep for all cases and the following specific results: (i) for
Age, a significant effect was present in Gy and Gy for all tested

models; a significant positive effect for G,, and a negative effect for
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FIGURE 4 Generalized Additive Model (GAM) results of environmental variables for stem height annual growth (Gy). Age = trees cambial
age; T = mean annual temperature; P = total annual precipitation; Nge, = annual nitrogen deposition rate; SPEI, standardized precipitation-
evapotranspiration index; C, = atmospheric carbon dioxide concentration. The y-axis values indicate x-axis covariate effects on deviation from
the mean predicted by the model (continuous line). The shaded areas indicate the 95% confidence interval. The number on each y-axis caption
is the effective degrees of freedom for the term plotted. The small lines along the x-axis are the “rug”, which show the observation density.
The continuous line is an estimate of the smooth function of the partial residuals (thus, the y-axis is centered on zero) and indicates the x-axis
covariate effects on the measured trait. In these plots, a positive slope of the continuous line shows a positive effect of the x-variable, and a
negative slope of the line indicates a negative effect
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continuous line is an estimate of the smooth function and indicates the x-axis covariate effects on the measured trait. In these plots, a positive
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Gyy; (i) for Ngep a significant, positive effect was detected for Gy and
Gy in full and reduced models; and (iii) for C, a significant positive
effect was shown for Gy in the reduced model.

Interactions between some environmental variables showed sig-
nificant effects in G, for the full and reduced model: T x Nge, (Nega-
tive), T x C, (positive), SPEl x Ngep (negative), SPEI x C, (positive),
and Ngep x C, (negative). A significant negative effect in the full and
reduced model was indicated in Gy only for the Ngep, x C, interac-
tion.

Linear mixed-effects models analysis was repeated using growing
season temperature (Tg) and precipitation (Pg), instead of mean
annual temperature and total annual precipitation. The only differ-
ence in results of single covariate effects was in the reduced model
as follows: a significant positive effect of C, on Gy and Gy and a sig-
nificant positive effect of SPEIl on Gy (Tables S6 and S7 in Support-
ing Information).

We acknowledged a potential collinearity problem might affect
our LMM analyses, because results revealed specific variable corre-
lation in the dataset, i.e. Ngep and C, (Figure S2). This correlation
individual predictor coefficients and

might influence the

determination, therefore producing the response variable effect
might be challenging. Overall, variance inflation factors (VIFs) and
kappa number calculations showed collinearity was a concern only
for some interactive terms in full LMM models, however, no major
threat from collinearity was apparent in LMM reduced models
(Table S8).

Bayesian regression model (BRM) for single covariate effects
(Figure 6) confirmed significant and positive effects of Age and Ngep
in Gy and a significant and positive effect of Ny, in Gy, as observed
in LMM models; and the negative relationship between Gy and C,,
as observed in GAM. It must be noted BRM showed no significant
effects of climatic drivers (T, P, and SPEIl) on Gy and G (Figure 6),
consistent with the weak effect observed in LMM and GAM.

4 | DISCUSSION
Our study investigated long-term variability in growth rates (stem
volume and stem height) of dominant beech (F. sylvatica) trees along

a geographic transect and examined explanatory variables among
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TABLE 2 Linear mixed-effect models. Fit of stem volume growth (Gy) as a function of site-specific environmental variables. Cf: standardized
coefficients of predictor variables; | = confidence interval. Age: = tree cambial age; T = mean annual temperature; P = total annual
precipitation; SPEI = standardized precipitation-evapotranspiration index; Ngep = annual rate of nitrogen deposition; C,: atmospheric CO,
concentration; T;_, = previous year mean annual temperature; P;_, = previous year total annual precipitation; ICC = Intraclass Correlation;
Obs: number of observations; R, = marginal R-square (proportion of variance explained by fixed factors); R? = conditional R-square (proportion
of variance explained by fixed and random factors); AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion. *, ** and ***
denote statistical significance at p < .05, p < .01 and p < .001, respectively

Full model Reduced model

Cf I cf I
Age 0.375%* (0.282 to 0.468) 0.371%** (0.280 to 0.462)
P —0.002 (—0.030 to 0.027)
T 0.022 (—0.029 to 0.073) 0.023 (—0.026 to 0.073)
SPEI —-0.010 (—0.038 to 0.018) —0.009 (—0.026 to 0.008)
Ndep 0.370%** (0.303 to 0.436) 0.388%%#* (0.325 to 0.451)
Ca 0.109 (—0.042 to 0.260) 0.095 (—0.054 to 0.244)
Te-1) —-0.007 (—0.059 to 0.044)
P—1) 0.007 (—0.023 to 0.037)
Teen) X Pe_y) 0.005 (—0.022 to 0.031)
PxT 0.047%x* (0.011 to 0.083)
P x SPEI —-0.007 (—0.023 to 0.009)
P x Ngep 0.038 (—0.007 to 0.083)
P x C, —0.039 (—0.088 to 0.009)
T x SPEI —0.028 (—0.063 to 0.007)
T x Ngep —0.097%%x* (—0.144 to —0.050) —0.094 % (—0.139 to —0.048)
TxGC, 0.085%* (0.033 to 0.137) 0.088%* (0.037 to 0.140)
SPEl x Ngep —0.090%* (—0.138 to —0.043) —0.070%** (—0.096 to —0.045)
SPEI x C, 0.076** (0.024 to 0.127) 0.053** (0.029 to 0.078)
Ngep % Cq —0.128%*x* (—0.183 to —0.072) —0.128%*x* (—0.182 to —0.074)
ICC 0.696 0.699
Obs 3065 3065
R2 0516 0.512
RC2 0.854 0.855
AIC 3202.90 3194.00
BIC 3353.60 3290.45

ontogenetic (tree age) and environmental drivers (climatic factors

and atmospheric nitrogen deposition).

4.1 | Age-dependent dynamics and climatic effects

Tree age was the main explanatory variable for tree growth variabil-
ity, however, age-dependent dynamics differed between stem and
height growth. Cienciala et al. (2016) reported similar results on the
key role of tree age/size on shaping forest productivity. Stem growth
increased steadily, consistent with tree age, until approximately
130 years, and growth tended to stabilize (but not decline) there-
after. Therefore, age-related constraints (Ryan, Binkley, & Fownes,
1997) were not visible for single trees. Instead, an age-related
decline was apparent for height growth: following an initial increase
and early ontogenetic peak at approximately 30 years of age, a

downtrend was indeed evident; however, growth did not fall below

a maximum 50% growth rate and remained approximately constant
until trees exceeded 100 years of age.

These patterns might be interpreted at the following two levels:
(i) at the individual dominant tree level; and (ii) at the population
level. The steady increased tree growth with age, which implies
increased tree dimension, was consistent with Stephenson et al.
(2014) in a number of tree species, where results showed even large
and old trees continued to take up large carbon amounts, possibly
by increasing individual leaf area and reducing competition during
stand development. Age dynamics in height growth might be better
explained at population levels, with the assumption that dominant
(upper canopy) height is a viable proxy for aboveground productivity,
the so-called Eichhorn’s rule (Eichhorn, 1904); but also see Assmann
(1970) and Skovsgaard and Vanclay (2008). In so doing, our results
suggested age-related constraints on stand productivity were effec-

tive rather early in beech forests, as shown by De Simon, Alberti,
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TABLE 3 Linear mixed-effect models. Fit of stem height growth (Gy) as a function of site-specific environmental variables. Cf: standardized
coefficients of predictor variables; | = confidence interval. Age: = tree cambial age; T = mean annual temperature; P = total annual
precipitation; SPEI = standardized precipitation-evapotranspiration index; Ngep = annual rate of nitrogen deposition; C,: atmospheric CO,
concentration; T;_; = previous year mean annual temperature; P;.; = previous year total annual precipitation; ICC = Intraclass Correlation; Obs:
number of observations; R, = marginal R-square (proportion of variance explained by fixed factors); R? = conditional R-square (proportion of
variance explained by fixed and random factors); AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion. *, ** and ***
denote statistical significance at p < .05, p < .01 and p < .001, respectively

Full model Reduced model

Cf I Cf I
Age —0.397%* (-0.516 to —0.277) —0.423%%* (—0.545 to —0.301)
P 0.041 (—0.009 to 0.090) 0.024 (—0.021 to 0.069)
T 0.025 (—0.065 to 0.114) 0.033 (—0.053 to 0.118)
SPEI —0.007 (—0.055 to 0.042) 0.024 (—0.012 to 0.061)
Ndep 0.172%* (0.059 to 0.285) 0.161%** (0.059 to 0.262)
Ca 0.142 (—0.100 to 0.384) 0.224* (0.002 to 0.447)
Te—1) 0.040 (—0.047 to 0.127)
P—1) 0.050 (—0.002 to 0.102)
Teen % Pe_y) —0.034 (—0.081 to 0.013)
PxT —0.034 (—0.098 to 0.030) —0.055%** (=0.099 to —0.016)
P x SPEI —-0.025 (—0.054 to 0.004)
P x Ngep 0.032 (—0.048 to 0.113)
P x C, —0.006 (—0.092 to 0.080)
T x SPEI —0.046 (—0.108 to 0.016)
T x Ngep —0.085* (—0.156 to —0.005)
Tx G, 0.086 (—0.006 to 0.179)
SPEl x Ngep —0.039 (—0.123 to 0.046)
SPEI x C, 0.084 (—0.007 to 0.176) 0.040** (0.011 — 0.070)
Ngep % Cq —0.204#x* (-0.278 to —0.129) —0.229%%x* (—0.298 to —0.160)
ICC 0.555 0.568
Obs 3065 3065
R2 0.126 0.118
Rf 0.606 0.614
AIC 6718.69 6711.91
BIC 6875.41 6817.06

Delle Vedove, Zerbi, and Peressotti (2012). On the other hand,
aboveground productivity was suggested to remain positive until late
developmental stages, consistent with the long-term net primary
productivity patterns observed by Xu et al. (2012).

The effects of climatic variables on tree growth were estimated
in GAM, LMM, and BRM models. Across the considered geographic
range, trees at the study sites grow in the cool-humid belt of Italian
mountains; under these conditions, results indicated stem volume
growth was largely free from climatic drivers (mean annual tempera-
ture T and mean Ty, total annual precipitation P and Py during the
growing period) and unaffected by increased atmospheric CO,. Simi-
larly, stem height growth was weakly affected by climatic variables,
however, a slight positive temperature effect was apparent in GAM
results.

This weak observed dependence of tree growth on climatic vari-
ables appeared rather at odds with the general hypothesis that

anthropogenic climate change is an important driver of forest pro-
ductivity levels via the fertilization effect of enhanced atmospheric
CO,. Furthermore, indirect effects, including increased temperatures
and modified precipitation patterns were expected to influence pro-
ductivity (Giammarchi, Cherubini, Pretzsch, & Tonon, 2017, IPCC
2014).

Clear relationships between radial (or basal area) growth rates
and climatic variables were in fact not present in long-term tree ring
studies across a number of forest tree species (e.g. Borghetti, Gen-
tilesca, Leonardi, van Noije, & Rita, 2017; Penuelas, Canadell, &
Ogaya, 2011). Furthermore, in recent synchronic studies based on
forest inventory plot analyses (Cienciala et al., 2016), the footprint
from environmental and climatic drivers on tree growth was found
weaker than size/age and competition effects and above ground bio-
mass did not have a direct relationship to rainfall and temperature in

tropical forests across altitudinal gradients (Venter et al., 2017). In
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FIGURE 6 Results of the Bayesian regression model. Circles are
median values for slopes of relationships between considered drivers
on the y-axis (Age = tree cambial age; C, = atmospheric CO,
concentration; T = mean annual temperature; P = total annual
precipitation; Ngep, = annual rate of nitrogen deposition; SPEI,
standardized precipitation-evapotranspiration index) and stem annual
volume growth (G,, upper panel) and stem annual height growth (G,
lower panel). Positive and negative values indicate positive and
negative effects, respectively. Bars represent the 95% confidence
interval, if overlapping the zero line slopes were not significant

several cases, studies demonstrated environmental changes could
offset each other. For example, under an unfavorable temperature
and precipitation balance, stress conditions could override the bene-
ficial effects of increasing atmospheric CO, (Groenendijk et al.,
2015; Silva & Anand, 2013; Zang, Hartl-Meier, Dittmar, Rothe, &
Menzel, 2014).

Poor relationships between growth and climatic variables con-
firmed tree growth rates could be poor climatic proxies under rapidly
changing environmental conditions (Briffa et al,, 1998); and sug-
gested trees exhibit potential to adjust to climatic variability and
maintain functional homeostasis (e.g. Magnani, Grace, & Borghetti,
2002). Borghetti et al. (2017) reported acclimation to changing envi-
ronmental conditions might result from coordination of several com-
plementary traits and increased nitrogen availability due to N
deposition might be an additional resource trees use to achieve
functional acclimation.

Some studies, however, point in a different direction and sug-
gest climatic variability effects on forest productivity. For example,
Latte, Perin, Kint, Lebourgeois, and Claessens (2016) showed major
growth rate changes in beech forests of Central Europe were
related to climate change; in particular Hardtle et al. (2013) in Lux-
embourg, and Knutzen, Dulamsuren, Meier, and Leusche (2017) in
Central Germany found precipitation to be an important predictor
of radial increments, and Dulamsuren, Hauck, Kopp, Ruff, and
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Leuschner (2017) in south-western Germany identified moisture and
temperature as limiting factors on radial growth. However, Aertsen
et al. (2014) reported negative environmental effects on growth
changes were buffered in highly productive sites; drought-driven
growth reductions were detected in beech on the Mediterranean
mountains (Jump et al., 2006; Piovesan et al., 2008), however, these
effects were mainly observed in old forests, where climate sensitivity
might be greater (Carrer & Urbinati, 2004; Esper, Niederer, Bebi, &
Frank, 2008). Other studies in beech forests (Tegel et al., 2014) did
not detect an effect of increasing drought on tree growth in southern
Europe, and recently, Cavin and Jump (2017) proposed the hypothesis
that lower sensitivity to drought in dry range edge populations might
be driven primarily by local climatic factors. In our study, the more evi-
dent response to climatic variables was a positive height growth to
mean annual temperature response (but not to mean growing period
temperature). In addition to a direct biological affect, this might also
suggest an effect due to an extension of the growing season (Menzel
& Fabian, 1999; Pretzsch et al., 2014).

4.2 | The role of nitrogen deposition

First, we recognized a potential uncertainty influencing our results in
the link between Nge, and tree growth; indeed, Nge, rates in our
study were modeled data, with a 1.9 x 2° resolution, therefore grid
values could diverge from actual conditions where trees were grow-
ing. These divergence effects can hardly be estimated, however, we
might expect some level of additional introduced variability, with the
subsequent possibility of weakened relationships between Nge, and
tree growth rates.

In analyses performed (GAM, LMM, and RGM), a positive Ngep
effect on height (Gy) and volume (Gy) growth was apparent. As dis-
cussed earlier, the positive Gy effects can be interpreted as positive
Naep effects on aboveground stand productivity; similarly, maximum
growth rate variation in dominant height was interpreted as variation
in stand productivity due to regional differences in N loads (Bon-
temps et al., 2011).

The positive Nge, effects appeared to stabilize at values exceed-
ing approximately 1.0 g m~2 y~%, supporting the hypothesis that a
threshold load exists, where forest ecosystems do not respond to
additional N (Aber et al., 1998). The observed negative Ngep, x C,
interaction (Tables 2 and 3) might be the consequence of study sites
reaching Ngep threshold effects in recent years, during which a con-
stant rise of C, was reported. At the global level, Leonardi et al.
(2015) reported mean N deposition rates for deciduous broad-leaf

and mixed forests were 0.6-0.7 g m~2 y~1, with large areas below

2y~ Therefore, over the next few decades, unintended

0lgm™
soil N fertilization associated with Nge, might have an effect on for-
est productivity over large forest areas. However, Hyvonen et al.
(2007) suggested the magnitude and persistence of the response lar-
gely depends on the underlying biological mechanisms and the short-
or long-term effects.

We largely reconciled our results with previous findings on the

effects of increased nitrogen supplies on forest ecosystems (e.g. de
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Vries et al., 2014). Nonetheless, our results were the first to include
annual Ng, rates as a driver of long-term forest growth and pro-
vided a long-term perspective to studies in which the effects of
nitrogen availability on stand growth and carbon uptake were experi-
mentally explored over shorter time periods (e.g. Ferretti et al.,
2014; From, Lundmark, Morling, Pommerening, & Nordin, 2016;
Gentilesca et al., 2013; de Vries et al., 2009) or were compared by
synchronic approaches among inventory plots characterized by dif-
ferent nutritional status (e.g. Solberg et al., 2009, Cienciala et al.,
2016).

We agree N deposition effects can vary as a result of the nature
and chemical characteristics of the soil, in particular the same N depo-
sition load can drive a different effect if a critical threshold is reached
under different soil conditions. For instance, a decline in C/N due to N
deposition can stimulate N mineralization and N plant uptake, coinci-
dent with nitrification and N leaching if a saturation threshold is over-
come (Aber et al., 1998); indeed, Gentilesca et al. (2013) showed Ngep,
effects on tree and stand growth varied as a consequence of differ-
ences in site-specific accumulated nitrogen deposition and soil fertil-
ity. It is noteworthy, however, that response curves for our
individually analyzed sites (Figure 5) showed a rather consistent posi-

2 y~1 This might sug-

tive Gy to Ngep response for values <1.0 g m™
gest site-related effects can be bypassed due to deposited nitrogen
utilization by direct canopy uptake (Sparks, 2009). Estimates of N
retention by canopies strongly varied, but were reported up to 70%
(Dail et al., 2009; Gaige et al., 2007; Sievering, Tomaszewski, & Tor-
izzo, 2007). Recent studies confirmed an active role of tree canopies
in Ngep processing and N uptake (Guerrieri, Vanguelova, Michalski,
Heaton, & Mencuccini, 2015; Guerrieri et al, 2011; Zhang et al,,
2015). These results might explain short-term effects on tree growth
(Dail et al., 2009; Pregitzer, Burton, Zak, & Talhelm, 2008) and positive
relationships between Ngep, and functional traits, including plant
water-use efficiency (Leonardi et al., 2012).

However, increased long-term Nge, effects cannot be ruled out.
The effects might be mediated by declines in the C/N ratio in soil
organic matter, which can stimulate mineralization and plant N
uptake (Aber et al., 2003) or by plant acclimation processes, includ-
ing changes in xylem functional anatomy and conduction efficiency
(Borghetti et al., 2017). Among long-term consequences, the implica-
tions of height growth stimulation cannot be disregarded, as it
affects tree capacity to compete in mixed forests, with potential
effects on community species composition (Bontemps, Hervé,
Duplat, & Dhote, 2012).

Overall, the following conclusions can be drawn from this study: (i)
we found limited evidence of recent climatic variability effects on
annual growth rates of canopy beech trees sampled across a geo-
graphic gradient in the montane belt of the Italian peninsula; and (ii)
among environmental drivers, nitrogen deposition exhibited the most
evident role, with a significant effect on volume and height growth
rates; the positive effect on canopy height growth rate can be inter-
preted as a positive effect on above-ground net productivity of the
selected beech forests. A large proportion of temperate forests are
currently growing in areas where nitrogen deposition is below the

value at which the positive effects on forest growth appeared to level

=2 y=1, therefore unintended

off in our study (approximately 1 g m
fertilization due anthropogenic global change should be monitored in

evaluations of long-term forest productivity dynamics.
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