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Abstract
Background: Environmental change has resulted in changes in forest growth in Europe during the last century.
This has consequences for the products and services delivered by forest. Mixing tree species is often proposed as a
strategy to deal with the consequences of climate change. Diversifying forests is believed to result in higher
productivity and increased growth stability. Tree species diversity is therefore expected to affect long-term trends in
tree radial growth. However, this has not yet been studied. In this paper we study the effect of diversity on the
radial growth and its long-term trends for beech and oak trees growing along a gradient of tree species diversity in
the loamy region of central Belgium (from monocultures to mixed forests patches up to three species).
Results: We found that beech trees have a higher radial growth whereas oak trees have a lower one when growing in
mixtures. The contrasting diversity-productivity relationship observed for beech and oak is in agreement with their
ranking in shade tolerance, where oaks suffer increased competition in mixed oak patches. Overall, in monocultures
and mixtures, an increasing radial growth trend of + 2% for the period 1927–2015 and 21% for the period 1899–2015
was found for beech and oak, respectively. Tree species diversity did not alter the shape of this detected long-term
radial growth trend. Nevertheless, for oak a lower year-to-year variability in radial growth is found in mixtures indicating
a higher resilience.
Conclusion: We conclude that diversity impacts the average radial growth and its variability (only in the case of oak)
but not the shape of the long-term trend in radial growth of beech and oak trees growing in the loamy region of
central Belgium.
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Background
Historical long-term radial growth changes of beech and
oak trees have been reported throughout Europe (Bergès
et al. 2000; Charru et al. 2017; Boisvenue and Running
2006; Kint et al. 2012). Climate change, changes in site
fertility, CO2 fertilization, changes in management and
tree genotypes used are identified as drivers of the reported historical radial growth changes (Hyvönen et al.
2007; Bontemps et al. 2011; Babst et al. 2013). Getting
more insight in these historical radial growth changes in
trees is important to predict the impact of future climate
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change but also to assess management strategies. This is
crucial since forests deliver many important ecosystem
services (Thorsen et al. 2014).
A driver that to our knowledge is not yet studied in
historical long-term radial growth studies is tree species
diversity. Tree species diversity could have an impact on
long-term radial growth trends since diverse systems are
expected to function better (Loreau et al. 2001; Isbell et
al. 2009). For individual trees in mixed forests, better exploitation and more efficient use of resources (niche differentiation) and interspecific facilitation, collectively
referred to as complementarity effects, are mechanisms
underlying this positive biodiversity ecosystem functioning relationship (Loreau and Hector 2001). Furthermore,
more mixed forests are found to exhibit more stable
growth patterns (Jucker et al. 2014a; del Río et al. 2017).
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Generally the relationship between biodiversity and
productivity is found to be positive (Zhang et al. 2012;
Liang et al. 2016). However, the diversity-productivity relationship seems to be context-dependent. Tree development stage, scale (e.g. tree level compared to stand level)
and climate are found to shape the diversity-productivity
relationship (Cavard et al. 2011; Chisholm et al. 2013; Forrester 2014; Jucker et al. 2016). Jucker et al. (2016) have
demonstrated that the diversity-productivity relationship
changes along a spatial gradient of climate. It might thus
be that also along a temporal gradient of climate the
diversity-productivity relationship changes. This is important since climatic conditions have been changing over the
past decades and are expected to change further, which
will impact forest ecosystems (Lindner et al. 2010; IPCC
2013). The stress gradient hypothesis, which states that
complementarity effects are dependent on abiotic variables, including climate, proposes a climate dependency of
the diversity-productivity relationship (Loreau and Hector
2001; Morin et al. 2011). Under harsh conditions the complementarity effects are expected to increase relative to
competitive interactions which decrease.
Tree-ring series are often used to model long-term
changes in radial growth. In order to model long-term
radial growth changes, tree growth changes related to
growth changes of individual trees (e.g. due to tree
aging, local site characteristics or competition) must be
separated from historical long-term radial growth trends.
To properly assess historical radial growth changes, tree
aging, an obvious driver of tree radial growth, must be
taken into account, for instance via detrending or statistical modeling techniques (Peters et al. 2014). In
addition, a data sample of trees which cover a wide
range of developmental stages is crucial (Bontemps et al.
2010).
In this study we will look what the effect of tree diversity is on the radial growth of beech (Fagus sylvatica)
and oak (Quercus robur) trees in Belgium. To this end,
mean TRW and its variability over time will be evaluated
for beech and oak trees growing in plots with different
tree diversity levels. In a last step we will examine if
there is a long-term trend in radial growth of beech and
oak and if this trend is influenced by tree species diversity. By this the effect of a temporal gradient of climate
on the diversity-productivity relationship will be investigated at the hierarchical scale of individual beech and
oak trees.
Multilevel mixed models (Kint et al. 2012; Aertsen et
al. 2014) are used in this paper to separate historical radial growth change from other factors which may influence radial growth such as tree aging, site quality and
stand structure (e.g. competition level and tree species
diversity). In a first step radial growth of individual trees
is modelled in function of tree aging, site quality and
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stand structure variables (including tree species diversity). In a second step, we look if there is a change of radial growth by testing if radial growth changes with time
in all trees when the individual tree growth (i.e. previous
step) is accounted for. In this last step it is also tested if
tree species diversity alters the long-term trend in radial
growth.

Methods
Study area and plot description

Beech and oak trees growing in even-aged stands of two
forests, Meerdaal and Zoniën, located in the loamy region
of Belgium were studied. In total 75 and 70 plots were selected for beech and oak, respectively. The maximum distance between plots from the two forests is 23.8 km, and
3.7 km and 9.3 km between plots within Meerdaal and
Zoniën, respectively. Annual precipitation is 821 mm year−
1
and mean annual temperature is 10.3 °C for the period
1901–2015. The long-term trend in annual precipitation
and mean temperature is visualized in Additional file 1: Figure S1. Plots are circular (18 m radius) with a (co) dominant beech or oak tree in the center (further referred to as
center tree). This center tree is the tree that was cored.
Plots were selected along i) a wide range of developmental
stages (Additional file 2: Figure S2) and ii) a gradient of species diversity with levels Isp, IIsp and IIIsp for plots with
one, two and three tree species respectively. An admixture
of at least 15% of other tree species than beech or oak was
used as a threshold for the beech and oak IIsp and IIIsp
plots. This threshold was considered as the absolute minimum, in the selection of the IIsp and IIIsp plots the highest
possible evenness was pursued. Plots were selected in even
aged stands to ensure that the center tree developed in a
monoculture (i.e. Isp) or mixed environment (i.e. IIsp and
IIIsp) over their whole age range. In addition, it was ensured that plots represent different tree species combinations (i.e. species composition) (Table 1).
Data collection
Tree cores

From the center tree (i.e. beech or oak tree) two tree
cores were taken (North and South direction) in the
winter of 2015 using a 5 mm increment corer (Suunto)
at 1 m above ground. In addition, the DBH and bark
thickness at the coring location was measured. Tree
rings were made visible using a core microtome. Afterwards, tree-ring widths (TRW) were measured using a
Lintab measurement system with 1/100 mm resolution.
The measured TRW were checked with TSAP-Win and
COFECHA software for tree-ring crossdating.
Forest structure and site quality data

In each plot the forest structure was characterized by
measuring: position of each tree species with diameter at
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Table 1 Number of plots sampled for each diversity level and species composition level
Beech center tree plots

Oak center tree plots

Diversity level

Species composition

nr of plots

Species composition

nr of plots

Isp

Beech

27

Oak

25

IIsp

Beech-hornbeam

5

Oak-hornbeam

6

Beech-maple

9

Oak-maple

7

IIIsp

Beech-oak

9

Beech-oak

8

Beech-oak-hornbeam

8

Beech-oak-hornbeam

8

Beech-maple-hornbeam

6

Oak-maple-hornbeam

7

Beech-maple-oak

9

Beech-maple-oak

9

breast height (DBH) > 15 cm, crown projection area of
the center tree (CPA, m2), height of the center tree (H,
m), total CPA of trees with diameter DBH > 15 cm in the
plot (TotCPA, m2), and total basal area of trees with
DBH > 15 cm in the plot (TotBA, m2). The crown edge
in the four cardinal directions was measured for CPA.
Besides the basal area of trees larger than the center tree
(BAL, m2), the ratio between the diameter of the center
tree and the average diameter of trees with DBH > 15 cm
in the plot (ddg), scaled Shannon diversity index (SWBA),
and structural diversity index (SD) were calculated.
SWBA quantifies the number of tree species present in
the plot based on their basal area and takes the evenness
into account. SD is a measure for the structural heterogeneity in the plot. SWBA and SD were calculated as
follows:
P
(1) SW BA ¼ expð− Si¼1 P BA;i  ln ðP BA;i ÞÞ with PBA;i
BAi
¼ BA
and S total number of species present in the
tot
plot
th
i :CPAi Þ
(2) SD ¼ StDevðH
MeanðH i :CPAi Þ with i the i
tree present in the plot (Van de Peer et al., 2017)
Site quality in each plot was characterized by measuring: pH (1:5 soil:solution, 0.01 M CaCl2), organic C and
N content (%, Carlo Erba 1108 elemental analyzer), derived C/N ratio, bulk density (g/cm3) and texture (fraction clay, loam and sand in %) on a composite soil
sample. Composite soil sample consisted of a sample
taken in N, NE, SE, SW and NW direction at 5 m from
the center tree with a gauge (0–30 cm of the mineral soil
horizon) in each plot.

levels (Isp, IIsp and IIIsp). A 15-year cubic smoothing
spline with a 50% frequency cutoff was used for detrending in order to remove non-climatic low frequency variability such as for example age trends. The average
growth rates (AGR), inter-series correlation (Rbar) and
expressed population signal (EPS) are reported for each
chronology. The EPS is a measure to evaluate the quality
of a chronology and is based on Rbar and number of
samples. A non-parametric Dunn test was used to test if
chronologies of the three diversity levels differed significantly for both beech and oak.
For each species composition level chronologies were
built using the same methodology as for the chronology
building at species diversity level. A non-parametric
Dunn test was used to test if radial growth is significantly different between the chronologies of different
species composition level. For consistency, the chronologies were built using the same dataset as was used for
the long-term radial growth modeling (i.e. first 30 years
are removed and time period is 1927–2015 and 1899–
2015 for beech and oak, respectively).
For the forest structure and site quality variables a
parametric Tukey or non-parametric Dunn test (in case
of non-normality of the tested variable) was used to test
if variables differed significantly between the three diversity levels. The significance level was set to 0.05 for the
Dunn and Tukey tests.
Long-term radial growth trends

A mixed modeling strategy was used to model the
long-term radial trends in basal area increment (BAI) a
measure for tree radial growth. BAI was calculated as:


BAI t ¼ π R2t −R2t−1

Analysis of diversity effects
Effects of diversity on tree-ring width, forest structure and
site quality

To evaluate the effect of diversity on the growth of
beech and oak, chronologies of raw (referred to as
TRW) and individually detrended tree-ring width series
(referred to as RWI) were built for the three diversity

With R the tree radius at the end of the growing season in year t (derived from cumulative TRW measurements). The juvenile developmental stage (first 30 years)
was excluded from the analysis and BAI was natural log
transformed to deal with the skewed distribution. The
modeling is started from this year wherefore data from
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at least ten trees were available (1927 and 1899 for beech
and oak, respectively).
The models were built in two sequential stages. First
base models (Mb) which describe the BAI in function of
developmental stage, forest structure and site quality
were built. Previous year diameter (Dp, cm) was chosen
to characterize the developmental stage since it is known
that tree growth is more driven by tree size than cambial
age (Mencuccini et al. 2005; Wykoff 1990). Possible forest structure and site quality variables were selected a
priori using multiple regression (Additional file 3: Table
S1). Besides, it was ensured that the selected forest
structure and site quality variables had a variance inflation factor < 5. For the mixed modeling the methodology
of Zuur et al. (2009) was used. Random effects included
are: random intercept for tree and random slope related
with Dp. The significance level was set to 0.001 for the
selection of the fixed effects. The base models describe
the BAI of individual trees. In order to see if BAI varies
with calendar date in all trees it is tested if a linear,
quadratic, cubic or natural cubic spline term of calendar
year improves the base models, the result are the date
models (Md). The term related with calendar year in the
date models describe long-term radial growth changes
caused by exogenous factors. Interaction between the
term related with calendar year and the forest structure
and site quality variables that were found to be significant in the Mb models were also tested. Only the Md
models will be reported since the focus of this paper are
long-term radial growth trends.
Final models were fitted with restricted maximum
likelihood (REML) and their model performance was
evaluated with pseudo-R2 of full and marginal model
(i.e. only considering fixed effects) and relative root
mean squared error (rRMSE, calculated for response).
The pseudo-R2 was calculated as the correlation between
the response and model predictions. All statistics were
performed in R (version 3.2.5) (R Development Core
Team 2016) with packages “nlme”, “spline” and “dplr”
(Bunn 2008; Hothorn et al. 2008; Pinheiro et al. 2016).

Results
Evaluation of effect of diversity on tree-ring width, forest
structure and site quality

A higher TRW is found for beech trees growing in more
diverse plots, the opposite is true for oak trees, which
grow better in monoculture plots (Additional file 4:
Table S2, Fig. 1 and Table 2). TRW is significantly higher
in IIsp versus Isp, IIIsp versus Isp and IIIsp versus IIsp
plots for beech. TRW is significantly lower in IIsp versus
Isp, IIIsp versus Isp and IIIsp versus IIsp for oak. The
first order autocorrelation is significantly higher in IIsp
versus Isp and IIIsp versus Isp plots for oak (p < 0.05).
For beech trees the first order autocorrelation increases
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with plot diversity level but no significant differences are
found (p > 0.05) (Table 2).
Beech TRW is significantly different between all species composition levels except for species composition
levels beech versus beech-hornbeam, beech-maple-hornbeam versus beech-oak, beech-maple-hornbeam versus
beech-maple-oak,
and
beech-maple
versus
beech-oak-hornbeam (Fig. 2).
Oak TRW is significantly different between all species
composition levels except for species composition levels
oak-beech versus oak-beech-hornbeam, oak versus
oak-hornbeam, oak-beech versus oak-maple-beech,
oak-maple versus oak-maple-beech and oak-maple versus oak-maple-hornbeam (Fig. 2).
SWBA is significantly higher in more diverse plots for
both beech and oak (Fig. 3 and Additional file 5: Table
S3). For oak significant differences are found in BAL,
TotBA and TotCPA (Fig. 3 and Additional file 5: Table
S3). No significant differences are found in the site quality variables and other forest structural variables between
plots of different diversity level for both beech and oak.
Long-term radial growth trends in beech and oak along a
diversity gradient

A long-term trend in radial growth is found for beech and
oak center trees (Table 3). Tree developmental (i.e. Dp)
stage is present in the models for beech and oak as a
quadratic polynomial fixed effect, indicating that tree
growth increases until a certain Dp afterwards radial
growth levels off. A random intercept for tree and a random slope associated with Dp resulted in the best random
structure for both beech and oak models.
For beech a cubic term of calendar year results in the
best model fit. SWBA and BAL have a positive and negative effect, respectively, on the radial growth of beech.
Other forest structural variables and site quality variables are not significant (Table 3). The interaction of
SWBA and the cubic term of calendar year is not significant, indicating that the long-term trend in radial
growth does not change for beech trees growing in plots
with different diversity levels. Nonetheless the presence
of SWBA in the model indicates a positive effect of diversity on radial growth.
In the oak model a quadratic term of calendar year results in the best model fit. The model indicates that oak
trees growing in plots with high BAL have lower radial
growth (i.e. negative estimate for BAL) (Table 3). Other
forest structure or site quality variables do not influence
radial growth significantly.
The model evaluation parameters of the models are
good. The difference between the R2 of the full model
and marginal model (i.e. R2f and R2m) indicate that large
part of the variability is explained by the random effects.
The non-significant correlation between tree size and
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Fig. 1 Chronologies of TRW and RWI for beech (a) and oak (b) center trees. Number of trees used for the chronology building is presented in the
bottom graphs. See Additional file 9: Table S5.S2 for the Dunn test on TRW

the random components of the models indicate the effect of tree size on growth is well modelled by the quadratic polynomial of Dp.
The detected long-term radial growth trends for beech
and oak are visualized in Fig. 4. Relative to the radial
growth in 1927 beech radial growth decreases until 1957
(− 25% from 1927 to 1957) where after it increases again
(+ 27% from 1957 to 2015). An overall growth increase
of 2% for the period 1927–2015 is detected for beech.
The date model of beech predicts radial growth to be
23% and 54% higher for beech trees growing in plots
with SWBA equal to two (i.e. a plot with two tree species
with perfect evenness) and three (i.e. a plot with three
tree species with perfect evenness) compared to SWBA

equal to one (i.e. a plot with one tree species), respectively. Relative to the radial growth in 1899, oak radial
growth decreases until 1940 after this it increases again.
Overall the oak radial growth increased with 21% for the
period 1899–2015.

Discussion
Diversity influences radial growth of beech and oak
differently

Our results indicate that tree species diversity has an opposite effect on radial growth of beech versus oak. Beech
trees growing in diverse stands have higher radial growth
whereas oak trees have lower radial growth (Additional
file 4: Table S2, Fig. 1 and Table 2). Note that DBH and

Table 2 Characteristics of TRW chronologies for beech and oak center trees growing in plots with tree diversity level Isp, IIsp or IIIsp
Beech
Diversity level

Oak
1

Rbar

1

Rbar1

EPS1

AGR (mm)

Lag-1

0.341

0.874

2.472

0.408

0.399

0.865

2.359e

0.4 06h

IIsp

0.272

0.807

2.838b

0.518d

0.307

0.831

1.876f

0.609i

0.630

c

d

0.154

AGR (mm)

d

Isp

IIIsp

EPS

a

3.233

Lag-1

0.706

0.341

0.873

g

1.6 99

0.643i

Rbar Interseries correlation, EPS Expressed population signal, AGR Average growth rate, lag-1 First year autocorrelation, 1 referring to detrended TRW data. For
variables AGR and Lag-1, the diversity levels without common letters differ significantly at p < 0.05
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Fig. 2 Boxplots of TRW chronologies at each species composition level for beech (a) and oak (b) center trees. O: oak, B: beech, HB: hornbeam
and MP: maple. Composition levels without common letters differ significantly at p < 0.05 (Additional file 9: Table S5.S3)

Fig. 3 Boxplots of forest structure variables for beech (a) and oak (b-e) center trees. Diversity levels without common letters differ significantly at
p < 0.05. SWBA: scaled Shannon diversity index, BAL: basal area of trees larger than the center tree, TotBA: total basal area of trees with DBH > 15
cm in the plot, and TotCPA: total CPA of trees with diameter DBH > 15 cm in the plot
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Table 3 Parameter estimates and model evaluation of the ln (BAI) date models for beech and oak
Beech (n = 3095)

oak (n = 3978)

Fixed effects

Estimate

SE

Df

p > |t|

Estimate

SE

Intercept

3.4389

0.1030

2941

< 0.0001

8.0459

0.0620

1

Df

p > |t|

3904

< 0.0001

poly (Dp)

11.0569

2.7688

2941

0.0001

12.2897

2.9592

3904

< 0.0001

poly (Dp)2

−16.1505

1.5582

2941

< 0.0001

−10.0370

1.5731

3904

< 0.0001

BAL

−2.1*10−5

3.2*10−6

70

< 0.0001

−1.80*10− 5

3.1*10− 6

68

< 0.0001

SWBA

0.2054

0.0528

70

0.0002

poly (year)1

4.3896

1.2802

2941

0.0006

4.6529

1.2740

3904

0.0003

poly (year)2

3.0445

0.8343

2941

0.0003

2.7191

0.8727

3904

0.0018

0.0264
Intercept

Dp

error

poly (year)

−1.6641

0.7491

2941

SE random effect

Intercept

Dp

error

0.6272

0.0015

0.3993

0.2220

0.0007

0.3799

R2f

R2m

rRMSE

AIC

R2f

R2m

rRMSE

AIC

0.644

0.397

11.159

2208

0.580

0.351

3.014

1573

3

Model evaluation

Dp (previous year diameter, cm), BAL (basal area of trees larger than the cored tree, m2), SWBA (scaled Shannon diversity index), poly (Dp) and poly (year)
estimates of orthogonal polynomial of Dp and year respectively with superscript indicating the degree, R2f (pseudo- R2 of the full model), R2m (pseudo- R2 of the
marginal model), rRMSE (relative root mean squared error) and AIC (Akaike Information Criteria)

Fig. 4 Visualization of the long-term trend in radial growth for beech (a) and oak (b) center trees. BAI is predicted by the date models for a tree
with constant Dp and BAL (median values from 1927 and 1899 for beech and oak respectively). For the prediction of beech BAI, SWBA was set to
one (red), two (green) and three (blue) (representing plots with one, two and three tree species with perfect evenness, respectively) to visualize
the effect of diversity on beech radial growth. Values are presented relative to the predicted BAI in 1927 of a tree growing in a plot with SWBA
equal to one for beech and 1899 for oak
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height of the beech and oak center trees did not differ
significantly between the three species diversity levels,
indicating that the difference in radial growth found is
not related to differences in developmental stage of the
center trees for the three species diversity levels.
The difference in the reported diversity-productivity
relationship of beech and oak can be related to differences in the functional traits of the tree species in the
mixtures. The functional traits of the species in mixture
give us information on the complementarity in resources
use of tree species present in a mixture. This gives us
insight in the underlying mechanisms of the diversity
productivity relationship and hence its outcome.
The shade tolerance of the species in a mixture is an
important trait explaining the effect of diversity, both
magnitude and direction, on the productivity of trees in
the mixture (Zhang et al. 2012; Jucker et al. 2014b;
Toïgo et al. 2017). The shade tolerance indices of the
species present in the mixture range from 2.45, 3.73,
3.97 to 4.56 for oak, maple, hornbeam and beech respectively (Ninemets and Valladares 2006). Oak is thus
the most shade intolerant species whereas beech is the
most shade tolerant tree species in the mixtures studied.
High interspecific competition for light in the studied
mixtures is probably an important factor explaining the
negative effect of diversity on the shade intolerant oak
compared to the positive effect of diversity on the shade
tolerant beech (Toïgo et al. 2017). The shade tolerant
beech is also known to be able to adapt its crown structure to increase light interception in mixed stands (i.e.
crown plasticity), interspecific competition for light is
thus not likely to affect its radial growth negatively when
mixed with other tree species (Dieler and Pretzsch
2013).
Not only competition for light can explain the positive
effect of diversity on radial growth of beech. In addition,
other mechanisms might play a role here such as complementarity for water. In an ongoing study in the same
study area, we found that beech trees growing in diverse
stands have higher stomatal conductance, indicating
higher water availability, compared to beech trees growing in monocultures in dry years. In addition, facilitation
effects occur, oak for example has hydraulic redistribution properties (i.e. deep rooting tree species move water
from deeper soil layers upwards) (Hafner et al. 2017).
Competition might explain the negative effect of diversity on radial growth of oak. The significantly higher
TotCPA and TotBA in mixed compared to monoculture
plots is likely to shape the diversity-productivity relationship (Fig. 3) (Forrester 2014). The spatial arrangement
and density in stands has an influence on the interactions between tree species. The significantly higher BAL
in the mixed stands indicate higher competition compared to monoculture plots (Fig. 3). This higher
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competition, related with the higher stand densities, may
outweigh complementarity interactions in the mixed
stands (Forrester 2014). Note that diversity can increase
stand density, especially in cases where species with
complementary traits are mixed, which is the case here
(Pretzsch and Biber 2016).
Although radial growth is lower for oak trees growing
in diverse stands, the first order autocorrelation is significantly higher (Table 2). This higher first order autocorrelation indicates that the year-to-year variability in
radial growth is lower for oak trees growing in mixed
plots, indicating a higher resilience. Likewise for beech a
higher first order autocorrelation is found, although it is
not significant.
When we look at the beech-oak mixture, the mixture
with the highest difference in shade tolerance indices,
we see that in this beech-oak mixture beech has a higher
radial growth opposed to oak which has a lower radial
growth compared to the monoculture of the respective
tree species (Fig. 2). This highlights the importance of
scale, at the stand scale the lower growth of one species
might be outweighed by the higher growth of another
tree species which would result in a positive effect of
biodiversity on productivity (Toïgo et al. 2017).
Long-term radial growth trends in beech and oak along a
diversity gradient

For beech a radial growth increase is found for the
period 1927–2015 (Fig. 4). When we look at the difference quotient of the modeled long-term trend in radial
growth we see that until 1957 growth decreases and that
afterwards growth increases until 2015 (Additional file 6:
Figure S3). The growth decline of beech from 1927 to
1957 coincides with a period of consecutive years with
relative (compared to the four previous years) negative
growth change (Fig. 4 and Additional file 7: Figure S4).
The occurrence of multiple warm events between 1930’s
and 1950’s may account for the observed growth decline
(Additional file 8: Figure S5) (cf. Bontemps et al. 2011
on beech trees growing in north-eastern France). After
1957 radial growth increases, however the increase starts
to diminish from 1993 onwards (Additional file 6: Figure
S3). If this trend continues, beech radial growth will be
lower compared to 1927 in a near future. In other studies a recent growth decline for beech has already been
reported (Jump et al. 2006; Piovesan et al. 2008; Kint et
al. 2012; Charru et al. 2017).
The positive estimate of SWBA and the negative estimate
of BAL in the beech model indicate that complementarity
effects alleviate negative effects of competition on radial
growth. For SWBA equal to two or three (i.e. representing
two and three species plots with perfect evenness, respectively) the BAL must be larger than 19,514 and 29,271 cm2
(or 20 and 29 m2/ha), respectively, to outweigh the
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positive effect of SWBA completely. This is the case for
40% and 8% of two and three species plots, respectively.
Note that in these plots the negative competition effect on
the radial growth of the beech center tree is still reduced by
the diversity effect (i.e. positive estimate for SWBA) compared to the monoculture plots of beech. Diversity thus has
a positive impact on beech radial growth. Even though, the
non-significance of the interaction between SWBA and the
long-term trend indicates that the temporal gradient in climate did not influence the diversity-productivity relationship with time.
The detected decline in oak radial growth from 1899
to 1940 coincides with periods of extreme winter frost,
drought and insect outbreaks (Fig. 4 and Additional file
6: Figure S3) (Delatour 1983; Thomas et al. 2002). After
1940 oak radial growth increases and this increase is still
becoming larger and larger every year (Additional file 6:
Figure S3). BAL has a negative effect on the radial
growth of oak. As discussed in the previous section the
higher competition in the diverse oak plots probably
outweighs the complementarity effects in the diverse
stands. The oak model indicates that diversity has no
direct influence on the radial growth of oak and thus
also does not influences the detected long-term trend
despite the lower year-to-year variability in radial growth
of oak growing in diverse stands (Tables 2 and 3).
Factors influencing long-term trends in radial growth

The growth of trees is influenced by climate, site fertility,
stand structure and management. All these factors can
change gradually with time and thus explain the
long-term trends in radial growth observed for beech
and oak trees (Fig. 4). However, it is not possible to
demonstrate causality between the gradual change in
drivers of radial growth (e.g. climate, site fertility, stand
structure and management) and the observed long-term
trend in radial growth changes with only observational
data collected in a single region (cf. Verheyen et al.
2017). In this study we tried to minimize the effect of
unbalances in tree size of the sampled trees and historical changes in stand characteristics on the modeled
long-term growth trends. Plots were selected along a
wide range of developmental stages in order to exclude
the influence of tree size on the detected long-term
growth trend. The non-significance (p > 0.05) of the
Pearson correlation between the random components
and the size of the trees indicate that the mixed models
used are able to capture the effect of tree size on growth.
This is because a significant correlation would indicate
that the growth is modeled differently for trees with different size. Plots were selected based on the species
composition in the plot at the time of sampling. Despite
selecting plots in even aged stands to ensure that the
center tree developed in a monoculture (i.e. Isp) or
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mixed environment (i.e. IIsp and IIIsp) over their whole
age range we cannot guarantee that the species composition was the same in the past. In addition, we assume
that past management was the same in the monocultures and mixed plots.
Although the main focus of the present study is to
quantify the impact of tree species diversity on average
and long-term radial growth, comparison of the modeled
long-term growth trends with other studies in the same
area is valuable. For beech trees growing in whole Flanders (northern Belgium) a recent growth decline was detected by Kint et al. (2012). This recent negative growth
decline was found to be related to increased nitrogen
(N) deposition and drought over time (Kint et al. 2012).
The absence of the recent growth decline in the present
study indicates that the increased N deposition and
drought over time did not impact beech trees growing in
Meerdaal and Zoniën forest that much compared to
beech trees growing in other parts of Flanders. Note,
however, that the observed growth increase starts to diminish from 1993 onwards as mentioned earlier. The absence of the recent growth decline for beech in
Meerdaal and Zoniën forest compared to whole Flanders
can be explained by several factors.
First, Meerdaal and Zoniën forest are located on the
loess belt in Flanders on some of the most productive
sites for beech of Flanders. The good water holding capacity of the loamy soil in these forests can explain why
the increased drought did not affect beech radial growth
as much compared to beech growth in other regions of
Flanders (Aertsen et al. 2014). Second, the studied forests are located in an area of Flanders which has lower
N deposition compared to other forested areas in Flanders (Verstraeten et al. 2012; VMM 2017). The negative
effects of high N deposition observed in several studies
in Europe are thus probably not as severe in Meerdaal
and Zoniën. Lastly, shifts in management may influence
the detected long-term radial growth trend. Changes in
management are often not considered in studies looking
at long-term trends in radial growth since historical information on management is often missing (but see
Bontemps et al. (2010)). However, this is important since
changes in management result in changes in interactions
between tree species and the forest structure which
affect tree radial growth (Altman et al. 2013; Trouvé et
al. 2015). After thinning a so-called growth release is
often observed resulting from increased light availability.
Therefore shifts in management to more intensive thinning will result in higher radial growth. Both in Meerdaal and Zoniën forest a tendency of increased thinning
is observed in time (Huvenne P., personal communication 8/03/2018), this probably contributed to the observed increase in radial growth of beech and oak in
these two forests. Note that possible shifts in historical
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management probably did not influence the long-term
trend detected in the study of Kint et al. (2012). Since
this study covers a broader geographical scale (i.e. northern Belgium) local effects on long-term trends in radial
growth, such as shifts in management, are reduced to a
minimum since forest management history is different
among administrative regions.
When we look in detail to the long-term trends for
beech reported by Aertsen et al. (2014), which was performed in Zoniën and Meerdaal forests, and the present
study some differences in trends are observed, especially
in recent decades (Additional file 9: Figure S6a).
Long-term trends detected by regional curve
standardization (RCS, as described by Bontemps and
Esper 2011), another frequently used method to detect
long-term trends in radial growth, resulted in similar
long-term trends compared to the long-term trend detected by the multilevel mixed models used in both studies (i.e. Aertsen et al., (2014) and this study) (Additional
file 9: Figure S6). There is thus no effect of the method
used on the detection of the long-term trend. When in
both datasets data points of trees at DBH < 146.3 mm
and > 273.3 mm (first and third quantile respectively) are
excluded in order to exclude imbalances in developmental
stage with time, the long-term trends detected are more
alike (Additional file 9: Figure S6b). This highlights the importance of sampling trees along a wide range of developmental stages in long-term growth trends studies. Note
that the first and last time points have a large impact on
the shape of the detected long-term trend by RCS. The last
year (i.e. 2008) in the dataset of Aertsen et al. (2014) coincide with years with lower growth compared to other years
which pulls the fitted cubic polynomial down (Additional
file 9: Figure S6). The dataset of the present study also contains data after the dip in radial growth around 2008, resulting in a long-term trend that still increases after 2008.
The observed long-term growth increase observed for
oak is in line with other studies in Belgium (Kint et al.
2012; Vannoppen et al. 2018). Oak is thus still profiting
from environmental changes. Especially late frost is
known to affect oak growth negatively, over the last decades the last day of frost occurs earlier in the year
which is positive for oak growth (Tricot et al. 2015).

Conclusion
The diversity-productivity relationship is found to be influenced by the functional trait structure of the studied
mixtures and the stand density. The shade tolerance can
explain the contrasting diversity-productivity relationship found for beech and oak. Radial growth of beech,
which has a high shade tolerance, increased when growing in mixtures. Whereas for oak, which has a low shade
tolerance, radial growth decreased when growing in mixtures. The higher stand densities in oak mixed plots
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resulted in higher competition levels which overruled
the diversity effect. Both for beech and oak an increasing
long-term growth trend is observed. The growth increase is smaller for beech compared to oak, 3 and 27%
for the period 1927–2015 and 1899–2015 respectively.
Tree species diversity did not influence the shape of the
long-term trends detected in beech and oak. However,
the lower year-to-year radial growth variability in more
diverse plots of both beech (although not significant)
and oak (significant) suggest that under harsher environmental conditions diversity might shape long-term
trends in beech and oak growth.

Additional files
Additional file 1: Figure S1. Mean yearly temperature (T mean) and
cumulative precipitation (P) for the study area. Line visualizes the longterm trend of T mean and P through time (loess smoother). Dots are the
yearly observed T mean and P at the climatic station of Ukkel located at
5 to 26 km distance from the plots (Royal Meteorological Institute of
Belgium, RMI). (JPG 352 kb)
Additional file 2: Figure S2. Distribution of DBH at different year
intervals of beech (a) and oak (b) center trees. Boxplots are based on the
dataset used for modeling (i.e. juvenile growth (first 30 measured rings of
each tree) is removed and start year is the year with at least data from 10
trees). (JPG 571 kb)
Additional file 3: Table S1. Selected forest structural and site quality
variables for beech and oak center trees by multiple regression. (DOCX 14 kb)
Additional file 4: Table S2. z and p-values of the Dunn test performed
on the TRW chronologies. (DOCX 13 kb)
Additional file 5: Table S3. z and p-values of the Dunn test for forest
structure variables. (DOCX 14 kb)
Additional file 6: Figure S3. Difference quotient of modeled long-term
radial growth trend for beech (a) and oak (b). Negative values indicate
decreases in radial growth trend. Positive values indicate increases in radial growth trend. The difference quotient is calculated for time steps of
1 year as ((modeled growth in year t)-(modeled growth in year t-1))/1 for
each year t. (JPG 259 kb)
Additional file 7: Figure S4. Relative change of TRW in each year for
beech center trees. TRW in each year is compared to the mean TRW in
the respective 4 previous years. (JPG 278 kb)
Additional file 8: Figure S5. Precipitation and mean temperature
anomalies for the period June to August for the period 1927–2015. Data
are from the climatic station of Ukkel located at 5 to 26 km distance from
the plots (Royal Meteorological Institute of Belgium, RMI). P: recipitation,
Tmean: mean temperature, JJA: June to August (JPG 453 kb)
Additional file 9: Figure S6. Radial growth chronologies estimated
with regional curve standardization method. Chronologies are smoothed
with a cubic spline smoother (blue lines). RCS is applied on data of this
study (dotted line) and on the data of Aertsen et al. (2014) (full line).
Panel (b) visualizes the regional curve standardization (RCS) applied on
the datasets where data points of trees at DBH < 146.3 mm and > 273.3
mm (first and third quantile respectively) are excluded to minimize effect
of tree developmental stage. (JPG 455 kb)
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