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Summary

1. There is increasing evidence that species diversity enhances the temporal stability (TS) of com-
munity productivity in different ecosystems, although its effect at the population and tree levels
seems to be negative or neutral. Asynchrony in species responses to environmental conditions was
found to be one of the main drivers of this stabilizing process. However, the effect of species mix-
ing on the stability of productivity, and the relative importance of the associated mechanisms,
remain poorly understood in forest communities.

2. We investigated the way mixing species influenced the TS of productivity in Pinus sylvestris L.
and Fagus sylvatica L. forests, and attempted to determine the main drivers among overyielding,
asynchrony between species annual growth responses to environmental conditions, and temporal
shifts in species interactions. We used a network of 93 experimental plots distributed across Europe
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to compare the TS of basal area growth over a 15-year period (1999-2013) in mixed and
monospecific forest stands at different organizational levels, namely the community, population and
individual tree levels.

3. Mixed stands showed a higher TS of basal area growth than monospecific stands at the commu-
nity level, but not at the population or individual tree levels. The TS at the community level was
related to asynchrony between species growth in mixtures, but not to overyielding nor to asynchrony
between species growth in monospecific stands. Temporal shifts in species interactions were also
related to asynchrony and to the mixing effect on the TS.

4. Synthesis. Our findings confirm that species mixing can stabilize productivity at the community
level, whereas there is a neutral or negative effect on stability at the population and individual tree
levels. The contrasting findings regarding the relationships between the temporal stability and asyn-
chrony in species growth in mixed and monospecific stands suggest that the main driver in the stabi-
lizing process may be the temporal niche complementarity between species rather than differences
in species’ intrinsic responses to environmental conditions.

Key-words: asynchrony, mixed-species forests, niche complementarity, organizational levels,
overyielding, plant—plant interactions, temporal variability

Introduction

Mixed-species stands may provide many forest functions and
services more effectively than monocultures (Gamfeldt et al.
2013; van der Plas et al. 2016). The often higher level and
stability of productivity in mixed forests is of interest for
many functions and services, as well as being a precondition
for the promotion of mixtures in forestry practice. There is
strong evidence that mixed-species stands often produce
greater yields than monocultures (Piotto 2008; Paquette &
Messier 2011; Vila et al. 2013; Pretzsch e al. 2015; Liang
et al. 2016) and improve the stability of productivity in vari-
ous ways (Pretzsch, Schutze & Uhl 2013; Jucker et al. 2014;
de Dios-Garcia, Pardos & Calama 2015; Metz et al. 2016).
However, some studies with opposite findings in productivity
(Chen et al. 2003; Cavard et al. 2010) and stability (Gros-
siord et al. 2014; Merlin et al. 2015) highlight the importance
of considering the complementarity of the corresponding spe-
cies assemblages (Toigo et al. 2015) as well as the underlying
site conditions with their specific growth limiting factors
(Forrester 2014).

The term ‘stability’ in ecosystems encompasses several
concepts, such as resistance, resilience or temporal stability
(TS) of productivity, which address the diversity—stability
relationship (McCann 2000; Ives & Carpenter 2007). The
temporal variability is usually measured by the coefficient of
variation or its inverse, i.e. the TS, which depends on the
mean and standard deviation (SD) (Tilman, Lehman &
Bristow 1998). Beyond the statistical theory which predicts a
rise in the community stability when species diversity
increases (McCann 2000), i.e. the averaging effect, different
biological mechanisms have been identified as possible causes
of increasing the TS with regard to plant or tree species
diversity. These include overyielding, species asynchrony and
species interactions (Hector ef al. 2010; Loreau & de
Mazancourt 2013; Bliithgen e al. 2016). Overyielding means

higher productivity in mixtures than a weighted average of
the corresponding monospecific systems caused by species
interactions, which may lead to a stabilizing effect by a
higher mean if the SD remains constant (Tilman 1999).
Species asynchrony occurs when the temporal responses of
the species to environmental variations are not perfectly
positively correlated. This mechanism has been reported as a
key factor in the TS (Loreau & deMazancourt 2008; Hector
et al. 2010), in accordance with the insurance hypothesis
(Yachi & Loreau 1999). Differences in species’ intrinsic
response to environmental fluctuations may influence species
asynchrony in more diverse communities, but species interac-
tions can also trigger species asynchrony by compensatory
dynamics between species (Tilman, Lehman & Bristow 1998;
Morin et al. 2014). Temporal shifts in species interactions
were also found to reduce the temporal variability in mixed
forests communities (del Rio, Schiitze & Pretzsch 2014). The
above-mentioned species interactions may involve the TS as a
consequence of their effect on overyielding, but at the same
time overyielding may be linked to species asynchrony (Allan
et al. 2011). These direct and indirect relationships make it
difficult to disentangle the key mechanisms and therefore the
relative importance of the different mechanisms on the diver-
sity—stability relationship is still poorly understood (Loreau &
de Mazancourt 2013).

In general, diversity has been found to have a stabilizing
effect on productivity at the community level, but a destabi-
lizing effect at the population levels by increasing competitive
interactions (Hector ef al. 2010; Gross et al. 2014). However,
contrasting results have been obtained at the population level
(Jiang & Pu 2009), even among the few studies undertaken in
forest communities (Jucker et al. 2014; Morin et al. 2014).
This trade-off between the effects at different organizational
levels might be crucial in ecosystems with few species, where
the species-specific dynamic can be of major importance, as
in many European temperate mixed forests comprising only
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two or three tree species. Contrasting diversity—stability rela-
tionships might also be expected along ecological gradients,
with the relative importance of different mechanisms varying
along the gradients (Hallett et al. 2014; Xu et al. 2015).

The number of studies concerning the relationship between
diversity and TS of productivity based on empirical data in
forests (DeClerk, Barbour & Sawyer 2006; Jucker et al
2014) is far fewer than in grasslands communities. This is
due to the inherent arduousness involved in carrying out
experiments with tree species, due to their long life span, as
well as the difficulties of conducting observational studies in
natural ecosystems, where many uncontrollable factors inter-
act. In this study, we focus on two tree species,
Pinus sylvestris L. and Fagus sylvativa L., growing in
monospecific and mixed stands across a large range of their
distribution. This design allowed us to infer the general effect
of this admixture on the TS of productivity while considering
the large spatial variability in site conditions across Europe.
This mixture was selected because it includes a combination
of species with different functional traits which can trigger
species complementarity, including an early and a late-succes-
sional species, a light-demanding as opposed to a shade-toler-
ant species, and a conifer with a broad-leaved species. The
mixture between P. sylvestris and F. sylvatica was found to
show significant mixing effects in terms of productivity and
structural heterogeneity (Pretzsch et al. 2015, 2016). It may
serve as a model system for other widespread species combi-
nations of comparable functionally dissimilar species.

Our main objective was therefore to explore whether mix-
ing species of contrasting traits increases the TS of productiv-
ity at different organizational levels and, if so, to elucidate
the main underlying mechanisms in order to better understand
the interspecific dynamics of the P. sylvestris—F. sylvatica
and comparable mixtures. In our two monospecific and mixed
stands, the community, population and individual levels are
represented by the stand, species and tree levels, respectively.
The main hypotheses were that: (i) productivity varies less
through time in mixed than in monospecific stands at the
community level but not at the population and individual tree
levels; (ii) in this model mixture, the dynamics of species
interactions is one of the drivers that stabilizes productivity
due to the dissimilar functional traits of these species; and
(iii) the spatial variation among sites in terms of the mixing
effect on the TS of productivity can be partially explained by
site environmental conditions.

Materials and methods

FIELD DATA AND STUDY DESIGN

The study data came from a transect of plots in mixed and
monospecific forest stands of P. sylvestris (Scots pine) and F. sylvat-
ica (European beech) located along an environmental gradient. The
transect was established voluntarily and nationally funded by mem-
bers of the COST Action FP1206 EuMIXFOR (see www.mixedfore
sts.eu). The study design was based on the ‘triplet’ concept (Pretzsch
et al. 2014), i.e. at each location, three plots were established, one in
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a mixed-species stand and two in the respective monocultures; the
three plots being located in similar site conditions (soil and topo-
graphic conditions) in order to allow meaningful comparisons
between mixtures and monocultures. A total of 31 triplets (93 plots)
were set up across the main distribution area of this mixture in Eur-
ope (Fig. 1), covering a large environmental gradient, mainly deter-
mined by water supply. Climate data were collected from all available
meteorological stations in the proximity of each triplet (see Table S1,
Supporting Information for more detailed information about climate
and site conditions).

The three plots for each triplet were installed in even-aged, fully
stocked forest stands of similar age in which thinning treatments had
not been recently applied (for details see Table S2 and Pretzsch ez al.
2015, 2016). The mixed plots represent tree-wise mixtures with spe-
cies proportions that range from 27% to 73% of pine, although in
most of them the proportion is around 50% (in terms of basal area).
Plots are rectangular varying in size from 0-02 to 1-30 ha, with larger
variation among triplets than within triplets (Table S1). On each plot,
the tree species, tree diameter, total height and height to the crown
base were recorded for all trees. In a subsample of 20 trees per plot
and species, the two increment cores were extracted at a stem height
of 1.30 m for a tree ring analysis. Annual growth series were cross-
dated and the arithmetic means of the annual ring widths of the two
cores were used for further analysis. A description of the main stand
characteristics is provided in Table S2.

PRODUCTIVITY DATA AT DIFFERENT ORGANIZATIONAL
LEVELS

Community level

In contrast to other studies which focused on above-ground biomass
growth when studying diversity—productivity and/or diversity—stability
relationships in forests (Paquette & Messier 2011; Jucker et al. 2014,
2016), we used stand basal area growth per hectare (BAI) as a proxy to
represent community productivity. Calculation of stand biomass growth
would have required height—diameter functions and tree biomass allo-
metric functions for all sites. However, it is well known that such calcu-
lations could lead to additional uncertainty, especially in mixed stands
(Toigo et al. 2015) as the respective functions are commonly derived
from monospecific stands data. Using these functions may have caused
biased estimations of biomass growth as mixing tree species can modify
tree allometry (Pretzsch 2014; Forrester er al. 2016) as well as
between-tree growth partitioning (Binkley ef al. 2003; Pretzsch &
Schiitze 2014), suggesting the need of specific functions for mixtures
(Forrester & Pretzsch 2015; del Rio ef al. 2016).

Our study focused on the TS and overyielding during the 15-year
period prior to the inventory (1999-2013). This period was chosen
because it covers sufficient years to provide meaningful information
on temporal variability in growth, while avoiding bias from tree mor-
tality or tree removal which could have interfered with the results
because mixing may change species-specific mortality rates (Zhao
et al. 2006; Condés & del Rio 2015).

Stand basal area was calculated as the sum of the cross-sectional area
(at 1-30 m above-ground level) of all the trees measured at a given time.
Stand basal area increments per year were determined based on cored
trees and non-cored trees. In the case of sampled trees, we used tree ring
series to reconstruct tree diameters over bark for each of the 15 years of
the study period. To estimate the diameter increments of non-cored
trees, we fitted diameter increment functions for each plot and species
per year, based on diameter increments and tree diameters of cored trees
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Fig. 1. Location of the 31 triplets of monospecific and mixed stands of Scots pine and European beech over the distribution of Pinus sylvestris
and Fagus sylvatica according to EUFORGEN (http://www.euforgen.org/distribution-maps/).

[31 triplets x 4 (two tree species in mixed and monospecific
stand) x 15 years = 1980 functions for the studied period 1999—
2013]. We used log—log models (In (id) = ap + a; x In(d)), where id
was the tree diameter increment for that year (cm year ') and d was the
tree diameter at breast height (cm).

Population level

To study the productivity at the population level, we additionally calcu-
lated the annual basal area increment (BAI,) per species in the mixed
plots. In order to compare species behaviour in mixed and monospecific
stands, we scaled up the species-specific basal area increment series in
mixed stands to 1 ha using species basal area proportions. As species
proportion can change from 1 year to another due to the different
annual basal area increments between species, we calculated species
proportions per year using the estimated annual basal area per species.

Individual tree level

At the individual tree level, we used the measured tree ring widths
from cored trees transformed to the individual tree basal area

increments. As the tree growth response to variability in environ-
mental conditions and to intra- and interspecific competition
depends on the trees’ social status (Martin-Benito ez al. 2008;
Zang, Pretzsch & Rothe 2012; del Rio, Condés & Pretzsch 2014),
we only used dominant and co-dominant trees (1691 trees) in this
study, selected from the diameter and height distributions per spe-
cies and plot.

DATA EVALUATION AND ANALYSIS

TS at different organizational levels

Temporal stability at the different organizational levels was calcu-
lated as the inverse of the coefficient of variation for the 15-year
study period, i.e. the ratio of mean basal area increment to its SD.
This measure of the temporal variation is often preferred to the
coefficient of variation, because the latter decreases with stability
and when the stability increases it approaches zero (Lehman &
Tilman 2000). Statistics of the mean, SD and TS of the annual basal
area increment at the different organizational levels are presented in
Table S3.
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The effect of mixing species on TS of productivity at the community
and population levels was analysed using a mixed linear model includ-
ing the species composition of the plot as a fixed factor. At the commu-
nity level, we first compared mixed vs. monospecific stands, and in a
second step, we considered species identity of monospecific plots. Data
were In-transformed to reduce heteroscedasticity in residuals.

In(TS;;) = (ap + ag;) + a; - composition + €;; eqn 1

where TS;; was the temporal stability of the annual basal area increment
for the plot i in the triplet j; composition was a dummy variable with
two levels, mixed and monospecific, or three levels, mixed, monospeci-
fic pine and monospecific beech; ay and a; were parameters to be esti-
mated. We included a random effect (ag) due to the hierarchical
structure of the data to account for possible correlation of the three plots
within a triplet. Covariates potentially influencing the TS as species
abundance or proportion, climatic attributes (Table S1) and their interac-
tion with species composition were tested. At the tree level, we fitted a
similar model but taking also the effect of tree size on TS into account.

In order to study the effect of mixing on the TS at the different
organizational levels, we first defined the mixing effect on the TS as
the ratio of the TS in mixed stands to the TS in monospecific stands
(TSmixed/TSmono), and then we analysed the correlation between the
ratios at the community, population and individual tree levels.

Overyielding

The over- or underyielding values per triplet at the community level
were estimated using the ratio of productivity (RPP) (Harper 1977),
RPP = } BAL 1ix/BAl; monos Where BAL i, is the observed basal
area increment (i.e. productivity) of species i in the mixed stand
and BAI, ;,0n0 s the basal area of species i in the monospecific stand.
BAI 1ix/BAL mono quantified the required land area of monospecific stand
to produce the same basal area for species i. If RPP > 1, the mixed stands
was more efficient in terms of productivity than the monospecific stands,
i.e. there was overyielding; if RPP < 1, there was underyielding (see del
Rio et al. 2016). We estimated the RPP per year and triplet for the 15-
year study period and then averaged them per triplet.

To estimate the overyielding at the population level, we used the
relative productivity per species (RP;) (Pretzsch et al. 2013; del Rio
et al. 2016), i.e. the ratio of the observed productivity of species i in
the mixed stand (up-scaled to one hectare) to the observed productiv-
ity of the respective species in the monocultures, RP; = (BAIL ;i /m;)/
BAI mono, Where m; was the species proportion estimated by the pro-
portion of species i in the stand basal area for a given year. As for
RPP, the RP; ratios were estimated per year and later averaged for the
15 years in order to consider the possible influence of temporal
changes on species proportion. We tested whether the mean RPP and
RP; were significantly different from one, i.e. significant over- or
underyielding, using a f-Student test. The possible relationship
between overyielding and TS at the different organizational levels
was assessed through simple linear models. At the community level,
we studied the possible influence of RPP on the temporal stability in
mixed stands (TSyixeq) and on the mixing effect (TSnixed/ TSmono)-
At the population level, we related the RP; to the mixing effect, i.e.
ratio of TS at the population level.

Species asynchrony

Asynchrony in species responses to environmental conditions in
mixed stands, hereafter called species asynchrony, was estimated by
the coefficient of correlation between the basal area growth series of
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the two species growing in mixed stands (rpixeq); @ value of —1
means complete asynchrony between species’ growth responses and
+1 indicates complete synchrony. This approach was similar to that
proposed by Gross et al. (2014), although in its simplest version of a
mixture composed of only two species. Additionally, we studied the
correlation between the basal area increment series of the two species
growing in the monospecific stands (ron0), as this correlation might
express the differences or the similarity in the dependence of the two
species on interannual environmental conditions without the potential
effect of species interactions on this dependence, i.e. asynchrony of
the species’ intrinsic response to environmental fluctuations (Loreau
& de Mazancourt 2013). Species asynchrony was estimated at the
community level by stand basal area increment series of the two spe-
cies. At the tree level, species asynchrony was studied by the species-
specific mean tree basal area increment series.

We explored the role of species asynchrony in TS in a similar way
to that for overyielding, i.e. using linear models for relating TS ixed
and the ratios of TS ixea/ TSmono 1O 7mixed aNd Fmono at the different
organizational levels. Furthermore, we tested whether there was any
relationship between species asynchrony and overyielding.

Temporal shifts in species interactions

To study the interannual variation in species interactions in terms of
productivity as a function of annual growing conditions, we used a
similar approach to that used in del Rio et al. (2014). Species interac-
tions were studied through the comparison of the annual productivity
in mixed stands (BAlixeq) to the corresponding reference productiv-
ity (BAl,s) assuming that there was no mixing effect, i.e. the two
species grow similarly in the mixture and in the monocultures. The
reference productivity was calculated as the sum of the productivities
of the two species in monospecific stands multiplied by their propor-
tion in the mixed stand (BAl.s = 2 BAI,m,) (Pretzsch et al. 2013;
del Rio et al. 2016). When the annual basal area increment in the
mixed stand was higher than the reference basal area increment, there
was a positive species interaction or overyielding; whereas when it
was lower, this indicated a negative interaction or underyielding. In
this section, the aim was to study the temporal variation in species
interactions independently from its net effect or overyielding. There-
fore, we standardized the observed and reference basal area increment
series by dividing them by the mean and we built the respective basal
area growth indices series (IBAlxeqa and IBAlg) to remove the net
overyielding effect for the 15 year period (see Fig. S1). The compar-
ison of the standardized series provided the interannual variation in
species interactions in terms of basal area increment.

A year was considered to have favourable growing conditions
when the IBAI was high and unfavourable when the IBAI was low.
To test whether annual species interactions in terms of basal area
increment vary depending on growing conditions, we fitted a linear
model relating the two growth indices (IBAlixea = f(IBAlf)). The
slope of this model reflected whether the interannual shifts in species
interactions in terms of basal area increment depended on annual
growing conditions expressed as growth rates. A slope higher than 1
meant that species interaction was greater (more positive or less nega-
tive) than the mean in high-growth years, and lower (less positive or
more negative) than the mean in low-growth years, whereas a slope
lower than 1 meant the opposite (see Fig. S1). Therefore, the
slope was used as an index to express the shifts in species interac-
tions with interannual growing conditions. As the two variables
(IBAIixeas IBALf) were assumed to be measured with the same error
and as we were interested in the slope and not in predicting
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IBAIixeq» We used a major regression to estimate the slope per triplet
and then explored if the slope estimates were related to TS ,ixeq and
Tsmixed/TSmono'

Results

TEMPORAL STABILITY AT THE DIFFERENT LEVELS:
COMMUNITY, SPECIES AND INDIVIDUAL TREE LEVEL

Community level

Temporal stability of the annual stand basal area increment
was on average 15% lower in the monospecific than in the
(P = 0-010),
TS = 4-99 and 5-90 respectively. When the composition of
monospecific stands was considered, the TS in monospecific

mixed stands the estimated mean being

European beech stands was 17% lower (estimated mean
4.88) than the mixed stands (P = 0-012), whereas for Scots
pine 13% (5-10) (P = 0-0434)
(Table S4). We tested the possible influence of climatic
variables and species proportion but found no significant
relationships. When analysing the mean and the SD of

the mean was lower

stand BAI, there were no statistical differences between
compositions.

Population level

There were no statistical differences between the TS of
annual basal area growth in mixed (expanded to hectare)
and in monospecific stands at the population levels
(Table S4). However, for pine, both the mean and the SD
of the annual basal area increment were significantly lower
in mixed than in monospecific stands (21% and 27%,
respectively), whereas for beech the mean and the SD were
significantly higher in mixed than in monospecific stands
(41% and 56%, respectively). Climatic variables and species
proportion did not explain TS variability for either of the
two species.

Individual tree level

Temporal stability in the annual tree basal area increment
was significantly different between the trees on the pure and

monospecific stands (Table S4). The inclusion of the tree
size or site covariates did not improve the basic model. The
increase in TS in monospecific stands was due to a higher
mean tree BAI, as the differences between monospecific and
mixed stands were only significant for the mean (P < 0-001)
and not for the SD. For beech, there were no differences in
tree TS between mixed and monospecific stands, but the tree
size had a significant effect on tree TS (Table S4). Both the
mean and the SD were significantly higher in the mixed
compared to the monospecific stands.

Overall effect

The results showed that at the community level the mixture
increased the stability of productivity, but this effect disap-
peared at the population level while at the tree level the
opposite effect was observed in the case of pine. The stabil-
ity was lower at the population level than at the community
level, particularly for beech (Fig. 2a). The observed mean
ratios TSpixea/ TSmono at the community level were 1-31 and
1-28 for beech and pine, respectively, whereas at the popula-
tion level, they were not significantly different from one.
There was a positive correlation (r) between the mixing
effect on stability at the two levels for both species
(r = 0763, P <0-0001 for pine; r = 0-716, P < 0-0001 for
beech). Interestingly, there was no correlation between the
effects of mixing on stability at the tree level with the corre-
sponding effects at the community (Fig. 2b) and population
levels.

OVERYIELDING

The mean RPP of all triplets was 1-12 and it was statistically
different from 1. This indicated that there was a general
overyielding in stand basal area growth although the variabil-
ity among triplets was large with some triplets showing
underyielding (Fig. S2a). The RPP was not related to any of
the site variables analysed, or to the TS in mixed stands.
Also, overyielding was not related to any of the mixing
effects of the TS at the community level (ratio of the TS in
mixed stands to monospecific stands) (Fig. S2a).

At the population level we found overyielding in the case
of beech (RPy =149) and underyielding for pine

mixed plots for pine (P <0-001), being greater in (RPy; = 0-87), both significantly different from one (note that
3 3
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there was no correlation between the RP; of the two species).
The TSpixea/ TSmono ratio at the population level (i.e. mixing
effect on stability) was negatively related to the relative pro-
ductivity by species (RP;) for pine (Fig. 2b). This suggested
that underyielding was linked to higher stability for pine at
the population level, but it is important to highlight the
absence of differences between mixed and monospecific
stands in the TS at this level.

SPECIES ASYNCHRONY

The mean coefficient of correlation between the basal area
increment series of beech and pine in the mixed stand
(Ymixea = 0-37) indicated that there was synchrony in species
responses to variation in environmental conditions in mixed
stands at the community level. However, there was a high
variability among triplets ranging from —0-84 to 0-89
(Fig. 3). The observed high negative values revealed the pres-
ence of a high species asynchrony at the community level for
some triplets. The respective mean correlation in monospecific
stands (Fmono), 1.€. the species’ intrinsic response to environ-
mental variations, was similar at 0-37 with a narrower range
(from —0-39 to 0-87). The latter indicated that in some tri-
plets the two species used the annually available site
resources differently, whereas in other cases, the response to
the interannual fluctuations in environmental conditions was
quite similar. However, the relationship between rxeq and
Tmono Was not significant (Fig. S3), reflecting that the mixture
might change the species-specific responses to annual envi-
ronmental conditions. The values of the correlation coefficient
between the species’ basal area increments were not signifi-
cantly related to any site characteristics.

The TS of community productivity in mixed stands
(TSpixea) could partially be explained by the species

2
=4

TSmixed/TSmono_Community

D

I mixed

Fig. 3. Relationship between the mixing effect on stability (TS ixed/
TSono_pine) and the species asynchrony expressed by the coefficient
of correlation between species increments (rmixeq) for Fagus sylvatica
(white triangles) and Pinus sylvestris (black circles). Straight lines are
the linear trend lines, dashed for beech (NS) and solid for pine
(TSmixed! TSmono_pine = 1:55-0-72 - Finixeds R*> = 025; P = 0-004).

Species interactions enhance stability in mixed forests T

asynchrony in mixed plots (Fig. S4a) (R* = 0-40, P < 0-001).
For coefficients of correlation higher than 0-6, the TSixeq
decreased notably, being always under the mean TS (6-08).
Therefore, when the species asynchrony was lower, the stabil-
ity in the mixture was lower. However, this relationship was
not significant when considering the correlation in monocul-
tures (asynchrony in species’ intrinsic response to environ-
mental variations) (Fig. S4b). The mixing effect on stability
at the community level (ratio TS ixea/TSmono) increased in the
case of pine when the species asynchrony in mixed stands
was higher (R2 = 0-25, P = 0-004), but this effect was not
significant for beech (Fig. 3).

Overyielding (RPP) was inversely related to species asyn-
chrony in mixed stands (7pixeq) at the community level
(R =020, P =0-011) (Fig. 4). However, this relationship
was not significant when relating RPP to the coefficient of
correlation in monocultures (rnone)-

At the individual tree level, the mean correlation between
the mean tree basal area growth series of beech and pine was
0-41 in mixtures, varying from —0-65 to 0-91, whereas the
respective mean correlation in monocultures was 0-32 with a
narrower range (from —0-35 to 0-77). In contrast to the
results observed at the community level, the coefficients of
correlation in mixed and monospecific stands were correlated
(r =043, P=10-0161). The coefficients of correlation at the
tree level and at the community level were positively corre-
lated in mixed stands (r = 0-58, P < 0-0005) and in monocul-
tures (r = 0-74, P < 0-0001). The asynchrony at the tree level
was not related to the TS at the individual tree and species
levels.

TEMPORAL SHIFTS IN SPECIES INTERACTIONS

The results of the major regression per triplet, relating the
observed and reference stand basal area growth indices,
indicated that the slope was statistically different from one

RPP

-1 -0-5 0 0-5 1

rmixed

Fig. 4. Relationship between the overyielding (RPP) and the coeffi-
cient of correlation between species increments in mixed stands
(Fmixea) (RPP = 1:23-0-29 - rypiceas R = 0-20; P = 0-011).
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for nine out of the 31 triplets (P < 0-05), four having a
slope higher than one and five with a slope lower than one
(Table S5). The relationship between the temporal stability
in mixed stands (TS,;,) and the slope values was negative
(R* =021, P=0-010) (Fig. S5). As with other variables,
site characteristics were not significant. The slopes were
also negatively related to the mixing effect on stability
(TSmmixed/TSmono)-  Figure 5 shows that lower slopes were
linked to those triplets where the TS was higher in mixed
than in monospecific stands and this is particularly notable
(R* =053, P<0001 for pine; R*=032,
P =0-001 for beech). Thus, the change in temporal varia-

for pine

tion of productivity in mixed stands compared to monocul-
linked to a temporal species
interaction. This interaction was more positive (or less neg-
ative) in low-growth years and more negative (or less posi-

tures was variation in

tive) in high-growth years. In triplets where the stability
was higher in monospecific stands, the slopes tended to be
greater than one, which meant more positive interactions in
high-growth years and more negative interactions in low-
growth years.

The slopes explained part of the variability in the coeffi-
cient of correlation between the basal area increment series of
beech and pine in the mixed stand or species asynchrony
(Fmixea) (R? = 0-16, P = 0-027) (Fig. S6). These positive rela-
tionships suggest that part of the asynchrony observed in
mixed stands might be caused by temporal changes in species

interactions.
3
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Fig. 5. Relationship between the mixing effects on temporal stability
in basal area increment (TS ixea/ TSmono) at the community level and
the slope of the major regression between observed and reference
stand basal area growth indices in mixed stands (IBAlxea =a + b -
IBAlLcference; see text and Fig. S1 for additional information) for
Fagus sylvatica (white triangles) and Pinus sylvestris (black circles).
The slope is an index of the temporal shifts in species interactions
depending on growth rates; slopes lower than 1 indicate more positive
(or less negative) interactions in years of low growth. Straight lines
are the linear trend lines, dashed for beech (TSyixed
TSmono_beech = 1:98-0-64 - Slope; R?>=0-32; P =0-001) and solid
for  pine  (TSmixea/ TSmono_pine = 2:48-1-14 - Slope; ~ R* = 0-53;
P < 0-001).

Discussion

DRIVERS OF THE TS AND THE LEVEL OF
PRODUCTIVITY

Overyielding

Overyielding was found to contribute to the stabilization of
productivity in different types of communities (Isbell, Polley
& Wilsey 2009; Hector et al. 2010; Jucker et al. 2014). Our
analysis showed a significant overyielding at the community
level, but it was not linked to the TS of productivity
(Fig. S2). This result for our two species mixture contrasts
with the findings of Jucker et al. (2014) for tree mixtures of
two to four species. Based on long-term simulations, Morin
et al. (2014) reported that the TS was weakly driven by
overyielding, which is in line with our results. However, it is
important to consider that the stabilizing effect of overyield-
ing may increase with species diversity, and may therefore
have a relatively small effect in two-species mixtures, such as
in our case (Hector et al. 2010).

Species asynchrony

The important role of species asynchrony in community sta-
bility has been highlighted recently in many studies (Roscher
et al. 2011; Bliithgen et al. 2016). The results from our study
indicated that asynchrony in species growth in mixed stands,
which can be interpreted as a temporal niche complementarity
(Loreau 2010, p. 132), was an important driver of the TS
(Figs 3 and S4a). However, it should be noted that in our
case, species asynchrony in monospecific stands was not
related to stability (Fig. S4b). This indicated that intrinsic spe-
cies-specific responses to environmental fluctuations observed
in monospecific stands are not necessarily a good indicator of
the stabilizing effect that emerges when species are mixed
(Gross et al. 2014). The mixing of Scots pine and European
beech changed the intrinsic species responses to yearly envi-
ronmental variations at the community level in comparison to
monospecific stands. Previous studies concerning forests have
reported changes in the growth response to extreme droughts
between mixed and monospecific stands (Lebourgeois et al.
2013; Pretzsch et al. 2013), although the results depended on
species composition (Grossiord ef al. 2014; Merlin et al.
2015). Nevertheless, those studies were either mainly based
on tree level growth analyses or made no attempt to link the
tree and community level analyses.

The species asynchrony—overyielding relationship (Fig. 4)
contradicted the hypothesis stated by Jucker er al. (2014),
who argued that species asynchrony might not influence
overyielding because it would require a rapid response in for-
est dynamics to environmental conditions. Our results sug-
gest, however, that asynchrony in species annual growth,
expressing temporal niche complementarity, might be an
important mechanism driving overyielding in this mixture.
Nevertheless, both studies did not consider the diversity effect
on mortality. This may influence overyielding, as well as TS,
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because significant effects of mixing species on tree mortality,
self-thinning lines and stand density indices have been
reported previously (Binkley 1984; Binkley e al. 2003; Woo-
dall, Miles & Vissage 2005; Condés & del Rio 2015; Pret-
zsch & Biber 2016).

Temporal shifts in species interactions

We found the higher TS in mixed stands to be linked to inter-
annual shifts in species interactions that mitigated the growth
responses to environmental fluctuations in mixed stands in
comparison to monospecific ones (Figs 5 and SS5). That is,
the temporal variation in niche complementarity between spe-
cies may be one of the main factors underlying the increase
in TS. These results provide empirical support of the simula-
tion-based findings of Morin et al. (2014), which pointed out
the greater importance of species interactions as opposed to
species-intrinsic  differences in responses to environmental
conditions.

TEMPORAL STABILITY AND OVERYIELDING AT
DIFFERENT LEVELS

The different stabilizing effects of species mixing at the dif-
ferent organizational levels were in accordance with theory-
based expectations (Tilman 1999; Loreau & de Mazancourt
2013) and showed that the general pattern found in diver-
sity—TS relationships at the community level also occur in
the case of mixed forests with two species. Generally, spe-
cies diversity increases the TS of productivity at the commu-
nity level, but a high variability in this effect was reported
at the population level (Jiang & Pu 2009). We found a sta-
bilizing effect at the community level, but a neutral effect at
the population level. The lack of any destabilizing effect at
the population level might be explained by the slower
dynamics of forests, requiring long periods before any
change in relative species abundance occurs, this factor
plays an important role in diversity—population stability
(Roscher et al. 2011). Accordingly, a negative diversity
effect on population stability was found by Morin et al.
(2014) based on long-term simulations from a process-based
succession model.

Mixing species resulted in a destabilizing effect on individ-
ual pines, whereas in the case of beech, a neutral effect was
found. The differences between the population and individual
tree level responses for pine may be due to the fact that only
dominant and co-dominant trees were explored at the tree
level. Thus, a stabilizing effect might be expected in sup-
pressed trees, highlighting the importance of considering tree
social status. Our results also indicated that the differences in
species asynchrony in growth responses to environmental
fluctuations between mixed and monospecific stands were
lower at tree than at the community level. These results
underlined the need for further studies at the community level
and the importance of linking both levels. An important find-
ing was that mixing effects that were evident at the mean tree
or population levels do not necessarily have any far-reaching

Species interactions enhance stability in mixed forests 9

relevance at the community level. Studies that apply an indi-
vidual tree level approach may overlook any compensation
effects at the population or community levels and lead to
questionable predictions when the results from individual
dominant trees are scaled up to the community level
responses. It is important to underline the possible mixing
effect on size distributions (Pretzsch & Schiitze 2014, 2015),
which can cause the contrasting effects at different levels, and
contribute to misleading results if not taken into account
when up-scaling.

Moreover, both the overyielding of mixed-species stands at
the community level and the differences in growth stability at
the community, population and individual tree levels point to
a multiplicative character of mixing effects. Thus, modelling
approaches should not simply derive mixed stand dynamics
from the weighted mean of the respective monocultures but
reproduce the spatial and temporal interspecific interactions
between the combined species (Pretzsch, Forrester & Rotzer
2015).

ENVIRONMENTAL DRIVERS

The experimental design of our study was originally devel-
oped to examine whether the temporal variability of produc-
tivity in monocultures and mixed-species stands depended on
the site-specific water availability (Pretzsch er al. 2015).
Many dendrochronological studies suggest that trees at
drought prone sites may frequently suffer water limitation and
therefore present more distinct fluctuations between high- and
low-growth years (Fritts 2001). However, we found no signif-
icant effect of precipitation or the de Martonne aridity index
on the TS of productivity. This finding may be due to other
environmental factors which could modify the effect of water
availability and confound any productivity—water relationship.
Indeed, the high variability in species asynchrony observed in
monospecific stands along the transect at both the community
and mean tree levels (rphono from negative values to almost
1), suggested that different environmental factors might be
influencing species-specific growth at the different sites. Simi-
larly, species over- or underyielding (RPP;) were not corre-
lated, indicating that different environmental factors influence
the mixing effect for each species.

Few studies have quantified the effects of European beech
and Scots pine interactions on water, light or nutrient avail-
ability, uptake or use efficiencies. Water-related interactions
may play a role as a result of interspecific differences in inter-
ception (Nihlgard 1970; Augusto et al. 2002; Staelens et al.
2006; Gerrits, Pfister & Savenije 2010; Van Nevel 2015), the
isohydric behaviour of pine vs. the anisohydric behaviour of
beech (Hartmann 2011) and contrasting vertical root distribu-
tions and litter layers (Bonnemann 1939; Knapp 1991; Heins-
dorf 1999), which may influence the vertical profile of water
availability and uptake. The seasonality of resource use by a
given species can also be modified by mixing, as shown for
transpiration and light (Forrester ef al. 2010; Sapijanskas
et al. 2014). Further studies on the water and nutrient pools
and fluxes might be required to determine their contribution
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to the temporal niche complementarity effects shown here for
the mixture of pine and beech.

Concluding remarks

Spatial and temporal species’ complementarity in structure or
functioning seems to be essential to increase the level and sta-
bility of productivity in mixed compared to monospecific
stands. In our two-species mixture, species asynchrony in
growth response to environmental fluctuations in mixed
stands was shown to increase both the level and stability of
productivity. This mechanism, together with the temporal
shifts in species interactions suggested the important role of
temporal niche complementarity in the stabilizing process. We
found that this stabilizing effect did not depend on the site
water supply or humidity, suggesting that the stabilization
resulted from various complementarity effects together. This
species assemblage may provide a model example for other
widespread species combinations regarding the degree of spa-
tial and temporal complementarity. Other common conifer-
broadleaved mixtures of early and late-successional species or
shade intolerant and tolerant species may behave similarly in
terms of the level and the TS of productivity.

Author’s contributions

M.R. and H.P. conceived the ideas and designed methodology; all authors,
except D.F., contributed to data collection; M.R. and R.R. analysed the data;
MR., HP., RR, KB., L.C., DF., QP., HS. and A.B. contributed to the
results interpretation and discussion; M.R. and H.P. led the writing of the
manuscript; All authors contributed critically to the drafts and gave final
approval for publication.

Acknowledgements

The networking in this study was supported by the COST Action FP1206
EuMIXFOR. All contributors thank their national funding institutions and the
woodland owners for agreeing to establish, measure, and analyse data from the
triplets. Thanks to Sonia Condés for providing Fig. 1. The first author thanks
the Spanish project AGL2014-51964-C2-2-R.

Data accessibility

Data available from the Dryad Digital Repository http://dx.doi.org/10.5061/
dryad.fq4tk (del Rio er al. 2017).

References

Allan, E., Weisser, W., Weigelt, A., Roscher, C., Fischer, M. & Hillebrand, H.
(2011) More diverse plant communities have higher functioning over time
due to turnover in complementary dominant species. Proceedings of the
National Academy of Science USA, 108, 17034-17039.

Augusto, L., Ranger, J., Binkley, D. & Rothe, A. (2002) Impact of several
common tree species of European temperate forests on soil fertility. Annals
of Forest Science, 59, 233-253.

Binkley, D. (1984) Importance of size-density relationships in mixed stands of
Douglas-fir and Red alder. Forest Ecology and Management, 9, 81-85.

Binkley, D., Senock, R., Bird, S. & Cole, T. (2003) Twenty years of stand
development in pure and mixed stands of Eucalyptus saligna and nitrogen-
fixing Falcataria mollucana. Forest Ecology and Management, 182, 93—
102.

Bliithgen, N., Simons, N.K., Jung, K. er al. (2016) Land use imperils plant and
animal community stability through changes in asynchrony rather than diver-
sity. Nature Communications, 7, 10697.

Bonnemann, A. (1939) Der gleichaltrige Mischbestand von Kiefer und Buche.
Mitt Forstwirtsch u Forstwiss, 10, 45.

Cavard, X., Bergeron, Y., Chen, H.Y.H. & Pare, D. (2010) Mixed-species
effect on tree aboveground carbon pools in the east-central boreal forests.
Canadian Journal of Forest Research, 40, 37-47.

Chen, H.Y., Klinka, K., Mathey, A.H., Wang, X., Varga, P. & Chourmouzis,
C. (2003) Are mixed-species stands more productive than single species
stands: an empirical test of three forest types in British Columbia and
Alberta. Canadian Journal of Forest Research, 33(7), 1227-1237.

Condés, S. & del Rio, M. (2015) Climate modifies tree in interactions in terms of
basal area growth and mortality in monospecific and mixed Fagus sylvatica and
Pinus sylvestris forests. European Journal of Forest Research, 134, 1095-1108.

DeClerk, F.A.J., Barbour, M.G. & Sawyer, J.O. (2006) Species richness and
stand stability in conifer forests of the Sierra Nevada. Ecology, 97, 2787—
2799.

de Dios-Garcia, J., Pardos, M. & Calama, R. (2015) Interannual variability in
competitive effects in mixed and monospecific forests of Mediterranean stone
pine. Forest Ecology and Management, 358, 230-239.

Forrester, D.I. (2014) The spatial and temporal dynamics of species interactions
in mixed-species forests: from pattern to process. Forest Ecology and Man-
agement, 312, 282-292.

Forrester, D.I. & Pretzsch, H. (2015) Tamm review: on the strength of evidence
when comparing ecosystem functions of mixtures with monocultures. Forest
Ecology and Management, 356, 41-53.

Forrester, D.I., Theiveyanathan, S., Collopy, J.J. & Marcar, N.E. (2010)
Enhanced water use efficiency in a mixed Eucalyptus globulus and Acacia
mearnsii plantation. Forest Ecology and Management, 259, 1761-1770.

Forrester, D.I., Benneter, A., Bouriaud, O. & Bauhus, J. (2016) Diversity and
competition influence tree allometric relationships — developing functions for
mixed-species forests. Journal of Ecology. doi: 10.1111/1365-2745.12704

Fritts, H.C. (2001) Tree Rings and Climate. Blackburn Press, Caldwell, NJ,
USA.

Gamfeldt, L., Snall, T., Bagchi, R. et al. (2013) Higher levels of multiple
ecosystem services are found in forests with more tree species. Nature Com-
munications, 4, 1340.

Gerrits, A.M.J., Pfister, L. & Savenije, H.H.G. (2010) Spatial and temporal
variability of canopy and forest floor interception in a beech forest. Hydro-
logical Processes, 24, 3011-3025.

Gross, K., Cardinale, B.J., Fox, J.W., Gonzalez, A., Loreau, M., Polley, HW.,
Reich, P.B. & van Ruijen, J. (2014) Species richness and the temporal stabil-
ity of biomass production: a new analysis of recent biodiversity experiments.
The American Naturalist, 183, 1-12.

Grossiord, C., Granier, A., Ratcliffe, S. er al. (2014) Tree diversity does not
always improve resistance of forest ecosystems to drought. Proceedings of the
National Academy of Science USA, 111(41), 14812-14815.

Hallett, L.M., Hsu, J.S., Cleland, E.E., Collins, S.L., Dickson, T.L. &
Farrer, E.C.E.A. (2014) Biotic mechanisms of community stability shift along
a precipitation gradient. Ecology, 95, 1693—1700.

Harper, J.L. (1977) Population Biology of Plants. Academic Press, London,
UK.

Hartmann, H. (2011) Will a 385 million year-struggle for light become a strug-
gle for water and for carbon? — How trees may cope with more frequent cli-
mate change-type drought events. Global Change Biology, 17, 642-655.

Hector, A., Hautier, Y., Saner, P. et al. (2010) General stabilizing effects of
plant diversity on grassland productivity at multiple sites through population
asynchrony and overyielding. Ecology, 91, 2213-2220.

Heinsdorf, D. (1999) Das Revier Sauen - Ein Beispiel fiir erfolgreichen Wal-
dumbau, Band VI. Schriftenreihe des Ministeriums fiir Erndhrung, Land-
wirtschaft ~ und Forsten, Schriftenreihe,
Landesforstanstalt Eberswalde, Ministerium fiir Erndhrung, Landwirtschaft
und Forsten, Brandenburg, Germany.

Isbell, F.I., Polley, HW. & Wilsey, B.J. (2009) Biodiversity, productivity and
the temporal stability of productivity: patterns and processes. Ecology Letters,
12, 443-451.

Ives, AR. & Carpenter, S.R. (2007) Stability and diversity of ecosystems.
Science, 317, 8-62.

Jiang, L. & Pu, Z. (2009) Different effects of species diversity on temporal sta-
bility in single-trophic and multitrophic communities. American Naturalist,
174, 651-659.

Jucker, T., Bouriaud, O., Avacariei, D. & Coomes, D.A. (2014) Stabilizing
effects of diversity on aboveground wood production in forest ecosystems:
linking patterns and processes. Ecology Letters, 17, 1560—1569.

Jucker, T., Avacaritei, D., Barnoaiea, I., Duduman, G., Bouriaud, O. &
Coomes, D.A. (2016) Climate modulates the effects of tree diversity on for-
est productivity. Journal of Ecology, 104, 388-398.

Eberswalder  Forstliche

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology


http://dx.doi.org/10.5061/dryad.fq4tk
http://dx.doi.org/10.5061/dryad.fq4tk
https://doi.org/10.1111/1365-2745.12704

Knapp, E. (1991) Zur Wuchsleistung der Unterbaubuche im ungleichaltrigen
Kiefern-Buchen-Mischbestand vor und nach ihrer Ubernahme als Hauptbe-
stand auf Standorten des norostdeutschen Tieflandes, Bericht von der
Jahrestagung 1991 der Sektion Ertragskunde im Deutschen Verband Forstli-
cher Forschungsanstalten in Treis-Karden/Mosel, pp. 96-110.

Lebourgeois, F., Gomez, N., Pinto, P. & Merian, P. (2013) Mixed stands
reduce Abies alba tree-ring sensitivity to summer drought in the Vosges
mountains, western Europe. Forest Ecology and Management, 303, 61-71.

Lehman, C.L. & Tilman, D. (2000) Biodiversity, stability and productivity in
competitive communities. American Naturalist, 156, 534-552.

Liang, J., Crowther, TW., Picard, N. et al. (2016) Positive biodiversity—produc-
tivity relationship predominant in global forests. Science, 354, aaf8957. doi:
10.116/science.aaf8957.

Loreau, M. (2010) From Populations to Ecosystems: Theoretical Foundations
for a New Ecological Synthesis. Monographs in Population Biology. Prince-
ton University Press, Princeton, NJ, USA.

Loreau, M. & de Mazancourt, C. (2013) Biodiversity and ecosystem stability: a
synthesis of underlying mechanisms. Ecology Letters, 16, 106—115.

Loreau, M. & deMazancourt, C. (2008) Species synchrony and its drivers: neu-
tral and nonneutral community dynamics in fluctuating environments. Ameri-
can Naturalist, 172, E48-E66.

Martin-Benito, D., Cherubini, P., del Rio, M. & Canellas, 1. (2008) Growth
response to climate and drought in Pinus nigra Arn. trees of different crown
classes. Trees — Structure and Function, 22, 363-373.

McCann, S.K. (2000) The diversity—stability debate. Nature, 405, 228-233.

Merlin, M., Perot, T., Perret, S., Korboulewsky, N. & Vallet, P. (2015)
Effects of stand composition and tree size on resistance and resilience to
drought in sessile oak and Scots pine. Forest Ecology and Management,
339, 22-33.

Metz, J., Annighofer, P., Schall, P., Zimmermann, J., Kahl, T., Schulze, E.d.
& Ammer, C. (2016) Site-adapted admixed tree species reduce drought sus-
ceptibility of mature European beech. Global Change Biology, 22, 903—
920.

Morin, X., Fahse, L., de Mazancourt, C., Scherer-Lorenzen, M. & Bugmann,
H. (2014) Temporal stability in forest productivity increases with tree
diversity due to asynchrony in species dynamics. Ecology Letters, 17,
1526-1535.

Nihlgard, B. (1970) Precipitation, its chemical composition and effect on soil
water in a Beech and a Spruce forest in south Sweden. Oikos, 21, 208—
217.

Paquette, A. & Messier, C. (2011) The effect of biodiversity on tree productiv-
ity: from temperate to boreal forests. Global Ecology and Biogeography, 20,
170-180.

Piotto, D. (2008) A meta-analysis comparing tree growth in monocultures and
mixed plantations. Forest Ecology and Management, 255, 781-786.

van der Plas, F., Manning, P., Soliveres, S. et al. (2016) Biotic homogenization
can decrease landscape-scale forest multifunctionality. Proceedings of the
National Academy of Science USA, 113, 3557-3562.

Pretzsch, H. (2014) Canopy space filling and tree crown morphology in mixed-
species stands compared with monocultures. Forest Ecology and Manage-
ment, 327, 251-264.

Pretzsch, H. & Biber, P. (2016) Tree species mixing can increase maximum
stand density. Canadian Journal of Forest Research, 46, 1179-1193.

Pretzsch, H., Forrester, D.I. & Rotzer, T. (2015) Representation of species mix-
ing in forest growth models. A review and perspective. Ecological Model-
ling, 313, 276-292.

Pretzsch, H. & Schiitze, G. (2014) Size-structure dynamics of mixed versus
pure forest stands. Forest Systems, 23, 560-572.

Pretzsch, H. & Schiitze, G. (2015) Effect of tree species mixing on the size
structure, density and yield forest stands. European Journal of Forest
Research, 135, 1-22.

Pretzsch, H., Schiitze, G. & Uhl, E. (2013) Resistance of European tree species
to drought stress in mixed versus pure forests: evidence of stress release by
interspecific facilitation. Plant Biology, 15, 483-495.

Pretzsch, H., Bielak, K., Block, J. et al. (2013) Productivity of mixed versus
pure stands of oak (Quercus petraea (Matt.) Liebl. and Quercus robur L.)
and European beech (Fagus sylvatica L.) along an ecological gradient. Euro-
pean Journal of Forest Research, 132, 263-280.

Pretzsch, H., Rotzer, T., Matyssek, R., Grams, T.E.E., Haberle, K.-H., Pritsch,
K., Kerner, R. & Munch, J.C. (2014) Mixed Norway spruce (Picea abies
[L.] Karst) and European beech (Fagus sylvatica [L.] stands under drought:
from reaction pattern to mechanism. Trees — Structure and Function, 28,
1305-1321.

Pretzsch, H., del Rio, M., Ammer, C. et al. (2015) Growth and yield of mixed
versus pure stands of Scots pine (Pinus sylvestris L.) and European beech

Species interactions enhance stability in mixed forests 11

(Fagus sylvatica L.) analysed along a productivity gradient through Europe.
European Journal of Forest Research, 134, 927-947.

Pretzsch, H., del Rio, M., Schiitze, G. et al. (2016) Mixing of Scots pine
(Pinus sylvestris L.) and European beech (Fagus sylvatica L.) enhances struc-
tural heterogeneity, and the effect increases with water availability. Forest
Ecology and Management, 373, 149-166.

del Rio, M., Condés, S. & Pretzsch, H. (2014) Analyzing size-symmetric vs.
size-asymmetric and intra- vs. inter-specific competition in beech (Fagus
sylvatica L.) mixed stands. Forest Ecology Management, 325, 90-98.

del Rio, M., Schiitze, G. & Pretzsch, H. (2014) Temporal variation of competi-
tion and facilitation in mixed species forests in Central Europe. Plant Biol-
ogy, 16, 166-176.

del Rio, M., Pretzsch, H., Alberdi, I. et al. (2016) Characterization of the struc-
ture, dynamics, and productivity of mixed species stands: review and per-
spectives. European Journal of Forest Research, 135, 23-49.

del Rio, M., Pretzsch, H., Ruiz-Penaido, R. ef al. (2017) Data from: Species
interactions increase the temporal stability of community productivity in
Pinus sylvestris-Fagus sylvatica mixtures across Europe. Dryad Digital
Repository, http://dx.doi.org/10.5061/dryad.fq4tk.

Roscher, C., Weigelt, A., Proulx, R., Marquard, E., Schumacher, J., Weisser,
W.W. & Schmid, B. (2011) Identifying population- and community level
mechanisms of diversity-stability relationships in experimental grasslands.
Journal of Ecology, 99, 1460—1469.

Sapijanskas, J., Paquette, A., Potvin, C., Kunert, N. & Loreau, M. (2014) Trop-
ical tree diversity enhances light capture through crown plasticity and spatial
and temporal niche differences. Ecology, 95, 2479-2492.

Staelens, J., Schrijver, A.D., Verheyen, K. & Verhoest, N.E.C. (2006) Spatial
variability and temporal stability of throughfall water under a dominant beech
(Fagus sylvatica L.) tree in relationship to canopy cover. Journal of Hydrol-
ogy, 330, 651-662.

Tilman, D. (1999) The ecological consequences of changes in biodiversity: a
search for general principles. Ecology, 80, 1455-1474.

Tilman, D., Lehman, C.L. & Bristow, C.E. (1998) Diversity-stability relation-
ships: statistical inevitability or ecological consequence? American Naturalist,
151, 277-282.

Toigo, M., Vallet, P., Perot, T., Bontemps, J., Piedallu, C. & Courbaud, B.
(2015) Overyielding in mixed forests decreases with site productivity. Jour-
nal of Ecology, 103, 502-512.

Van Nevel, L. (2015) Tree species Effects on Cd and Zn Mobility After
Afforestation of Contaminated Soils in the Campine region (Northern
Belgium). Faculty of Bioscience Engineering, Ghent University, Ghent,
Belgium.

Vila, M., Carrillo-Gavilan, A., Vayreda, J. ef al. (2013) Disentangling biodi-
versity and climatic determinants of wood production. PLoS ONE, 8,
€53530.

Woodall, C.W., Miles, P.D. & Vissage, J.S. (2005) Determining maximum
stand density index in mixed species stands for strategic-scale stocking
assessments. Forest Ecology and Management, 216, 367-377.

Xu, Z., Ren, H., Li, M.H. et al. (2015) Environmental changes drive the temporal
stability of semi-arid natural grasslands through altering species asynchrony.
Journal of Ecology, 103, 1308-1316.

Yachi, S. & Loreau, M. (1999) Biodiversity and ecosystem productivity in a
fluctuating environment: the insurance hypothesis. Proceedings of the
National Academy of Science USA, 96, 1463-1468.

Zang, C., Pretzsch, H. & Rothe, A. (2012) Size-dependent responses to summer
drought in Scots pine, Norway spruce and common oak. Trees — Structure
and Function, 26, 557-569.

Zhao, D., Borders, B., Wilson, M. & Rathbun, S.L. (2006) Modeling neighbor-
hood effects on the growth and survival of individual trees in a natural tem-
perate species-rich forest. Ecological Modelling, 196, 90-102.

Received 11 July 2016; accepted 15 December 2016
Handling Editor: Andrew Hector

Supporting Information

Details of electronic Supporting Information are provided below.

Table S1. Overview of the 31 mixed Pinus sylvestris—Fagus sylvatica
triplets included in this analysis.

Table S2. Stand characteristics of monospecific and mixed-species
stands of the triplets.
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Table S3. Description of the mean, SD and stability of the annual
basal area increment at the different organizational levels observed in
monospecific and mixed-species stands.

Table S4. Fixed effect results at the community level, population level
and the individual tree level for the prediction of the temporal stability,
mean and SD of the annual basal area increment.

Table S5. Estimates of the slope of the major regression between
observed and reference stand basal area growth indices in mixed stands.

Fig. S1. Example of the process of standardization and analysis of tem-
poral variation in species interactions.

Fig. S2. Relationship between the mixing effect on stability and the
overyielding.

Fig. S3. Relationship between the coefficient of correlations of species
stand basal area at the community level in mixed and monospecific
stands.

Fig. S4. Relationships between the temporal stability of the stand basal
area increment in mixed stands and the species asynchrony in mixed
and monospecific stands.

Fig. S5. Relationship between the temporal stability of the stand basal
area increment in mixed stands and the slope of the major regression
between observed and reference stand basal area growth indices in
mixed stands.

Fig. S6. Relationship between the species asynchrony in mixed stands
and the slope of the major regression between observed and reference
stand basal area growth indices in mixed stands.
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