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Summary

1. There is a rising interest in the role of species diversity in ecosystem functioning and services,
including productivity. Yet, how the diversity–productivity relationship depends on species identity
and abiotic conditions remains a challenging issue.
2. We analysed mixture effects on species productivity along site productivity gradients, calculated
from a set of abiotic factors, in two biogeographic contexts (highlands and lowlands). We compared
the productivity of 5 two-species mixtures (i.e. 10 cases of mixed species) with that of monocultures
of the same species. Five main European tree species were considered: sessile oak (Quercus petraea
Liebl.), Scots pine (Pinus sylvestris L.), European beech (Fagus sylvatica L.), silver fir (Abies alba
Mill.) and Norway spruce (Picea abies (L.) H. Karst).
3. Our data set was compiled from the 2006 to 2010 French National Forest Inventory data base
and covers 2361 plots including pure and mixed stands.
4. Overall productivity of mixtures in highlands, that is European beech–Norway spruce, European
beech–silver fir and to a lesser extent, silver fir–Norway spruce, was found to be higher than
expected from the productivity of corresponding monospecific stands. Overyielding was mainly due
to European beech for the first two mixtures and to silver fir for the third one.
5. No effect of mixture was found for sessile oak–Scots pine and sessile oak–European beech stands
in lowlands. Overyielding of sessile oak mixed with Scots pine was not strong enough to signifi-
cantly increase overall stand productivity. Overyielding of European beech was balanced by an un-
deryielding of sessile oak.
6. The mixture effect changed along site productivity gradients for six cases out of the 10 studied,
with a stronger and positive effect on sites with low productivity. The magnitude of this change
along site productivity gradients varied up to 89% depending on the tree species.
7. Synthesis. The nature of species interaction in mixtures with regard to productivity changes with
species assemblage and abiotic conditions. Overyielding is strongest when species grow in highlands
on less productive sites. A negative link between mixture effect and site productivity was found, in
line with the stress-gradient hypothesis.

Key-words: abiotic gradient, basal area increment, diversity, National Forest Inventory, plant–
plant interactions, site productivity index, tree

Introduction

There is a rising interest in the role species diversity plays in
ecosystem services and in ecosystem functioning (Cardinale
et al. 2012; Hooper et al. 2012; Gamfeldt et al. 2013). Partic-

ular emphasis has been placed on the effect of vegetation
diversity on ecosystem productivity, the so-called diversity–
productivity relationship (Rajaniemi 2003). This relationship
has been studied both in herbaceous communities (Hector
et al. 1999) and in forests (Zhang, Chen & Reich 2012) with
contrasting results ranging from positive to negative (Mittel-
bach et al. 2001). How abiotic conditions shape these*Correspondence author: E-mail: patrick.vallet@irstea.fr
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relationships in ecosystem productivity is a crucial question.
Species interactions are dependent on the abiotic conditions,
but little is known about how the sign and the magnitude of
the outcome of interactions change along abiotic gradients
(Chamberlain, Bronstein & Rudgers 2014).
Sampling effects and complementarity are the two classic

mechanisms proposed to explain the positive effect of diversity
on productivity (Loreau & Hector 2001). Sampling effects stem
from the fact that, within a limited regional species pool, the
probability that a community will include a highly productive
dominant species increases with species richness (Tilman, Leh-
man & Thomson 1997) and this may blur the processes
influencing productivity in highly diverse communities. Com-
plementarity encompasses facilitation and resource partitioning.
Facilitation is defined as the improvement of a given species’
habitat by its neighbouring species (Vandermeer 1989; e.g.
when nurse species such as shrubs protect seedlings from solar
radiation; Callaway 1992), or the increase in a limiting resource
thanks to another species (e.g. N2-fixing species can increase
available nitrogen; Forrester et al. 2006). Resource partitioning
refers to how species with dissimilar ecological niches share
resources in a way that leads to a higher total consumption of
resources per surface unit than in monocultures (Jolliffe 1997).
Resource partitioning can also occur due to differences in
resource use efficiency (Nijs & Impens 2000), differences in
annual growth rhythms leading to a spatial or temporal comple-
mentarity in resource use (Pretzsch 2005), plasticity in soil or
light resource acquisition (Jumpponen et al. 2002; Ishii, Azuma
& Nabeshima 2013) or stand vertical structure (Morin et al.
2011) leading to canopy stratification (Ishii & Asano 2010).
Most studies on the effects of diversity on productivity have

been conducted in limited abiotic contexts and do not explicitly
take into account possible variations related to changing abiotic
conditions. Yet, the environmental-context dependency of the
complementarity effect has been found for facilitation as well
as resource partitioning. The stress-gradient hypothesis (Bert-
ness & Callaway 1994) posits a transition from competition in
favourable environments to facilitation in harsh environments,
also suggested by Grime’s (1977) triangle of plant strategies.
The stress gradient may be defined by comparing species pro-
ductivity across biomes with contrasted abiotic conditions (e.g.
arid environment versus temperate). However, the species pools
differ between these biomes. Because species are more or less
adapted to particular abiotic conditions, how the abiotic context
is actually growth limiting for the species considered is difficult
to state. A stronger positive effect of diversity has been found
in boreal forest compared to temperate forest (Paquette & Mess-
ier 2011), and despite the more harsh conditions in the boreal
biome, the question of the environmental determinism of this
result remains (Zhang, Chen & Reich 2012; Ruiz-Benito et al.
2014). Identifying the abiotic factors limiting species growth
and quantifying the change in species productivity with the var-
iation of those factors at a local scale is needed for an appropri-
ate definition of site productivity gradients. Fridley (2003)
found that soil fertility promotes resource partitioning for light
by enhancing canopy stratification, and Forrester et al. (2013)
hypothesized that the effect of root stratification might be

stronger at low fertility sites where competition for resources is
higher. These studies underscore the influence of the abiotic
conditions on the diversity effect and stress the importance of
defining site productivity gradients relative to the abiotic factors
limiting species growth.
Studying the diversity–productivity relationship in forests

ecosystems is particularly difficult. First, the long life span of
tree species and the size of mature trees make it difficult to
carry out experiments in controlled conditions with homoge-
neous soils and climates, especially for mature forests. Only a
few long-term experiments exist and they include a limited
number of species (Brown 1992; Pretzsch 2005; Boyden et al.
2009). Secondly, forest growth models need to take into
account more factors than those in herbaceous communities, in
particular ageing effects (or effects related to developmental
stage) and effects associated with silvicultural practices that
control the level of growing stock. Examples of overyielding
have been detected in the few long-term experiments which
compare pure versus two-species tree mixtures (Brown 1992;
Pretzsch et al. 2013) and in studies using large-scale data bases
such as national forest inventories (del Rio & Sterba 2009; Val-
let & P�erot 2011).
In our work, we studied whether a given tree species is more

productive when grown in a mixture than in a monoculture and
whether this mixture effect on species productivity depends on
site productivity indices made up of explicit abiotic factors lim-
iting species growth. We also compared the overall productivity
of a mixed stand to the cumulative productivity in correspond-
ing monospecific stands. Studying communities with low levels
of diversity (i.e. two-species mixtures) allowed us to reduce the
sampling effects (Fridley 2001). Because the outcome of inter-
actions depends on species assemblage, we hypothesized that
the mixture effect on species productivity would depend on
species identity in the mixture. Based on the stress-gradient
hypothesis and Forrester et al. (2013), we hypothesized that the
species overyielding due to complementarity would be stronger
on low productivity sites. The explicit consideration of abiotic
factors limiting species growth in the site productivity index
enabled us to identify the possible drivers of the mixture effect.

Materials and methods

We used the French National Forest Inventory (NFI) data base (IFN
2011) to investigate mixture effect on species productivity in two-spe-
cies mixtures at a national scale. The data set covered broad abiotic con-
ditions in temperate forests, from oceanic to semi-continental climatic
conditions and from lowlands to highlands. Annual mean temperatures
ranged from 4.1 to 12.4 °C and annual precipitation from 600 to
2400 mm; site altitudes were from 6 to 1848 m. We compared produc-
tivity (basal area increment per hectare over 5 years) of species in ses-
sile oak (Quercus petraea Liebl.)–European beech (Fagus sylvatica L.),
sessile oak (Quercus petraea Liebl.)–Scots pine (Pinus sylvestris L.),
European beech (Fagus sylvatica L.)–Norway spruce (Picea abies (L.)
H. Karst.), European beech (Fagus sylvatica L.)–silver fir (Abies alba
Mill.) and Norway spruce (Picea abies (L.) H. Karst.)–silver fir (Abies
alba Mill.) mixtures with their corresponding monospecific stands. We
chose species with contrasting characteristics (deciduous/coniferous,
lowland/highland) among the most widespread in Europe.

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology, 103, 502–512

Mixture effect along site productivity gradient 503



NFI SAMPLING DESIGN

We used the 2006 to 2010 French annual NFI data sets. The NFI
sampling is systematic and representative of the national forest
resource. Each year, 6000–7000 temporary plots equally dispersed on
a 1 km-by-1 km grid over the territory are measured (one-tenth of the
grid is measured every year). Tree variables, such as circumference at
conventional breast height (1.30 m), radial increment over 5 years
and total height, are collected in three concentric subplots of 6, 9 and
15 m in diameter where, respectively, trees with a diameter at breast
height (dbh) of dbh ≥ 7.5 cm, dbh ≥ 22.5 cm and dbh ≥ 37.5 cm are
measured. Stand-scale variables (including vertical structure of the
stand, topography, soil variables, harvesting during the last 5 years)
and a floristic inventory complete the data.

PLOT SELECTION

In order to compare species productivity in pure stands and mixtures,
we selected pure stands among NFI plots where the corresponding spe-
cies represented 100% of the basal area. We retained plots for the two-
species mixtures if the two studied species represented at least 80% of
the total basal area and if the basal area of the other species present was
less than that of each species studied (see Fig. S1 in Supporting Infor-
mation for a description of the species proportions per plot). To avoid
confounding effects from different abiotic growing conditions, mixed
plots and their corresponding pure plots were selected in the same geo-
graphic area with similar abiotic conditions according to the GRECO
(‘Large Ecological Regions’) variables as defined by the French NFI.
To avoid confounding effects from silvicultural practices, plots were
selected in stands dominated by one upper tree layer where no major
cutting of the overstory had occurred in the past 5 years. We thus
obtained a selection of 2361 plots (Fig. 1). In lowland forests, two
broadleaved species (sessile oak and European beech) and one conifer-
ous species (Scots pine) resulted in two possible mixtures: sessile oak–
European beech and sessile oak–Scots pine. In highland forests, one
broadleaved species (European beech) and two coniferous species (sil-
ver fir and Norway spruce) resulted in three possible two-species com-
binations. Because European beech had a broader altitudinal
distribution in monospecific stands than in mixtures, we split the beech
data set into lowlands (LL) and highlands (HL) before comparing pro-
ductivity in monospecific stands and mixtures (Table 1).

ABIOTIC FACTORS

To characterize the set of abiotic factors limiting species growth in
site productivity indices, we used plot variables provided by the NFI
data base or extracted from geographic information system layers.
The highest slope of the plot, in percentage, gave information on plot
topography. Soil properties were given by the percentage of rocky
outcrops, the major bedrock type (siliceous or limestone) and humus
form: mull (eumul; mesomull; oligomull; dysmull), moder (moder;
hemimoder; dysmoder) and mor (Brêthes et al. 1995). We used an
index of soil water holding capacity (SWHC in millimetres) derived
from soil texture, depth (in centimetres), percentage of stone content
and rocky outcrops (Piedallu et al. 2011). A set of indicator values
was derived from the floristic inventory: soil moisture (SM; Ellenberg
1992), soil acidity (pH), organic carbon to total nitrogen ratio as a
measure of mineralization of organic matter (C : N) and base satura-
tion (S : T) of the first soil layer (G�egout et al. 2005). The 30-year
climatic normals for the 1961–1990 period came from the AURELHY
M�et�eo France spatial layer, we used mean, minimum and maximum

monthly temperatures (t in Celsius degree) and precipitation (ppt in
millimetres) averages at a 1-km resolution (B�enichou & le Breton
1987). Monthly potential evapotranspiration from June to August
(PET in millimetres) was derived from climatic variables (Piedallu &
G�egout 2007; Piedallu et al. 2013).

MODELL ING FRAMEWORK

To compare species productivity in pure stands and mixtures, we used
the generic modelling framework developed by Vallet & P�erot
(2011). The first step of the analysis consisted in modelling the pro-
ductivity in pure stands, taking into account site productivity, growing
stock and species developmental stage effects. In the second step, we
computed the relative differences between the observed productivity
of the species in mixed stands and the expected productivity given by
the growth model in mixtures. As the models developed in pure
stands take into account site productivity, growing stock, and species
developmental stage effects, those relative differences represent the
mixture effects. The third step consisted in analysing the influence of
the site productivity on these mixture effects. We defined the site pro-
ductivity index as a linear function of non-resource and resource fac-
tors represented by a set of abiotic factors that impact the
productivity of a species in pure stands (Charru et al. 2010; Bon-
temps & Bouriaud 2014).

Since species-specific mixture effects in a given two-species forest
may be of opposite signs and, at least partially, cancel out at the stand
scale, we investigated mixture effects for both individual species and
the overall stand. Because the abiotic determinants of the site produc-
tivity index may be different for the two species, we studied the
dependency of the mixture effect in the site productivity index only
for individual species.

We used NFI data to calculate stand attributes, such as basal area
increment (m2 ha�1 per 5 years), quadratic mean diameter (cm) and
stand density index (see Appendix S1). The stand density index is the

Fig. 1. Distribution of the study plots from the French NFI (black
dots). We distinguished plots with European beech, sessile oak and
Scots pine in lowlands (light grey) and plots with European beech,
Norway spruce and silver fir in highlands (dark grey; IFN 2011).
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ratio between the number of stems in the stand and the maximum
number of stems according to the self-thinning rule (Reineke 1933).

Model of species productivity in a pure stand

We used the calculated 5-year basal area increment as a response var-
iable to model species productivity in pure stands (eqn 1):

BAIi ¼ f1ðXmÞ � f2ðDIÞ � f3ðDgiÞ þ ei eqn 1

where BAIi (m2 ha�1 per 5 years) is the basal area increment of
species i in a plot over 5 years; f1 is a function of m abiotic variables
(Xm) defining the abiotic factors limiting species growth; f2 is a func-
tion of the growing stock represented by the stand density index (DI);
and f3 is a function of the developmental stage of species i repre-
sented by the quadratic mean diameter (Dgi); ei are the model residu-
als assumed to be normally distributed and independent. In f1
function, we discarded highly correlated abiotic variables and those
retained were selected according to the Akaike information criterion
(AIC; Akaike 1974). We selected the best model (i.e. model with the
lowest AIC). The best and the second best models were presented in
Table S1. The f2 and f3 functions were chosen according to scatter
plot analysis (see Appendix S1) and the existing literature (Dhôte,
Hatsch & Rittie 2000) in order to obtain robust and parsimonious
forms. The detailed function is (eqn 2):

BAIi ¼ a0 þ
Xn
m¼1

ðam;i � XmÞ
 !

� ð1þ biÞ � DI
bi þ DI

� �

� e d1;i�ðDgi�7:5Þð Þ
1þ d2;i

 !
þ ei

eqn 2

where BAIi (m
2 ha�1 per 5 years) is the basal area increment of spe-

cies i in a plot over 5 years; Xm is a vector of abiotic factors; DI is
the stand density index; Dgi (cm) is the mean quadratic diameter of
species i; a0, am,i, bi, d1,i, d2,i, are the estimated parameters. As both
functions f2 and f3 are bounded by 0 and 1, the site productivity index
f1 corresponds to the maximum productivity of the stand for the spe-
cies, that is when DI = 1 and Dg = 7.5 cm.

Mixture effect on the productivity of each species

In a second step, we compared the observed productivity of the spe-
cies in a mixture to their expected productivity, all things being equal
(i.e. abiotic factors limiting species growth, growing stock and species
developmental stage; see Fig. S2) as suggested by Loreau (1998). We
calculated the proportion of a given species i in a mixture as the ratio
between the basal area of species i and the total basal area of the
plot.

If xi is the proportion of species i in the mixture, the expected pro-
ductivity of species i in the mixture based on its productivity in pure
stands is (Loreau 1998)

Ei ¼ xi � dBAIi eqn 3

where dBAIi is the productivity of species i in mixed stands predicted
from the monospecific growth model (eqn 2).

If no mixture effect occurs, the observed productivity of species i
in a mixture is equal to its expected productivity. If a mixture effect
occurs, the observed productivity of species i in a mixture deviates
from the expected productivity of species i. The ‘mixture effect’ is
defined as the relative deviation from the expected productivity of
species i in a pure stand (Loreau 1998). We calculated the mixture
effect as follows (eqn 4):

ui;j ¼ BAIi;j � Ei

Ei
eqn 4

where ui,j is the mixture effect on the basal area increment of species
i in the mixture with species j, and BAIi,j is the observed basal area
increment of species i in a mixture with species j over 5 years. Ei is
the expected basal area increment of species i in a mixture.

Exploratory analyses revealed that ui,j is a linear function of the
proportion of other species in the mixture (see Fig. S3). We modelled
ui,j calculated as follows (eqn 5):

ui;jðxiÞ ¼ a0;i;j � ð1� xiÞ þ ei eqn 5

where a0,i,j is the estimated parameter giving the effect of species j on
the basal area increment of species i. This form allowed us to set ui,j

Table 1. Means and standard deviations (SD) of the main dendrometric and climatic stand characteristics. For beech, we distinguished plots in
lowlands (LL) and in highlands (HL). Average climatic conditions from the 1961 to 1990 period are considered

Species
Biogeographic
contexts

Number
of plots

Mean
Elevation
(m)

Mean annual
temperature
(°C)

Mean annual
precipitation
(mm)

Quadratic mean
diameter (cm)

Mean basal
area (m2 ha�1)

Mean basal
area increment
(m2 ha�1

per 5 years)

Pure stands
Sessile oak LL 334 184 (86) 10.4 (0.6) 752 (104) 33.0 (16.7) 20.1 (9.5) 2.5 (1.9)
Scots pine LL 100 189 (117) 10.2 (0.7) 777 (119) 23.1 (10.1) 19.4 (10.7) 3.7 (2.8)
European beech LL 129 242 (121) 9.5 (0.5) 881 (125) 35.2 (19.5) 19.5 (11.7) 3.0 (2.3)
European beech HL 138 753 (364) 8.3 (1.2) 1274 (314) 31.9 (12.1) 27.5 (13.4) 2.5 (1.4)
Silver fir HL 172 827 (274) 8.0 (1.1) 1210 (229) 30.7 (10.7) 35.9 (17.0) 4.5 (2.7)
Norway spruce HL 257 910 (328) 7.6 (1.2) 1368 (296) 27.0 (9.8) 39.2 (18.7) 6.6 (3.5)

Mixed stands
S. oak LL 107 198 (104) 10.2 (0.6) 776 (132) 26.9 (12.8) 13.8 (8.9) 1.4 (0.9)
S. pine 36.7 (11.5) 13.8 (10.2) 1.2 (1.3)
S. oak LL 469 270 (104) 9.8 (0.6) 882 (131) 44.1 (15.8) 14.3 (8.9) 1.1 (0.9)
E. beech 32.5 (15.3) 10.1 (7.0) 1.2 (1.0)
E. beech HL 246 861 (281) 7.9 (1.0) 1417 (358) 28.3 (12.0) 13.1 (11.1) 1.4 (1.3)
S. fir 33.3 (13.5) 22.5 (14.7) 2.6 (2.1)
E. beech HL 117 990 (276) 7.2 (1.5) 1521 (328) 26.0 (8.8) 17.3 (11.8) 1.5 (1.1)
N. spruce 36.1 (13.4) 18.7 (12.5) 1.8 (1.8)
N. spruce HL 292 926 (302) 7.6 (1.1) 1439 (305) 33.7 (14.1) 17.9 (14.3) 2.3 (2.3)
S. fir 32.2 (12.9) 20.4 (15.4) 2.4 (1.9)

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology, 103, 502–512

Mixture effect along site productivity gradient 505



to zero when xi was equal to 1 (pure stand). If a0,i,j > 0, species i
overyields; if a0,i,j < 0, species i underyields.

To study whether the mixture effect is dependent on site
productivity, we calculated the species i site productivity index
(SPIi) for every plot in mixtures from the estimated parameters of
the f1 function (eqn 2) and the corresponding abiotic factors Xm in
mixtures:

SPIi ¼ a0 þ
Xn
m¼1

ðam;i � XmÞ
 !

eqn 6

We added the site productivity index to the ‘mixture effect’ model as
an explanatory variable. We fitted the following model (eqn 7):

ui;jðxi; SPIiÞ ¼ ðs0;i;j þ s1;i;j � SPIiÞ � ð1� xiÞ þ ei eqn 7

where s0,i,j and s1,i,j are the estimated parameters of the model. If s1,i,
j > 0, then the mixture effect on species productivity increases with
the site productivity index, and if s1,i,j < 0, then the mixture effect on
species productivity decreases with the site productivity index. The
nature of the mixture effect (overyielding or underyielding) is given
by the sign of the mixture effect predicted by eqn 7.

Mixture effect on the overall productivity

To evaluate the mixture effect on overall stand productivity, we used
the weighted average proportional deviation from the expected yield
in a mixture as proposed by Loreau (1998):

�u ¼ xi
xi þ xj

� ui;j þ xj
xi þ xj

� uj;i eqn 8

Rearranging eqn 8 with eqns 3 and 4 leads to:

�u ¼ BAIi;jdBAIi þ BAIj;idBAIj
 !

� 1
xi þ xj

� �
� 1 eqn 9

We fitted the following form (eqn 10):

�u ¼ a0 � xi � xj þ e eqn 10

where �u is the calculated mixture effect on overall stand productivity;
BAIi;j =dBAIi and BAIj;i =dBAIj are the relative productivities of spe-
cies i and j in the mixture; xi and xj are species i and species j propor-
tions; the a0 parameter, estimated with the model, directly gives the
sign of the mixture effect on stand productivity.

Data were analysed with the R software v. 2.10 (R Develop-
ment Core Team 2013). Models were fitted with weighted nonlin-
ear regressions from the gnls function in the NLME package
(Pinheiro et al. 2010), following power variance models (Pinheiro
& Bates 2000).

Var ¼ r2jvj2d eqn 11

where r is the residual standard error, v the covariate and d the
power parameter to be fitted with the gnls procedure. To account for
heteroscedasticity in the pure growth model (eqn 2), the weight was a
power of the basal area increment value fitted with the gnls proce-
dure. For mixture effect models (eqns 5 and 7), the weight was a
power of species proportion. We used the significance threshold of
0.05 for all the estimated parameters; we also considered P-values
comprised between 0.1 and 0.05 to be marginally significant. For
models of species productivity in pure stands, we provided the nor-
malized root mean square error (NRMSE) calculated as the ratio
between RMSE and the mean of observed species productivity values.
NRMSE is a relative value expressed in percentage. Low values of
NRMSE indicated a high predictive power of the model.

Results

SPECIES PRODUCTIV ITY IN PURE STANDS

In pure stands, stand basal area increment increased with
growing stock and decreased with species development stage
for all the studied species (Table 2). The NRMSE was the
lowest for the Norway spruce BAI model and represented 5%
of the mean BAI observed. The NRMSE was the highest for
the European beech models and represented 15% of the mean
BAI observed.

MIXTURE EFFECT ON OVERALL STAND PRODUCTIV ITY

AND SPECIES PRODUCTIV ITY

Considering overall stand productivity, the three mixtures
studied in highlands overyielded (Table 3): European beech–
Norway spruce (P < 0.001), European beech–silver fir
(P < 0.001) and silver fir–Norway spruce (P = 0.088; in
decreasing order), mainly due to European beech and silver
fir (Table 4). The mixture effect was non-significant for over-
all productivity of sessile oak–Scots pine (P = 0.478) and
European beech–sessile oak (P = 0.956) mixtures in low-
lands. For a mixture proportion of 50%, the observed produc-
tivity of the European beech–Norway spruce stand was 26%
higher than expected (Fig. 2a).
When considering the mixture effect on the productivity of

each species in mixtures (i.e. difference in productivity
between one species in the mixture and the productivity of
that species in a pure stand), five out of the 10 species studied
overyielded, the mixture effect was not significant in four
cases, and one species underyielded (Table 4). For a mixture
proportion of 50%, observed European beech productivity in
a mixture with Norway spruce was 51% higher than expected
in pure stands (Fig. 2b).

VARIAT IONS IN MIXTURE EFFECT ON SPECIES

PRODUCTIV ITY ALONG SITE PRODUCTIV ITY

GRADIENTS

Depending on the species, the SPI was made of two to four
abiotic variables (see Appendix S2). As expected abiotic vari-
ables retained were species-specific, and ranged from climatic
and soil chemistry to topographic variables (Table 2). The
mixture effect on species productivity varied significantly
according to the SPI for the species in highlands which corre-
sponds to six out of the 10 cases studied (Table 5). The mix-
ture effect increased from 10% to 99% for European beech
mixed with Norway spruce from sites with high SPI to sites
with low SPI (Fig. 3). Mixture increased species productivity
more when SPI was low than when it was high (see Fig. S3).
European beech always overyielded, whereas Norway spruce
and silver fir shifted from overyielding to underyielding when
SPI increased (Fig. 3). The mixture effect was not signifi-
cantly influenced by SPI in the four cases in lowlands: sessile
oak with Scots pine, Scots pine with sessile oak, sessile oak
with European beech and European beech with sessile oak.
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Discussion

Our results show that the nature of the mixture effect changes
with species assemblage and abiotic conditions. Overyielding
is strongest in highlands and on sites of weaker productivity
corresponding to more growth-limiting abiotic conditions.
We used BAI as a measure of productivity, since it is the

only growth variable actually measured by the NFI and does
not require using allometric equations that would be needed
to assess volume growth. Using these equations would bring
additional uncertainty that could blur the effects we studied.
Species interactions may cause a change in growth allocation
from radial growth to height growth (Pinto et al. 2008), thus
influencing tree morphology. Allometric relationships are usu-
ally calibrated in pure stands. Then, using them to estimate
volumes or biomass in mixed stands would suffer from a pos-
sible modification of these relationships by the mixture. Our
results on BAI would gain from being extended to volume in
order to have a complete overview of how diversity–produc-
tivity relationships are modified by abiotic factors, but
addressing this issue is not trivial on the NFI data.

THE NATURE OF THE MIXTURE EFFECT CHANGES WITH

SPECIES ASSEMBLAGE

We found that depending on the mixture of species, species
overyielded, underyielded or had equal productivity compared
to monocultures (Fig. 2b). This result is consistent with find-
ings in grasslands where species identity and species evenness
have been put forward to explain the relationship between
productivity and diversity (Wilsey & Potvin 2000; Assaf,
Beyschlag & Isselstein 2011). On average, the three mixed
stands in highlands, European beech–Norway spruce, Euro-
pean beech–silver fir and to a lesser extent, silver fir–Norway
spruce mixtures overyielded (Fig. 2a) possibly due to a
release of intraspecific competition in mixtures (Forrester
et al. 2013). Overyielding was mainly due to European beech
for the first two mixtures, the release of the strong beech
intraspecific competition (Bolte, Kampf & Hilbrig 2013) in
mixture held regardless of abiotic conditions (Fig. 3). For sil-
ver fir and Norway spruce, the nature of the mixture effect
was dependent on abiotic conditions (Fig. 3), leading to a null
mixture effect when averaged across the abiotic conditions
studied. On the other hand, there is no mixture effect on the
overall productivity of the two stands in lowlands, European
beech–sessile oak and sessile oak–Scots pine stands. The null
mixture effect for sessile oak–European beech stands hides an
overyielding of European beech counter balanced by an
underyielding of sessile oak. Based on the examination of the
abiotic factors included in the site productivity index for the
two species, both species were limited by resource proxies.
Humus form and C : N ratio are both related to soil fertility,
while the effects of SWHC and July PET are strongly linked
to water availability. Sessile oak and European beech were
competing for the same limiting resources, and the European
beech overyielding indicates the competitive advantage of
European beech over sessile oak and explains the observedT

ab
le

2.
C
oe
ffi
ci
en
ts

(E
st
.),

P
-v
al
ue
s
(P
)
an
d
st
an
da
rd

de
vi
at
io
ns

(S
D
)
of

th
e
si
x
ba
sa
l
ar
ea

in
cr
em

en
t
m
od
el
s
in

pu
re

st
an
ds

(e
qn
s
1
an
d
2)

ac
co
rd
in
g
to

ab
io
tic

fa
ct
or
s
(f
1)
,
gr
ow

in
g
st
oc
k
(f
2)

an
d
de
ve
lo
p-

m
en
ta
l
st
ag
e
(f
3)
.
W
e
di
st
in
gu
is
he
d
sp
ec
ie
s
in

lo
w
la
nd

s
(L
L
)
an
d
in

hi
gh

la
nd
s
(H

L
)

Fu
nc
tio

n
Fa
ct
or
s

Se
ss
ile

oa
k
(L
L
)

E
ur
op
ea
n
be
ec
h
(L
L
)

E
ur
op
ea
n
be
ec
h
(H

L
)

Sc
ot
s
pi
ne

(L
L
)

N
or
w
ay

sp
ru
ce

(H
L
)

Si
lv
er

fi
r
(H

L
)

D
et
ai
l

E
st
.

SD
P

D
et
ai
l

E
st
.

SD
P

D
et
ai
l

E
st
.

SD
P

D
et
ai
l

E
st
.

SD
P

D
et
ai
l

E
st
.

SD
P

D
et
ai
l

E
st
.

SD
P

f 1
(X

m
)

In
te
rc
ep
t

36
.1
94

5.
39
0

<
10

�
3

38
.5
83

7.
07
5

<
10

�3
7.
40
4

3.
09
4

0.
01
8

14
.4
76

2.
06
7

<
10

�
3

27
.0
63

3.
45
8

<
10

�
3

23
.9
31

5.
69
8

<
10

�
3

t
D
ec
em

be
r

m
in
.

0.
80
9

0.
31
9

0.
01
3

Ja
nu
ar
y

m
in
.

1.
02
0

0.
30
3

<
10

�
3

M
ar
ch

m
ax
.

1.
00
2

0.
47
7

0.
03
7

PE
T

Ju
ly

�0
.1
98

0.
04
3

<
10

�
3

Ju
ly

�0
.2
45

0.
05
9

<
10

�3

H
um

us
M
od
er

�2
.5
62

0.
82
1

0.
00
2

M
od
er

�1
.7
87

0.
85
8

0.
03
9

M
ul
l

4.
33
0

1.
01
3

<
10

�
3

D
ys
m
od
er

�5
.4
98

1.
75
8

0.
00
2

C
:
N

�0
.1
71

0.
04
5

<
10

�
3

SW
H
C

0.
03
5

0.
00
7

<
10

�
3

0.
03
1

0.
01
2

0.
01
2

SM
1.
21
3

0.
54
4

0.
02
7

R
oc
ky

ou
tc
ro
ps

�0
.3
77

0.
14
7

0.
01
2

�1
.2
51

0.
32
9

<
10

�
3

�0
.8
53

0.
23
2

<
10

�
3

B
ed
ro
ck

L
im

es
to
ne

�3
.9
89

0.
82
1

<
10

�
3

L
im

es
to
ne

�4
.1
35

1.
08
4

<
10

�
3

Sl
op
e

�0
.1
04

0.
02
8

<
10

�
3

�0
.2
15

0.
05
4

<
10

�
3

f 2
(D

I)
D
I

1.
00
2

0.
15
4

<
10

�
3

0.
81
2

0.
21
2

<
10

�3
0.
74
3

0.
23
6

0.
00
2

0.
47
1

0.
12
5

<
10

�
3

0.
81
6

0.
15
1

<
10

�
3

0.
62
3

0.
17
3

<
10

�
3

f 3
(D

g i
)

D
g i

(d
1)

�0
.0
90

0.
00
7

<
10

�
3

�0
.0
50

0.
01
0

<
10

�3
�0

.1
26

0.
03
6

<
10

�
3

�0
.0
71

0.
01
8

<
10

�
3

�0
.0
87

0.
01
4

<
10

�
3

�0
.0
96

0.
01
6

<
10

�
3

D
g i

(d
2)

0.
18
2

0.
01
3

<
10

�
3

0.
27
4

0.
04
9

<
10

�3
0.
40
8

0.
11
0

<
10

�
3

0.
11
7

0.
06
3

0.
06
9

0.
30
3

0.
03
6

<
10

�
3

0.
20
5

0.
03
7

<
10

�
3

d
0.
99

0.
68

1.
00

0.
96

1.
00

0.
67

R
M
SE

(N
R
M
SE

)
0.
31

(1
2%

)
0.
45

(1
5%

)
0.
38

(1
5%

)
0.
38

(1
0%

)
0.
31

(5
%
)

0.
63

(1
4%

)

St
an
da
rd

de
vi
at
io
ns

ar
e
in

ita
lic
s.

A
ll
th
e
ab
io
tic

fa
ct
or
s
te
st
ed

ar
e
in
cl
ud
ed

in
th
e
ta
bl
e.

W
e
sp
ec
ifi
ed

on
ly

th
e
es
tim

at
ed

pa
ra
m
et
er
s
in
cl
ud
in
g
th
e
po

w
er

of
va
ri
an
ce

fu
nc
tio

n
(d
),
th
e
ro
ot

m
ea
n
sq
ua
re

er
ro
r

(R
M
SE

)
an
d
th
e
no

rm
al
iz
ed

ro
ot

m
ea
n
sq
ua
re

er
ro
r
(N

R
M
SE

)
of

th
e
se
le
ct
ed

be
st

m
od

el
.
t,
te
m
pe
ra
tu
re
s;

PE
T
,
po

te
nt
ia
l
ev
ap
ot
ra
ns
pi
ra
tio

n;
C

:
N
,
or
ga
ni
c
ca
rb
on

to
to
ta
l
ni
tr
og
en

ra
tio

;
SW

H
C
,
so
il
w
at
er

ho
ld
in
g
ca
pa
ci
ty
;
SM

,
so
il
m
oi
st
ur
e;

D
I,
de
ns
ity

in
de
x;

D
g i
,
qu

ad
ra
tic

m
ea
n
di
am

et
er
.

© 2014 The Authors. Journal of Ecology © 2014 British Ecological Society, Journal of Ecology, 103, 502–512

Mixture effect along site productivity gradient 507



null stand mixture effect. These results are in accordance with
previous findings that have shown the high below-ground and
above-ground competitiveness of beech (Rewald & Leuschner
2009; Longuetaud et al. 2013). Sessile oak overyielded when
mixed with Scots pine (Fig. 2b), whereas it was not strong
enough to increase the overall productivity of the stands
(Fig. 2a). Scots pine is less resource-limited than sessile oak
in the range of the studied abiotic conditions (Table 2) and
the sessile oak overyielding we observed would imply that
Scots pine is less competitive than sessile oak allowing a
release of intraspecific competition for sessile oak in a mix-
ture with Scots pine. A stronger mixture effect for sessile oak
than for Scots pine was also observed by P�erot & Picard
(2012); however, they found overyielding in sessile oak-Scots
pine stands, which was not the case in our study. This differ-
ence could be explained by the fact that P�erot & Picard
(2012) studied only one site, whereas we considered sessile
oak-Scots pine stands in different ecological contexts through-
out the country.

OVERYIELDING IS STRONGER ON UNPRODUCTIVE

SITES AND IN HIGHLAND CONDIT IONS

Abiotic factors as well as stand density (Forrester et al. 2013)
and species developmental stage (Cavard et al. 2011) shape
the diversity–productivity relationship. Our results show that
mixture effect varied with site productivity for European
beech, silver fir and Norway spruce. In five out of 10 forest
types, species underyielded (negative mixture effect) on
highly productive sites, and in eight out of 10 forest types,
species overyielded (positive mixture effects) on sites with
the lowest productivity (Fig. 3). This result is in accordance
with the stress-gradient hypothesis. Variations of the mixture
effect with site productivity indices revealed that overyielding
is stronger for highland species on low productivity sites
(Fig. 3), which are often located at higher altitudes. Pretzsch
et al. (2010) studied the productivity of a European beech–
Norway spruce lowland mixture along a site productivity gra-
dient and found a greater positive effect on productive sites

(a) (b)

Fig. 2. Estimates and 95% confidence intervals of (a) the mixture effect on total stand productivity for the five mixtures (eqn 10), (b) the mixture
effect on the productivity of each species in mixture (eqn 5). A proportion of 50% has been used for each species in the mixture. Beech with
spruce refers to the mixture effect on the productivity of beech mixed with spruce.

Table 3. Coefficients (Est.), P-values (P) and standard deviations (SD) of mixture effect models (eqn 10) for the five mixtures in lowlands (LL)
and highlands (HL): beech–spruce, beech–fir, fir–spruce, oak–pine, beech–oak

Mixtures

Beech–Spruce
(HL) Beech–Fir (HL) Fir–Spruce (HL) Oak–Pine (LL) Beech–Oak (LL)

Est. P Est. P Est. P Est. P Est. P

a0 1.049 <10�3 0.872 <10�3 0.286 0.088 0.132 0.478 �0.005 0.956
SD 0.263 0.158 0.167 0.186 0.093

Standard deviations are in italics.
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for beech. This result was discussed in terms of the high com-
petitiveness of European beech, which we also found for
European beech mixed with sessile oak, indicating that either
the intensity or the nature of the mechanisms involved is dif-
ferent in lowlands and highlands. The greater sensitivity of
the mixture effect to site productivity for highland species in
our study may be related to the fact that the site productivity
range for Norway spruce and silver fir was broader than for
sessile oak and Scots pine in lowlands (see Appendix S2).
Nevertheless, we found no evidence of a change in mixture
effect with site productivity for lowland European beech with
sessile oak, whereas we did for highland European beech,
even though the site productivity range was similar. The
stress-gradient hypothesis states that facilitative interactions
are more frequent in sites with severe abiotic stress. Facilita-
tion has been found to be more common in herbaceous com-
munities at high altitudes and near the tree line; neighbours
bring about a reduction in abiotic stress, which is more limit-
ing for growth than resource availability at high altitudes
(Callaway et al. 2002). In our study, the abiotic conditions
were not so extreme. Our results show that even in less
severe abiotic conditions, complementarity between species is
frequent. Species for which the mixture effect varies with site
productivity are all growth-limited by non-resource factors
such as slope, rocky outcrops or temperature. In contrast, in
the abiotic conditions studied here, lowland species were not
limited by such non-resource abiotic factors indicating that
non-resource abiotic factors can be important drivers of the
diversity–productivity relationship (Maestre et al. 2009).

Conclusions

Over the set of species and abiotic conditions we studied, we
found that overyielding was stronger for highland species on
sites with low productivity. We used a site productivity index
made up of explicit abiotic factors to identify growth-limiting
abiotic conditions. Our results show that mixture effect
depends on site productivity index only for highland species
for which productivity index was driven by non-resource fac-
tors. These results suggest a stronger effect of non-resource
factors than resource factors on the mixture effects. Comple-
mentary approaches such as experimental design, process-
based models and trait-based approaches offer promising tools
to disentangle the mechanisms underlying the complementar-

ity effects (Morin et al. 2011; Roscher et al. 2012; Tobner
et al. 2014).
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