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Thediversity of dominant tree species in a forestmight strongly influence ecosystem functions and services,
but the current evidence is not strong enough to provide general insights on when and where these diver-
sity effects will be large or small for a given combination of species. With this goal in mind, the aim of this
study is to discuss someof the factors thatmayneed to be consideredwhendesigning studies or judging the
strength of evidence provided in studies about tree-species mixing effects in forests. While the focus is on
productivity, other ecosystem functions relating to light,water andnutrients are also considered. Firstlywe
consider the implications of stand-level spatial replication, the effects of stand density and trackingmixing
effects through time in the same stand or by using chronosequences. Mixing effects at single sites (or ages)
can represent significant increases in productivitywhile themeanmixing effect for the samemixture across
a wide range of sites (or a whole rotation) can be much smaller and insignificant. The use of tree- and
neighbourhood-level analyses to expand the range of treatments compared with stand-level analyses is
then discussed before examining upscaling issues relating to inter- and intra-specific variability in mor-
phology, allometry, physiology and phenology. Ignoring intra-specific variability between individuals in
monocultures and mixed-species stands when upscaling to the stand level can strongly distort mixing
effects, resulting in verymisleading conclusions. The difference between correlations and causality is then
discussedusing the production ecology equation andmass balance approaches.Wealso discuss someof the
methodological considerations when calculating mixing effects. All of these factors can have significant
implications for the calculation and interpretation of mixing effects in forests.
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1. Introduction

Forest growth depends not only on broad-scale drivers of cli-
mate and soil fertility, but also on species composition.
Monocultures of different species often differ in productivity on a
given site and interactions between species in mixtures can also
influence forest dynamics. Most of the forests of the world are mix-
tures, so the overall patterns and processes of ecosystem functions
and services in relation to species composition are fundamental in
forest ecology and management.

Many of the processes and species interactions occurring in
mixtures have been reviewed (Binkley, 1992; Kelty, 1992;
Forrester et al., 2006b; Richards et al., 2010) and conceptual mod-
els have been developed to generalise when and where a given
species may perform better or worse in mixtures than monocul-
tures (Forrester, 2014). The development of such concepts requires
many studies that are carefully designed, analysed and interpreted.
Inappropriate assumptions made when designing or analysing
such studies lead to biased calculations of mixing effects, which
hamper progress to develop our understanding about these effects.
This study combines insights from case studies with general
approaches that are powerful tools for quantifying mixing effects.

The factors presented in this study are generally not new but
they are sometimes forgotten or ignored. It is also important to
note that many of the factors mentioned are only relevant under
certain circumstances. Therefore it is important to knowwhich fac-
tors, and under which circumstances, there could be significant
consequences for mixing effect calculations when these factors
are ignored, and these circumstances are also discussed.
2. Definitions and calculations

Since its beginnings, forest science has developed standards for
the evaluation of experiments, standardized variables for reporting
mean tree and stand characteristics, and standards for the trans-
parency and documentation of calculation procedures (Pretzsch,
2009). However, such standards have focused on the analysis of
monocultures, in terms of spacing, thinning and fertiliser applica-
tion experiments. Comparable standards for the calculation and
analysis of mixing effects have proven more difficult to achieve,
not least due to the complexity of stand structural effects on esti-
mating mixing proportions as well as definitions and algorithms
for dominant height, site indices, stand density in mixed stands
and approaches for upscaling from stem volume to tree mass.

This relatively slow development of standards contrasts with
the long history of studies about mixing effects in forests. For
example, studies by Schwappach (1909), Wimmenauer (1914),
Dietrich (1928), Hofmann (1923), and Flury (1926, 1931) provided
basic growth and yield data and highlighted the divergence of
growth curves at the tree and stand level by mixing. They also
showed a stabilising effect on productivity and stand structure in
the event of disturbances. However, their comparisons with mono-
cultures were questionable because they were based on yield
tables and not neighbouring monocultures with equivalent site
conditions. Given this long history, and the many questions that
have been examined in relation to mixtures, it is not surprising
that a wide range of approaches has been developed and used to
cite this article in press as: Forrester, D.I., Pretzsch, H. Tamm Review: On
onocultures. Forest Ecol. Manage. (2015), http://dx.doi.org/10.1016/j.fo
calculate mixing effects and each calculation can result in a differ-
ent mixing effect from a given data set. This section provides def-
initions of different levels of analyses, different sources of data, and
different types of species interactions, as well as definitions and
calculations of mixing effects and stand density, all of which will
be referred to throughout this paper.

This study does not aim to review experimental designs or dis-
cuss statistical analyses. This has been the focus of many previous
studies that present the advantages and disadvantages of designs
such as replacement series, additive series, biodiversity experi-
ments and many others (Vandermeer, 1989; Kelty and Cameron,
1995; Scherer-Lorenzen et al., 2005; Bruelheide et al., 2014) and
in studies that discuss statistical analyses in ecology (e.g. Zuur
et al., 2010).
2.1. Level of analysis – tree, neighbourhood, species, total stand and
community

The consideration of different levels in a given study enables an
examination of how changes at one level influences patterns at
another level (Forrester, 2015; Pretzsch et al., 2015a). For example,
a large change in the leaf-level physiology of a species in mixture
compared with its monoculture may or may not result in a large
change in growth or other functions at the stand level, depending
on how other processes change, such as carbon partitioning.
Combining tree- and stand-level analyses helps to determine
which mixing effects are most important for forest functioning.
They can also be used to indicate potential sources of error when
comparing measurements of a given processes at different levels
and when scaling up or down between each level (Pretzsch et al.,
2015a). It is therefore important to define the main levels that
are referred to in this study.

Tree-level analyses are those that examine individual trees e.g.
when regression is used to examine whether the relationship
between tree diameter and height varies between treatments.
Neighbourhood-level analyses are a type of tree-level analysis that
account for the characteristics of the trees’ neighbourhood (e.g.
in terms of basal area, species composition; Boyden et al., 2005;
Vanclay, 2006a; Forrester et al., 2011; von Oheimb et al., 2011).
This contrasts with typical tree-level analyses where the character-
istics of the trees’ neighbourhood are ignored or only considered in
terms of the stand-level treatment, such that all trees within the
plot have the same (mean plot) neighbourhood.

Stand-level analyses consider totals and means of all trees
within the plot, such as total basal area (BAT) or mean tree diame-
ter. Stand-level analyses include species-level and total stand-level
analyses. For species-level analyses the total stand is simply
divided by species to provide the totals and means for each species
within the stand. For example, in a two-species mixture,
BAT = BAspecies1 + BAspecies2; a total stand-level analysis would con-
sider BAT, while a species-level analysis would consider BAspecies1

or BAspecies2. Total stand-level analyses are also sometimes referred
to as community-level analyses because they consider the totals or
means of the whole community. Many other levels exist, including
finer scales such as leaf-level and organ-level (e.g. branches, roots)
or coarser scales such as landscape-level, but these are not the
focus of this synthesis.
the strength of evidence when comparing ecosystem functions of mixtures
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Fig. 1. The basal area or above-ground biomass (AGB) growth of monocultures and
two-species mixtures in relation to species proportions. The solid lines indicate the
measured responses and the dashed lines indicate the growth or yield that would
be expected if there were no complementarity effects and each species grew exactly
the same in mixture as in monoculture. In (a) F. sylvatica and the total mixture
overyielded, but P. abies underyielded. The RP calculations (Eqs. (1) and (2)) in the
1:1 mixtures were 1.30 (F. sylvatica), 0.93 (P. abies) and 1.10 (total mixture), and this
mixture showed transgressive overyielding. In (b) both species and the total
mixture overyielded, with RP calculations in 1:1 mixtures of 1.24 (E. pilularis), 1.11
(E. grandis) and 1.19 (total stand), but the mixture did not show transgressive
overyielding even though the RP of the mixture was much greater than that in (a). A
total mixture RP calculation, of at least 1.27, would be required for transgressive
overyielding to occur in (b) because the productivity difference between monocul-
tures of E. pilularis and E. grandis is so large (73%) compared with the difference
between monocultures of F. sylvatica and P. abies (only 7%). (a) modified from
Pretzsch et al. (2010), where the site index = 28 m for F. sylvatica and 46 m for P.
abies and (b) is modified from Forrester and Smith (2012).

D.I. Forrester, H. Pretzsch / Forest Ecology and Management xxx (2015) xxx–xxx 3
2.2. Empirical data sources – planted experiments, specific forest plots
or inventory

Most empirical data used to examine patterns and processes in
mixed-species forests come from three main sources; planted
experiments, specific forest plots or inventories. The characteristics
of these data sources influence analyses and their interpretation.
With planted experiments all plots can be randomly located and it
is relatively easy to control factors such as species compositions,
initial stand density, ages and silvicultural treatments, all under a
given set of soil and climatic conditions. However, planted experi-
ments are expensive to establish and to maintain and it takes a
long time for them to develop large trees. Inventories do not control
for any of these factors or stand disturbances but potentially deli-
ver the whole range in each of these factors within the inventoried
forests. They are typically designed to provide unbiased data by
systematically locating plots (e.g. based on grids or transects).

We refer to the third source of empirical data as Specific Forest
Plots (SFPs). These are everything between planted experiments
and inventories in terms of the control they offer regarding species
composition, stand density, silviculture and site characteristics.
SFPs differ from inventories because they are established in forests
with specific species compositions, ages, densities, silviculture and
site characteristics, rather than to achieve the (often much) wider
range provided by inventories. This systematic selection of SFPs
allows for more control of the stand conditions. However, they dif-
fer from planted experiments because many potentially important
aspects will not have been controlled, at least for part of the stand
development. For example, when SFPs are established in mature
forests, the past stand conditions (e.g. silviculture, age structure)
and the soil or climatic conditions may differ between plots (even
of the same treatment) in ways that are unknown or that are diffi-
cult to control or account for without additional soil analyses or
historic records. That is, it is often not possible to randomly locate
the plots, even though they can be randomly selected. There can be
many variations of SFPs that might be classified in terms of
whether different treatments have been applied specifically for
the study, or the plots were selected based on already existing site,
age, composition or structural characteristics, or whether they are
permanent sampling plots, etc. (Zhao et al., 2014) but these dis-
tinctions are less relevant to the mixing effects discussed in this
synthesis. Generally, the number of variables measured and the
intensity of measurement is highest in planted experiments and
lowest in inventories (Baeten et al., 2013).

2.3. Types of interactions

Many terms have been used to describe different types of spe-
cies interactions and their outcomes in forests. The types of inter-
actions are often divided into three groups; facilitation,
competitive reduction and competition (Vandermeer, 1989).
Competition occurs when interactions between at least two plants
(or species or populations) result in at least one exerting a negative
effect on the growth or survival of the other. Competitive reduction
occurs when inter-specific competition is less intense than intra-
specific competition, usually due to an inter-specific differentiation
in resource use (Vandermeer, 1989). This may also be referred to as
the competitive production principle. Examples of competitive
reduction are when there is a spatial, temporal or chemical strati-
fication in the uptake of resources. Facilitation occurs when at least
one of the species in a mixture positively influences the growth or
survival of another (Vandermeer, 1989). Examples of facilitation
are when the availability of a resource is increased such as by sym-
biotic nitrogen fixation or hydraulic redistribution of water. In real-
ity, the contribution of facilitation, competitive reduction and
competition to measured growth responses are very difficult to
Please cite this article in press as: Forrester, D.I., Pretzsch, H. Tamm Review: On
with monocultures. Forest Ecol. Manage. (2015), http://dx.doi.org/10.1016/j.fo
separate and are often collectively referred to as complementarity,
which can be positive or negative depending on the balance of
competition, competitive reduction and facilitation.
2.4. Mixing effects

The term ‘‘mixing effect” is used very broadly in this paper to
describe any difference in the performance of mixtures compared
with monocultures or the performance of a given species in a mix-
ture compared to its monoculture, but there are several more
specific terms that are also used. The outcomes of species interac-
tions are often described in terms of overyielding, underyielding
and transgressive overyielding. Overyielding occurs when the total
mixture, or a species within the mixture, produces more than
expected according to the monocultures. Underyielding occurs
when the total mixture, or a given species, produces less than
the strength of evidence when comparing ecosystem functions of mixtures
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expected. These are often calculated using Relative Productivity
(RP) equations (Kennel, 1965; Pretzsch et al., 2013a; Forrester,
2014) and can be applied to growth, yield or any other ecosystem
functions and services. The RP equations vary depending on
whether the RP is being calculated for the total stand (Eq. (1)), or
for a given species using either stand totals of a given variable
(Eq. (2)) or means of a given variable (Eq. (3)).

Eqs. 1–3 are shown for two-species mixtures (species 1 and 2)
but can be applied to mixtures containing any number of species.
The RP equation for the total stand calculates how much the
mixed-species stand produces (p1,2) in relation to the productivity
that would be expected if there was no difference between the
effect of inter- and intra-specific interactions. The expected pro-
ductivity bp1;2 is calculated from that of neighbouring monospecific
stands (p1 and p2) and the mixing proportions (m1 and m2) such
that bp1;2 ¼ m1p1 þm2p2. Special consideration of stand density
may be required when calculating m1 and m2, as discussed in
Section 2.5.

RPtotal stand ¼ p1;2

m1p1 þm2p2
ð1Þ

The RP of a given species is calculated with Eq. (2) when using
totals of a given variable (e.g. stand biomass of species 1), but is
calculated with Eq. (3) when using means of a given variable, such
as mean tree diameter, or mean tree volume growth (Forrester,
2014).

RPspecies ¼
p1;ð2Þ
m1p1

ð2Þ
RPspecies ¼
p1;ð2Þ � p1

p1
þ 1 ð3Þ

In Eqs. (2) and (3), p1,(2) is the total (for Eq. (2)) or mean (for Eq.
(3)) productivity, or any other measure of performance, of species 1
in a mixture with species 2.

In Eqs. 1–3, when RP = 1 the performance of the mixtures is
exactly as expected based on the monocultures. This is sometimes
referred to as an additive effect and, in the case of RPtotal stand, indi-
cates that there is currently either no complementarity effect or
one species is performing better at the expense of another. In con-
trast, RP > 1 indicates overyielding and RP < 1 indicates underyield-
ing. These indicate that there is currently a complementarity effect
and are sometimes referred to as non-linear or multiplicative
effects. Fig. 1 shows RP calculations for two-species mixtures.
The RP minus 1 represents a proportional mixing effect, and is
the vertical difference between the solid line and the expected
(dashed) lines shown in Fig. 1.

Transgressive overyielding is the special case of overyielding
where the mixture produces more than the most productive of
all the monocultures. This often occurs when the monocultures
of each species have similar productivities and there are facilitative
and/or competitive reduction interactions that improve the growth
of each species (Forrester et al., 2006a,b). The greater the difference
in productivity between each monoculture, the greater the com-
plementarity effects need to be for the mixture to outperform
the most productive monoculture (Fig. 1). Transgressive overyield-
ing is only applicable to the total stand-level. In contrast, over- and
underyielding can apply at both the species-stand level and the
total-stand level.

Most of the case studies and calculations described above were
applied to two-species mixtures, although they can usually also be
applied to > two-species mixtures and many studies also examine
how mixing effects change as the diversity of the stands or neigh-
bourhoods increase. These are broadly referred to here as diversity
or richness effects. Diversity may be quantified in many different
Please cite this article in press as: Forrester, D.I., Pretzsch, H. Tamm Review: On
with monocultures. Forest Ecol. Manage. (2015), http://dx.doi.org/10.1016/j.fo
ways, such as in terms of tree species, functional types, phyloge-
netic diversity, and structural diversity. These variables are usually
quantified as either counts, in which case they are richness effects
(e.g. tree species richness) or indices, in which case they are diver-
sity effects (e.g. tree species diversity, structural diversity). An
example of a commonly used index is Shannon’s index (Shannon,
1948), which considers the number of species (or functional types,
etc.) and the mixing proportions. A special case of a diversity effect
is an identity effect. This is where the explanatory variable is a mea-
sure of the contribution that a single species makes to the mixture.
This could be a binary variable of presence/absence or perhaps the
proportion of the mixture (in terms of trees per ha, basal area, etc.)
that is contributed by the species (or functional type, etc.) of inter-
est (Ratcliffe et al., 2015); thus any study containing only two spe-
cies could also be considered to be showing identity effects. While
diversity, richness and identity analyses can be performed at any
level (tree, species, total stand) it is worth mentioning the additive
partitioning calculations of Loreau and Hector (2001) that are
designed for total-stand (e.g. community) level analyses. These cal-
culations separate complementarity effects from selection effects.
Selection effects are similar to identity effects and occur when a
species dominants a community and influences the relative yield
of the other species.

In addition to the commonly used RP calculations and additive
partitioning equations, many other mathematical calculations
have been developed to quantify, interpret and display overyield-
ing and other aspects of interactions between plants. A review by
Weigelt and Jolliffe (2003) included more than 50 of these calcula-
tions. This great variety has resulted from the many different
experimental designs and research questions for which the calcu-
lations were specifically designed. Consequently, their selection
has significant consequences for the way species interactions are
quantified and therefore the interpretations and conclusions, and
this has resulted in critical debates about which types of calcula-
tions are appropriate (e.g. Brooker et al., 2013). As a result many
studies avoid or complement the use of such mathematical indices
with other types of analyses, such as regression, when quantifying
mixing effects (Sections 4 and 5).

Weigelt and Jolliffe (2003) suggested that it is worth consider-
ing the specificity and clarity of their meaning, mathematical prop-
erties (e.g. complexity in terms of numbers of variables and
calculations to get the index), how stand density is considered,
and freedom from bias in terms of initial plant sizes. To illustrate,
the implications of using different types of calculations, the total
stand overyielding and underyielding calculated using the RP
equation (1) is compared with another calculation, Land
Equivalent Ratio, LER, (Willey and Osiru, 1972) as shown in
Table 1. The Land Equivalent Ratio is calculated using Eq. (4).
Land Equivalent Ratio ¼ p1ð2Þ
p1

þ pð1Þ2
p2

ð4Þ

The p1(2) is the productivity of species 1 in a mixture with spe-
cies 2, and p1 is the productivity of species 1 in monoculture, and
similarly for species 2. The Land Equivalent Ratio is a measure of
the land area required for a mixture to be as productive as the
same species grown in monocultures. Values >1 indicate a produc-
tivity advantage in mixture while <1 indicates the opposite. The
Land Equivalent Ratio does not explicitly consider the mixing por-
tions and is based on the two relative productivities. It is more
common in herbaceous plant biology and agronomy where mixing
proportions in terms of required growing space are difficult to
measure and are not used when quantifying mixing effects
(Harper, 1977; Vandermeer, 1989). In contrast, the RP equation is
often used for forest stands, where the species-specific stand areas
andmixing proportions can easily be quantified (Pretzsch, 2009, pp
the strength of evidence when comparing ecosystem functions of mixtures
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Table 1
Eight model triplets used to explain the ambiguity of the Land Equivalent Ratio compared with the Relative Productivity equation. A triplet is a set of three plots including the 2-
species mixture and the monoculture of each species. When the productivity or mixing proportions of the two mixed species are similar (triplets 1 and 2) their Relative
Productivity and Land Equivalent Ratio values are similar. The greater the difference in species-specific productivity and mixing portions, the more misleading the Land
Equivalent Ratio values can be compared with the Relative Productivity equation. The mixed stand of triplet 3 considerably overyields the monospecific stands (Relative
Productivity = 1.289) and triplet 4 represents underyielding (Relative Productivity = 0.945), but Land Equivalent Ratio = 1.1 for both stands. The difference becomes even worse
for triplets 5, 6 and 8.

Model
triplet

Monoculture growth
species 1
(Mg ha�1 yr�1)

Monoculture growth
species 2
(Mg ha�1 yr�1)

Mixing
proportion of
species 1

Species 1 growth in
mixture
(Mg ha�1 yr�1)

Mixing
proportion of
species 2

Species 2 growth in
mixture
(Mg ha�1 yr�1)

Relative
Productivity

Land
Equivalent
Ratio

1 10.0 10.0 0.25 5.0 0.75 6.0 1.100 1.100
2 7.0 8.0 0.50 6.0 0.50 7.0 1.733 1.732
3 15.0 10.0 0.25 10.5 0.75 4.0 1.289 1.100
4 10.0 15.0 0.25 7.0 0.75 6.0 0.945 1.100
5 15.0 7.5 0.75 6.0 0.25 4.5 0.800 1.000
6 7.5 15.0 0.75 3.0 0.25 9.0 1.280 1.000
7 15.0 10.0 0.60 4.5 0.40 6.0 0.808 0.900
8 5.0 15.0 0.60 1.5 0.40 9.0 1.167 0.900
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356-360). The differences in conclusions that can result from using
Land Equivalent Ratio compared with the Relative Productivity
equation are shown in Table 1.
Table 2
A scheme for rating the confidence in forestry studies modified from Binkley and
Menyailo (2005).

Level Type of evidence

1 Meta-analysis of many similar experiments showing consistent
effects

2a Experiment replicated at several sites in accordance with the
population of interest

2b Experiment replicated at several sites but without formal a priori plan
for extrapolating to the population

2c Simulation studies based on models parameterized and validated
with data from mixtures

2d Evaluation of forest inventories
3a Experiment at a single site with replication
3b Case studies across environmental gradients with potentially

confounding spatial factors
4 Case studies at a single site with no replication
5 Expert opinion or inferences from expected first principles
2.5. Quantification of mixing proportions using stand density

It is usually necessary to quantify mixing proportions in order to
calculate the mixing effects. However, calculating mixing propor-
tions is not necessarily as straightforward as it sounds (Sterba
et al., 2014). There are many ways to calculate mixing proportions
depending on the objectives of the study (Bravo-Oviedo et al.,
2014). For example,mixing proportions could be based on the num-
ber of trees, basal area, volume, biomass, biomass growth, crown
areas, leaf areas, etc., and all are likely to give different proportions
within a given mixture depending on how much the allometry of
each species differs. For example, in a two-species mixture, the
mixing proportions of species 1 (m1) and species 2 (m2) could be
calculated from the number of trees per ha (N) using Eq. (5).

m1ðNÞ ¼ N1

N1 þ N2
ð5Þ

Proportions in terms of other variables could be calculated anal-
ogously. These calculations are often used in planted experiments
where the starting conditions are controlled. The subsequent
development of stand density and stand structure and differences
between treatments or species in terms of tree size are part of the
treatments. This contrasts with studies using plots in forests where
the differences in species ages or sizes and stand density at the
start of the study may have been caused by previous management
activities unrelated to the treatments. In these cases in particular,
Eq. (5) may not be adequate because it does not account for any
initial species-specific differences in mean tree size or growing
space (e.g. resource) requirements. For example, species 1 may
occur as a large number of small trees, while species 2 may occur
as a small number of large tall trees. In this case, the mixture pro-
portion m1(N) would overestimate species 1’s share of the stand
area and its likely potential to obtain resources. In contrast, mix-
ture proportions based on basal area or volume, take account of
species-specific sizes. However, the stand density may still need
to be accounted for in the calculation of mixing proportions
because the resource requirements (growing space) for trees of a
given size can vary significantly between species due to differences
in physiology and allometry. In other words, the maximum stand
density that each species can achieve in monocultures at the given
site may vary.

Several studies based on inventory data have used Reineke’s
(1933) stand density index (SDI) or basal area to account for
inter-specific differences in growing space occupancy (using SDI
Please cite this article in press as: Forrester, D.I., Pretzsch, H. Tamm Review: On
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or basal area) and tree size (using SDI) when calculating mixing
proportions (Río and Sterba, 2009; Condés et al., 2013; Sterba
et al., 2014). Reineke’s (1933) SDI is based on the allometric rela-
tionship between N and quadratic mean diameter (dq) described
by Eq. (6).

SDI ¼ N � 25
dq

� ��1:605

ð6Þ

If it is assumed that there is a maximum or potential SDI that
can be achieved by monocultures of a given species at a site
(SDImax) then this can be used to calculate mixing proportions.
Eq. (7) was used by Sterba et al. (2014) to adjust mixing propor-
tions that account for inter-specific differences in carrying capacity
at a given site (m1adj, m2adj).

m1adj ¼
SDI1

SDImax1
SDI1

SDImax1
þ SDI2

SDImax2

ð7Þ

If the SDImax of each species is the same then the mixing propor-
tion calculated using Eq. (5) (with SDI) will be the same as that
using Eq. (7). The greater the differences between the two maxi-
mum SDI the greater the differences in mixing proportions calcu-
lated using Eqs. (5) and (7) (Sterba et al., 2014). For example,
Sterba et al. (2014) found that maximum densities of Pinus sylves-
tris and Fagus sylvatica did not differ much and analyses required
only minor adjustments in mixing proportions. However, there
were much larger differences in the maximum densities of P. syl-
vestris and Quercus pyrenaica. This resulted in significant adjust-
ments in mixing proportions, which if ignored, would have
resulted in a distinct overestimation of the mixing effects.
the strength of evidence when comparing ecosystem functions of mixtures
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Fig. 2. Overyielding (Relative Productivity > 1) in terms of volume growth per
hectare of Pinus sylvestris and Fagus sylvatica in mixed-species stands compared
with neighbouring monospecific stands at the species level and the total stand level.
Evaluation based on a long-term experiment (Pretzsch et al., 2013b), seven triplets
in Germany and Poland (Pretzsch et al., 2015b), and 32 triplets along a productivity
gradient through Europe (Pretzsch et al., 2015b) showed a decreasing mean effect
size (from left to right). The Relative Productivity is calculated using Eqs. (1) and (2)
and based on mixing proportions calculated using Eq. (7).
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This approach enables analyses using inventory data to take
stand density into account; however the approach used above
should be used cautiously for three reasons. Firstly, the exponent
1.605 in Eq. (6) is not a constant and changes with environmental
conditions and even in mixed compared with monospecific stands
(Binkley, 1984; Woodall et al., 2005; Weiskittel et al., 2009; Reyes-
Hernandez et al., 2013). Secondly, SDImax may not be a static vari-
able and could change with long- and short-term changes in cli-
matic conditions at a site (e.g. during a drought), which could
have implications for using this approach to study the effects of
these factors in mixtures. Thirdly, the use of SDImax in Eq. (7) does
not account for the effects of vertical stratification or other com-
plex stand structural influences on mixing effects e.g. two mixed-
species stands containing the same pair of species, with the same
SDI1 and SDI2, on the same site, could still perform differently if
species 1 overtops species 2 in one of the mixtures, but not in
the second mixture. See also Section 3.3.
3. Replication at the stand level

The replication within a study determines the range of condi-
tions that the results apply to, so it is critical to consider where
the replication should be when designing a study. On the other
hand, the replication is also an important consideration when com-
paring and synthesising the results from different studies. Binkley
and Menyailo (2005) provided a simple scheme to rate the strength
of evidence from forest studies examining species–soil interactions
(Table 2). The same scheme can be applied when considering mix-
ing effects presented in different studies. Many studies are at levels
3 and 4 while far fewer are at the much more general levels of 1
and 2.
3.1. Spatial replication

The population of interest needs to be clearly defined (Binkley
and Menyailo, 2005; Binkley, 2008), and the results should not
need to be extrapolated in order to describe that population. This
is illustrated using Fig. 2, which compares the volume growth of
P. sylvestris and F. sylvatica in mixtures and monocultures. This
set of three plots (one mixture and two monocultures) will be
referred to as a ‘‘triplet”, but it could easily be extended to include
>2 species. When the comparison is made at a single site (Fig. 2,
Please cite this article in press as: Forrester, D.I., Pretzsch, H. Tamm Review: On
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left), the Relative Productivity calculation of the mixture is about
1.78, so their productivity is about 78% greater than expected
based on the monocultures. Initial reports of the mixing effects
for a given species combination might tend to be on the sites
where the mixing effects were large. However, mixing effects can
vary from site to site (Forrester, 2014), and the soil and climatic
conditions might just happen to favour mixtures, such as Fig. 2-
left. These results cannot be extrapolated to any other soil or cli-
matic conditions, even when the triplet is replicated many times
at this site, which would be like sub-sampling (not sampling) with
respect to the German or European populations of P. sylvestris and
F. sylvatica (Binkley and Menyailo, 2005; Binkley, 2008). The mid-
dle of Fig. 2 shows the same comparison of treatments using a ser-
ies of seven triplets replicated at different sites within Germany
and Poland. The mean mixing effect across these sites is only about
17% (RPtotal stand = 1.17), and this result applies to the range of soils
and climates that existed at these German and Polish sites.
Extending this replication to 32 triplets across Europe, each at a
different site, results in a mixing effect that is only about 9%
(RPtotal stand = 1.09), but this result applies to a large proportion of
the natural distribution of this species combination. The RPtotal stand
calculations, based on volume growth, across this European tran-
sect varied from about 0.5 to 2.5, but this variability was only
weakly, and not significantly, correlated with site or climatic
indices (Pretzsch et al., 2015b). Thus, Fig. 2 illustrates three impor-
tant points. Firstly, that increasing the sample size leads to a grad-
ual convergence on the population mean. Secondly, that biased
samples (Fig. 2-left) can lead to misleading population inferences,
and thirdly, that small samples can frustrate calculations of popu-
lation mixing effects.

This use of triplets on different sites is similar to the ‘‘twin plot”
approach that was used to examine fertiliser responses at 127 loca-
tions (each with a fertilised and unfertilised plot) in Eucalyptus
plantations in Brazil (Stape et al., 2006). However, an important
distinction is that in these case studies, the twin plot approach
was applied to planted experiments whereas the triplet approach
was applied to Specific Forest Plots, where many potentially
important factors have not been controlled within a given triplet,
such as site conditions, previous management, the age of each spe-
cies etc (see Section 2.2).

It is also critical to consider the positioning of treatments within
a site. At a given site that contains only a single replicate (triplet),
even a random assignment of treatments could place the mixture
on more fertile soil than the monocultures; the treatments are con-
founded by all other factors that vary between plots, such as the
soil fertility, moisture availability, and aspect. This applies to all
data sources (planted experiments, inventories and SFPs). To
account for these confounding factors treatments are typically
replicated within a given site. Using replicated blocks of plots (or
a minimum distance between plots of the same treatment) reduces
or removes the likelihood that all plots of a given treatment will by
chance be placed close together or on more fertile positions than
the other treatments (Bruelheide et al., 2014). Interestingly, in a
planted tree-species diversity experiment in Panama, even random
positioning of treatments resulted in a chance positioning of treat-
ments with high diversities on more fertile positions than less
diverse treatments, and this needs to be accounted for in analyses
to avoid overestimating the true biodiversity effect (Healy et al.,
2008; Bruelheide et al., 2014).

The triplet approach shown in Fig. 2 has often been applied to
Specific Forest Plots and inventory data (Pretzsch and Schütze,
2009). In contrast to planting new experiments, inventory data
and Specific Forest Plots enable the study of interactions between
large mature trees and quickly provide urgently needed basic
knowledge about mixing effects across whole landscapes.
However, with Specific Forest Plots or inventory data it can be
the strength of evidence when comparing ecosystem functions of mixtures
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Fig. 3. The mean annual increment of mixtures and monocultures of Eucalyptus
globulus and Acacia mearnsii planted at a spacing of 2 m � 3.3 m (Forrester et al.,
2011). In the legend, the number represents the percent of planted trees per ha of E.
globulus (E) and A. mearnsii (A).

D.I. Forrester, H. Pretzsch / Forest Ecology and Management xxx (2015) xxx–xxx 7
difficult to ensure that each of the treatments experiences the
same disturbance, soil and microclimatic conditions within a given
location and that the treatments (mixtures or monocultures) are
not themselves the result of different disturbances, soil or microcli-
matic conditions; this is much easier to control in planted experi-
ments. Note that the ‘‘same soil and microclimatic conditions” are
referred to loosely here because these conditions are well known
to vary across very short distances (within metres) within single
plots (Schume et al., 2004; Boyden et al., 2012). The comparability
of growing conditions for each plot within a given location may
need to be estimated using information that has not been influ-
enced by the species, such as aspect, slopes and some soil proper-
ties. Without such confirmation, there will be less confidence in
the results.

Previous silvicultural practices may also vary between plots
included in SFPs and inventories, creating contrasting stand struc-
tures that are not the result of species interactions but that influ-
ence species interactions and tree growth. In contrast, planted
experiments are typically more uniform and may lack some of
these complex structural effects. The effects of different structures
can possibly be accounted for using tree- and neighbourhood-level
analyses (Section 4).

The quantification of soil, climatic and other plot or site charac-
teristics is also important when quantifying the site gradients
within the experiments. It is well known that the way a given com-
bination of species interacts in forests changes with resource avail-
ability and climatic conditions (Forrester, 2014). To examine these
patterns it is important to quantify which site variables change
along the gradient and howmuch they change. Using general infor-
mation such as site indices can make interpretation difficult
because it does not show which resources or climatic conditions
were responsible for the change in site indices and it is these char-
acteristics that influence the species interactions, not the site index
per se (Forrester, 2014). Alternatively, experiments could be estab-
lished at a single site where a single resource is manipulated for
different triplets. For example, water retention-irrigation experi-
ments have been used to examine the effects of water availability
on growth, carbon partitioning, light absorption, transpiration and
other processes for entire rotations in Eucalyptus plantations (Stape
et al., 2010), and similar experiments have recently begun in
mixed-species stands (Pretzsch et al., 2014).
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with monocultures. Forest Ecol. Manage. (2015), http://dx.doi.org/10.1016/j.fo
3.2. Temporal replication

In addition to spatial replication, consideration of the temporal
range in measurements is important. Repeated measurements of
the same plots, or chronosequences, provide information about
how the species interactions change as stands develop, and also
how the interactions change as climatic conditions change. For
example, Fig. 3 shows the mean annual volume increment in
monocultures and mixtures of Eucalyptus globulus and Acacia
mearnsii. Initially A. mearnsii monocultures were the most produc-
tive and peaked very early at only about age 3 years. The peak in
the mean annual increment of E. globulus occurred much later at
about 10–15 years. The mixtures peaked at intermediate ages
depending on the proportion of each species within the mixture
and their peak mean annual increments were often higher than
both of the monocultures. As a result of these temporal dynamics,
measurements made at age 3 years would have shown that the A.
mearnsiimonoculture had a similar or higher productivity than the
other treatments. However, measurements at age 15 years would
have shown that A. mearnsii monocultures were the least produc-
tive treatment. This illustrates the value of data sets that span an
entire rotation.

An alternative approach to long-term measurements is
chronosequences that include plots of different ages on the same
(or very similar) sites to avoid introducing confounding effects of
site conditions. The disadvantage is that it can be hard to ensure
that there are no differences in disturbances, soils and microcli-
mates between plots of different ages that will confound the age
effects. Assuming that there are no such confounding factors, an
advantage of chronosequences is that all ages and development
stages can be measured under the same climatic conditions (e.g.
Forrester et al., 2010a). Conversely, the results will only be applica-
ble to the climatic conditions that prevailed while the chronose-
quence was measured. With repeated measurements of the same
plots there is a risk that the climatic conditions varied as the stand
developed so that the age trend is distorted due to the occurrence
of several years with favourable climates or several years of
drought. This is more problematic in stands with short rotations
(e.g. <20 years).

3.3. Stand density and structure

Stand density, in terms of variables such as basal area, volume
and biomass is a strong determinant of stand growth, and may
often be a more important determinant of productivity than spe-
cies interactions and biodiversity (Vilà et al., 2013). Changes in
stand density often modify the way species interact in terms of
growth (Garber and Maguire, 2004; Boyden et al., 2005; Río and
Sterba, 2009; Condés et al., 2013; Forrester et al., 2013), light
absorption (Forrester and Albrecht, 2014) and transpiration
(Forrester, 2015). Therefore, it is often necessary to take stand den-
sity into account when interpreting mixing effects. In acknowl-
edgement of the interaction between species interactions and
stand density, many experimental designs have been developed
(e.g. additive series and replacement series) to examine how den-
sity influences the effects of intra- and inter-specific interactions
and evenness of species proportions (Kelty and Cameron, 1995;
Vanclay, 2006b). The potential effects of density are particularly
important for foresters because modifying density by thinning is
a major forest management tool used to control growth, mortality,
water availability, pests, etc. (Allen et al., 2010; Hawthorne et al.,
2013).

The manipulation of density either when planting or thinning
also influences the structure of the stand, e.g. in terms of the diam-
eter and height distributions or canopy stratification. Differences in
structure between mixtures and monocultures (e.g. canopy
the strength of evidence when comparing ecosystem functions of mixtures
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structure, crown architecture) have been proposed as contributors
to mixing effects (Kelty, 1992; Bauhus et al., 2004; Sapijanskas
et al., 2014). It is therefore important to control for differences in
structure as well as density. For example, the mixing effect result-
ing from natural canopy stratification might be very different to
the mixing effect that occurs in a stand thinned to the same density
but that develops a very different vertical structure.

When mixtures are more productive than monocultures, they
will by definition develop a greater stand density and this differ-
ence is part of the treatment. Similarly, the vertical structure that
develops is also part of the treatment. Therefore, after establishing
planted experiments, the density is usually not manipulated again,
or when it is it will be done systematically and acknowledged how
the treatments themselves have been changed.

In contrast to planted experiments, differences in the stand
density and stand structure of inventory plots and SFPs can often
vary due to differences in past silvicultural practices or natural dis-
turbances and not only due to the natural stand dynamics. One
approach to reduce (but not avoid) the confounding effect of silvi-
culture or natural disturbances is to select plots that are known not
to have not been thinned or plots that have been thinned but have
since reached a stand density close to the sites potential (e.g.
Pretzsch et al., 2010). A second approach that has been applied
to inventory data is to use stand density indices (Section 2.5),
Fig. 4. The relationship between (a) individual tree leaf area and the absorption of
photosynthetically active radiation (APAR) of Abies alba trees mixed with Picea abies
trees, and (b) tree diameter (at 1.3 m) and individual tree transpiration of
Eucalyptus globulus trees growing in monoculture or mixtures with Acacia mearnsii
(modified from Forrester (2015)). (a) is modified from Forrester and Albrecht (2014)
and contains data for Abies alba trees whose neighbourhoods (including all trees
within a 10 m radius) contained >70% (by basal area) or <30% A. alba.

Fig. 5. The effects of species composition on the relationships (a) between diameter
and crown projection area for Fagus sylvatica trees in mixtures with Quercus petraea
or monocultures (modified from Pretzsch (2014)), (b) between height and leaf mass
or stem mass of Acacia mangium, and (c) between diameter and leaf mass of
Eucalyptus grandis (using equations from Laclau et al. (2008)). In the legend of (b)
and (c), the number represents the percent of planted trees per ha of E. grandis (E)
and A. mangium (A).
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however, this approach does not account for vertical structure
and requires assumptions described in Section 2.5. A third
approach is to use tree- and neighbourhood-level analyses to
account for the differences in stand density and stand structure
(Section 4).

An example of how species composition can be confounded
with silviculture can be seen in central European forests where
there is a long tradition of systematic and regular thinning of
monocultures that is well supported by quantitative guidelines.
Thinning may differ in mixed-species stands when one species, e.
the strength of evidence when comparing ecosystem functions of mixtures
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Fig. 6. The relationship between sap flux density (SFD) at 14:30 h and depth into
the sapwood from the cambium (cambium = 0, sapwood-to-heartwood bound-
ary = 1) of (a) Eucalyptus globulus with diameters (D) of 10 or 20 cm, (b) Acacia
mearnsii with diameters of 15 cm, and (c) the effect of stand density on the same
relationship for E. globulus with diameters of 15 cm. For each relationship, the
effects of other factors have been accounted for such as tree diameter, species
composition, climate, and stand density. Modified from Forrester (2015).
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g. F. sylvatica, is at risk from being overgrown by a second species,
e.g. Picea abies. The second species may then be thinned more fre-
quently to give the other species a better chance, thereby reducing
the stand density of the mixture compared with neighbouring
monocultures (Lüpke and Spellmann, 1999). Conversely, the stand
density of mixtures relative to monocultures may be increased
when mixed stands are more resistant to windthrow, bark beetle
attacks, or snow damage (Griess and Knoke, 2011; Griess et al.,
2012). These differences in density are not directly related to spe-
cies interactions but they are important because stand density can
significantly influence growth. For example, moderately thinned
monocultures in central Europe often grow 10–20% more than
unthinned stands (Pretzsch, 2005). Therefore, using the thinned
monocultures as a reference may result in an underestimation of
the mixing effects because the mixtures are closer to the maximum
density.
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4. Tree- and neighbourhood-level replication

The previous section focused on the stand level. However, to get
more detailed information about the processes driving stand-level
patterns, it is often useful to examine tree-level relationships.
Tree-level and neighbourhood-level analyses can show how rela-
tionships between tree size, neighbourhood density and growth or
physiological variables vary between mixtures and monocultures
and thereby help to explain the patterns observed at the stand level.
Tree-level analyses can also be useful to separate the effects of tree
size or age from other mixing effects where the relationships
between tree size or age and the response variable actually vary
betweenmixtures and monocultures. Examples of tree-level analy-
ses are shown in Figs. 4–6. In Fig. 4 regression analysis was used to
separate the effects of tree size from other mixing effects. The rela-
tionships between tree size and light absorption or transpiration
were compared in mixtures and monocultures. In these examples
there was a significant difference in the relationship between tree
size and light absorption, such that Abies alba trees with a given leaf
area in mixed-species neighbourhoods with P. abies absorbed more
light than trees with the same leaf area in almost monospecific
neighbourhoods (Fig. 4a). In contrast, therewas no difference in this
relationship for P. abies (data not shown). There was also no signifi-
cant difference (in slopes or intercepts) in the relationship between
tree size and transpiration in monocultures and mixtures of E. glob-
ulus and A. mearnsii (Fig. 4b). In this case the mixtures used more
water because they contained larger trees.

Tree-level or neighbourhood-level analyses can also be used to
increase the number and, to a lesser extent, the range of treat-
ments. For example, at the plot level there may only be a low num-
ber of treatments (e.g. one two-species mixture and two
monocultures) but within each plot there may be a lot of variation
between the neighbourhoods of different individual trees in terms
of species composition, species proportion, soil fertility, light and
water availability, stand density, etc. To make use of this variabil-
ity, neighbourhood indices have been widely used in forest
research, including to examine the effects of species interactions
and stand density on growth (e.g. Boyden et al., 2005; Vanclay,
2006a), light absorption (Forrester and Albrecht, 2014) and tran-
spiration (Forrester, 2015). This allows a greater number of species
proportions and stand densities to be examined than would other-
wise be possible at the stand level. Nevertheless, this replication at
the tree level is only pseudo replication of stand-level site and cli-
mate, and is complementary, not a replacement, for stand-level
replication. Neighbourhood analyses can also be valuable tools
for experiments with small plots. That is, stand-level analyses
may not be practical after the trees become large relative to the
plots such that the original plot-level treatments become redun-
dant. In these cases, the buffers between plots can be ignored
and the whole experiment, including buffer trees, can be examined
using a neighbourhood approach.
5. Scaling issues relating to intra-specific variability

Forest research about allometry and physiological responses to
resource availability and climatic conditions has largely focused on
monocultures. This allometric and physiological information is
often used to scale up from leaf or tree to stand level information,
and in some studies, information from monocultures is used when
upscaling for mixtures. However, when inter-specific interactions
result in significant intra-specific variability (Figs. 4–6), using
information from monocultures for mixtures, or simply applying
the mean of all treatments, can have strong implications for
upscaling and result in biased estimates of mixture effects. This
is also a potential problem for forest growth models (Pretzsch
the strength of evidence when comparing ecosystem functions of mixtures
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et al., 2015a). This section discusses potential problems that can
result from ignoring intra-specific variability in morphology, phys-
iology and phenology.

5.1. Intra-specific variability in morphology/allometry

Tree diameter is often used to predict variables that are harder
to measure, such as height, crown dimensions, volume, biomass,
leaf area, sapwood area, transpiration etc. However, it is well
known that for a given species and age these relationships can vary
with resource availability, climatic conditions and stand density
(Litton et al., 2007; Poorter et al., 2012). All of these factors can dif-
fer in mixtures compared with monocultures and it is not surpris-
ing that allometry has also been reported to differ. For example,
Fig. 5a shows how the horizontal crown projection area (m2) of
F. sylvatica trees of a given diameter can vary significantly depend-
ing on the species composition of the forest. Fig. 4b and c shows
how allometric biomass equations differed for Eucalyptus grandis
and Acacia mangium in mixtures and monocultures. Using allomet-
ric equations that were developed in monocultures for trees in
mixtures can lead to large errors in predictions. Similarly, using
the mean equations for all treatments could reduce the predicted
size of the actual mixing effects.

This can be shown using the study of E. grandis and A. mangium
monocultures and mixtures where allometric biomass equations
were carefully developed for each species in each treatment
(Fig. 5b and c) (Laclau et al., 2008). Relationships between diame-
ter, height and most biomass components differed between mix-
tures and monocultures for both species, such that E. grandis
trees of a given diameter or height had a greater biomass in mix-
ture than in monoculture, and the opposite for A. mangium
(Laclau et al., 2008). When the treatment-specific allometric equa-
tions from Laclau et al. (2008) are used, the mean tree biomass of E.
grandis in mixtures is calculated to be 100% larger than trees in
monocultures. However, a mixture-monoculture difference of only
34% results when monospecific equations are used in the mixtures,
which clearly underestimates the actual mixing effect. In contrast,
when the correct equations are used for A. mangium the mean tree
biomass is 27% lower in mixture than in monoculture, but is only
7% lower when the monospecific equations are used for the A. man-
gium in mixtures.

Some studies have found no differences in allometry between
mixtures and monocultures (DeBell et al., 1997), and there may
be species and allometric relationships that are more variable (e.
g. crown dimensions and leaf area) than others (e.g. stem mass).
Therefore, while it is not always necessary to use different allomet-
ric relationships for mixtures, it is worthwhile considering when
this may be important.

5.2. Intra-specific variability in physiology

Physiological measurements are often made at high spatial and
temporal resolutions using specialised equipment, which can make
them very time consuming and expensive. This can encourage low
replication, and in some studies no consideration is given to
whether the physiological relationships used when upscaling vary
between the mixtures and monocultures. For example, whole-tree
transpiration can be calculated by measuring the sap flux density
(SFD, mL cm�2 h�1) every few minutes or hours and then scaling
this up to a transpiration value for the whole tree using the sap-
wood area of the tree. Depending on the method, information
about the relationship between SFD and the depth into the sap-
wood (Fig. 6) is required when scaling up from the tree (and hour)
to the stand (and day or month, etc.). It may also be required to
correct for any discrepancy between the depth into the sapwood
of the measurement probes and the depth of the sapwood-to-
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heartwood boundary. The SFD profile can differ between mixtures
and monocultures, with stand density and with tree size (Fig. 6).
This reflects differences in the vertical gradients of water uptake
by roots and transpiration by leaves in response to vertical gradi-
ents in soil moisture and canopy micro-climates. That is, that outer
sapwood is more likely to be used more by higher branches or lat-
eral roots, whereas the inner sapwood is used more by lower
branches and deeper roots (Dye et al., 1991; Lu et al., 2004;
Nadezhdina et al., 2007; Fiora and Cescatti, 2008; Forrester et al.,
2012).

Despite these potential treatment effects, about half of the stud-
ies that have compared the transpiration of mixtures and monocul-
tures (reviewed in Forrester, 2015) measured the SFD profiles in
each treatment, while the others did not. Those studies not only
assumed that the profiles were the same in mixtures and monocul-
tures, but sometimes used profiles measured in monocultures that
may have even contained trees of different ages and diameters and
different stand densities. The potential error resulting from these
assumptions may not need to be high to have a significant influ-
ence on the relative differences between mixtures and
monocultures.
5.3. Intra- and inter-specific variability in phenology

The magnitude and rhythm of physiological variables within a
given growing season can vary between species, and can also vary
for a given species depending on the environmental conditions
where it is growing. This makes the timing of measurements crit-
ical and may require regular or continuous measurements for at
least one whole growing season. An obvious example is the season-
ality of light absorption and shading in mixtures of evergreen and
deciduous species, or mixtures of multiple deciduous species that
produce and shed leaves at different times. Similarly, the seasonal-
ity of nutrient uptake and cycling varies between species (Richards
and Schmidt, 2010). Another example is the timing of the peak in
transpiration, which can vary between species such that a species
with the highest transpiration during one part of the season may
have the lowest rates during another part of the season
(Forrester et al., 2010b; Moore et al., 2011; Gebauer et al., 2012;
Kunert et al., 2012). In addition to these inter-specific differences,
the timing of the transpiration peak of a given species can change
depending on whether it is in a monoculture or mixture, and in
some cases the ranking of mixtures and monocultures or of differ-
ent species in the mixture can actually reverse depending on the
season (Forrester et al., 2010b; Kunert et al., 2012). Most studies
that compare the transpiration of mixtures with monocultures
therefore measure transpiration for at least one whole growing
season, and these studies have all confirmed these strong seasonal
trends (Forrester et al., 2010b; Moore et al., 2011; Gebauer et al.,
2012; Kunert et al., 2012). Based on these studies, even if transpi-
ration was measured at several times during the year, but only for
a small proportion of the growing season, it may not reflect the
actual rankings of species or treatments. While the examples above
indicate that intra-specific variability can sometimes be important,
this variability differed between species. It is important to consider
when this intra-specific variability will be important.
6. Correlations and causality

Correlations do not mean causal mechanisms (Binkley and
Menyailo, 2005). Some studies measure patterns in growth and
assume that certain mechanisms were responsible. For example,
large forest plot data sets have been used to clearly show that com-
plementarity increases for F. sylvatica when mixed with Quercus
petraea or Q. robur during drought years or on (drier) sites of lower
the strength of evidence when comparing ecosystem functions of mixtures
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productivity (Pretzsch et al., 2013a). One possible explanation is
that the complementarity results from hydraulic redistribution
by Quercus which increases water availability for F. sylvatica.
However, a study that has examined this process found that Q. pet-
raea did indeed redistribute water from deeper soil layers to shal-
low layers but F. sylvatica did not actually use it (Zapater et al.,
2011). Other studies measure significant increases in a certain pro-
cess in mixtures and assume that process is a main cause of growth
responses without considering other processes that may be much
more important. For example, taking the example above, even if
hydraulic redistribution occurs it may, or may not, have a much
smaller impact on water availability and growth than other
water-related processes such as inter-specific differences in tran-
spiration or canopy interception. Similarly, increases in growth
have often been reported in mixtures containing nitrogen-fixing
species and often this has been shown to result, at least in part,
from improved nitrogen availability and uptake (Forrester et al.,
2006b), however, in other studies there have been high rates of
nitrogen fixation but no growth increase (Binkley et al., 1992) or
there has been a large growth increase but relatively low rates of
nitrogen fixation (Bouillet et al., 2008). These studies carefully
showed that even though these processes occurred, they were
not large enough to be the main cause of the growth responses that
were observed.

An approach that has been used to link the growth responses
with resource availability, uptake and efficiency of use is the appli-
cation of the production ecology equation (Monteith, 1977).
Gross primary production ¼ resource supply

� fraction of resource acquired

� resource use efficiency

ð8Þ
This has been applied when comparing mixtures and monocul-

tures in relation to nutrients (Richards et al., 2010), water
(Forrester et al., 2010b; Moore et al., 2011; Kunert et al., 2012;
Forrester, 2015) and light (Forrester and Albrecht, 2014). The mag-
nitude of the change in resource availability or uptake or efficiency
can be compared with the difference in the process to indicate
whether it was large enough to cause the effect.

In addition to Eq. (8), the more comprehensive mass balance
approach was recommended by Binkley and Menyailo (2005)
when evaluating the strength of evidence of the effects of different
tree species on soils. This can also be applied when comparing pro-
cesses driving the dynamics of mixtures and monocultures. This
approach considers all of the inputs and outputs (fluxes) of a given
resource in an ecosystem and the changes in the size of all of the
existing pools of that resource, which should all balance (e.g.
Giardina and Ryan, 2002). This approach gives confidence in the
values of the individual pools and fluxes. That is, there is always
error associated with measurements of each individual pool or
flux. However, while it can be difficult to determine the reliability
of measurements of each individual pool or flux, when considered
with other measurements in a mass balance, it is clearer whether
or not there are any significant errors. Binkley and Menyailo
(2005) give examples of studies where the size of pools and fluxes
that were measured could not possibly be correct simply because
there was not enough of the given resource in the ecosystem.

Mass balance approaches have been applied in mixed-species
stands when examining carbon sequestration (Forrester et al.,
2006a; Epron et al., 2013). While productivity of mixtures is often
quantified in terms of above-ground production, this does not
mean that the total biomass production is higher in mixtures; a
higher above-ground biomass could also occur when increases in
soil resource availability result in a shift in carbon partitioning
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more to aboveground. For example, fertiliser application has been
shown to increase aboveground production in mature eucalypt for-
ests but this resulted from a shift in partitioning rather than a
change in gross primary production (Keith et al., 1997). Greater
productivity in mixtures compared with monocultures has been
associated with a combination of changes in partitioning and
changes in net primary production (Forrester et al., 2006a; Epron
et al., 2013).

7. Conclusions

Adapting forest ecosystems to global change is one of the lar-
gest current challenges in forestry, and mixed-species forests are
viewed as one of the most important adaptation and risk-
reduction strategies (Messier et al., 2013). Therefore, a good under-
standing of how species interactions influence growth and other
ecosystem functions of mixed-species forests is critical. While
many of the topics discussed in this synthesis are not new, they
are sometimes forgotten or ignored even though they can have
strong implications for the quantification and interpretation of
mixing effects. Inappropriate replication through space and time,
or assumptions that the allometry, physiology or phenology of a
given species is the same in monocultures and mixtures can lead
to biased predictions of mixing effects. Stand density and stand
structure can also influence mixing effects but the processes driv-
ing these patterns are not well understood, which makes it difficult
to account for stand density and structure in studies that use
inventories or SFPs. This understanding may be improved by com-
plementing commonly used stand-level analyses with
neighbourhood-level analyses that help to account for the variabil-
ity in density and structure within a given stand. Progress will also
require a process-based approach, particularly within the frame-
work of mass balances and the production ecology equation. This
information will help to indicate which factors are the most impor-
tant drivers of mixed-species forest dynamics and hence facilitate
the development of process-based growth models that are simple
enough to be used as management tools but that are still capable
of reproducing the spatial and temporal dynamics of species inter-
actions (Forrester and Tang, in press).
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