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Summary Productivity of tree plantations is a function of
the supply, capture and efficiency of use of resources, as out-
lined in the Production Ecology Equation. Species interac-
tions in mixed-species stands can influence each of these
variables. The importance of resource-use efficiency in deter-
mining forest productivity has been clearly demonstrated in
monocultures; however, substantial knowledge gaps remain
for mixtures. This review examines how the physiology
and morphology of a given species can vary depending on
whether it grows in a mixture or monoculture. We outline
how physiological and morphological shifts within species,
resulting from interactions in mixtures, may influence the
three variables of the Production Ecology Equation, with an
emphasis on nutrient resources [nitrogen (N) and phosphorus
(P)]. These include (i) resource availability, including soil nu-
trient mineralization, N2 fixation and litter decomposition; (ii)
proportion of resources captured, resulting from shifts in spa-
tial, temporal and chemical patterns of root dynamics; (iii)
resource-use efficiency. We found that more than 50% of
mixed-species studies report a shift to greater above-ground
nutrient content of species grown in mixtures compared to
monocultures, indicating an increase in the proportion of re-
sources captured from a site. Secondly, a meta-analysis
showed that foliar N concentrations significantly increased
for a given species in a mixture containing N2-fixing species,
compared to a monoculture, suggesting higher rates of pho-
tosynthesis and greater resource-use efficiency. Significant
shifts in N- and P-use efficiencies of a given species, when
grown in a mixture compared to a monoculture, occurred in
over 65% of studies where resource-use efficiency could be
calculated. Such shifts can result from changes in canopy
photosynthetic capacities, changes in carbon allocation or
changes to foliar nutrient residence times of species in a mix-
ture. We recommend that future research focus on individual
species' changes, particularly with respect to resource-use ef-
ficiency (including nutrients, water and light), when trees are

grown in mixtures compared to monocultures. A better un-
derstanding of processes responsible for changes to tree pro-
ductivity in mixed-species tree plantations can improve
species, and within-species, selection so that the long-term
outcome of mixtures is more predictable.

Keywords: light-use efficiency, litter decomposition, nitrogen
fixation, nitrogen-use efficiency, phosphorus-use efficiency,
root stratification, water-use efficiency.

Introduction

As the total area of forests is declining globally, the extent of
plantations is increasing (FAO 2009). Many different types of
plantation are established for different purposes and the ma-
jority are planted as monocultures with the aim of producing
timber for products such as paper, solid wood and firewood
(Evans 2009). Mixed-species plantations, however, can have
higher rates of above-ground biomass production and carbon
(C) sequestration than monocultures (DeBell et al. 1989,
Kelty 1992, Pretzsch 2005, Erskine et al. 2006, Forrester et
al. 2004, 2006b, Piotto 2008; Pretzsch and Schütze 2009).
Although production benefits are not always realized when
comparing mixtures to their monospecific counterparts,
mixed-species plantations have the potential to meet numer-
ous economic, silvicultural and environmental objectives
(Forrester et al. 2005b). For example, plantations are increas-
ingly established tomeet objectives such as land rehabilitation,
erosion control, C sequestration, water table stabilization and
habitat provision and because they may be more resilient to
disturbances (Knoke et al. 2008, Bauhus et al. 2010). Mixed-
species plantations are frequently being recommended and
used to meet these functions (e.g., Harrison et al. 2000,
Herbohn et al. 2005, Lamb et al. 2005, Paquette and Messier
2010).
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A number of reviews have analysed the productivity of
mixed-species plantations compared to monocultures (e.g.,
Kelty 1992, 2006, Rothe and Binkley 2001, Pretzsch 2005,
Erskine et al. 2006, Forrester et al. 2006b, Piotto 2008).
These studies have used the concepts of complementary re-
source use (competitive reduction) and facilitation (for defi-
nitions, see Vandermeer 1989) to explain observed patterns of
over-yielding (i.e., higher productivity of a mixture compared
to pure stands). An alternative framework for investigating
mechanisms behind productivity patterns of mixed stands is
the Production Ecology Equation developed by Monteith
(1977) and explored further by Binkley et al. (2004):

Gross primary productivity = resource supply
� proportion of resource captured
� efficiency of resource use ð1Þ

Equation 1 can be used to describe woody biomass produc-
tion (Mg ha−1 year−1) (minus C allocation to respiration and
non-woody tissues, i.e., net primary productivity) in mono-
culture and mixed-species stands as a function of the supply
(Mgresource ha

−1 year−1), capture (proportion) and use of nu-
trients, light and water (Mgbiomass Mg−1resource) (Binkley et al.
2004). We refer to nutrient-use efficiency as net above-
ground primary productivity divided by the total amount of
nutrients in above-ground litterfall (sensu Vitousek 1982).
This review will focus on the nutrients nitrogen (N) and
phosphorus (P). Owing to a paucity of published data about
the use efficiency of other nutrients, light and water in mix-
tures, these resources will be mentioned only and not exam-
ined in detail in this review.
A wide range of processes can lead to changes in resource

availability and higher productivity in mixtures (Kelty 1992,
Rothe and Binkley 2001, Pretzsch 2005, Forrester et al.
2006b). Inter-specific differences in plant traits related to
physiology (e.g., shade tolerance, foliar nutrition) or mor-
phology (e.g., root and canopy architecture) are often the ba-
sis for species selection in order to make use of processes that
facilitate growth or reduce competition between species,
leading to greater resource availability and productivity
(Kelty 1992). Thus, research focusing on plant functional
traits is a recent promising approach for investigating interac-
tions in mixed-species plantations (Körner 2005).
This review will not focus on inter-specific differences in

species traits that indicate promising ecological combining
ability (sensu Harper 1977), but instead we analyse within-
species (intra-specific) physiological and morphological dif-
ferences that result from interactions experienced by a tree
when grown in a mixture compared to a monoculture. Differ-
ences in tree nutrition of mixtures and respective monocul-
tures can result from purely additive effects of combining
different species or from synergistic or antagonistic effects
due to interactions between component species. Synergistic
and antagonistic mixture effects represent positive or nega-
tive interactions between species, which can be quantified
at the individual tree level through intra-specific changes in

tree morphology and physiology. These ‘true’ mixture effects
should lead to changes in the parameters of the Production
Ecology Equation. It is the latter type of effect that this re-
view is concerned with.
Intra-specific differences in tree physiology or morphology

that result from interactions with other species in a mixture
compared to the same species grown in a monoculture may
be specific to the site conditions under which monocultures
and mixtures are grown. However, very few experimental
mixtures have been planted in replicated designs across envi-
ronmental gradients that would allow the quantification of the
influence of site effects on species interactions. Therefore, an
analysis of the effect of site conditions on tree nutrition that
result from changes observed within species grown in mix-
tures and monocultures is beyond the scope of this review.
We will use the Production Ecology Equation (Monteith

1977, Binkley et al. 2004) to highlight physiological or struc-
tural changes within tree species that result from interactions
in mixed-species stands and influence stand nutrition and pri-
mary productivity. We will discuss these changes and their
effect on resource supply, proportion of resource supply that
is captured and resource-use efficiency. Where the experi-
mental evidence for intra-specific changes in mixtures is in-
sufficient, we aim to develop a conceptual understanding of
each process and, in doing so, highlight key knowledge gaps
(for a detailed overview, see Table 1). Understanding how
species' interactions modify plant physiological processes
has relevance not only for understanding the factors driving
changes in productivity of mixed-species stands, but for com-
munity ecology more generally. In a broader sense, such
knowledge is essential for developing sustainable production
systems for the future.

Resource supply

In tree plantations, increases in the supply of resources such
as soil nutrients may occur in different ways: (i) a greater pro-
portion of the total pool of soil nutrients may become more
available to plants through enhanced mineralization; (ii) a
smaller fraction of nutrients may be lost from the system
through leaching or erosion; (iii) nutrients may be added to
the system via mineral weathering, atmospheric deposition or
N2 fixation; and (iv) nutrient cycling and release from above-
ground pools may be accelerated via higher rates of litter pro-
duction and decomposition (Knops et al. 2002). The effect of
single tree species and specific functional traits on processes
affecting soil nutrient supply has been intensively studied
(Hobbie 1992, Binkley and Giardina 1998, Rothe and Binkley
2001, Reich et al. 2005). However, physiological and structur-
al changes within species, as a result of interactions in mix-
tures, may also affect nutrient supply, although results to
date are still rather equivocal (Scherer-Lorenzen et al.
2005). We present a brief overview of mixture effects on only
three of these mechanisms: nutrient mineralization, N2 fixa-
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tion and litter decomposition, due to insufficient evidence for
specific tree physiological changes that influence rates of de-
position, mineral weathering, leaching and soil erosion. Soil
nutrient supply in mixed-species plantations may also change,
relative to monocultures, because tree species in mixtures cap-
ture a greater portion of the total pool of available nutrients in
space, time or chemical form. This aspect, the proportion of
resources captured from a site, is discussed in the Proportion
of resource supply that is captured section.

Higher rates of soil nutrient mineralization in mixtures
compared to monocultures

Increases in soil nutrient mineralization in mixed-species
plantations have commonly been determined only at the stand
level through comparisons with respective monocultures
(Khanna 1997, Kaye et al. 2000, Talkner et al. 2009). How-
ever, it is possible that individual tree species may impact soil
nutrient mineralization through the quality of organic matter
inputs (discussed further in the Litter production and decom-
position section), through root exudates that change rhizo-
sphere microbial communities or through modification of

chemical and physical stabilization of soil organic matter
(Hobbie 1992, Hobbie et al. 2007). Interactions between spe-
cies in mixtures may result in changes to individual species'
impacts on soil nutrient mineralization and, therefore, total
stand nutrient availability. For example, tree-specific N min-
eralization rates were modified by adjacent species in a Frax-
inus pennsylvanica, Pinus strobus and Picea abies mixture
(Binkley and Valentine 1991). However, soil nutrient pools
in the rooting zone of individual trees were not different be-
tween mixtures and monocultures in a tropical tree plantation
(Oelmann et al. 2010).
Many other mixture examples analyse total stand nutrient

mineralization rates, preventing the distinction between addi-
tive and multiplicative effects of mixing. However, these
studies provide insights into processes that may be responsi-
ble for changes to nutrient availability and these could be in-
vestigated further at the level of individual species. For
example, a classical study on mixtures of conifers is that with
Picea sitchensis and companion species such as Pinus sylves-
tris and Larix sp. in Scotland. Here, afforestation of heathland
soils with pure P. sitchensis often results in poor growth
combined with poor nutrition. However, planting P. sitchen-

Table 1. Key hypotheses for physiological and morphological changes of species grown in mixtures compared to monocultures, and suggested
methods for testing these hypotheses in new and existing plantations. Descriptions are organized under section headings described in the
Production Ecology Equation (Eq. 1).

Resource supply section Proportion of resource supply captured
section

Resource-use efficiency section

Hypotheses Individual species modify soil
characteristics so that nutrient
availability in their rooting zone
increases in a mixture compared to a
monoculture, resulting in greater stand
soil nutrient availability and tree
productivity.

Species grown in mixtures adjust fine
root architecture and uptake kinetics,
resulting in increased whole-plant
nutrient content and stand productivity.

Species grown in mixtures have higher
rates of light-saturated photosynthesis
and foliar N, compared to monocultures,
resulting in higher N-use efficiency and
greater stand productivity.

Species have higher rates of N2 fixation
in mixtures compared to monocultures,
resulting in greater stand productivity
and soil N content.

Species grown in mixtures take up
nutrients at different times of the year,
compared to monocultures, resulting
in greater whole-plant nutrient content
and stand productivity.

Higher nutrient-use efficiency of species
grown in mixtures is due to a shift in C
allocation away from roots to above-
ground structures, resulting in greater
stand productivity.

Leaf traits related to litter quality, such
as nutrient resorption efficiency, change
when tree species are grown in mixtures
compared to monocultures and affect
rates of litter decomposition and
nutrient cycling.

Species grown in mixtures alter their
preference for different forms of
nutrients and symbiotic associations,
compared to monocultures, resulting
in greater whole-plant nutrient content
and stand productivity.

Species grown in mixtures have greater
leaf longevity and resorb more nutrients
prior to leaf abscission compared tomono-
cultures, resulting in greater nutrient-use
efficiency and stand productivity.

Measurements Species-specific rooting-zone nutrient
mineralization rates.

Coarse/fine root excavations and fine
root architecture descriptions,
spectroscopic fine root identification
and microelectrode measurements of
root ion fluxes.

Maximum rates of photosynthesis,
electron transport and RuBisCo
carboxylation.

N2 isotope tracer experiments. Soil isotope tracer experiments
(performed at different depths, times
and with different forms of nutrients).

Root:shoot ratio estimation.

Leaf traits in green and senescent
leaves, including nutrient resorption
efficiency.

Soil and root tip fungal DNA extraction
and identification.

Annual litter fall nutrient content and
above-ground net primary productivity.

Leaf longevity and nutrient resorption
efficiency.
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sis on upland soils in mixture with Pinus sylvestris or Larix
sp. enabled the establishment of this species without N fer-
tilizer addition (Taylor and Tabbush 1990). Increased N min-
eralization in the forest floor of mixed stands led to greater
accumulation of N in above-ground biomass in 15-year-old
mixtures of P. sitchensis with P. sylvestris (205 kg ha−1)
compared to pure P. sitchensis stands (68 kg ha−1) (Miller
et al. 1986, cited in Williams 1992). The enhanced availabil-
ity of N beneath mixtures was attributed to greater proteolytic
activity of mycorrhizal fungi associated with pine roots (Ryan
and Alexander 1992).
Several studies have also observed greater P availability

under mixtures compared to monocultures (e.g., Zou et al.
1995, Miller et al. 1986, cited in Williams 1996). For exam-
ple, mixtures of N2-fixing Alnus rubra with various conifer
species had greater soil labile P pools and higher rates of P
solubilization compared to pure conifer stands (Zou et al.
1995). However, mixtures of the N2-fixing species Albizia
falcataria and Eucalyptus saligna in Hawaii had no impact
on soil P transformation processes compared to pure stands
(Zou et al. 1995).
Mixing trees may also have antagonistic effects on nutri-

ent availability. Long-term (266 days) net N mineralization
rates were significantly lower in 10-year-old conifer mix-
tures with Larix laricina than would be predicted from
monocultures of the component species (Dijkstra et al.
2009). The authors speculate that this may be caused by
mixing of lignin-rich litter from Picea mariana or P. strobus
with the N-rich litter from L. laricina, leading to suppression
of the formation of lignolytic enzymes or formation of de-
cay-resistant organic complexes. However, these antagonis-
tic effects did not result in reduced above-ground biomass
(Dijkstra et al. 2009).

Change in rates of N2 fixation of species grown in mixtures
compared to monocultures

Symbiotic N2 fixation can add between 1 and 200 kg N ha−1

year−1 and this may make up 10 to nearly 100% of the total N
used by the host plant (Binkley et al. 1992a, Binkley and
Giardina 1997, Khanna 1998, Fisher and Binkley 2000).
Fixed N can become available to neighbouring non-N2-fixing
plants and accelerate their growth rate within 1 or 2 years of
plantation establishment (Van Kessel et al. 1994, Parrotta et
al. 1996, Khanna 1997, Ståhl et al. 2005). N is transferred
between N2-fixing and non-N2-fixing plants through decom-
position of plant and microbial tissues (Van Kessel et al.
1994, Fisher and Binkley 2000), via root exudation or
through transfer of N across common mycorrhizal networks
(He et al. 2003). Of these three processes, decomposition is
probably the main pathway for transfer of fixed N in most
systems. Soil N resources available for non-N2-fixing plants
may also increase in mixed plantations when N2-fixing spe-
cies rely almost solely on fixed N. Previous reviews have dis-
cussed factors that increase rates of N2 fixation or the
proportion of N uptake that is derived from the atmosphere

(Ndfa), such as lower soil N or higher soil P (Peoples et al.
1995, Crews and Peoples 2005, Forrester et al. 2006b).
The influence of age and N accretion on N2 fixation rates,

as well as influences from non-N2-fixing plants, has received
less attention in tree mixtures. The few available studies sug-
gest that rates of N2 fixation and Ndfa may increase to a peak
and then decline as the N availability increases, and internal
recycling provides the N required for growth. For example,
rates of N2 fixation of Elaeagnus angustifolia peaked at
around age 2–3 years and declined subsequently during age
4–5 years, whereas Ndfa increased slowly over the same pe-
riod (Khamzina et al. 2009). Rates of N2 fixation and Ndfa of
Sesbania sesban also increased with age between 6 and 18
months (Ståhl et al. 2005). Acacia mearnsii and Acacia deal-
bata fixed 40–90 kg ha−1 year−1 in 5- to 10-year-old mixtures
with Eucalyptus (May and Attiwill 2003, Forrester et al.
2007). However, in older mixtures of A. dealbata or Acacia
melanoxylon with Eucalyptus, less N2 was fixed, resulting in
competition between Acacia and Eucalyptus for soil N
(Pfautsch et al. 2009a, 2009b). Increases in N2 fixation rates
with age have also been observed, suggesting that generaliza-
tions may not be possible. For example, Binkley et al.
(1992b) observed higher rates of N2 fixation in two A. ru-
bra–Pseudotsuga menziesii mixtures after more than 50
years of growth, compared to younger stands. In another
study, Ndfa by Leucaena leucocephala was 98 and 38% at
ages 1 and 3.5 years, respectively. At the same site, the Ndfa

by Casuarina equisetifolia fluctuated between 43 and 62%
from age 1–3.5 years, and rates of N2 fixation did not decline
with age and were similar for both species (73–74 kg ha−1

year−1; Parrotta et al. 1996).
Competition from companion species may lead to in-

creased Ndfa. For example, N2 fixation and Ndfa by Casuarina
cunninghamiana in a pot trial increased from 125 g N plant−1

and 87% in monocultures to 153 g N plant−1 and 95% in
1:1 mixtures with Eucalyptus globulus (same total plant den-
sity as monocultures; Baker et al. 1994). C. cunninghamiana
plants were larger in mixtures than monocultures, showing
that the competitive effect of E. globulus on C. cunning-
hamiana was less than that from other C. cunninghamiana
plants. In contrast, competition from Eucalyptus robusta
planted with C. equisetifolia did not significantly influence
N2 fixation or Ndfa by C. equisetifolia between 6 and 24
months of age (Parrotta et al. 1994). Also, rates of N2 fixation
per tree by A. mearnsii were similar in 10-year-old monocul-
tures and 1:1 mixtures with E. globulus (Forrester et al. 2007).
However, this result may be due to less intense competition in
the plantations when compared to pots (Baker et al. 1994).
When competition from non-N2-fixing species is intense
enough to reduce growth of the N2-fixing species, it may also
reduce rates of N2 fixation. For example, the quantity of N
fixed in Acacia mangium monocultures (1111 trees ha−1)
was 66 kg N ha−1 by age 30 months but only 7–31 kg N ha−1

in mixtures containing Eucalyptus grandis (1111 trees ha−1)
and A. mangium (556 trees ha−1) where the growth of
A. mangium was suppressed by E. grandis (Bouillet et al.
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2008). In general, we know very little about the temporal
dynamics of N2 fixation and its relationship with the net ef-
fects of competitive and facilitative interactions on plant
growth. Such information would determine when N2 fixers
are likely to compete with non-N2-fixing species in mixtures
and hence when management interventions such as thinning
should take place.

Litter production and decomposition is higher in mixtures
compared to monocultures

Litter production and subsequent decomposition link the
above- and below-ground processes that determine tree
and stand productivity. Greater litter production or changes
to the timing of litter inputs in mixed-species plantations
could increase soil nutrient supply, relative to monocul-
tures, if decomposition rates are constant or increase. For
example, in a tropical tree diversity experiment, both
above-ground wood production and litter production were
higher in three-species mixtures than in corresponding
monocultures due to inter-specific interactions influencing
growth and nutrient capture, while litter decomposition
rates were unaffected (Scherer-Lorenzen et al. 2007a, Potvin
and Gotelli 2008).
Rates of nutrient cycling can increase when litter decom-

position is accelerated, thereby releasing nutrients more rap-
idly. There are numerous examples of mixture effects on leaf
litter decomposition. In three current reviews of litter decom-
position studies across different vegetation types (Gartner
and Cardon 2004, Hättenschwiler 2005, Hättenschwiler et
al. 2005), it has been shown that synergistic effects occurred
in approximately half of all litter mixtures studied. That is,
decomposition rates of litter mixtures were higher than ex-
pected based on rates of single-species litter. Antagonistic ef-
fects have been observed in ∼20% of litter mixtures, such
that decomposition rates were lower in mixtures than in
monocultures and purely additive effects were reported for
a third of all cases. Several hypotheses have been formulated
to explain the underlying mechanisms for the non-additive
effects of mixing litter. These include nutrient transfer among
litter species via fungal hyphae, positive feedback on soil fau-
na abundance due to greater food and habitat diversity and
more favourable microclimatic environments for decompo-
sers in litter mixtures (Hättenschwiler et al. 2005). All of
these hypotheses concentrate on processes at the litter–soil
interface and hence when litter has already been lost from
the plant. However, within the focus of this review, we are
interested in how tree physiological processes could lead
to changes in litter decomposition in pure versus mixed
communities.
The most obvious effect of tree physiology on litter de-

composition is via changes to litter quality, such as the con-
tent of lignin and other phenolic compounds, lignin:N, C:N
and N:P ratios, physical leaf toughness and physical barriers
on the leaf surface that exert a strong control on decompos-
ability (Swift et al. 1979, Prescott 2005a). Soil microorgan-

isms may be stimulated by high litter nutrient contents or
inhibited by compounds such as polyphenols, and litter decay
rates vary accordingly (Hättenschwiler and Vitousek 2000).
In contrast to marine environments, C:N:P stoichiometries
are highly variable in green leaves of terrestrial plant species
(Elser 2006) and they vary considerably in leaf litter due to
nutrient resorption prior to litter fall (Hättenschwiler et al.
2008). Hence, even under common environmental condi-
tions, species-specific strategies in nutrient uptake, allocation
to leaves, resorption and re-translocation (including phloem
loading) may result in highly variable litter quality in mixed
litters. Only a few studies have investigated possible mixture
effects via litter quality on decomposition of mixed litter. For
example, Xiang and Bauhus (2007) found no difference in
the loss of mass, N and P after 110 days of incubation of
E. globulus litter from pure stands and litter that originated
from mixed plantations with A. mearnsii where the Acacias
contributed 25, 50 or 75% of tree numbers in a replacement
series trial. In contrast, species-specific decomposition rates in
mixed litter bags were altered for several neotropical species
when grown with other species and were correlated with in-
dicators of litter quality (C/N and lignin/N ratios; Scherer-
Lorenzen et al. 2007).
We can only speculate that an increase in soil nutrient

availability in mixtures (such as increased soil N in mixtures
of N2-fxing species) may reduce nutrient re-translocation in
senescent foliage, leading to higher leaf litter quality, decom-
position rates and faster nutrient cycling. The converse would
also occur if soil nutrient availability decreased in mixtures.
Two studies have quantified mixture effects on physiological
processes during leaf senescence within individual tree spe-
cies. For example, Siddique et al. (2008) observed a shift to
higher leaf N resorption in a non-legume-dominated, species-
diverse mixture with lower soil N availability relative to a
less-diverse, legume-dominated mixture. However, increased
N and P resorption in C. equisetifolia foliage was observed
when trees were planted inmixtures with the legume Leucaena
leucocephala, resulting in increased N- and P-use efficiency,
compared to monocultures (Parrotta 1999). While these ex-
amples may be intuitively appealing, the few studies looking
at influences of nutrient availability on nutrient resorption re-
port divergent results (e.g., Wright and Westoby 2003, Kobe
et al. 2005), so that resorption-driven mixture effects on litter
quality may be more complex. In addition, it has yet to be
shown that such effects are indeed large enough to show a
significant influence on soil nutrient dynamics, especially
since within-species or litter-type changes in N concentra-
tions do not necessarily translate into long-term changes of
soil nutrient availability (Prescott 2005b).
One area that tends to be ignored in mixture decomposition

studies is root, mycorrhizae and humus turnover. While we
are not aware of any studies that have looked at these pro-
cesses in mixtures and monocultures of trees, the contribution
of these organic matter pools to soil nutrient reserves is con-
siderable and may be more important than inputs from de-
composing above-ground litter.
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Proportion of resource supply that is captured

Inter-specific differences in resource capture can be attributed
to different resource requirements, uptake abilities and niches
occupied by species in mixtures. Mixing species with these
different traits and resource niches may lead to niche differ-
entiation and resource-use complementarity, and this has
been the subject of several reviews (Binkley et al. 1992a,
Kelty 1992, Forrester et al. 2006b). However, in this section,
the focus is on intra-specific differences within trees growing
in mixtures and monocultures that influence C allocation pat-
terns and characteristics of plant tissues responsible for nutri-
ent, water and light capture.
If soil nutrient supply increases or remains unchanged and

the proportion of resources captured by trees growing in mix-
ture is greater than in monoculture, then we would expect
greater nutrient content in tree biomass. A compilation of
studies that report total above-ground nutrient content of
trees in mixtures compared to monocultures showed that
the shift in above-ground N and P contents in mixtures
was significantly different from zero (one-sample t-test; N:
t = 4.6, P < 0.001; P: t = 5.8, P <0.001). In over 50% of
studies, species grown in mixtures had at least 10% more to-
tal above-ground N and P (kg ha−1) compared to monocul-
tures (Figure 1A, B; for details, see Supplementary Table 1).

A significant shift in above-ground N and P contents was
also observed when studies were separated into mixtures
with N2-fixing species (t = 3.2 and 3.8, P < 0.01 for N
and P, respectively) and without N2-fixing species (t = 3.2
and 4.4, P < 0.01). There was a trend to higher above-ground
N and P contents in mixtures containing N2-fixing species
(Figure 1A, B), although more evidence is needed to substan-
tiate this trend. It is important to note that we did not analyse
changes in nutrient content of below-ground biomass because
this is rarely reported. Thus, some of the shifts observed may
be due to changes in root allocation patterns within species,
rather than, or in addition to, greater overall capture of nutrient
resources. We list below a number of possible intra-specific
differences between trees grown in mixtures and monocul-
tures that may result in the observed patterns of above-ground
nutrient accumulation. These differences include spatial, tem-
poral or chemical stratification of roots and changes to canopy
architecture.

Changes in root stratification or canopy architecture of
species grown in mixtures compared to monocultures

Physical root stratification comprises differences in root dis-
tribution that affect soil exploitation strategies. The influence
of mixing species on root growth of trees has been the subject
of early investigations, for example, by Wiedemann (1942)

Figure 1. Relative shift in (A) N and (B) P content (kg ha−1) of above-ground biomass of an individual species grown in a mixture compared to
a monoculture. Values between dashed lines indicate a shift of <10%. Positive shifts indicate greater nutrient content in the mixture. Distinction
is made between mixtures containing a N2-fixing species and those without N2-fixing species. Calculation methods and details of each study are
listed in Supplementary Table 1.
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and many others subsequently. Here, we will focus on distri-
butions of fine roots, which are relevant for nutrient uptake.
The vertical distribution of coarse roots does not necessarily
reflect the distribution of fine roots and thus cannot be used
as a proxy measure for the latter (Kuhr 2000). Rooting pat-
terns of species grown in mixtures may be changed so that
nutrients are taken up from different depths or regions of
the soil (Rowe et al. 1999, Schmid and Kazda 2002, Jose
et al. 2006), or changes in fine root architecture may result
in different soil exploration and exploitation strategies (e.g.,
Bauhus and Messier 1999). Mycorrhizal associations with
plant roots also have a large influence on nutrient uptake
and these will be discussed in the section on symbiotic asso-
ciations in mixtures.
The observed shifts in the spatial distribution of fine roots

of tree species when grown in mixtures often indicated com-
petitive interactions where root growth in one species was
impeded by another (Leuschner et al. 2001, Laclau et al.
2008, da Silva et al. 2009). In some studies of P. abies mixed
with P. sylvestris or Fagus sylvatica, increased P. abies fine
root density in the topsoil humus layers and greater N and P
uptake from this horizon compared to monocultures were
found. In these studies, the fine roots of admixed species
formed lower densities in surface horizons and dominated
the mineral soil profile instead (Brown 1992, Rothe and
Kreutzer 1998, Schmid and Kazda 2001, Jones et al. 2005).
While several studies have found evidence of changes to

vertical rooting patterns within species in response to mixing
with other species, there is a deficit of studies that link these
changes directly to increases in the proportion of site re-
sources captured (both water and nutrients) and, subsequently,
tree productivity. Establishing such a link is severely ham-
pered by the tremendous heterogeneity in root activity within
species and within soil profiles (e.g., Leuschner et al. 2004).
In addition, it is important to understand whether changes to
below-ground root biomass in mixtures result from a shift in
the root mass fraction (fraction of C allocated to roots) or if
they are a consequence of changes in above-ground or total
productivity. If changes are simply a result of shifts in above-
ground biomass, then there would be no evidence for below-
ground interactions between species in mixtures directly
affecting within-species patterns of root distribution. In this
regard, many of the studies on fine root distribution are of lim-
ited value because root samples were only obtained in the area
between trees where root systems overlap (e.g., Schmid and
Kazda 2002, Bolte and Villanueva 2006) and sample locations
at other distances between trees of different species, e.g., close
to stems of individual trees, were under-represented. There-
fore, there is no information about changes in the root mass
fraction and compensatory processes such as changed fine
root density, turnover or nutrient uptake in those areas of
mixed stands that are dominated by one individual species.
Sampling approaches for fine roots that capture the spatial
variation (horizontal and vertical) of root systems and which
permit the modelling of root distribution of individual trees
(Ammer and Wagner 2005) may provide further insight into

changes in root stratification of the different tree species in
mixtures.
Several studies have not observed spatial root separation

of species grown in mixtures compared to monocultures, al-
though above-ground productivity was higher in mixtures
(Hendriks and Bianchi 1995, Bauhus et al. 2000, Meinen
et al. 2009b). This may be because fine root distribution does
not directly correspond to regions of nutrient uptake due to the
effect of mycorrhizal associations, differences in root physio-
logical properties within individual root systems and seasonal
changes in activity (Brandtberg et al. 2004, Göransson et al.
2008, Meinen et al. 2009a). Nutrient uptake kinetics has been
shown to shift in response to changes in soil nutrient status in
experimental studies on single species (e.g., Hawkins et al.
2008). Therefore, we suggest that shifts in root nutrient uptake
kinetics under mixtures compared to monocultures may be
more important for increasing the proportion of resources cap-
tured from a site, rather than changes in root stratification.
In addition to changes in rooting patterns, mixing tree spe-

cies can influence fine root architecture, e.g., specific root
length (SRL), branching pattern and the number of root tips
per unit of length of the fine root system (see Fitter 1987).
Tree species can differ greatly in their fine root architecture
(Bauhus and Messier 1999), and these differences have impli-
cations for soil exploitation potential and efficiency in mixed
compared to monospecific stands (McKay 1988, Berntson
1994). In mixture with P. abies, SRL of F. sylvatica fine roots
was substantially higher (23.4 m g−1) than in pure F. sylvatica
stands (16.1 m g−1), whereas SRL of P. abies was unchanged
in mixture. Fine roots of P. sitchensis showed reduced SRL
and number of tips per unit length but increased length of lat-
eral fine roots when grown in mixture with P. sylvestris com-
pared to pure stands (McKay 1988). These changes to fine
root systems of P. sitchensis, which are indicative of increased
exploitation efficiency (Bauhus and Messier 1999), were sim-
ilar to those observed after N fertilization of P. sitchensis
(McKay 1988). Assuming constant tissue density, C invested
in root length contributes more to root surface area than C in-
vested in root diameter. Since the surface area of roots is most
important for uptake of water and nutrients, root length per
unit of root biomass (cm g−1 dry weight), SRL, is a key com-
ponent of soil exploitation that needs to be included in assess-
ments of below-ground interactions.
Capture of light resources can also increase in mixtures due

to canopy stratification where less shade-tolerant species
over-top more shade-tolerant species and light interception is
increased (Binkley et al. 1992a, Kelty 1992, DeBell et al.
1997, Menalled et al. 1998). For example, in mixtures of
E. globulus and A. mearnsii (N2 fixer), interception was high-
er compared to E. globulus monocultures because the verti-
cally oriented foliage of E. globulus allowed more light to
penetrate the canopy for use by the shorter A. mearnsii, which
has more horizontally oriented foliage (Bauhus et al. 2004). It
should be noted that mixing species with different height and
shade tolerance may not always result in a simple addition of
foliage in respective canopy layers. Where inter-specific and

RICHARDS ET AL.1198

TREE PHYSIOLOGY VOLUME 30, 2010

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/30/9/1192/1638453 by guest on 21 August 2022



intra-specific competition for light and growing space differs,
there may be crown expansion or shrinkage in the companion
species (e.g., Wiedemann 1951, Bauhus et al. 2004). Such
changes only indicate significant mixture effects if the scaling
of crown to stem biomass is also modified.
To determine the outcome of interactions for light in terms

of productivity of mixtures or for modelling purposes, it is
important to know how nutrient- and water-use efficiencies
of the additional foliage in one species compare with the ef-
ficiency of foliage lost in the other species. Few studies have
actually determined changes in the efficiency of crowns in
mixtures, which may be the result of changes in the efficiency
of light, water or nutrient use. For example, Pretzsch and
Schütze (2009) demonstrated that the crown efficiency (mean
annual biomass growth per unit of crown projection area of
individual trees) increased in P. abies, but not in F. sylvatica,
in a mixture of the two species, although the competition in-
dex for P. abies increased in mixture, whereas that of F. syl-
vatica declined. Measurements of actual canopy light
interception, rather than canopy projected areas, however,
may provide further insights for understanding light stratifi-
cation in mixtures.
Generally, forest water use increases with productivity

(Law et al. 2002) so it is conceivable that, if productivity is
higher in mixtures or if canopy and root characteristics shift in
a way that facilitates water uptake, then water use will also
increase. Few studies have compared the water use of mixed
forests to those of monospecific forests, although those that
have, observed higher rates of stand transpiration in mixtures
compared to monocultures (Schume et al. 2004, Anders et al.
2006, Forrester et al. 2010). For example, Schume et al.
(2004) showed that water extraction rates in a mixed F. sylva-
tica/P. abies stand (similar species proportions by volume)
during the growing season were similar to pure F. sylvatica
stands and 45% higher than a pure P. abies stand. However,
leaf area index of the F. sylvatica/P. abies mixture was only
0.2 m2 m−2 higher than in P. abies monocultures and 0.6 m2

m−2 lower than pure F. sylvatica stands, indicating changes in
water-use efficiency in the mixture (Schume et al. 2004). In
addition, mixtures of F. sylvatica and P. abies suffered from
drought stress earlier than pure stands of P. abies due to
strong competition from F. sylvatica for water and a lower
fine root mass of P. abies in a smaller usable soil volume
(Offenthaler 2003).

Changes in nutrient preference, root symbiotic associations
and timing of resource uptake for species grown in mixtures
compared to monocultures

Chemical stratification may occur in mixed stands if soil nu-
trients are available in several chemical forms, including in-
organic and organic molecules, that vary in their biological
availability and if trees are capable of manipulating the acqui-
sition of these nutrients through secretion of enzymes, organ-
ic acids, formation of proteoid roots or associations with
mycorrhizal fungi (Ewel 1986, Turner 2008). Differences in

root symbioses and nutrient preferences between species and
changes to root associations or uptake of different forms of
nutrients at different times in mixtures compared to monocul-
tures could result in greater soil nutrient capture and uptake
and reduced inter-specific competition for resources (McKane
et al. 2002). Several studies have examined differences in the
preference of various species for forms of N, such as fixed N2,
nitrate, ammonium, amino acids (Schmidt and Stewart 1997,
McKane et al. 2002, Pfautsch et al. 2009b) and proteins
(Paungfoo-Lonhienne et al. 2008). Similar differences in nu-
trient preferences may also occur for soil P (Turner 2008).
However, we are only aware of one study currently underway
(Trogisch and Scherer-Lorenzen, personal communication)
that aims to examine the nutrient preferences of species grown
in mixtures and monocultures.
The uptake of different forms of nutrients from the soil (par-

ticularly N and P) will be influenced by root symbioses (ecto-,
endo- and ericoid mycorrhizas, cluster roots) of component
species. For example, Lovelock and Ewel (2005) observed
changes to arbuscular mycorrhizal species abundance and
composition under different tropical tree mixtures compared
to respective monocultures, and greater fungal diversity was
correlated with greater net primary productivity. Furthermore,
mycorrhizal networks in mixed-species stands may facilitate
the transfer of nutrients and C between species, increasing
overall productivity (Perry et al. 1992, van der Heijden and
Horton 2009). The impact of mycorrhizal networks on nutri-
ent cycling may be greater in mixtures where fungal metabolic
diversity is higher (Morgan et al. 1992), leading to the exploi-
tation and uptake of more forms of nutrients.
The proportion of resources captured in mixed plantations

may also increase if there is a change in nutrient phenology
of individual species, compared to growth in a monoculture,
so that resources are captured at different times of the year, re-
ducing losses from the system (Knops et al. 2002). Such tem-
poral, rather than chemical, resource stratification in mixtures
would be in contrast to monocultures where intra-specific
competition would dominate stand interactions and all trees
would be competing for the same nutrients at the same time.
We are, however, not aware of any studies that have studied
this effect for species grown in monocultures and mixed
stands.

Mixtures may change ontogenetic development of individual
species

Changes to root systems as well as crowns that have been
observed in mixtures may simply be the result of quicker
or slower growth in mixture when compared to monocul-
tures. In this case, mixing species changes the age-related
growth curve (biomass accumulation over time) through ac-
celerating or decelerating growth (Pretzsch and Schütze
2009). If, for example, in mixture, the growth curve of one
or more species increases earlier and more steeply and sub-
sequently declines earlier than in pure stands, then a compar-
ison of mixed and pure stands for a certain period in time
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may not reflect mixture effects appropriately through con-
founding age effects (Pretzsch and Schütze 2009). This prob-
lem, which is a crucial point in most studies comparing pure
and mixed stands, can only be overcome through long-term
investigations of mixed-species stands. There have been
some longitudinal studies of above-ground biomass develop-
ment (e.g., Binkley 2003, Binkley et al. 2003, Forrester et al.
2004); however, we are not aware of studies in mixed-species
stands that have followed the development of root systems
and the sequestration of nutrients in biomass.

Resource-use efficiency

Studies of monospecific plantations have shown that water-,
light- or nutrient-use efficiency of forest stands increases with
increasing productivity and along gradients of increasing re-
source availability (Binkley et al. 2004, Stape et al. 2004).
This results from increases in photosynthesis and/or changes
in C allocation and nutrient residence times. Far less is known
about resource-use efficiencies in mixed stands. However,
since productivity as well as nutrient, light and water avail-
ability or uptake can change in mixed stands, corresponding
changes in resource-use efficiency are likely to play an impor-
tant role in determining the productivity of mixtures. Here, we
refer to nutrient-use efficiency as net above-ground primary
productivity divided by the total amount of nutrients in
above-ground litterfall (sensu Vitousek 1982).

Interactions between photosynthesis and resource-use
efficiency in mixtures

There are few examples where rates of photosynthesis have
been compared for a given species in monoculture and mix-
ture (Groninger et al. 1996, Kozovits et al. 2005). In mixtures
of E. globulus/A. mearnsii (N2 fixer), maximum rates of pho-
tosynthesis (Amax) of E. globulus trees were significantly
higher in mixtures than in monocultures at age 16 years
(14.5 and 11.8 mmol CO2 m−2 s−1, respectively; Forrester,
unpublished data). Higher foliar N contents of E. globulus
leaves in mixtures (2.81–3.03%) (Forrester et al. 2007) and
higher light availability due to canopy stratification may ex-
plain the higher rates of leaf photosynthesis. Increased crown
efficiency of P. abies when mixed with F. sylvatica, reported
by Pretzsch and Schütze (2009), was not the result of in-
creased crown projection area or crown length and hence
may be attributed to either increased photosynthesis over
the course of the year (through deciduousness of F. sylvatica)
or increased photosynthetic efficiency of the existing foliage
through improved nutrition. The latter is supported through
the finding that P. abies benefited more from mixing with
F. sylvatica on poorer sites (Pretzsch and Schütze 2009).
While direct measurements of leaf photosynthesis in

mixed-species studies are rare, many studies report changes
in foliar nutrients of species grown in mixture and monocul-
ture. These can be used as a proxy to determine the effects of

stand composition on rates of leaf photosynthesis because
high concentrations of N in foliage are correlated with high
rates of photosynthesis across many species (Field and
Moony 1986, Evans 1989, Wright et al. 2004). Similarly,
mixtures which are more productive than monocultures often
have stratified canopies that increase light availability, at
least to upper canopy species (Assmann 1970, Kelty 1992,
Forrester et al. 2006b). Rates of photosynthesis and foliar
N concentrations can increase with increasing light availabil-
ity within tree canopies (Warren and Adams 2001, Medhurst
and Beadle 2005). Thus, higher light availability in mixtures
compared to monocultures could also result in higher rates of
photosynthesis. This could lead to increases in resource-use
efficiency if the increases in canopy photosynthesis are great-
er than increases in foliar nutrition or transpiration.
A meta-analysis of 10 studies examining 29 different mix-

tures (for details, see Supplementary Table 2) showed that
there was a trend of higher foliar N for species grown in mix-
tures containing N2-fixing species compared to monocultures
(Figure 2A; Hedges' g = 0.53, P = 0.01, CI = 0.14–0.92).
However, foliar N was not significantly different from zero
in mixtures without N2-fixing species (Figure 2B; Hedges'
g = −0.04, P = 0.92, CI = −0.86–0.78). This result highlights
the positive impact that N2-fixing species have on soil N
supply, resulting in increases to foliar N and potentially high-
er resource-use efficiency in admixed species. The trends in
foliar N for species grown in mixtures and monocultures
without N2-fixing tree species are difficult to discern due to
the limited number of studies that could be used in the meta-
analysis. Further studies on plantations without N2-fxing spe-
cies would be needed to remove this bias in the data.
In contrast to foliar N concentrations, P concentrations did

not differ significantly between mixtures and monocultures
with or without N2-fixing plants (Figure 2C; Hedges' g =
−0.01, P = 0.97, CI = −0.36–0.34). This result implies that,
if higher leaf N increases rates of photosynthesis without any
increase in P concentrations, then photosynthetic P-use effi-
ciency would increase. The limited number of studies that re-
port sufficient leaf P measurements for a meta-analysis did
not show a change in leaf N/P ratios, which is the opposite
to what would be expected if leaf-level P-use efficiency in-
creased as a result of greater leaf N, but further studies are
needed to rigorously test this idea.

Greater resource-use efficiency in mixtures can result from
changes to C allocation and nutrient residence times

At the stand level, a greater supply and capture of resources
within mixed plantations may lead to changes in C allocation
and nutrient residence times in plant biomass, resulting in
greater resource-use efficiency (Binkley et al. 2004). For ex-
ample, greater soil N or P availability may shift C allocation
away from roots to above-ground biomass (Coomes and
Grubb 2000), increasing nutrient-use efficiency, when this
measure is based on above-ground biomass, as is the case in
most analyses. There are few studies that have looked at root
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Figure 2. Results of a meta-analysis of foliar N for (A) mixtures containing N2-fixing species, (B) mixtures without N2-fixing species and
(C) foliar P concentrations of 29 species grown as a monoculture or mixture of two or more species. Vertical line and diamond indicate the
pooled Hedges’ g standardized mean difference for a random effects model with weights calculated using the DerSimonian–Laird method
(MIX, ver. 1.7; Bax et al. 2006, 2008). Grey lines indicate individual species means and 95% confidence intervals. Details of individual
studies are listed in Supplementary Table 2.
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allocation relative to nutrient-use efficiency in mixtures. How-
ever, a number of studies have looked at the impact of fer-
tilization or irrigation on tree stands and found evidence for
a reduction in root C allocation and below-ground C fluxes
(e.g., Giardina et al. 2004), while other studies have ob-
served no change in root mass fraction in response to fertil-
ization (Coyle and Coleman 2005). For example, Stape et al.
(2004) observed a reduction in C allocation to coarse roots
relative to above-ground biomass in Eucalyptus plantations
growing at sites with higher water supply, leading to an in-
crease in water- and nutrient-use efficiency. In Eucalyptus
and Acacia monocultures and mixtures grown in temperate
Australia, Forrester et al. (2006a) measured similar total be-
low-ground C allocation in monocultures and mixtures
(14.6–16.3 Mg C ha−1 year−1) but, due to higher rates of
above-ground growth, total productivity (sum of above- and
below-ground) and the proportion of C allocated above-
ground were both higher in mixtures (Forrester et al. 2006a).
This was associated with higher stand water-use efficiency,
but no changes to nutrient-use efficiency (Forrester et al.
2005b). In another example, pure stands of P. sitchensis, ex-
hibiting signs of N deficiency, had double the fine root bio-
mass compared to mixtures of P. sitchensis with P. sylvestris
(McKay and Malcolm 1988). Since above-ground biomass
was much lower in pure P. sitchensis stands, there was clearly
a shift in C allocation; however, nutrient-use efficiencies were
not calculated.
Plants growing in nutrient-poor environments often have

longer nutrient residence times and higher resorption effi-
ciency compared to those from nutrient-rich environments
(Wright and Westoby 2003). A longer residence time of nu-
trients in a plant or a reduction in nutrients lost from a plant
over time without any changes in the rate of dry matter pro-
duced per unit of nutrient investment will result in increased
nutrient-use efficiency (Berendse and Aerts 1987). In some
mixed-species plantations, interactions between species for
nutrient uptake may result in lower soil nutrient availability
than in monocultures. In this case, species in mixtures may
increase leaf and/or fine root longevity or nutrient resorption
efficiency resulting in greater nutrient-use efficiency. The
converse may also be true; where interactions in mixtures re-
sult in greater soil nutrient availability, species may reduce
resorption efficiency or leaf longevity. There is some evi-
dence to suggest that species may modify nutrient residence
times in foliage when grown in mixtures compared to mono-
cultures (Parrotta 1999, Siddique et al. 2008).

Trees may have greater resource-use efficiency in mixtures

In a meta-analysis of mixed-species studies where species-
specific rates of N- or P-use efficiency (or a similar metric)
could be calculated, 65% of cases showed a significant shift
(t = 6.5 and 5.7, P < 0.001 for N and P, respectively) in whole-
tree nutrient-use efficiency when planted in a mixture com-
pared to a monoculture (Figure 3A, B; for more details, see
Supplementary Table 3). Increases in nutrient-use efficiency
could imply that more biomass was produced for the same rate

of N or P uptake. However, 44% of studies where shifts in N-
use efficiency could be calculated and 47% of studies report-
ing P-use efficiency showed a decrease in efficiency of >10%
for species grown in mixtures compared to monocultures
(Figure 3A, B). In some of these studies, nutrient-use efficien-
cy decreased as a result of negative interactions in mixtures.
For example, two tropical tree species, Cordia alliodora and
Cedrela odorata, grown in mixtures with monocots, had lower
productivity and N- and P-use efficiency than pure stands due
to a reduction in crown volume and reduced light interception
(Ewel and Mazzarino 2008). In other cases, N- and P-use ef-
ficiency of individual species decreased, but productivity of
the plantation increased. This indicates that it is the interaction
between all limiting resources (light, nutrients and water) and
their efficiency of use by species in mixtures and monocul-
tures, rather than the impact of a single resource, that will de-
termine the productivity of species in mixtures.
Changes in nutrient-use efficiency may also result from the

type of method used to calculate efficiencies. In most cases,
nutrient-use efficiency was calculated as net above-ground
primary productivity divided by (i) the total nutrient content
of annual above-ground litter fall (Vitousek 1982) or (ii) the
total canopy nutrient content (Harrington et al. 1995). These
calculations assume that nutrient uptake is proportional to nu-
trient losses or standing stocks in the canopy, which may not
be the case for a system that is not at equilibrium, such as a
rapidly growing tree plantation. This may be particularly
problematic where productivity is integrated over a long time
period and nutrient parameters measured only at the end of
that period. This is because current litter fall or canopy nutri-
ent content may no longer reflect past growth. It is important
to note that these assumptions will affect the shifts in nutri-
ent-use efficiencies observed in species grown in monocul-
tures and mixtures.
Greater light interception, either through canopy stratifica-

tion in mixtures or greater foliage biomass (as a result of in-
creased nutrient availability), could result in higher biomass
production and resource-use efficiency. Binkley et al. (1992a)
measured greater light-use efficiency in mixtures of E. sal-
igna and Falcataria mollucana compared to E. saligna
monocultures. This was associated with a 39% increase in
light interception and a 50% increase in above-ground net pri-
mary production, compared to E. salignamonocultures. There
was also a shift to higher P-use efficiency of Eucalyptus trees
grown in mixture compared to monoculture, but no change
in N-use efficiency (Binkley et al. 1992a). While light-use
efficiencies have not been compared in other mixtures, stud-
ies in monocultures have found that light-use efficiency of-
ten increases with increasing productivity and dominance
class of individual trees (Binkley et al. 2004, Stape et al.
2004, Binkley et al. 2010). Canopy stratification can lead
to trees with more dominant tree forms (such as larger
crowns) in mixtures compared to monocultures (Menalled
et al. 1998, Bauhus et al. 2004), and the combination of
more dominant and faster-growing trees could also increase
light-use efficiency in mixtures.
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Very little is known about water-use efficiency of mixtures
compared to monocultures. In 15-year-old A. mearnsii/E. glo-
bulus monocultures and mixtures, leaf area index was 1.4 in
each monoculture and 2.1 in 1:1 mixtures (Forrester et al.
2010). Annual stand transpiration was higher in 1:1 mixtures
(419 mm) compared to E. globulus (358 mm) and A. mearnsii
monocultures (217 mm; Forrester et al. 2010). However, this
difference was not proportional to differences in growth rate
due to higher water-use efficiencies of trees in 1:1 mixtures
(1.34 kg above-ground biomass per m3 water transpired)
compared to E. globulus (0.94 kg m−3) and A. mearnsii
(0.76 kg m−3) monocultures. This difference was mainly
due to differences in E. globulus, rather than A. mearnsii,
which had similar water-use efficiency in mixtures compared
to its monoculture (Forrester et al. 2010). N- and P-use effi-
ciencies were higher for E. globulus than A. mearnsii but did
not vary for a given species in different plots (Forrester et al.
2005a, 2007). Water-use efficiency has not been directly
compared in other mixtures. In Eucalyptusmonocultures, wa-
ter-use efficiency has been found to increase with increasing
productivity and stand transpiration (Stape et al. 2004). Fertil-
izer application has resulted in higher water-use efficiencies in
Pinus taeda (Albaugh et al. 1998) or P. abies stands (Phillips

et al. 2001), but no long-term changes in E. saligna planta-
tions (Hubbard et al. 2004). Thus, further workwill be required
to determine whether there are general trends in water-use ef-
ficiency of mixed-species stands, compared to monocultures,
or whether responses are species- and site-specific.

Conclusions and future research directions

The interactions that occur in mixed-species stands drive
productivity by influencing all variables in the Production
Ecology Equation: resource supply, proportion of resources
captured and efficiency of resource use. This review shows
how these interactions can influence the physiology and
morphology of individual species growing in mixture when
compared to its monoculture. However, our review has also
identified a number of hypotheses that need to be further test-
ed in order to gain a better understanding of intra-specific
changes within species resulting from interactions in mixtures
(Table 1). Tests of these hypotheses should reveal processes
responsible for changes to mixed-species plantation produc-
tivity, relative to monocultures. The hypotheses listed in
Table 1 could be addressed by measurements made in exist-

Figure 3. Relative shift in (A) N- and (B) P-use efficiency of an individual species grown in a mixture compared to a monoculture. Values
between dashed lines indicate a shift of <10%. Positive shifts indicate greater resource-use efficiency in the mixture. Distinction is made
between mixtures containing a N2-fixing species and those without N2-fixing species. Calculation methods and details of each study are listed
in Supplementary Table 3.
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ing plantations, although the planting of more large-scale ex-
perimental trials (Scherer-Lorenzen et al. 2007b) would ex-
tend findings to other site and species combinations, as
well as more diverse plantations. We believe that this last
point is crucial; that is, it is necessary to overcome the current
bias towards the comparison of two-species mixtures and
their corresponding monocultures in order to develop a better
understanding of mixture effects along a gradient of increasing
species diversity, and hence, complexity (Scherer-Lorenzen et
al. 2005). Equally important, replicating mixture experiments
on contrasting site conditions would allow a separation of the
effects of environmental variables from those related to the
number and identity of species because soil conditions may
largely control the extent and direction of mixture effects
(Körner 2005).
A key theme across the set of hypotheses is the need for

further below-ground measurements using eco-physiological
methods that are now well developed. These methods include
soil and plant isotope tracers (Lehmann and Muraoka 2001),
methods that are able to identify and quantify fine roots to the
species level (Lei and Bauhus 2010) and soil and root micro-
bial assays (Anderson and Cairney 2004) (Table 1).
While the focus of this review was on interactions for nu-

trients in mixtures, we have also mentioned water and light as
resources that are equally important for plantation productiv-
ity. A better understanding of changes to individual species
uptake and, particularly, resource-use efficiency of water
and light in mixtures, compared to monocultures, should also
be a focus of future work.
Changes to growth or tree physiology between mixtures

and monocultures result from a range of processes and inter-
actions that occur simultaneously, and the relative influence
of these interactions is likely to change as stands develop
(Hiremath and Ewel 2001, Forrester et al. 2004). These tem-
poral dynamics have received very little attention in tree mix-
tures; however, information about these processes would aid
the design of mixtures and the manipulation of interactions
occurring between species.
In conclusion, we observed changes to the proportion of

resources captured and resource-use efficiency of species
grown in mixtures compared to the same species grown in
monocultures. We have provided many examples where these
changes resulted from physiological and structural changes
within species as a result of inter-specific interactions in mix-
tures. Obviously, these changes are highly species-specific,
and generalizations are not yet possible, however:

(1) There was a significant shift to greater N and P contents
in above-ground biomass of species grown in mixtures
compared to monocultures in over half of the studies that
reported these values. This indicates that tree species un-
dergo changes in physiology (e.g., root uptake capacity)
and morphology (e.g., SRL) so that they capture a greater
proportion of site resources when grown in mixture.

(2) Foliar N concentrations significantly increased for a giv-
en species in mixtures containing N2-fixing species, com-

pared to monocultures, illustrating the potential for
higher rates of photosynthesis and greater resource-use
efficiency in mixtures.

(3) Significant shifts in N- and P-use efficiencies of a given
species, when grown in mixture compared to monocul-
ture, were also observed in over 65% of studies where
resource-use efficiency could be calculated. Such shifts
were likely the result of changes in photosynthetic capac-
ity, C allocation to foliage and roots or nutrient residence
times.

A better understanding of processes responsible for
changes to tree nutrition and productivity in mixtures may
be gained from a focus on within-species or single-tree re-
sponses to mixing species. This will improve plantation de-
sign, management and ultimately productivity. However, the
previously reported increase in stand water use and water-use
efficiency in mixtures that were more productive than mono-
cultures raises questions about the sustainability of some
mixtures with regard to water resources as well as their resil-
ience to drought and climate change. We have not touched
on these issues in this review, but we emphasize the need
to consider the ecological sustainability of mixed-species
plantations, under current and future climates, as well as their
productivity.
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