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a  b  s  t  r  a  c  t

Mixed-species  forests  can  sometimes  fulfil  forest  functions  and  services  better  than  monocultures  and
are therefore  receiving  growing  attention  in  forest  science  and  practice.  The productivity  of  mixtures  and
the  interactions  between  species  are  influenced  by  the  availability  of  different  resources  and  climatic
conditions,  all  of  which  change  spatially  and  temporally.  Models  are  a valuable  tool  for  understanding
and  predicting  how  these  interacting  factors  will  influence  the  growth  and  other  functions  and  services
in  mixed-species  forests.  However,  concepts,  models  and  theory  are still  mainly  based  on monocultures,
which  have  dominated  forest  science  since  its beginnings.  Recent  empirical  works  report  strong  effects
of  mixing  tree  species  on the  environmental  conditions  within  stands  (e.g.,  vertical  light  profile,  rooting
space,  humus  layer),  their  functioning  (e.g.,  photosynthetic  rate,  light  use,  growth),  and  tree and  stand
structure  (e.g.,  crown  and  stem  shape,  shoot  and  root  morphology).  Process-based  organ-  or  tree-level
approaches  reveal  changed  resource  supply,  flows  and metabolic  rates  in high  spatial  and  temporal  reso-
lution.  Stand-level  approaches  usually  provide  predictions  with  a  lower  spatial  and  temporal  resolution
but  can  be  more  accurate  in  the  longer-term.  Many  studies  stress  considerable  effects  of  mixing  tree
species  on  growth  dynamics,  yield,  resilience  and  stability,  but  these  effects  are still under-represented
in  existing  models.  We  reviewed  54  forest  growth  models  to show  how  they  incorporate  the  variability
of  individual  tree  or  species  characteristics  that occur  in  forests  and  how  this  variability  influences  the
development  and  characteristics  of the whole  stand.  While  some  organ-  or  tree-level  models  inherently

integrate  evident  processes,  stand-level  models  do not  usually  explicitly  consider  species  interactions.
Nevertheless,  many  processes  that  occur  in mixtures  can  also  be modelled  at the  stand  level  and  are  often
included  in  stand-level  monospecific  models.  Stand-level  models  are  likely  to  offer  a  simpler  alternative
model  structure  for  mixtures.  We  stress  how  both  model  approaches  can  be  refined,  benefit  from  mutual
adjustment,  and  can be  substantiated  by further  empirical  research  into  mixed-species  forests.

© 2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction

Forest growth modelling involves the abstraction of real for-
st stand dynamics into a conceptual or biometric description. The
egree of abstraction depends on existing knowledge about the
tructure and behaviour of the real system, and also on the reason
or developing the model. The systems model can be transferred to a
omputer programme, creating a simulation model (stand simula-
or) that allows systems behaviour to be reproduced. In this context,
e define simulation as the reproduction of systems behaviour
ith the aid of a computer. The focus of this review is on models

nd simulators which may  start from the organ- or individual-tree
evels, and reach up to the forest stand level, or models that start
nd finish at the stand level. They should cover the whole lifetime of

 stand, but not necessarily stand regeneration. The reviewed mod-
ls may  encompass a broad range of forest functions and services,
ut mainly aim at modelling tree and stand productivity.

Due to the long lifespan of forest stands and the rarity of exper-
ments covering these lifespans, thoroughly tested models have
ecome indispensable for “fast forward” simulations and analyses

n forest research and practice. Beginning with the first experience
ables (e.g., Hartig, 1795), yield tables (Schwappach, 1889), mean-
ree models (Assmann and Franz, 1965) or diameter distribution

odels (Gadow, 1987), and more recently, individual-tree simu-
ators (Pretzsch et al., 2002), empirical work and modelling has
ocused on the productivity of monocultures. The approach was

ainly based on the stand-level, i.e., dendrometry variables (e.g.,
eight, volume, site index) were used to describe the growth of
rees or whole stands over time. However, transition to individual-
ree approaches in silviculture (e.g. crop tree thinning and selection
utting), and interest in disturbance effects (e.g., by air pollution,
utrient export with harvest, climate change) triggered tree-level
esearch into the functions, spatial structures and environmental
onditions in order to model yield and productivity (Ulrich, 1990).
his development of the classic stand-level concept by tree-level (or
rgan-level) research and modelling, and especially their combina-
ion, paved the way for models that have the potential to represent
pecies mixing effects.

The strong influence of agronomy on forest practice has resulted
n extensive forest monocultures, however, mixed-species stands
re now receiving more attention (Scherer-Lorenzen et al., 2005)
ecause they have the potential to supply ecological, economic and
ocio-cultural forests goods and services at similar or even higher
evels than monocultures (Hector and Bagchi, 2007; Hooper et al.,
005). While monospecific forestry and science is equipped with

 considerable set of models developed and tested over more than
00 years, mixed-species stands have received much less attention.

Some studies model mixtures using monospecific models by
rtificially separating the species within a given mixed-species
tand according to their mixing proportions and growing each

pecies according to the properties of the respective monocultures,
r they use parameter sets that apply to whole mixtures (rather
han each individual species) (Kramer and Akç a, 1995; Nightingale
 . . .  . . .  . . .  . .  .  . . . .  . . .  . .  . . .  . . . . .  . . . . .  .  . .  .  . . . .  .  . .  . . .  .  .  .  . .  . . . . .  . . . . .  .  .  .  .  . .  .  .  .  .  .  . 289

et al., 2008; Peters et al., 2013). This avoids the need to use a
model that considers species interactions but it assumes that stand
dynamics of mixed-species forests are the weighted mean of the
respective species monocultures or that the species interactions
do not change along spatial or temporal gradients in resource avail-
ability or climatic conditions.

In reality, many recent studies in theoretical ecology (Hector
et al., 2002, 2010; Loreau et al., 2001), growth and yield science
(Griess and Knoke, 2011; Pretzsch et al., 2010, 2013a) as well as
meta-analyses (Paquette and Messier, 2011; Piotto, 2008; Zhang
et al., 2012) show that the productivity of mixed-species stands
can exceed the weighted mean productivity by 50% in mixture with
nitrogen-fixing species (Forrester et al., 2006b) and by 20–30% in
other mixtures (Pretzsch et al., 2013b). This indicates that relying on
the weighted mean of monocultures will not enable the simulation
of these mixed species dynamics and that closer consideration of
mixing effects will be necessary in future models.

The development of such models can be facilitated by many
reviews that have examined different types of species interac-
tions and their effects on the growth dynamics of mixed-species
forests (Kelty, 1992). These have included reviews or meta-analyses
about nutrient-related processes (Richards et al., 2010; Rothe
and Binkley, 2001), including nitrogen fixation (Binkley, 1992;
Forrester et al., 2006b), water-related processes (Forrester, 2015),
inter- and intra-specific variability in crowns (Pretzsch, 2014),
which has implications for light-related interactions relating to
light absorption and light-use efficiency (Binkley et al., 1992a;
Forrester et al., 2012; Forrester and Albrecht, 2014), and modifi-
cation of yield (Pretzsch, 2010, 2013), carrying capacity (Helms,
1998; Pretzsch, 2013), and resilience to biotic (Jactel et al., 2005;
Jactel and Brockerhoff, 2007) or mechanical disturbances (Dhôte,
2005).

A further complexity is that interactions between a given pair of
species are not static; they change along spatial and temporal gra-
dients in resource availability and climatic conditions (Forrester,
2014b). For example the facilitative effect of nitrogen-fixing species
on the growth of non-nitrogen-fixing species increases as nitrogen
availability decreases. However, this also depends on the avail-
ability of other resources because if water availability is low, then
water could limit growth and prevent the trees from making use
of the fixed nitrogen. It is difficult to control for these interacting
resources or climatic factors using experiments and mixed-species
models are likely to be a valuable tool for determining how these
interacting factors combine to influence forest growth. So far, we
could not find any models that have been tested for their ability to
reproduce these spatial and temporal dynamics.

Existing organ- or tree-level process-based approaches (e.g.,
Kimmins and Scoullar, 1989; Rötzer et al., 2009, 2010) may
inherently represent some species interactions, but have rarely
been evaluated because the necessary state variables from long-

term observation of mixed stands are rare. Stand-level empirical
approaches (Hasenauer, 1994; Pukkala, 1987; Pretzsch et al., 2002)
fitted using long-term experimental or inventory data may reflect
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Fig. 1. Schematic representation of the connection between environment, function-
ing and structure. The species within the stand can modify their environment slowly
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ia  structure (solid feedback circle) or quickly via functioning (thin line). External
actors, such as silviculture and site conditions can modify the internal environment
nd silviculture can also modify the structure (modified after Hari, 1985).

art of the mixing effects, however, as long as they don’t consider
heir causes and dependencies on site conditions they cannot be
elied upon for site-specific forest planning. As a way out of this lack
f both dendrometric data and mechanistic knowledge on mixed-
pecies versus monospecific stands, hybrid models try to combine
tand-level bioassay (Kimmins et al., 1990a,b, 1999) with organ- or
ree-level mechanisms (Grote and Pretzsch, 2002).

A pivotal question that influences the attractiveness of mixtures
o foresters is how their productivity compares with monocultures.
o remove some of the uncertainty about the growth dynamics of
ixtures and to make more use of their potential improvements in

cosystem services (compared with monocultures), it will be nec-
ssary to develop sound knowledge and reliable models for the
ssessment of their dynamics, productivity and stability compared
ith monocultures. Many forest growth models have been devel-

ped but there is considerable variability in their structure, the
rocesses that are represented, temporal and spatial scales, and the
pecies or locations where they have been tested. This can make it
ifficult to interpret results, compare different models and to select
he models that are most appropriate for specific needs.

This review aims to provide a basis for the selection of appro-
riate models and to suggest which processes are most important
nd when. The review focuses on the effect of tree species mixing
n the three main interacting units of forest stand dynamics: the
unctioning of trees and stands, the stand and tree structure and the
nvironmental conditions within the stand, which can influence
he functioning of the trees and is itself influenced by the structure
Fig. 1). First we give an overview of mixing effects that can emerge
n mixed-species stands at different spatial and temporal scales.

e further characterise possible approaches for their reproduction
n growth models. We  describe effects that result from instanta-
eous phenomenon at a point level (e.g., occurrence of hydraulic
edistribution) to long-term effects at the ecosystem level (e.g.,
mprovement of site resource supply within a stand’s life). Then

e review whether forest growth models consider mixing effects
nd how the effects are biometrically integrated and evaluated.
inally we discuss how tree- and stand-level model approaches can
e refined, benefit from mutual adjustment, and substantiated by
urther empirical research into mixed-species forests.

. Overview on empirically revealed mixing effects and
heir relevance for tree and stand dynamics

As illustrated in Fig. 1 forest stand dynamics can be concep-
ualized as an interaction between the environmental conditions

ithin the stand (e.g., light profile, moisture content in humus, tem-
erature in the canopy), the functioning of the system elements
e.g., transpiration, photosynthesis, growth), and the generated
tructures (e.g., stem, root, crown structure). There is a strong
elling 313 (2015) 276–292

feedback between all three units: canopy structure for instance
determines the light conditions within the stand, the light sup-
ply drives photosynthesis, and growth, allocation and the standing
biomass results in tree and stand.

The effects of mixing tree species on environment, function-
ing, and structure can be studied and modelled at different spatial
and temporal scales. High resolution studies measure or model the
environmental conditions, functioning, and structural changes at
the tree, organ or cell levels and in time steps of minutes and hours.
These are sometimes also referred to as “bottom-up” approaches.
They integrate the effects of species interactions with high spa-
tial and temporal resolution but sometimes produce questionable
output when scaled up (e.g. from the tree to the stand level). Lower
resolution or stand-level approaches may  summarise stand dynam-
ics in monthly-, annual- or even five-year-steps. Models using this
approach, also referred to as “top down” models, attempt to reflect
the effects of species interactions without the same spatial or tem-
poral resolution for causal drivers. While organ- and tree-level
approaches often integrate known processes in a more realistic
way, stand-level approaches reveal whether the processes have
significant effects on the long-term system dynamics. In the fol-
lowing we  classify species interactions and their effects on forest
growth using different spatial scales (point, part of the stand, tree
versus whole stand and ecosystem) and temporal scales (minute,
hour, day versus year decade, lifetime of a tree) and the system
components environment, functioning, and structure (Table 1).

An overview of frequently reported processes or stand attributes
that can be influenced by mixing tree species is shown in Table 2.
These are defined in terms of their temporal and spatial resolu-
tion as well as their effects on the stand environment, functioning,
and structure. In addition the requirements and approaches that
can be used to reproduce these mechanisms in growth models are
discussed. For example, to simulate the water translocation in the
soil by a deep-rooted species (or tree) to a shallow-rooted species
(or tree) the soil layers have to be linked and in the case of tree-
to-tree translocation there might also need to be quantification of
horizontal differences in soil water availability as effected by dif-
ferent individual trees. This requires a sophisticated water balance
module with a low spatial scale (tree) and a short temporal scale
(day) to be able to simulate the processes at the scales on which
they occur.

To mechanistically reproduce species mixing effects in growth
models it is necessary to describe the respective processes and
cycles, such as the distribution of light or the water cycle. For
the reproduction of some mixing effects (e.g., light flecks, crown
plasticity) growth models based on tree individuals are required.
However, the effects of mixing tree species on the environment,
function or structure cannot be grouped in terms of a specific cycle
or process chain. For example, within the water cycle mixing effects
at fine spatial scales (organ or tree level) affect the stand environ-
ment at coarser spatial scales (e.g. stand precipitation, interception)
and also affect the functioning (e.g. hydraulic redistribution or
water uptake during drought). Furthermore, at coarse temporal
scales of several years, species mixing might be able to change the
soil water holding capacity.

3. Review of forest growth models and representation of
mixing effects

3.1. Overview of reviewed models
The selection of growth models was  based on the review of
Fontes et al. (2010) who  described existing process-based growth
models for Europe. This list was enlarged by adding growth models
described in Pretzsch et al. (2008) or Burkhart and Tomé (2012) or
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Table  1
Effects/symptoms of species mixing effects with respect to the inner stand environment (E), functioning (F), and structure (S), occurring at different spatial and temporal
scales.

Spatial scale Temporal scale

Short-term (minute, hour, day) Long-term (year, decade, lifetime)

Point, parts of stand, tree E: light flecks, wind speed reduction E: root channels, root layers
F:  photosynthesis, hydraulic redistribution F: tree mortality, leaf turnover
S:  cell structure, tree ring development S: tree crown plasticity
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F:  allelopathy, water trans
S:  current height growth 

ound by reviewing the literature. The resulting 54 forest growth
odels form the basis of our study (Table 3). The aim is not to pro-

uce an exhaustive list of models but to include a wide range of
ifferent models. We  did not include models with temporal scales
hat exceeded a stand’s lifetime, and the models did not need to
nclude stand regeneration.

The growth models listed in Table 3 are classified according
o their approach for modelling forest dynamics; process-based,
mpirical and hybrid, and in terms of their spatial and temporal
esolutions.

Process-based models basically simulate physiological processes
hat influence growth and how these processes are influenced by
he environment (Pretzsch et al., 2008; Fontes et al., 2010). These

odels can potentially account for species interactions that influ-
nce any of the processes and environmental conditions considered
n the model. Empirical growth and yield models are usually based
n inventory data or tree ring records. Interactions are included
mpirically using correction factors and competition indices. Like
rocess-based models these empirical models can be tree-level
odels or stand-level models. Hybrid models couple empirical

nd mechanistic elements. Two types of hybrid models exist:
ne type combines process-based and empirical models (Baldwin
t al., 2001) by generating signal-transfer environment productiv-
ty functions (e.g. Luxmoore et al., 2002), the other has a causal
tructure comprising both empirical and mechanistic components
Pretzsch, 2009).

Most of the models (38) listed in Table 3 are process based; only
ome of them are defined as hybrid (10) or empirical models (8). The
ime steps of the calculations range from less than hourly to periods
f 5 years. Time steps of empirical models are often 1-year or 5-year
eriods, while most of the hybrid models operate on annual time
teps. The time step of the process-based models vary from 1/50 h
EMILION) to years (e.g. FORMIND or TRAGIC). Most process-based

odels, however, simulate at daily time steps. The shortest time
teps are mainly used to simulate resource distributions such as
ater availability, while growth and productivity are often calcu-

ated over longer time steps. In BALANCE, for instance, the water
alance and micro-climate for each individual tree are simulated
n a daily step, while tree growth is calculated for a period of 10
ays (Rötzer et al., 2013).

Process-based and empirical models often assume that the
pecies compositions are relatively constant, but these can change,
specially over long time scales in response to changes in cli-
atic conditions and stand disturbances (Medlyn et al., 2011). Gap
odels attempt to capture these changes in species composition

nd generally simulate establishment, growth and mortality (see
eview by Taylor et al., 2009 or Shugart and Smith, 1996). A forest
s then divided into gaps that may  or may  not interact with each
ther.

The basic spatial unit of all reviewed empirical models is

he individual tree, with the exception of the model CO2FIX
.2 which operates at a cohort level. The spatial unit of the
rocess-based models is divided evenly between individual,
ohort and stand scales. Cohort- and stand-levels are the same
 exchange) E: soil fertility, nutrient supply
on F: gap dynamic, regeneration

S: standing stock, potential stand density

except that cohort models can deal with more than one species.
Hybrid models operate either on an individual tree or stand
level.

The topic of this review is how growth models can simulate
mixing effects and therefore the models should be able to simulate
more than one species simultaneously, or have the capacity to do
so without significant modification. They must also include a broad
range of forest functions and services, and aim to model tree and
stand productivity. It must, however, be noted that establishment
phases of forest stands are not considered in this review.

3.2. Essential principles for predicting the stand growth of
mixtures

Four main algorithms are commonly applied to predict the
stand growth of mixtures (Fig. 2). If no information is available,
mixed-species stand development is simply assumed to be the
weighted mean of the monocultures’ productivity (Fig. 2a). This
is done by first, choosing appropriate monospecific stand mod-
els (e.g., yield tables or diameter distribution models) for the
respective species. Second, sub-models for the respective site index
and thinning are chosen. Then the species-specific time series of
growth and yield characteristics (e.g., productivities p1, p2 . . . pn)
are read out of the monospecific stand models, and used to cal-
culate the weighted mean based on the proportion of the stand
that each species contributes. In this way, mixing proportions (m1,
m2 . . . mn) in the mixtures are used to calculate their expected per-
formance as a weighted mean of the monoculture productivity (e.g.,
p = p1 × m1 + p2 × m2 + · · · + pn × mn). Other stand growth character-
istics such as tree number, basal area, standing volume, or basal area
growth are derived analogously. Fig. 2a illustrates the simple lin-
ear and sequential procedure; i.e., this approach does not consider
any interactions between species, even though these interactions
can determine their long-term development. This concept is repre-
sented in the yield tables for monospecific forest stands by Assmann
and Franz (1965) and Schwappach (1889), and the yield tables for
mixed-species stands of Picea abies and Fagus sylvatica by Wiede-
mann.

Most models abstract forest stands by their vertical layering. The
three-dimensional structure is more detailed in tree-level models
and is typically defined using variables such as tree height, height to
crown base, crown width and tree coordinates. In empirical mod-
els, the 2D or 3D structure is the basis for calculating competition
indices for every tree as a proxy for the availability of resources.
These competition indices are used to regulate the individual trees’
growth and the probability of survival in the subsequent period.
The size of all trees and structure of the whole stand can then be
updated using the estimates of individual growth rates and sur-
vival/dropout. Stand growth and species-specific growth rates are
then calculated from the sum of individual-tree growth (Fig. 2b).

The updated stand structure is the basis for the next prognosis cycle
with typical time steps of 1 or 5 years. Due to the feedback between
stand structure and tree growth via the competition indices, species
interactions can significantly affect stand development, e.g., by
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Table  2
Potential changes in stand structure, functioning and with-stand environment that can result from mixing tree species in forests. The factors are listed starting from high
resolution to low resolution as well as their classification and prerequisites for their mechanistic reproduction in individual-tree and cohort models. The cycles and processes
that  have to be simulated are also indicated (l: light; n: nutrient cycle; p: phenology; s: spatial structure; w: water cycle; o: other). Please notice that regeneration dynamics
are  excluded.

Temporal scale Spatial scale Effect on Factor influenced by
the mixing of species

Prerequisites and possible
mechanistic reproduction

Required
description

Individual tree models Cohort (stand) models

Short (hour,
day, month)

High (organ,
tree)

Environment Light flecks Highly resolved spatial
structure of the model

Not possible l

Wind speed reduction Change of wind speed for
calculation of
transpiration, leaf
temperature

Change of wind speed for
calculation of
transpiration, leaf
temperature

o

Water balance Individual tree
transpiration, soil water
availability, canopy rainfall
interception by each tree

Transpiration by each
cohort, soil water
availability, canopy rainfall
interception by each cohort

w

Short  (hour,
day, month)

High (organ,
tree)

Functioning Light absorption and
photosynthesis

Light gradient for
individual tree influenced
by neighbouring trees, and
changes in inter-tree
shading due to changes in
stand density

Light availability reduction
based on competing
cohorts, and changes in
inter-tree shading due to
changes in stand density

l

Hydraulic lift Linked soil layers for
individual trees

Linked water availability
for each cohort

w

Water uptake and
drought stress

Exchange of water in the
rooting zone, linked soil
layers for individual trees,
within canopy climatic
gradients

Drought index, linked
water availability for
different cohorts, within
canopy climatic gradients

w

Short  (hour,
day, month)

High (organ,
tree)

Structure Cell structure Highly spatially resolved
models

Cohort based predictions s

Ratio of early to late
wood

Highly spatially resolved
models

Cohort based predictions s

Phenology (temporal
partitioning of growing
space)

Species-specific simulation
of bud burst, leaf fall and
length of growing season

Cohort-specific simulation
of phenology

p

Short (hour, day, month) Low (tree,
cohort)

Environment Matter balance and
partitioning

Different matter balances
(C, N, H2O) have to be
predicted for each
individual tree

Different matter balances
(C, N, H2O) have to be
predicted for each cohort

n

Short (hour,
day, month)

Low (tree,
cohort)

Functioning Allelopathy Inhibition of germination
and growth through
chemicals, simulation of
allelochemicals or
carbohydrates

Simulation of
allelochemicals or
carbohydrates

o

Water translocation
from species to species

Linked soil layers for
individual trees

Linked water availability
for cohorts

w

Short (hour, day, month) Low (tree,
cohort)

Structure Current height growth Simulated on tree basis Influence of neighbouring
cohorts on height growth

s

Long (≥year) High (organ,
tree)

Environment Root channels Linked root sections for
individual trees, change of
soil characteristics

Change of soil
characteristics depending
on species

s

Root layers and zones Partitioning of root space,
linked root sections for
individual trees

Root space for different
species, link between
cohorts

s

Long  (≥year) High (organ,
tree)

Functioning Tree mortality Species-specific simulation
of mortality depending on
neighbouring trees

Species-specific simulation
of mortality depending on
neighbouring cohorts

s

Leaf turnover
(dependent on nutrient
cycle, water balance,
light)

Simulation of nutrient and
water cycles with linkages
between trees

Simulation of nutrient and
water cycles with linkages
between trees between
cohorts

n

Long  (≥year) High (organ,
tree)

Structure Tree crown and root
plasticity

Crown and root
architecture of each tree
must be known

Mean crown and root
architecture of each
species must be known

s

Long  (≥year) Low (tree,
cohort)

Environment Soil fertility Nutrient cycle has to be
considered

Nutrient supply of the
cohorts must be considered

n

Soil water capacity Change of soil
characteristics must be
possible

Change of soil
characteristics must be
possible

w

N-  fixation Nitrogen cycle has to be
regarded, N-fixing tree
species parameterized

Nitrogen supply of the
cohorts has to be
simulated, N-fixing tree
species parameterized

n
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Table  2 (Continued )

Temporal scale Spatial scale Effect on Factor influenced by
the mixing of species

Prerequisites and possible
mechanistic reproduction

Required
description

Individual tree models Cohort (stand) models

Barrier effects against
pests

Pests have to be considered Pests have to be considered o

Long  (≥year) Low (tree,
cohort)

Functioning Gap dynamic (tree
establishment and
disturbances)

Simulated on individual
tree basis

Not possible s

Long  (≥year) Low (tree,
cohort)

Structure Standing stock, carbon
partitioning

Initial spatial structure and
biomass distribution of the
trees must be known

Initial biomass distribution
of cohorts must be known

s

Size  growth and
ontogeny (species with
different life cycles,
feedback tree size
-resource acquisition)

Competition for space or
resources between
individual trees

Competition between
cohorts for space or
resources, allometric
adjustment

s

Wood quality Quality parameters as stem
straightness, branchiness
or knot distribution have to
be simulated

Quality parameters as stem
straightness, branchiness
or knot distribution have to
be simulated

o

Third party trade-offs
(1. species inhibits soil
vegetation- > reduced
resource consumption-
> increase of growth for
2. species)

Simulation of soil
vegetation, resource
uptake by individual trees

Cohorts for soil vegetation,
resource uptake by each
cohort

o

Stability and protection
(against extremes such
as wind throw, snow
load, frost winter
drought)

Stability parameters have
to be simulated

Stability parameters have
to be simulated

s

Mechanistic branch
abrasion and crown
shyness

Module for these processes
is needed, dependent on
wind speed

Module for these processes
is needed, dependent on
wind speed

s

Fig. 2. Main principles for deriving and predicting mixed-species growth by models. (a) Deriving the growth of mixed-species stands as a weighted mean of monocultures
using  models of the respective species. (b) Indirect incorporation of mixing effects in individual-tree growth models by integration of species-specific growing space
competition indices. (c) Direct incorporation of mixing effects using multipliers affecting growth rates and stand density. (d) Process-based representation of mixing effects
by  incorporating within-stand environmental conditions, species-specific structures, and resource uptake and availability.
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Table  3
Forest growth models considered within this review and their spatial and temporal structure (1 basic spatial unit; 2 shortest time step of calculations).

No Name Author(s) Type Spatial structure1 Temporal structure2

1 3-PG Landsberg and Waring (1997),
Forrester and Tang (in press)

Process based Stand or cohort Month

2  4C Lasch et al. (2005), pers. comm
(2014)

Process based Cohort Day

3  AMORPHYS (PIPESTEM) Valentine et al. (2000),
Valentine et al. (1997)

Hybrid Individual Year

4  ANAFORE Deckmyn et al. (2008) Process based Cohort Hour
5  BALANCE Grote and Pretzsch (2002),

Rötzer et al. (2010)
Process based Individual Day

6  BIOME-BGC Pietsch et al. (2003) Process based Stand Day
7  BWIN PRO, TreeGrOSS Albrecht et al. (2011), Hansen

and Nagel (2014)
Empirical Individual 5 Year

8  CABALA Battaglia et al. (2004) Process based Cohort Day
9  CASTANEA Dufrene et al. (2005) Process based Stand Hour
10  CO2FIX V.2 Masera et al. (2003) Empirical Cohort Year
11  COMMIX Bartelink (2000) Process based Individual Year
12  DF.HGS Weiskittel et al. (2010) Hybrid Individual Day
13  EFIMOD Chertov et al. (1999) Hybrid Individual Year
14  EMILIION Bosc (2000) Process based Individual 1/50 Day
15  FINNFOR Kellomäki and Vaisanen

(1997), Kramer et al. (2002)
Process based Cohort Hour

16  FORCLIM Bugmann (1996) Process based Cohort Month
17  FORCYTE Kimmins and Scoullar (1989),

Kimmins et al. (1990b)
Hybrid Stand Year

18  FORCYTE 11 Kimmins et al. (1990a) Hybrid Stand Year
19  FORECAST Kimmins et al. (1999) Hybrid Individual Year
20  FOREST v5.1 Schwalm and Ek (2004) Process based Individual Day
21  FOREST-BGC Running and Coughlan (1988),

Running and Gower (1991)
Process based Stand Day

22  FORGEM Kramer et al. (2008) Process based Individual Day
23  FORGRO (-SWIF) Van der Voet and Mohren

(1994), Van Wijk et al. (2001)
Process based Stand Hour

24  FORMIND Köhler and Huth (1998), Bohn
et al. (2014)

Process based Individual Year

25  FORMIX Bossel and Krieger (1994) Process based Cohort Day
26  FORSKA Prentice et al. (1993) Process based Cohort Day
27  FORSPACE Kramer et al. (2003) Process based Cohort Day
28  FORUG Verbeeck et al. (2006),

Verbeeck et al. (2008)
Process based Cohort hour

29  FULCAM Waterworth et al. (2007) Hybrid Stand Year
30  FVS Wykoff (1990), Crookston and

Dixon (2005)
Empirical Individual 5 Year

31  G-DAY Comins and McMurtrie (1993),
Eliasson et al. (2005)

Process based Stand Week

32  GOTILWA+ Gracia et al. (2002), Kramer
et al. (2002)

Process based Individual Hour

33  Hybrid Friend et al. (1997) Process based Individual Day
34  LIGNUM Perttunen et al. (1998) Process based Individual Year
35  MAESTRO/MAESPA Wang and Jarvis (1990),

Baldwin et al. (2001), Duursma
and Medlyn (2012)

Process based Individual hour

36  MGM  Bokalo et al., 2013, UA (2014) Empirical Individual Year
37  MOSES Hasenauer (1994) Empirical Individual 5 Year
38  N.N. Palahí et al. (2008) Empirical Individual Year
39  N.N. Pukkala et al. (2009) Empirical Individual 5 Year
40  N.N. Monserud and Sterba (1996) Empirical Individual 5 Year
41  PICUS v1.3 Seidl et al. (2005) Hybrid Individual Month
42  PIPEQUAL Mäkelä and Makinen (2003) Process based Individual Day
43  PNET (-CN, -DAY) Aber and Federer (1992), Aber

et  al. (1997)
Process based Stand Month/Day

44  SECRETS Sampson et al. (2001),
Sampson et al. (2007)

Process based Stand Hour

45  SILVA Pretzsch et al. (2002) Hybrid Individual 5 Year
46  SIMWAL Balandier et al. (2000) Process based Individual Hour
47  SORTIE/BC Coates et al. (2003) Process based Individual 5 Year
48  TRAGIC Hauhs et al. (1995) Process based Individual Year
49  TREE-BGC Korol et al. (1995) Process based Individual Day
50  TREEDYN3 Bossel (1996), Kramer et al.

(2002)
Process based Stand Day

51  TREEMIG Lischke et al. (2006) Process based Cohort Year
52  TRIPLEX Peng et al. (2002) Hybrid Stand Month
53  WOODPAM Peringer et al. (2013) Process based Stand Month
54  YIELD-SAFE Van der Werf et al. (2007) Process based Individual Day
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Fig. 3. The percentage of models that contain a given type of module or procedure
(described modules), the percentage of models that could potentially model mixing
H. Pretzsch et al. / Ecologica

pecies-specific space occupation in different layers of the canopy,
ncreasing stand density compared with monocultures, or by one
pecies completely outcompeting another. In these empirical tree-
evel models, the species’ competition for resources is modelled
y their competition for different spaces within the stand rather
han in terms of actual resources. For example, tree heights and
rown sizes might be used to calculate indices for competition for
ight, while tree diameters, root mass or rooting depths might be
sed to calculate indices of competition for soil resources. When
his kind of model is parameterized using data from monocultures,
he directly integrated mixing effect is mainly the species-specific
rowing area requirement and the response to competition. If such
odels are parameterized using data from mixtures as well as
onocultures, various effects of competition and facilitation might

e indirectly represented via the estimated parameters. Examples
f this approach are the models by Hasenauer (1994), Köhler and
uth (1998), Pretzsch et al. (2002) and Pukkala et al. (2009).

Another approach, Fig. 2c, is a model structure where mixing
ffects are directly integrated using multipliers. This can be done
hen the deviation of growth and stand density in mixtures com-
ared with monocultures is known. This is an extension of the
lassical individual-tree growth models that modify the relation-
hip between competition and growth and the maximum stand
ensity in terms of the self-thinning line. The modifier approach has
lso been applied to statistically model the effects of site conditions,
nsect calamities, or fertilizing effects, even when the underlying

echanisms are not yet understood (Wykoff et al., 1982; Komarov
t al., 2003; Monserud and Sterba, 1996).

In contrast to empirical models, process-based models consider
he actual resources rather than using proxies such as competition
ndices. Competition for resources is simulated for each individ-
al tree or cohort (Fig. 2d). Consequently, the influence of species

nteractions on growth is predicted by feedbacks between species-
pecific spatial structures and tree growth as well as between a
ree’s individual environment in terms of the resource supply, and
ts growth and mortality (Fig. 2d). The light distribution within the
tand or the light availability for an individual tree, and the uptake
nd consumption of water and nutrients, all depend on species mix-
ng and determine the growth of trees, cohorts and entire stands.
xamples of this approach are the works by Grote and Pretzsch
2002), Kellomäki and Vaisanen (1997), Kimmins et al. (1990a,b,
999), Rötzer et al. (2009) and Forrester and Tang (in press).

.3. Representation of mixing effects

It is obvious that the use of empirical expansion factors (mul-
ipliers, e.g. Fig. 2c) will enable the simulation of mixing effects
n any growth model. The prerequisites are that the compartment
hat the mixing effect influences is simulated and that the level of
he effect is known. In this case, empirical models are likely to be
elatively accurate within the parameter space used to fit them.
owever, there are an infinite number of combinations of soil, cli-
ate, species, structure characteristics and interactions between

hese variables and empirical models that use expansion factors
re restricted to the specific combination of factors used to fit or
arameterise them.

On the other hand, a process-based approach (Fig. 2d) can
otentially provide robust extrapolations to untested conditions,
ilvicultural regimes (Weiskittel et al., 2010), species combinations
nd proportions, depending on the relevant prerequisites listed in
able 2. The functions, environmental conditions and structural
ttributes in Table 2 that are most important to include in models

ill be those that have the largest effects on growth or any other

ariables of interest, particularly in the long term. The frequency
ith which they are included in models is indicated in Fig. 3, while

able 4 shows which models incorporate each effect. The following
effects for the given process without substantial modification (possible to realise)
and the percentage of models that already model the given process in mixtures
(already realised) (*: spatial horizonal structure).

discussion puts these into context with regards to their importance
when modelling mixed-species forests (Fig. 1) with reference to the
temporal and spatial scales at which they are usually included in
models.

3.3.1. Functioning
3.3.1.1. Light and phenology. Light absorption is relatively easy
to predict for homogeneous, closed canopies, such as even-aged
monocultures. However, mixtures often have vertically and hori-
zontally heterogeneous canopies, which make predictions of light
absorption much more difficult (Forrester, 2014a). Of all of the func-
tions considered in Fig. 3, light (radiation) was  the most commonly
considered, and 30% of the models are already capable of mod-
elling light absorption in mixed-forests. About 37% of all models
could possibly simulate the effects of species mixing on radiation
distribution, and 83% of all analysed models included a description
of light absorption by trees or cohorts in different vertical layers
(even if it was only for monospecific stands). Several process-based
tree-level models predict individual crown light absorption using
information about tree positions, crown dimensions and leaf opti-
cal properties, and these have performed well against empirical
data (le Maire et al., 2013; Charbonnier et al., 2013; Ligot et al.,
2014). There are also empirical tree-level models that use similar
or simplified crown descriptions (SORTIE; Canham et al., 1999) or
competition indices (SILVA; Pretzsch et al., 2002) to quantify light
competition. Predictions of light absorption in stand-level mod-
els are also often based on mean crown sizes for a given species,
however, unlike tree-level models, the predictions of light absorp-
tion by stand-level models is rarely compared with empirical data,
nor are the predictions compared with those of tree-level models
that have performed well against empirical data (Forrester, 2014a;
Forrester et al., 2014). Given the large variability in crown struc-
tures for which light absorption models are expected to work, and
the importance of light absorption predictions in many process-
based models, it is surprising that predictions of light absorption
for different species in mixtures by stand-level models are rarely
tested. The accurate prediction of growth is not an indication that
light absorption has been accurately predicted, because accurate
growth predictions are easily obtained if the models have been
“tuned” to fit.

In addition to the effects of spatial structure on light absorption,
the seasonality of leaf area needs to be accounted for (e.g. Baldocchi

et al., 1984; Hertel et al., 2012). This partitioning of light over time
is mainly a question of the phenological phases such as bud break
and leaf fall. Only 33% of the growth models reviewed (Fig. 3)
simulate seasonal changes within the canopy by considering the
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Table  4
Forest growth models and mixing effects: The number of species for which growth can be simulated simultaneously, description of the modules and processes needed to
simulate mixing effects and whether a model could possibly simulate the process (because it already estimates resource availability and the respective processes within
the  model) or whether the model already simulates the mixing effects (abbreviations: aa: Abies alba, b: Betulus, df: Pseudotsuga menziesii, e: Eucalyptus, fs: Fagus sylvatica, j:
Juglans,  o: Quercus, pa: Picea. abies, pm: Picea mariana, pp: Pinus pinaster, ps: Pinus sylvestris, po: Populus; m()  = mixing effect calculated using a multiplier; p() = process-based
modeling of mixing effects possible).

No Model name No of species Description of modules/processes for Species mixing effects are

Radiation
[R]

Water [W]  Phenology
[P]

Nutrients
[N]

Spatial
structure [S]

Possible to be
simulated

Already
realized

1 3-PG several x x x x – p(R, W,  P) p(R, W,  P)
2  4C 7 (pa, ps, o, df, fs, po, b) x x x x – p(R, W,  P) p(R, W,  P)
3  AMORPHYS (PIPESTEM) 1 (conifers) x x – – x – –
4  ANAFORE 4 (po, ps, o, fs) x x x x – p(R, W,  P, N) p(R, W,  P)
5  BALANCE 5 (fs, df, o, ps, pa) x x x x x p(R, W,  P, N, S) p(R, W,  P,

S)
6  BIOME-BGC 1 (o) x x – x – – –
7  BWIN PRO, TreeGrOSS several x x x x x m(R, S) –
8  CABALA 1 (e) x x – x x – –
9  CASTANEA 1 (fs) x x x – – – –
10  CO2FIX V.2 several – – – – – – –
11  COMMIX 2 (fs, df) x – – – x p(R, S) p(R, S)
12  DF.HGS 1 (d) x x x x – – –
13  EFIMOD 3 (ps, pa, b) x x – x x m(R, W,  N) R
14  EMILIION 1 (pp) x x x – x – –
15  FINNFOR 3 (ps, pa, b) x x – x – p(R, W,  N) R
16  FORCLIM 30 x x – x – – –
17  FORCYTE coniferous – – – x – – –
18  FORCYTE 11 several x x – x – – –
19  FORECAST several x x – x – – –
20  FOREST v5.1 several x x x x – p(R, W,  P) p(R, W,  P)
21  FOREST-BGC several x x – x – – –
22  FORGEM 1 (fs) x – – – x – –
23  FORGRO (-SWIF) 1(df) x x – – – – –
24  FORMIND several x – – – x p(R, S) p(R, S)
25  FORMIX 5 species groups x – – – x p(R, S) p(R, S)
26  FORSKA several x x – – – m(R, W)  –
27  FORSPACE 4 (fs, ps, o, b) x – – – – p(R) R
28  FORUG 4 (fs, ps, o, pa) x x – – – – –
29  FULCAM 13 – – – – – – –
30  FVS several – – – – – – –
31  G-DAY 1 (pa) x – – x – – –
32  GOTILWA+ several x x x – – – –
33  HYBRID several x x x x – p(R) p(R, P)
34  LIGNUM 1 (ps) x – – – x – –
35  MAESTRO/MAESPA several x x x – x p(R, W,  S) p(R, W,  S)
36  MGM 4 (pa, ps, po, pm) – – – – – R R
37  MOSES 4 (pa, ps, fs, aa) – – – – x m(R, S) –
38  N.N. 2 (ps, o) – – – – – – –
39  N.N. 3 (pa, ps, b) – – – – – – –
40  N.N. several – x – – x S S
41  PICUS v1.3 several x x – x – R –
42  PIPEQUAL 1 (ps) x – – – x – –
43  PNET (-CN, -DAY) several x x – x – –
44  SECRETS several x x x x x p(R, W)  p(R, W)
45  SILVA 5 (pa, ps, fs, o, d) x x x x x m(R, W,  N, S) –
46  SIMWAL 1 (j) x – x – x – –
47  SORTIE/BC several x – – – x p(R, S) p(R, S)
48  TRAGIC 1 (pa) x x – x x – –
49  TREE-BGC 1 (df) x x – – – – –
50  TREEDYN3 several x – x x – – –
51  TREEMIG 30 x – – – – – –
52  TRIPLEX 1 x x – x x – –

e
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53  WOODPAM 13 + shrubs + herbs – x 

54  YIELD-SAFE 1 (po) + crops x x 

ffects of structure on environmental conditions within the stand.
bout 19% of the models could potentially simulate mixture effects
n phenology and only 13% of the models can already simulate
ixing effects on phenology in mixtures. For example, the process-

ased model BALANCE calculates bud break for each species and
eaf senescence for each individual tree (Rötzer et al., 2004, 2010).

owever, most models do not differentiate between species other

han whether they are evergreen and deciduous and/or use long-
erm means for the start and end of the growing season. Only one
mpirical model (TreeGrOSS) is able to simulate the seasonality of
x – x – –
x – – – –

a given tree species. On the other hand, 9 out of 36 process-based
models are capable of considering phenology when calculating
tree growth. Only five growth models (4C, ANAFORE, BALANCE,
HYBRID, FORESTv5.1) take account of species specific start (bud
break), change (sprout) and end (leaf fall) times of the growing
season when simulating tree and stand growth.
3.3.1.2. Water balance. The water balance is another component
of forest functioning that is likely to be critical in process-based
mixed-species models because even in moist stands there can
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e periodic droughts that significantly influence growth or sur-
ival. Mixing effects on transpiration and water-use efficiency have
een reviewed by Forrester (2015). Models can incorporate water-
elated interactions between species by modelling the soil water
alance and species-specific fluxes such as canopy interception
nd transpiration. It may  also be necessary to consider the verti-
al distribution of each species, above- and below-ground, which
ill influence the vertical profiles of vapour pressure deficit, radi-

tion and soil moisture, and where in the soil profile each species
s competing for water. The response of each species to prevailing
limatic conditions may  be incorporated by defining their physiol-
gy, such as the relationship between vapour pressure deficit and
tomatal conductance. Many models (65%) include several of these
rocesses, 20% of models could reproduce mixing effects without
ajor modification, but only 11% can already model mixing effects

n relation to the water balance.
Other water-related processes that could be important in mix-

ures are hydraulic redistribution, phenology and mycorrhizal
ymbioses. Phenology will also influence light and is often included
n models by preventing any transpiration (light absorption etc.)
uring the leafless periods. There appears to be very little infor-
ation about whether differences in mycorrhizal communities or
ycorrhizal connections between differing tree species have a sig-

ificant impact on transpiration, and this was also not included in
ny of the models (Simard et al., 2012).

Many studies have examined hydraulic redistribution, and have
hown that this can amount to 0.1 to 1 mm per day in forest ecosys-
ems (Neumann and Cardon, 2012). However, very few studies have
een done in mixed-species forests. In one study Quercus petraea
as found to lift water in mixtures with F. sylvatica, however, there
as no evidence that F. sylvatica used any of the water (Zapater

t al., 2011).

.3.1.3. Nutrients. In comparison to light and water, which can both
e modelled in the same way in different forest types, nutrients are
ore complex. Only a small number of models are general enough

o apply to a wide range of soil and forest types, and most nutri-
nt models are relatively complex and cannot be simplified like
ight and water models. Another problem is that different nutri-
nts are important in different regions or even on different sites
ithin a given region, which means that several different nutrients
ay  need to be included in the model. For example, models such

s ANAFORE, BALANCE, EFIMOD and FINNFOR (Table 4) simulate
utrient cycles, however in most cases only nitrogen is regarded
nd, few models consider other nutrients such as P or K or interac-
ions between different nutrients (Table 4), which are important in

any tropical ecosystems (Laclau et al., 2013). While about 46% of
ll models reviewed include a description of the nutrient cycle, only
% actually simulated mixing effects resulting from nutrients. In
cknowledgement of the difficulty to model nutrients, several mod-
ls do not calculate nutrient availability or nutrient use dynamically
nd instead ignore nutrients or use very simplified or empirical
pproaches (e.g. MAESPA, 3-PG) or are coupled with other models
hat consider nutrients (Xenakis et al., 2008). To simulate nutri-
nt cycling (but also the water cycle) a detailed description of root
iomass and its distribution in the different soil layers is required
s in the models ANAFORE and BALANCE.

The lack of models that consider nitrogen fixation in mixed-
pecies stands results from a lack of knowledge about the dynamics
f nitrogen fixation in forests or plantations, let alone how these
ynamics are influenced by species interactions. Several studies
ave examined nitrogen fixation in mixtures at a few points in time

Binkley et al., 1992b; Forrester et al., 2007; Bouillet et al., 2008), but
here is little information about how the rates of nitrogen fixation
nd the proportion of nitrogen derived from the atmosphere are
nfluenced by inter-specific competition (Van Kessel et al., 1994).
elling 313 (2015) 276–292 285

Filling these knowledge gaps with empirical data and new models
could allow for a significant improvement in forest growth models
that consider nitrogen-fixing species.

Rates of litter decomposition have been found to be greater
in mixtures than expected based on monocultures in about 50%
of cases, with no significant effect or antagonistic effects in the
other cases (Rothe and Binkley, 2001; Gartner and Cardon, 2004).
Some of the forest growth models vary nutrient cycling and hence
nutrient availability in relation to litter chemical and physical
properties and forest floor microclimate. Most models consider
nutrition using a stand-level approach such that soil properties are
assumed to be uniform throughout the stand (even in tree-level
models). However, we  found no model which varies the soil nutri-
ent properties with the spatial distribution of species and litterfall
(Table 4).

3.3.1.4. Mortality. The mortality functions in most models are
empirical. In many cases the mortality functions that are used were
developed using monocultures, or from mixtures where there was
no consideration about whether inter-specific competition could
have a different effect to intra-specific competition. The empiri-
cal nature of most mortality functions results from the fact that
the processes driving mortality are still not so well understood,
and it also takes time before the tree actually dies. This makes it
difficult to develop mortality functions that link different causes
including drought, density dependent mortality, pests and diseases
(McDowell et al., 2011). Models by Monserud and Sterba (1999),
Pukkala et al. (1998), Yao et al. (2001) and Zhao et al. (2004) include
algorithms for the intra- and inter-specific competition effect on
tree mortality, however, the recently revealed increase of canopy
packing density (Pretzsch, 2014) and stand density (Pretzsch et al.,
2015) by mixing complementary species needs improved consid-
eration in mortality models.

3.3.1.5. Carbon partitioning. Carbon partitioning and tree allome-
try influence the trees’ ability to acquire and compete for resources
and therefore to persist under prevailing or future environmental
conditions (see Table 2 for the effects on environment, functioning
and structure). Tree allometry also influences the stand structure,
but it is discussed here due to its relationship with carbon parti-
tioning. Both depend on the environmental conditions such as soil
and climatic characteristics and how these are influenced by the
neighbouring plants. Several studies have shown that carbon par-
titioning can vary significantly between mixed and monospecific
stands (Forrester et al., 2006a; Epron et al., 2013), and many studies
in monocultures have shown that carbon partitioning can change
in response to resource availability (Litton et al., 2007). Most of the
models allow partitioning and allometry to change in relation to soil
water and nutrient availability and some also allow for changes in
terms of stand density. Assuming that these factors can be influ-
enced by the species within the mixture, this should enable species
interactions to influence partitioning.

An example of the importance of including mixing effects on
carbon partitioning and allometry in models can be shown by
considering light absorption. A common requirement of many light
models is information about crown sizes e.g. leaf area, crown
diameter, crown length. Crown sizes in growth models are often
calculated using allometric equations, and these equations can vary
in response to inter-specific competition (Pretzsch, 2014; Forrester
and Albrecht, 2014) and hence the environment within the forest.
For example, Pretzsch (2014) showed that the relationship between
crown projection area and stem diameter for F. sylvatica varied

depending on whether F. sylvatica was  growing in monospecific or
in mixed-species stands with P. abies, Larix decidua, Fraxinus excel-
sior, and Q. petraea. For a given stem diameter the crown projection
areas, heights, and heights to the crown base could vary between
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Fig. 4. Differences in individual tree volume increment, iv, in mixed versus
monospecific stands (m and p, respectively) may  (a) result only from their different
sizes because they have the same size-growth relationship in mixtures and mono-
cultures, or (b) from different size-growth relationships in mixtures compared with
monocultures. (a) The volume of the individual tree in the mixed stand, vm , is simply
ahead of the tree in the monoculture, vp , but developing along the same trajectory.
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b)  The volume growth of trees of equal size is higher in mixed than in monospecific
tands and indicates a higher growth efficiency of trees in inter- versus intra-specific
eighbourhoods.

% to more than 100%, depending on the diameter (Pretzsch, 2014).
uch changes could have a significant effect on the amount of light
bsorbed by individual crowns (Forrester and Albrecht, 2014), and
t is probably important to include these effects in growth models.
espite this, growth models generally don’t allow for intra-specific
hanges in allometry in response to inter-specific competition.

Another example of the relevance of allometry is shown in Fig. 4.
ifferences in tree volume growth, ivm, in mixed-species stands
ersus the growth in monocultures, ivp, in a given survey period
an result simply from differences in their current size, vm and vp,
ven though their growth rates move along the same iv–v trajectory
Fig. 4a). In contrast, Fig. 4b represents a change in allometry where
rees in mixed and monocultures follow different iv–v trajectories,

 and p, respectively. Tree species mixing may  also cause a com-
ination of both, first, a higher growth efficiency which accelerates
ize growth, and lead to an advanced size development and hence to

 size effect. In such cases the elimination of the size effect by appli-
ation of general allometric relationships (see Pretzsch, 2010, pp.
47–348) can reveal whether there is a true mixing effect behind
ny differences between tree behaviour or just a tree size effect.
he fact that size rather than age is suitable for prediction of tree
rowth is considered by model approaches that use the potential
odifier principle or difference equations with size growth on the

eft and size on the right side of the equals sign.

.3.2. Structure
Stand structure is quantified vertically, horizontally and in terms

f inter-tree variability, such as by using diameter distributions.
ree-level models automatically take these structural attributes
nto account whether they are empirical or process-based. Empiri-
al tree-level models consider the local structure when calculating
ompetition indices (SILVA by Pretzsch et al., 2002; BWIN PRO by
lbrecht et al., 2011) and process-based models consider the local
nvironment and structure when modelling different leaf- or tree-
evel processes and interactions. Tree-level models also keep track
f individual tree positions and diameter or height distributions,
nd therefore consider the horizontal structure of the forest.

In stand-level models, the vertical structure in terms of cohort
eight is generally considered in all mixed-species models, whether
hey are process-based or empirical (Table 4). Accounting for ver-
ical heterogeneity, in terms of the height and the height to the

rown base, can be particularly important with regards to com-
etition for light (Forrester, 2014a; Forrester et al., 2014). Some
ap models and other stand-level models simplify canopy structure
uch that all of the leaf area is positioned at the top of the crown,
elling 313 (2015) 276–292

rather than distributed between the top and bottom of the crown
(Bugmann, 2001). However, this will lead to biased estimates such
that the taller species gain an unrealistic competitive advantage,
and this will be exacerbated as the stand develops (Forrester et al.,
2014). Models that assume all leaf area is at the top of a crown
may  be unlikely to reproduce actual mixing effects even if all other
processes are predicted accurately. Other simplifications that are
used in stand-level models include dividing the crowns and canopy
into vertical layers and allocating a given portion of the leaf area
into that layer assuming a uniform vertical distribution of leaf area
within the crown.

Accounting for horizontal heterogeneity is important when
modelling the effects of stand density and is critical for modelling
natural disturbances or silvicultural treatments such as thinning
(Forrester, 2014a). Tree-level models such as BALANCE or MAE-
STRO consider the horizontal structure of a stand (Fig. 3). In contrast
to this model type, stand-level models are restricted in their abil-
ity to account for horizontal structure, and need to assume that the
horizontal heterogeneity is homogeneous (e.g., FORMIX, FORMIND,
3-PG). That is, stand-level models can account for horizontal het-
erogeneity by changing stand density (leaf area, trees per ha, basal
area etc.) but they cannot account for heterogeneous horizontal
stand structures such as clumps of trees, row-by-row mixtures and
gaps where a given cohort or species develops from seedlings under
the influence of an older and taller cohort that surrounds them. Gap
models attempt to account for this horizontal heterogeneity but if
they are stand-level models the horizontal heterogeneity within a
gap still needs to be assumed to be homogeneous, and the horizon-
tal heterogeneity is incorporated by having different gaps.

Below-ground stand structure is much harder to measure
than above-ground structure. There is a lot of information
about how tree allometry or above-ground stand structure varies
between mixtures and monocultures (Bauhus et al., 2004; Forrester
and Albrecht, 2014; Pretzsch, 2014), however, there is far less
about how species interactions influence below-ground structure
(Schume et al., 2004; Laclau et al., 2013). This makes it difficult to
model below-ground functions and environmental conditions.

3.3.3. Environment
Consideration of the environmental conditions within a stand

and how these are influenced by different species is a critical char-
acteristic of process-based models for mixed-species forests. In
general, if the processes (Section 3.3.1) and structures (Section
3.3.2) are modelled realistically, then it follows that the envi-
ronmental conditions within the stand have probably also been
accounted for. For example, the water balance is strongly deter-
mined by structural and functional aspects of the stand, and the
light availability within the stand is strongly influenced by the ver-
tical and horizontal distributions of leaves (Table 2).

In contrast to process-based models, empirical tree-level mod-
els often summarize the whole environment using competition
indices. This can result in accurate predictions of mixing effects on
growth (e.g. BWIN PRO by Nagel, 1999) for the environmental con-
ditions and stand structures that existed in the forests where the
empirical data used to build the models was collected. However,
they are unlikely to provide reliable predictions of mixing effects for
other environmental conditions that result from changes in climate,
management or disturbance regimes. Similarly, empirical models
may  not be sensitive to inter-annual variability in environmental
conditions that can have a dramatic effect on forest productivity,
especially in short rotations (Stape et al., 2004).

As indicated in Tables 2 and 3, environmental conditions are

considered at a range of temporal scales, from hours to months, in
both tree- and stand-level process-based models. The temporal and
spatial resolution required to reproduce mixing effects will clearly
vary depending on the functions being considered, and which
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ing effects. This is because based on the literature reviewed above,
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unctions have the largest effects on mixing effects. Given that
he ability of models to reproduce mixing effects have rarely been
ested, it is not possible to know the temporal or spatial resolution
hat environmental conditions need to be used.

. Perspectives

.1. Future empirical work: Experiments, monitoring, statistical
valuation

.1.1. Combining data from different spatial and temporal
esolutions

Measurement of mixing effects and understanding their rele-
ance for the forest ecosystem as a whole requires investigations
t multiple temporal and spatial scales. For example, when the
esults from observations at the plant level, Pobs, (e.g. increment
r mortality of individual trees in relation to growing conditions)
re upscaled, they predict certain expected patterns at the stand
evel, Spred. The upscaling may  be carried out through simple addi-
ion or multiplication, or by modelling. If measurements at the
tand level Sobs (e.g. long-term records on the stand development
hrough repeated surveys) are assumed to be accurate but do not

atch the expected pattern (Sobs /= Spred), the tree-level process
ay  not have been adequately quantified (temporally or spatially),

hey may  be of limited relevance when explaining the entire sys-
em behaviour, or if they were modelled, there might be a problem
ith the model.

Obviously, the transition from the tree to the stand level intro-
uces new effects, which cannot be solely deduced from the

ndividual level (e.g. adaptation, facilitation, antagonism, density-
ependent mortality). Scale-overlapping research approaches
nable the relevance of results at a certain level to be determined
n relation to the next higher hierarchical level, and often reveal
nowledge gaps.

.1.2. Incorporation of defoliation effects into models
The effects of insect defoliators can differ between monospe-

ific and mixed-species stands (Jactel and Brockerhoff, 2007). Few
orest growth models include the dynamics of pests and whether
hese vary in mixtures or how climatic conditions influence their
ife cycles (Pinkard et al., 2011). This is probably due to the complex-
ty of these relationships depending on the identity of the pest and
he host plants (Castegneyrol et al., 2014). However, several models
onsider defoliation and key physiological processes that influence
he response of trees to defoliation (Lexer and Hönninger, 1998;
inkard et al., 2011).

.1.3. Below-ground processes
More empirical data is required to determine the importance of

co-physiological or physical processes like hydraulic redistribu-
ion or the effects of changes in mycorrhizal communities in mixed
s. monocultures. Processes such as these might only be important
uring droughts or on sites where trees are often water stressed.
odels may  be able to answer questions about the spatial and tem-

oral importance of these processes, but firstly the processes need
o be incorporated into the models and the predictions compared
ith empirical data.

Comparisons of mixtures versus monocultures with respect to
oot structure and function are difficult, and the few existing studies
uggest that mixing species can change the root structure at least as
trongly as it can change the crown structure. For example, inter-
pecific competition can modify the vertical and horizontal reach

f roots and the proportions of coarse and fine roots (Laclau et al.,
013). Schmid and Kazda (2001) quantified Wiedemann’s observa-
ion that in mixture with F. sylvatica, coarse roots of P. abies were
estrained to the upper soil layer, while F. sylvatica occupied equally
elling 313 (2015) 276–292 287

deep layers in the mixed and monocultures (Wiedemann, 1942).
Fine roots of P. abies were underrepresented in the mixed stand
and those of F. sylvatica were overrepresented, especially in deeper
layers (Schmid and Kazda, 2002). McKay and Malcolm (1988) and
McKay (1988) found a similar restriction of P. abies to the upper
layer when mixed with Pinus sylvestris. Like most studies Brassard
et al. (2011) found that the soil space was  more fully occupied by
fine roots and resources were more fully exploited than in mono-
cultures when species with contrasting rooting traits were mixed
in boreal stands. They considered the below-ground niche differ-
entiation of roots as the main cause for the over-yielding of mixed
stands. The higher specific root length and soil space filling by roots
in mixed than in monocultures (e.g., Hendriks and Bianchi, 1995;
McKay and Malcolm, 1988) suggest a more intensive foraging and
resource exploitation in the mixtures. These studies show that it
is very difficult to predict how the distribution and functioning of
roots will change in mixtures compared with monocultures. More
empirical work will be required to facilitate the incorporation of
these dynamics into process-based models.

4.1.4. Responses to climate
Only a few of the process-based models in Table 3 include

the effects of changing CO2 concentrations on forest growth and
there are very few studies that have measured how increased
CO2 concentrations might influence species interactions (Smith
et al., 2013). In theory, there could be an interaction between
increasing CO2 and drought, such that plants are less susceptible to
drought under elevated CO2 (Duursma and Medlyn, 2012). While
most of the processes can be summarised in stand-level process-
based models, it appears that there may  still not be a good enough
understanding of responses to elevated CO2 to have confidence in
stand-level model outputs and that tree-level models may  be use-
ful ways to investigate how changes in CO2 might influence species
interactions.

4.2. Integration at which scale?

An appropriate model scale to integrate a given function or envi-
ronmental condition depends on the purpose and the scale of the
outputs that are required (Battaglia and Sands, 1998) more than
on the scale of the function or environmental condition them-
selves. While many functions in mixed-species forests occur at
the leaf or tree levels, they can also usually be summarised at the
stand level as discussed above. It is therefore interesting to note
that most models (in Table 3) that have been used for mixtures,
even if mixing effects were not examined, are tree-level models,
and very few are stand-level models (e.g. Härkönen et al., 2010;
Forrester and Tang, in press. This bias towards tree-level models
may  indicate that a first objective of the model developers was to
further understand how the properties of individual trees influ-
ence forest growth, while the development of a relatively simple
management tool was  only a secondary objective. This may also
reflect the view of Seidl et al. (2005) that ‘. . . to include forest man-
agement realistically, process-based models must operate at the
individual tree level.’ We do not necessarily share this view. While
we agree that if the type of forest management being referred to
influences the horizontal structural heterogeneity, such as gap cre-
ation, then spatially explicit tree-level models may  be necessary.
However, tree-level models are probably not necessary to model
many other forest management practices, such as thinning or mix-
most functions, vertical structural attributes and environmen-
tal conditions can be modelled using stand-level approaches and
could probably be used to predict responses to mixing species and
management.
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If the aim of developing the model is to understand how the
haracteristics of each species (or age-class) influence their interac-
ions and the impact on stand level variables (e.g. production, water
se) or the relative dominance of each species, then stand-level
odels could be used to avoid more complex calculations, tree-

evel input information and associated scaling problems (Härkönen
t al., 2010; Medlyn, 1998). This may  often suit forest managers who
refer relatively simple models to parameterise and use.

If more detailed information is required, such as how the diame-
er distributions develop, stand-level models can predict diameter
istributions using empirical equations (e.g. TRIPLEX Wang et al.,
011; 4C Lasch et al., 2005) and hierarchical modelling approaches
e.g. CABALA Battaglia et al., 2015). This empirical stand-level
pproach is consistent with empirical mortality functions (e.g. the
3/2 law) that are often used in hybrid models due to the inad-
quate process-based understanding of mortality in forests. The
ame diameter distributions can be used to determine how much
iomass (or merchantable volume etc.) is removed from the stand
ollowing disturbances, and hence the reduction in growth, light
bsorption, transpiration, nutrient uptake etc.

In contrast, tree-level models are critical because stand-level
odels cannot replicate horizontal structural heterogeneity and

hey cannot fully incorporate the variability of individual tree
haracteristics that occur in forests. This is important because
ometimes an aim of modelling is to understand how this variabil-
ty influences the development and characteristics of the whole
tand (Grimm,  1999). That is, which processes and interactions
hat occur at the organ- and tree-levels are most relevant for
he system behaviour as a whole? Therefore, many mixed-species

odels start at the level of the tree (Table 3) and work at tempo-
al and spatial resolutions that are closer to the scales on which
any processes actually occur. This is also consistent with the

act that many studies about the processes that are affected by
pecies interactions are carried out at the organ- and tree lev-
ls. The finer resolution is useful for examining how a change in
he characteristics of the individual trees will influence or is influ-
nced by certain processes and the effect this has on stand level
atterns.

Individual tree models or process-based models in general can

elp to determine this when they scale up from high resolu-
ion (day-year, organ-tree-patch) to low resolution state variables
year-decade, stand-ecosystem) and include variables like growth,
ield and stand density.

ig. 5. Comparison between the effects of species interactions found on different
evels of system organisation. High-resolution findings of mixing effects are inte-
rated in process-based models, which should include stand variables. Simulation
xperiments with such models and comparison of their stand-level predictions with
mpirical observation, stand level models or theory, helps to determine which mix-
ng effects are the most important and the temporal and spatial variability in their
ffects.
elling 313 (2015) 276–292

Integration of mechanistic findings in models at the tree level
enables simulation experiments to examine the effect of individual
tree behaviour on stand level patterns (Fig. 5). When the models
include state variables at the stand level, the model output might
be compared with available knowledge on mixed stand dynamics at
stand level. This reference for comparison might include empirical
research, proven stand models, or ecosystem theory. Comparison
of the stand predicted behaviour by the process-based model with
the expected behaviour (indicated by a � in Fig. 5) reveals which
high-resolution environmental effects, structures and functions are
relevant to realistic reproduction of the system.

Repeated working through the cycle of model adjust-
ment → simulation experiment → comparison between prediction
and reference → model adjustment (solid black feed-back loop in
Fig. 5) helps to distinguish which mixing effects on higher levels of
resolution (day, organ-tree-patch) are relevant for mixing effects
at the stand level.

5. Conclusions

With very few exceptions (e.g., for radiation in BALANCE; Rötzer
et al., 2010, or 3-PG; Forrester and Tang, in press) the evalua-
tion of models for their suitability for mixed-species stands are
rare. The scale overarching evaluation introduced in the previous
section has great potential to identify the relevance and knowl-
edge gaps of environmental, functional, and structural system and
model components. An initial approach would be the compari-
son of simulation results with empirical findings in mixed-species
stands. This could include comparisons of any of the structural,
functioning and environmental characteristics listed in Table 2.
For practical model applications it will be important that they can
predict any over- or under-yielding of mixed-species stands along
spatial and temporal gradients (e.g., Forrester, 2014b). The main
restriction for such approaches has been the scarcity of empiri-
cal data, however, since mixed-species forests are becoming more
popular, the quantity of data for model evaluation is improving
quickly in the form of forest inventories, newly established long-
term experiments and monitoring plots (Burkhart and Temesgen,
2014).

A second evaluation approach is comparing model behaviour
with common rules and laws of tree and stand growth. Simula-
tion of stand development with self-thinning and various thinning
intensities can reveal whether a model behaves according the self-
thinning rule and common density-growth relationships evident
for mixed stands.

In conclusion, there are many forest growth models that work
at a range of temporal and spatial scales, however, less than a third
of these models can be used to predict mixing effects, in their cur-
rent form, and we could only find one example where the mixing
effects had been compared with empirical data. Despite this, sev-
eral models have been used to model mixing effects even though
they contain modules that do not appear to realistically represent
the processes that they are supposed to simulate. It is important
to consider that just because a model predicts growth accurately
does not mean that it is doing so for the correct physiological rea-
sons. Many models contain parameters that can be “tuned” so that
the growth predictions match empirical data even though predic-
tions of light, water, stand structure etc. may  not be accurate. This
is probably particularly important in mixed-species systems where
errors with one species will influence the other species. Therefore

it is important to test all components of models and not just the
main variables of interest (e.g. growth). When this has been done,
forest growth models are likely to be a valuable tool to predict
when and where different types of species interactions are most
important.
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