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Abstract

Mixed-species forests can provide higher levels of ecosystem functions and services and can be more resistant and resilient
in the face of global change. While many studies focus on the growth and yield of mixed forests, fewer have examined the
underlying processes. Inter- or intra-specific differences and interactions influence tree- and stand-level light absorption by
determining the vertical structure of stratified canopies, stand density, leaf area index, and the size or allometry of trees.
While canopy light absorption is a very important process, it is difficult to quantify it for individual species within a mixture
and is rarely examined. A detailed tree-level model (MAESTRA) was used in combination with measurements of tree sizes
and stand structures to examine effects of mixing on absorbed photosynthetically active radiation (APAR) in 41-63-year-old
stands of Pseudotsuga menziesii and Fagus sylvatica at three sites in Bavaria, Germany. The effects of initial stand density
on APAR were analysed in 46-year-old P. menziesii stands of a spacing experiment at two sites. At the tree level, mixing
increased mean height and leaf area, growth (185% higher) and APAR (85% higher) of P. menziesii at all sites. Mean tree
heights and crown sizes of F. sylvatica were larger in mixtures, while recent growth rates and APAR were not significantly
different to monocultures. Planting density did not influence mean tree variables (e.g. height, leaf area, crown volume),
because any initial spacing effects had been gradually removed by thinning across all treatments. At the stand level, there
were no differences in growth, basal area or in the annual growth per annual APAR (light use efficiency, LUE) between
monocultures and mixtures. The highest APAR values were observed in P. menziesii monocultures, while the lowest APAR
values were observed in F. sylvatica monocultures. While mixing these species may not increase stand-level growth dur-
ing later phases of development, mixing accelerated initial growth of individual trees and reduced the time to reach target
diameters, which are both important aspects in adapting forests to global change.
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Introduction

Communicated by Ruediger Grote. Mixed-species forests have been promoted as a major path-

way of forest management to mitigate the effects of global
change, to increase the productivity of forests, and to enable
a sustainable provision of forest ecosystem services in gen-
. o eral because they can be more resistant and resilient towards
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Complementarity is a reduction in competition due to
interspecific differences in resource use, or a facilitative
effect, where plants interact in such a way that at least one
species positively influences another (Vandermeer 1989).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10342-023-01638-w&domain=pdf

European Journal of Forest Research

Mixing tree species can lead to complementarity through
physiological, phenological, and morphological differences
(within and between species) that result from interspecific
interactions in mixed-species forests.

Light dynamics in mixed-species forests are directly
driven by the spatiotemporal complementary use of canopy
space. Mixing tree species with contrasting phenology (e.g.
deciduous vs. evergreen) or differences in crown shape,
crown size, crown leaf area density, as well as different toler-
ances to shade, influences light interception, which influence
tree growth (Ishii and Asano 2010; Niinemets 2010; Sapijan-
skas et al. 2014; Forrester et al. 2018; Williams et al. 2021).
For instance, a well-studied model of mixed planted forests
is mixtures of Eucalyptus and nitrogen (N)-fixing species,
where growth, APAR, and LUE were all greater in mixtures
than in monocultures (Bauhus et al. 2004; Binkley et al.
1992; Forrester et al. 2012a, b). The drivers behind increases
in APAR were greater crown sizes, higher leaf area index
(LAI), and canopy stratification resulting in a reduction of
light competition for one or both species (Bauhus et al. 2004;
Binkley et al. 1992; Forrester et al. 2012a, b). Increases in
LUE were associated with higher rates of photosynthesis
(Forrester et al. 2012a, b), which could have been caused by
higher availability or use of other resources such as nitrogen,
phosphorous, and water, and shifts in carbon allocation from
below ground to above ground (Forrester et al. 2005, 2006,
2010). In contrast, on sites where Eucalyptus outcompeted
the N-fixing species, Eucalyptus monocultures had the high-
est biomass growth and LUE (le Maire et al. 2013). APAR
was intermediate between the mixtures (50% mix of each
species) and monocultures of the N-fixing species, which
had the lowest growth and APAR. In these stands, Euca-
lyptus trees were much larger than the N-fixing species (le
Maire et al. 2013). The APAR of individual Eucalyptus was
about 169% greater in mixtures than in monocultures, while
that of the N-fixing species in mixtures was only about 68%
of that in monocultures (le Maire et al. 2013).

Differences in stand density and thinning can also influ-
ence APAR and LUE. Individual tree growth and APAR of
Eucalyptus species increased following thinning in monocul-
tures, and in some cases LUE also increased (e.g. Forrester
et al. 2013; West and Osler 1995). Similarly observations
were made for mixtures where density effects led to an aver-
age 14% increase in APAR for mixed stands of Pinus sylves-
tris and Fagus sylvatica (Forrester et al. 2018).

More recent studies about the contribution of light-related
interactions or structural characteristics on APAR and LUE
found that in addition to the structural and spatial charac-
teristics (e.g. crown architecture, positioning of the different
trees, leaf angle distributions, etc.), phenological differences
between species can lead to complementary use of light
(Forrester and Albrecht 2014; Sapijanskas et al. 2014; For-
rester et al. 2018, 2019). Howeyver, the relative contribution
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of these structural and phenological factors to canopy APAR
depends on the species and site characteristics, as well as
how silvicultural interventions influence stand structure.
Therefore, the relative contribution is difficult to predict
given the small number of studies. A better understanding
could aid the design of silvicultural interventions that fur-
ther improve APAR, LUE, and hence forest growth and tree
vitality. In addition, a better understanding of light-related
tree species interactions in relation to canopy structure can
improve the modelling of photosynthesis and productivity
in process-based forest growth models (Pretzsch et al. 2015;
Bravo et al. 2019) and Earth system models (Braghiere et al.
2019).

Two tree species that are currently of great interest eco-
nomically and ecologically in Central Europe are Fagus
sylvatica and Pseudotsuga menziesii. The native F. sylvat-
ica has a broad ecological amplitude, a high growth per-
formance, abundant natural regeneration, a high degree of
shade tolerance and produces dense canopies (Brumme and
Khanna 2009). Owing to these characteristics, F. sylvatica
is a very competitive and dominant tree species that pro-
duces almost monospecific stands in most situations where
site conditions are not extreme (Leuschner and Ellenberg
2017). P. menziesii, which is native to western North Amer-
ica, was introduced to Western and Central Europe, where
it has become an important tree species due to its adapt-
ability, wood quality, and high productivity (Kleinschmit
and Bastien 1992). It can have a higher drought tolerance
compared to European conifer species (Eilmann and Rigling
2012; Vitali et al. 2017) and is therefore viewed as an alter-
native to the most widely cultivated conifer Picea abies,
which is experiencing a massive reduction in its cultivated
area owing to its susceptibility to drought, wind storms, and
bark beetles (e.g. Mezei et al. 2017). The mixing of these
two species provides several advantages. Mixing reduces
potential risks associated with the loss of a species owing
to new pests or pathogens. Mixing an introduced tree spe-
cies with a native species also buffers any potential negative
effects the species may have on native biodiversity at the
stand scale (Bauhus et al. 2017). In addition, mixing the
shade-intolerant P. menziesii with the very shade-tolerant
F. sylvatica prevents the spread of the non-native species
through natural regeneration (Bindewald et al. 2021). From
a forest growth perspective, P. menziesii can benefit from
mixing with F. sylvatica in terms of drought stress release
and time of growth recovery after drought events, and can
also grow faster when mixed with F. sylvatica (Thurm et al.
2016). This was attributed to the height stratification of these
two species and complementary crown architectures (Thurm
and Pretzsch 2016; Thurm et al. 2016), which may lead to a
higher stand-level light interception. Therefore, the objective
of this study was to quantify the light absorption and light
use efficiency of F. sylvatica and P. menziesii stands, and
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how these are influenced by the crown and canopy architec-
ture. We also took advantage of a nearby stand density trial
to examine whether differences in stand density (at a given
time) can have comparable effects on light absorption of P.
menziesii compared with mixtures. With measurements of
tree dimensions, crown architecture, and stand structure, as
well as the establishment of allometric equations, we tested
the hypotheses:

1) Increases in APAR and LUE are both responsible for
complementary effects on tree growth in mixtures of Fagus
sylvatica and Pseudotsuga menziesii.

2) Intra-specific differences in crown architecture (in
addition to interspecific differences) contribute to increases
in APAR and LUE in mixtures.

3) Thinning or low stand densities increase individual tree
growth of Pseudotsuga menziesii because they increase tree
APAR, but only influence LUE on sites where thinning or
low density also increases the availability of soil resources
(e.g. not on sites that are nutrient-rich and moist).

Methods
Site description

The study sites were located in Bavaria, Germany (Table 1,
Fig. 1). Mixing effects were examined at three sites (Ens-
dorf/Hirschwald; Gramschatzer Wald; Walkertshofen),
while the effects of planting density and thinning on P.
menziesii were examined at two additional sites (Ansbach;
Heigenbriicken).

At each site of the mixture experiment, there were three
plots, forming a “triplet”, consisting of a F. sylvatica and P.
menziesii mixture and their respective monocultures. The
plot size of the monocultures ranged from 170 m? to 500 m?
and the mixtures from 725 m?>—1115 m?. Within each tri-
plet, the site conditions were as similar as possible, and the

stands had not been thinned for at least a decade. All plots
were close to even-aged (mean age 54 years) and had been
regenerated conventionally through a mix of planting and
natural regeneration. Plots had not been established accord-
ing to a strict experimental design with fixed species propor-
tions and spatial patterns.

To examine the effects of planting density and thinning on
P. menziesii, two similarly designed experiments were used.
The Heigenbriicken experiment contained 22 plots and the
experiment in Ansbach contained 21 plots. All plots had an
area of 40 x40 m? including a 30X 30 m? core area and a five
metres wide buffer strip. The entire site was surrounded by
a 10 to 20 m wide buffer zone. The planting density experi-
ments were planted in May 1973 using three-year-old P.
menziesii with 1000, 2000 or 4000 trees per ha as the initial
planting density treatments. The experimental plots were
thinned between planting and the time of fieldwork for this
study such that an average of 33 trees per plot remained,
regardless of initial planting density. Thus, the initial density
of 1000 trees ha™! corresponds to a light thinning treatment,
2000 to a medium, and 4000 to a heavily thinning schedule
(Nickel and Rais 2013, 2015). At each of the sites, two heav-
ily thinned, two moderately thinned, and two lightly thinned
plots were sampled.

The methods described below were applied to all plots,
with the exception of relative productivity calculations that
were done exclusively for the plots in the mixing experiment.

Data collection

Estimation of leaf area, the vertical distribution of leaf area,
and the vertical distribution of leaf area density

To estimate the individual tree leaf area, we used the Ade-
laide technique, described by Andrew et al., (1979) and vali-
dated by O'Grady et al., (2000). In this field campaign, we
used a frame, containing nine horizontal lines, mounted on a

Table 1 Site characteristics: Climate data are annual means based on monthly means for the last three decades from 1988 to 2017 (ERA-Interim

reanalyses from ECMWF)

Experimental ~ Experiment (WGS84)  (WGS84) Elevation Mean annual =~ Mean annual ~ Base richness ~ Water supply

location type Latitude Longitude (m.a.s.l.) precipitation temperature from base-poor from very dry (1)
(°N) (°E] (mm) °C) (1) to base-rich to very moist (7)

®
Gramschatzer  Triplet 49.89 9.94 328 806 9.3 3 6
Wald

Hirschwald Triplet 49.34 11.91 483 778 8.7 2 4

Walkertshofen — Triplet 48.21 10.57 616 1019 8.5 3 4

Ansbach Density 49.22 10.55 486 818 9.3

Heigenbriicken Density 49.99 9.37 421 756 9.6

The soil properties base richness and water supply are taken from Thurm and Pretzsch, (2016). Water supply is described by the combination of

water holding capacity, precipitation, and transpiration
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Fig. 1 Location of study sites in Bavaria. The inserted map shows the location within Germany

tripod to divide an individual tree crown into ten horizontal
layers. For each species, we selected 25 trees at each site
that covered the range in tree size. On each of these trees,
an individual crown unit was determined as a reference.
For each tree, we counted the number of units per layer and
sampled this reference afterwards to determine the weight,
specific leaf area, and hence leaf area of a single unit. For the
leaves of F. sylvatica, we used a leaf area metre (LI-3050C
Transparent Belt Conveyor Accessory (LI-COR Biosciences
GmbH, Bad Homburg, Germany)) and for P. menziesii we
used a flat-bed scanner combined with the WinFOLIA™
Reg 2013a software (Régent Instruments, Quebec City, Can-
ada). In addition, we measured the diameter at breast height
(DBH, 1.3 m), height, and live crown length of target trees
and their neighbours within a radius of 10 m. Using these
data and the specific wood density (WD) of both species,
we calculated a competition index (Forrester et al. 2017),

n n
Z[=1baP.menziesii * WD + Z,:]baF.sylvatica * WD

2%

CI ey

where ba is the cumulative basal area of all individual tree
stems at 1.30 m per species within a radius (r) of 10 m and
WD is the species-specific wood density (g cm™>). This
index was used to develop an allometric equation (Eq. 2) to
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calculate the crown diameter as a function of the competi-
tion index (CI), DBH, and relative height (rh) (height of the
target tree divided by the mean height of its neighbours), and
we used the mean wood density from values found in the
literature and in the Global Wood Density Database (Zanne
et al. 2009), for P. menziesii (Alden 1997; CABI, 2017) and
F. sylvatica (Barbaroux 2002; Cienciala et al. 2005; Gryc
et al. 2008; Skovsgaard and Nord-Larsen 2012)

Ln(Y) =Inp + By In(DBH) + B, In(rh) + f5In (CD) + £ (2)

where Y is crown diameter and ¢ is a correction ratio used
when back-transforming the In-transformed Y-variables. The
correction ratio was calculated as the sum of the measured
values divided by the sum of the (back-transformed) pre-
dicted values (Snowdon 1991).

The inclusion of a competition index was important
because the allometric relationships used to predict some
tree data, such as crown diameter in this case, can be influ-
enced by stand structure and composition, as expressed by
characteristics such as competition, relative height, and spe-
cies richness (Forrester et al. 2017). This study also found
that interspecific differences in response to competition
can be related to the wood density of tree species such that
species with higher wood density responded to increased
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competition by developing larger crowns, whereas species
with lower wood density developed smaller crowns (For-
rester et al. 2017). Since wood density may moderate the
influence of competition, we included it in our calculations.

The leaf area density (LAD, m? m™>) was calculated for
the 10 crown layers. Each layer represented 10% of the live
crown length and was assumed to have a volume of a semi-
elliptical cone for the top layer or a frustum of a semi-ellip-
tical cone for the other nine layers,

10

V= %” * hox r2 + Zh * <d§asal +dt20p +dbasal . dtop) * %
=2
(3)

The vertical distribution of LAD was fitted to a beta dis-
tribution (Wang et al. 1990),

Y= a(x”) % (1 —x) 4)

where a, b, and cc are fitted parameters, and Y is the leaf area
density (units) at a relative height of x within the canopy.
The LAD of one layer was a function of its relative height
within the crown. The parameters of this equation are inputs
required to run the MAESTRA model, which was used to
calculate individual tree APAR.

Field measurements and further calculations to describe
the structure and growth at the tree and stand levels.

We mapped stem positions and measured the DBH of all
trees within the triplets, all trees in the density plots, and the
next two tree lines around each plot. For 10 trees per species
in each plot, we also measured height (h), live crown length
(Icl) and crown diameter (cd). These variables were then
determined for all other trees by fitting these variables as a
function of DBH,

In(Y) = Inp, + p,In(DBH) + ¢ 5)

where Yis h, Icl, or cd, and ¢ is a correction ratio used when
back-transforming the In-transformed Y-variables. The cor-
rection ratio was calculated following Snowdon (1991). Indi-
vidual crown volumes (m?®) were calculated for each tree
from their crown diameter (cd) and Icl by assuming semi-
elliptical shapes (Eq. 3). Separate equations were developed
for each species and each site.

The basal area increment of individual trees (cm? year‘l)
was calculated using the DBH measurements of the triplet
inventory in 2013 (see Thurm et al. 2016) and the density
inventory in 2015 (see Nickel and Rais 2015). For the calcu-
lation of the individual leaf area (LA) (m?), we used allomet-
ric equations according to the general format as in Eq. 6 with
corresponding variables (X, X,), parameter values (3, f3,),
and correction ratios (&) provided in Appendix (Table Al).
These were developed in similar stands to this study and also

covered the range of our data in terms of DBH, basal area
(m? ha™"), tree density (trees ha™!), and age.

In(Y) =Ing, + p,X; + 0, X, + € 6)

The specific leaf area (SLA in m? kg™!) was calculated
for each species as a function of age using equations (Eq. 7).
The respective leaf area results were then averaged. When
leaf mass was the response variable, it was previously
divided by the SLA,

SLA(t) = SLA, + (SLAy — SLA, )e~"(t/151)’ 7

The parameters used in Eq. 7 for F. sylvatica and P. men-
ziesii are provided in Appendix A (Eq. Al and Eq. A2).
Stand variables calculated included the relative height,
mean stand height (m), tree density (trees ha_l), leaf area
index (m? m~2), basal area (m2 ha™!), basal area incre-
ment (m? ha™! year™!), canopy depth (m), canopy volume
(m>ha™!), and canopy leaf area density (m? m™3). The rela-
tive height of a given species was calculated as the mean
height of the target species divided by the mean height of
the total stand.

Climate data

All meteorological data were obtained from the ERA-
Interim reanalysis daily dataset produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF)
with a high spatial resolution (0.125° % 0.125) (Dee et al.
2011). The climatic variables included monthly and daily
mean temperature, precipitation, solar radiation, and number
of frost days. For all plots, we extracted daily data of surface
solar radiation downwards (SSRD), from 2012 to 2017 and
monthly climate data from 1988 to 2017.

MAESTRA light modelling to estimate APAR

Individual tree APAR was calculated using the MAESTRA
model (Grace et al. 1987; Wang and Jarvis 1990; Medlyn
2004; Duursma and Medlyn 2012). This 3D tree-level model
calculates the APAR of individual trees based on their crown
architecture (e.g. crown dimensions and leaf area and leaf
angle distributions), leaf optical properties (LAD and distri-
bution, leaf transmittance, and reflectance), and the shading
from neighbouring trees based on the positions of other trees
within the plot (defined by x and y coordinates and slope and
aspect of the site) and their crown architectures. The growing
season was defined by the site-specific phenology of the leaf-
bearing period of F. sylvatica. For P. menziesii, APAR was
calculated for the growing season (defined by the leaf-bearing
period for F. sylvatica) and also for the whole year. The param-
eterization data are provided in Appendix (Table A3). To vali-
date the APAR predictions, we compared the stand APAR
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calculated using MAESTRA with that calculated from hemi-
spherical photos that were analysed using the Hemisfer soft-
ware (Schleppi et al. 2007; Thimonier et al. 2010). The APAR
values of both methods were highly correlated (R*?=0.91) and
indicated that MAESTRA underestimated Hemisfer-APAR by
only 6.8% (Appendix Fig. A1). This level of accuracy is rela-
tively high, and the slight underestimation by MAESTRA was
considered to be acceptable. MAESTRA APAR predictions
have also been validated in several other studies of mixtures
(Charbonnier et al. 2013; le Maire et al. 2013; Forrester et al.
2018, 2019). The detailed 3-D representation of foliage dis-
tributions by MAESTRA enables it to accurately account for
the influence of the sun zenith angle on canopy clumping. For
example, it has been found to accurately reproduce the direct
transmittance zenith profile, gap fraction, between solar zenith
angles of 0 to about 70° (Braghiere et al. 2020). Individual
tree APAR (GJ) was calculated for the growing season and
the entire year. These were averaged (per year) for the entire
study period (beginning of 2012 to the end of 2017). The stand
APAR for the whole plot or for each species was calculated
as the sum of the individual tree APAR of a given plot or the
respective species.

Estimation of LUE and relative productivity (RP)

The LUE of individual trees (cm? GJ™') was calculated
as the basal area increment (cm? year™') per unit of APAR
(€] year_l). Stand-level LUE (m” GJ ") was calculated as the
stand basal area increment (m? ha™! year™!) per unit of APAR
(GJ ha™! year™).

The relative productivity (Eq. 8 and 9) quantifies whether
mixing led to an increase (RP> 1) or decrease (RP< 1) in a
given variable compared to a monoculture at the stand level
per species (Eq. 9) or the whole plot community (Eq. 8) (Wil-
liams and McCarthy 2001; Forrester and Pretzsch 2015). The
RP calculation also accounts for the proportion of the species
in the mixtures, which was quantified in terms of LAI or stand
basal area, depending on the response variable. For response
variables including tree density, basal area, and basal area
increment, we quantified the species proportions in terms of
stand basal area. All other proportions for the canopy and light
variables (canopy depth, canopy volume, proportion of canopy
filled, LAD, APAR, and LUE) were quantified in terms of LAI
because it is considered to be more representative of the spe-
cies’ contributions to light dynamics, and species proportions
by leaf area have been shown to provide realistic estimates of
species proportions on an area basis (Dirnberger and Sterba
2014).

P2

RP mi.

community — . . N
©+ sp1Pmono! + sp2Pmonos2

®)
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RP o pml-xxpl,(po)

species .o splpmono,\pl (9)

Equation 8 (p,,;».»2) calculates the productivity (or the
performance of other response variables) of the mixed-spe-
cies stand in relation to the productivity of their related mon-
ocultures (P,ononts Prmonow2) @nd their proportional (@ gy,
: 1 ) amount of LAI or stand basal area. Equation 9 is
used to determine the relative productivity by species where
(Pypirio) 1s the productivity of a given species (spl) in a
mixture with (sp2).

Results

Tree-level effects of mixing, density, and stand
structure

For F. sylvatica, crown variables such as crown diameter,
live crown length, and crown volume were larger in mixtures
than in monocultures (Table 2). F. sylvatica trees were also
significantly taller in the mixed stands than in monocultures
even though the taller P. menziesii in the mixtures reduced
the relative height of F. sylvatica in the stand (Table 2).

In contrast to F. sylvatica, mixing did not affect the crown
parameters for P. menziesii. The growth and APAR of indi-
vidual P. menziesii were much higher in the mixture than in
monoculture, while the growth and APAR of F. sylvatica
trees were similar in both treatments (Table 2). As a result,
there were no treatment effects on LUE (Table 3).

There were no significant differences between P. men-
ziesii density treatments for any variables (Table 4).

Individual tree APAR was positively correlated with tree
leaf area and relative height for both species (Fig. 2). For a
given tree leaf area, APAR was greater in mixtures than in
monocultures for P. menziesii, but for F. sylvatica APAR
remained the same as in monoculture (Fig. 2). There was
no influence of LAI on individual tree APAR (Appendix
Table AS5).

Stand-level effects of mixing and density

There were no significant differences between mixtures and
monocultures for any stand variables except annual APAR,
which was highest in P. menziesii monocultures and lowest
in F. sylvatica monocultures (Table 3). There were no sig-
nificant differences between P. menziesii density treatments
for any variables (Table 5).

Relative Productivity at the stand level

The relative mixing effects, in terms of RP, showed that
F. sylvatica benefited from the mixture in terms of nearly
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Table2 Mean tree variables in
41-63-year-old monoculture
and mixture stands for each

species across all three sites in
Bavaria

Variable Monoculture Mixture (GWIKOWAIENS) p value
(GWIKOWAIENS)
Fagus sylvatica (n=239)
Diameter (cm)* 16.7  (16.6116.7116.8) 18.2  (18I18.2118.3) 0.1896
Height (m) 20.1  (20.9119.7119.9) 21.6  (22.4I121.2121.4) 0.02
Crown diameter (m)* 54 (5.115.515.6) 6.5 (6.216.616.8) <0.0001
Live crown length (m) 9.3 (7.6110.4110) 9.9 (8.2111110.6) 0.0342
Height to the live crown (m) 10.8  (13.519.119.8) 11.6  (14.319.9110.6) 0.1068
Leaf area (m?)* 544 (52.7153.2157.4) 56 (54.2154.8159.1) 0.8172
Crown volume (m?)* 162.8 (120.21190.51188.5) 248.5 (183.41290.71287.8) <0.0001
Relative height (rh) 1 (1.010.9911.0) 0.9 (0.910.8910.9) <0.0001
APAR (GJ tree™! season™!)* 10.3  (8.9111.3I111) 10 (8.6110.9110.7) 0.832
Basal area growth (cm? year™)* 10.6  (10.4110.5110.9) 8.9 (8.718.819.2) 0.2284
Light use efficiency (cm? GI™") 1.09  (1.1410.98I1.14) 0.97  (1.0210.8611.02) 0.2702
Pseudotsuga menziesii (n=132)
Diameter (cm) 329 (29145.2124.4) 42.1  (38.2154.4133.6) <0.0001
Height (m) 28.2  (28.9131.5124.2) 31 (31.7134.3127.0) <0.0001
Crown diameter (m) 6.5 (6.718.114.7) 6.9 (7.218.515.1) 0.1114
Live crown length (m) 133  (11.9116.9111.1) 13.1  (11.7116.7110.9) 0.755
Height to the live crown (m)* 14.7  (16.8114.4113.2) 179  (20.5117.5116.1) <0.0001
Leaf area (m?) 130.7 (1031224165) 228.9 (20113231163) <0.0001
Crown volume (m?)* 313.9 (316.21652.51149.9) 357 (359.61742.11170.4)  0.3025
Relative height (rh) 1.01  (1.011.110.9) 1.26  (1.311.311.2) <0.0001
APAR (GJ per tree per season)* 19.2  (19.9126.2113.7) 51 (52.7169.4136.3) <0.0001
APAR (GJ per tree per year)* 37.7  (37.1162.1114) 69.8  (69.2194.1146.0) <0.0001
Basal area growth (cm? year™) 27 (26.7139.9118.5) 771  (76.31113.8I52.8) <0.0001
Light use efficiency (cm? GI™H**  0.955 (0.95610.95510.954) 1.099 (1.10111.10011.099) 0.1469

Each site contains a triplet of a mixture and the respective monocultures and was measured in 2016. Values
printed in bold within a row are significantly different (P <0.05)

(GW =Gramschatzer Wald, KOWA = Konradshofen Walkertshofen, ENS =Ensdorf) sites where triplets
were located. APAR was predicted using the MAESTRA model. * Values were In-transformed before
back-transformed by using the Snowden ratio (Snowden, 1991) ** Values were sqrt-transformed before
back-transformed by Snowden ratio (Snowden, 1991)

all variables, except for APAR (Table 3). P. menziesii also
benefited in terms of canopy depth, LAD, growth, and
LUE, but not in terms of basal area and canopy volume.
The results indicate that the respective proportions of the
two species make much better use of the light (LUE) in
mixed stands compared to their monocultures (RP=2.91 F.
syl | RP=1.61 P.men) and the LUE of the total stand was
slightly higher in mixtures. In addition, there was a small
increase in growth (BAI) for each species in the mixture
and the total stand (Table 3). For the variables Trees per
hectare and Basal area, F. sylvatica also achieved values
with RP > 1, while P. menziesii had RP < 1, which can be
attributed to the proportions of the two species in the mix-
ture, as there were many smaller F. sylvatica and fewer but
larger P. menziesii (Table 3). When APAR was evaluated,
F. sylvatica and P. menziesii showed nearly the same rela-
tive productivity in mixed stands as in the corresponding
monocultures (Table 3).

Discussion

P. menziesii and F. sylvatica made better use of the light in
the mixture, as indicated by the relative productivity index
(Table 3). The F. sylvatica trees were able to increase their
height and crown dimensions below the P. menziesii to the
extent that they grew and absorbed light as well as the F.
sylvatica trees in the pure stand. The trees of P. menziesii,
which were much better exposed in the mixture compared
to their pure stand, achieved a significant increase in APAR
(85.2%) and basal area growth (185.2%), but this was not
sufficient to achieve a higher productivity for the whole
mixed stand. Therefore, we could not confirm hypothesis 1:
When growth is higher in the mixture, it is associated with
increases in both APAR and LUE. Very few other studies
have quantified mixing effects on growth and APAR or LUE
along site gradients (Forrester and Albrecht 2014; Forrester
et al. 2018). One of these studies examined Picea abies and

@ Springer
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Table 4 Mean tree variables in 46-year-old stands of P. menziesii across two sites in Bavaria

Variable Initial density of 4000 trees  Initial density of 2000 trees  Initial density of 1000 trees P value
per ha per ha per ha
Pseudotsuga menziesii (n=413) (ANS | HEI) (ANS | HED) (ANS | HEI)
Diameter (cm) 33.1 (32.7133.5) 34 (33.1135) 34.5 (33.6135.3) 0.6767
Height (m) 28.8 (28.1129.5) 29.8 (28.7129.8) 28.8 (28.6129.3) 0.4575
Crown diameter (m) 7 (6.617.3) 6.9 (7.416.4) 7.3 (6.917.7) 0.7035
Live crown length (m) 13.1 (12.5113.6) 14.1 (13.5114.8) 14 (13.4114.7) 0.1723
Height to the live crown (m) 15.7 (15.6115.9) 15.7 (15.2116.2) 14.8 (15.11145) 0.2264
Leaf area (m?) 146.5 (142.11150.9) 154.2 (149.51158.8) 158.3 (153.71163) 0.5981
Crown volume (m®) 386.1 (320.71451.5) 389.2 (404.71373.7) 429.4 (361.11497.7) 0.7968
Relative height (rh) 0.99 (0.9611.01) 1.02 (0.9811.06) 0.99 (0.9711.01) 0.458
APAR (GIJ per tree per season) 34.4 (34.4134.4) 36.4 (36.4136.4) 36.3 (36.3136.3) 0.8025
APAR (GIJ per tree per year) 46.6 (46.4146.4) 49 (49149) 48.8 (48.8148.8) 0.8058
Basal area growth (cm? year") 47.1 (45.7148.4) 53 (42.3163.6) 47.6 (47.2148.1) 0.8195
Light use efficiency (cm® GJ™!)x 10° 1.45 (1.3811.52) 1.51 (1.4811.54) 1.28 (1.3011.26) 0.67

Each site contains three different initial stocking densities, which are replicated once. Values in parenthesis indicate the different sites of the

spacing experiment planted in 1973 and measured in 2016

(ANS = Ansbach | HEI=Heigenbriicken) sites where triplets were located; APAR was predicted using the MAESTRA model

Fig.2 The effect of mixing

on the relationship between

tree leaf area (a) and relative
height (b) for F. sylvatica and

P. menziesii and the predicted
APAR of individual trees per
growing season. Data were
fitted to (Appendix Eq. A4),

and the statistical informa-

tion is provided in (Appendix
Table AS). While there were no
significant effects of mixing (M
in Table AS5) for F. sylvatica, the
lines in the graph could differ
slightly because we used the
actual means of each variable 30-
from the given treatments to

plot these lines
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Abies alba mixtures and found that for a given tree size,
APAR (for both species) and LUE (of A. alba trees) were
greater in mixtures than in monocultures and this effect
increased as climatic conditions improved and on sites with
faster-growing trees (Forrester and Albrecht 2014). The
second study examined Pinus sylvestris and F. sylvatica
mixtures and found that mixtures had greater APAR than
monocultures, on average, and this effect increased with site
productivity. However, this was mainly due to mixing effects
on P. sylvestris (Forrester et al. 2018). Mixing or comple-
mentarity effects on growth can increase with increasing

0 T T T T T 1
0 100 200 300 400 500 600 0.0 0.5 1.0 1.5 2.0

Relative height

site quality because light-related interactions are likely to
become more important as site quality increases. That is, as
soil resources or climatic conditions improve, stand density
or stand leaf area may increase, thereby increasing competi-
tion for light and the potential benefit of species interactions
that improve APAR or LUE. However, in this study, the site
quality was similar across all sites, which may explain the
small influence of site mixing effects.

Our hypothesis 2 was that intra-specific differences in
crown architecture (in addition to interspecific differences)
contribute to increases in APAR and LUE in mixtures.

@ Springer
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Table 5 Differences between the 46-year-old stands of P. menziesii across two sites in Bavaria

Stand-level variable Initial density of 4000 Initial density of 2000 Initial density of 1000 p value

trees per ha trees per ha trees per ha

Mean (ANSIHEI) Mean (ANSIHEI) Mean (ANSIHEI)
Trees per ha 395 (3841406) 386 (3671406) 367 (3731361) 0.5974
Basal area (m? ha™!) 36.8 (34.1139.4) 38.5(33.4143.5) 37 (34.5139.5) 0.678
Leaf area index (LAI) 5.8 (5.416.1) 6.0 (5.416.5) 5.8 (5.516.1) 0.679
Canopy depth (m) 22.6 (22.3122.9) 22.8 (21.6124.1) 22.1 (21.3123.0) 0.9305
Canopy Volume (m> ha™!)x 1073 152.5 (120.31184.7) 149.3 (150.91147.7) 162.5 (135.31189.7) 0.8143
Proportion of Canopy space filled (m> m™3) 0.67 (0.5410.81) 0.66 (0.7210.60) 0.74 (0.6410.83) 0.7589
Canopy leaf area density (m>m™3) 0.4 (0.4710.33) 0.42 (0.3510.5) 0.37 (0.4210.32) 0.7539
BAI (m” ha™") 1.8 (1.8I1.9) 2.0 (1.512.6) 1.8 (1.811.8) 0.7262
APAR (GJ ha™! season™")x 1073 13.6 (13114.2) 14 (13.3114.8) 13.3 (12.5114.2) 0.3456
APAR (GJ ha™! year™')x 1073 18.3 (17.5119.1) 18.9 (17.9119.8) 17.9 (16.9118.9) 0.3369
Light use efficiency (m2 GJ~!)x 10° 99.8 (99.8199.7) 106.2 (80.61131.8) 98.7 (105.3192.1) 0.9006

Each site contains three different initial stocking densities, which are replicated once. Values in parenthesis indicate the different sites of the
spacing experiment planted in 1973 and measured in 2016 (ANS = Ansbach | HEI =Heigenbriicken). APAR was predicted using the MAESTRA

model

Several studies have found that individual tree APAR is
strongly related to individual tree LA, relative height and
stand LAI and that mixing could modify these relationships
(Forrester et al. 2018, 2019). However, there were no mix-
ing effects on APAR for P. menziesii and F. sylvatica in
mixtures, nor were there any mixing effects on relationships
between individual tree foliage area and APAR, or between
individual tree stem diameter and foliage area, or between
individual tree stem diameter and crown diameter or crown
length.

In mixtures, we observed that for a given tree foliage area,
P. menziesii had a greater growing season APAR than F. syl-
vatica (Fig. 2). F. sylvatica had lower APAR per foliage area
because it was the shorter species in the mixture, although
F. sylvatica had higher foliage area for given stem diameter.
The differences in phenology (deciduous vs. evergreen) did
not affect the APAR of P. menziesii, because P. menziesii
was taller than the deciduous F. sylvatica and hence its
crowns also received high amounts of radiation during the
growing season. Similarly, Pinus sylvestris benefited little
from the deciduous characteristics of F. sylvatica in mixtures
across Europe (Forrester et al. 2018). In contrast, differences
in phenology were shown to play a significant role in the
mixing effects on APAR in tropical forests where there was
less distinct canopy stratification (Sapijanskas et al. 2014).

For both species, relationships between individual tree
foliage area and APAR were linear indicating that all trees
had a similar APAR relative to their foliage area. A review
including data from several hundred plots and at least seven
species found a range of linear and exponential relationships,
showing that while competition for light is sometimes asym-
metric (exponential foliage area — APAR relationships), this
is often not the case (linear relationships) (Forrester 2019).

@ Springer

Our hypothesis 3 was that thinning or low stand den-
sities, while increasing individual tree growth owing to
increased tree APAR, only influence LUE under site condi-
tions where these treatments also increase the availability
of soil resources (e.g. unlikely on sites that are nutrient-rich
and moist). However, the P. menziesii spacing experiment
showed no significant differences in stand growth, APAR,
or LUE between these two sites, and therefore, this hypoth-
esis could not be tested. The lack of planting density effects
is probably because the large initial differences in planting
density were gradually lost over the 46 years due to thinning,
which was more intense in the plots with initially higher
planting densities, thereby removing the density effect. Stud-
ies on Eucalyptus nitens and Eucalyptus regnans showed
that the positive thinning effects on LUE are suppressed
when sufficient resources are not available (e.g. nutrients,
water) or the competition for resources becomes more
intense (West and Osler 1995; Forrester et al. 2012a). Thus,
it remains an open question whether thinning or low stand
densities can increase stand LUE on sites with a limited
supply of soil resources.

This study shows the value of comparing tree- and stand-
level growth, APAR and LUE in mixtures, and at different
densities, to understand how species interact in mixtures.
Mixing can modify APAR and LUE by combining, or
modifying, various structural and physiological charac-
teristics, including contrasting phenology (e.g. deciduous
vs. evergreen) or differences in crown shape, crown size,
crown leaf area density, as well as different tolerances to
shade (Ishii and Asano 2010; Niinemets 2010; Sapijans-
kas et al. 2014; Forrester et al. 2018; Williams et al. 2021;
Plaga et al. 2023). These studies also indicate that there
is a strong context dependency on the effects. That is, the
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light-related interactions that have the greatest influence on
growth depend on the species that are mixed, as well as age,
stand density, soil, and climatic characteristics. This implies
a potential for using forest growth models that incorporate
and hence summarize the influence of crown and canopy
structure on APAR and how this is influenced by site charac-
teristics and management. For this purpose, it will be impor-
tant that such models have been validated for their ability to
predict mixing effects in forests (e.g. Bouwman et al. 2021).

Conclusion

The complementarity of canopy structure and related effects
on APAR and LUE in these two species benefits P. menziesii
concerning APAR, and most importantly, mixing does not
lead to decreased vitality or growth in either of the two spe-
cies. Since mixing is spreading potential risks from stress or
disturbances and may also improve the nutrient use of these
two species (Pretzsch 2014; Thurm et al. 2017), these for-
ests might be more resilient, which is becoming an increas-
ingly important attribute. However, this should be tested for
other contexts in which this species combination can occur
in terms of site conditions, age, stand density or mixing pat-
tern. Since P. menziesii will likely increase in importance
in Central European forests, there is a need to also explore
other and more diverse species combinations with this spe-
cies to reduce potential risks of its cultivation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10342-023-01638-w.
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