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ARTICLE INFO ABSTRACT

Keywords: Trees often show better growth in mixed as opposed to monospecific neighborhoods as consequence of

Complef“_entarlty . competition reduction and facilitation between species. However, it can be challenging to discern the effect of

g;mpft‘tlon reduction these factors as they occur simultaneously, so often they are jointly refereed as complementarity. By using tree
1mate

growth models based on potential tree growth reduced by a competition modifier and including species mixing
effects on both components (potential tree growth and competition modifier), we aim to verify that tree potential
growth is modified by admixture, which may provide further information on species interactions and
complementarity.

We used tree data from the Spanish National Forest Inventory, selecting plots located in two different mix-
tures, Scots pine — European beech and Scots pine — Oak mixtures, as well as in the corresponding monospecific
stands of those species. To analyse whether the species mixture increases the potential basal area growth, we
developed linear mixed quantile regressions to model the potential growth, while to analyse the competition
reduction we developed linear mixed models. We include the Martonne aridity index as a measure of the site
conditions in the models to explore whether climate conditions modify the effects of species mixture.

Our results show a slight effect of the mixture on the potential basal area growth of pine while the potential
growth of beech clearly benefited from the pine/beech mixtures. For the pine/oak mixtures the potential growth
of both species was higher in mixtures than in monospecific stands. Moreover, we found a positive influence of
humidity on potential growth for all the species and mixtures, although the magnitude of the effect was less
important for beech and more notable in the case of the pine/oak mixtures. We also found that for the studied
species, admixed species reduced competition, with lower inter-specific than intra-specific competition effects,
and that these effects were mediated by climate conditions.

We concluded that the potential tree basal area growth is influenced by the species admixture, which suggest
that species mixing effects can be relevant also under low stand densities. Our results highlight the importance of
integrating the effect of species interactions on both the potential growth of trees and the competition modifier
when the aim of the research is to further our understanding of species interactions.

Basal area growth
Inter-specific competition

1. Introduction

Interest in mixed species forests has increased significantly over the
last 20 years (Bravo-Oviedo et al., 2018), in part, because promoting
such forests is considered a suitable strategy for enhancing forest
adaptation to climate change (Ammer, 2016). This has led to numerous
studies on mixed forests (e.g. see del Rio et al., 2021), addressing issues
such as the influence of species interactions on tree growth, since the

trees determine forest dynamics and mixing effects at stand level
(Pretzsch, 2017, pp 272-273). Competition reduction, as a consequence
of niche complementarity, along with facilitation, can result in better
tree growth in mixed as opposed to monospecific neighborhoods.
However, trees within a stand always compete for resources, so the
observed tree growth reflects the net effect of the different species in-
teractions that can occur simultaneously (competition, competition
reduction and facilitation), making it challenging to discern the
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presence of facilitation from that of competition reduction (Callaway
and Walker, 1997). Moreover, species interactions can vary depending
on environmental conditions (Forrester, 2014; Mina et al., 2018), and
therefore, their net effects (del Rio et al., 2014b), making them even
more difficult to be identified. As consequence, the term complemen-
tarity is often used to reflect the join effect of facilitation and competi-
tion reduction (Loreau and Hector, 2001; Forrester and Bauhus, 2016).
See Box 1 for clarification of technical terms employed with regard to
species interactions.

There are several approaches to modeling tree growth in mixed
stands, covering both empirical and process-based approaches (Pretzsch
et al., 2015¢). Many growth models at individual tree level include the
use of competition indices and address species interactions by splitting
competition into that exerted by the different species or groups of spe-
cies, i.e. distinguishing intra- and inter-specific competition (Box 1) (e.g.
Liu and Burkhart, 1994; Canham et al., 2004). Although the underlying
causes cannot be inferred, it is often suggested that when the net effect of
the inter-specific competition term on growth is positive it is caused by
facilitation, when it is negative it is caused by competition (Box 1), and
when it is neutral or less negative than intra-specific competition term
effect result from competition reduction or a combination of facilitation
and competition reduction (Forrester et al., 2011; Condés and del Rio,
2015; Fichtner et al., 2017).

One common tree growth model structure in empirical models is
based on a potential growth component together with multiplicative
modifiers that reduce the potential tree growth by several factors
reflecting tree size, competition, or site conditions (Weiskittel et al.,
2011), hereafter named potential modifier approach. The way potential
tree growth is defined varies between models, from the maximum value
of growth rate that a species can reach (e.g.Coates et al., 2009; Gomez-
Aparicio et al., 2011), to size- and/or site-dependent definitions, such as
the size-dependent growth of free-growing trees (without competition)
(e.g. Canham et al., 2004), the growth of open-grown trees (e.g. Hase-
nauer et al., 2006), the growth of dominant trees (e.g. Soares and Tomé,
2003; Sanchez-Gonzalez et al., 2006), or the growth of the faster
growing trees for a given size/site (e.g. Pretzsch and Biber, 2010). In the
empirical models following the potential modifier approach, species
interactions are only considered in the competition modifier, i.e., as
mentioned above, considering species-specific competition effects. This
concept assumes that mixing species does not influence potential tree
growth, although facilitation by other species can enhance resource
availability (e.g. by nitrogen fixation, nutrient mineralization, or hy-
draulic redistribution), acquisition (e.g. symbiotic associations) or
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indirectly use efficiency (Forrester, 2017), which may result in changes
in carbon partitioning and greater potential growth (Pretzsch and Zen-
ner, 2017).

Although there is scarce evidence that mixing species modifies the
potential tree growth, a recent study reports between 14 and 78% higher
growth of the faster growing trees (reflecting potential growth) in mixed
as opposed to monospecific neighborhoods for five mixtures (Pretzsch,
2022a). Beyond this positive effect on potential growth, mixing species
also reduced competition for most of the species and mixtures, with a
greater reduction in denser stands, explained as presence of spatio-
temporal niche complementarity.

In this study we aim to identify whether species mixing modifies
potential tree basal area growth, by splitting species interactions effects
into those on the potential growth and those on the competition modi-
fier. This information can provide a better picture of between species
complementarity and is relevant for forest management and modelling.
We estimated potential tree basal area growth as a function of tree size
and site conditions using quantile regression and NFI data, defining
potential tree growth as the basal area growth of the faster growing
trees, i.e., the growth of trees representing the 99% percentile for given
stem size and site conditions. In addition, we assume that the presence of
admixed species can reduce competition and that competition effects
can also vary with site conditions. Within the site conditions, we
explored the effect of site climate conditions and how these effects can
be modified by the inter-specific neighborhood.

To achieve our main aim we used data from two mixtures for which
previous studies have reported significant species interactions at tree
and stand levels (Perot et al., 2010; Condés and del Rio, 2015; Pretzsch
et al., 2015b; Strieder and Vospernik, 2021): Pinus sylvestris L. (Scots
pine) and Fagus sylvatica. (beech), and P. sylvestris and Quercus robur
or Q. petraea (oak). Our specific objectives were: i) To identify whether
the proportion of admixed species increases potential tree basal area
growth; ii) To analyse whether competition reduction occurs in the two
mixtures for both species; iii) To explore whether climate conditions
modify the effects of admixed species on potential tree basal area growth
and competition in the two mixtures.

Thus, our hypotheses are: H1, potential tree basal area growth is
similar in mixed and monospecific stands; H2, intra- and inter-specific
competition have the same reduction effect on potential tree basal
area growth; H3, Climate conditions do not influence species
interactions.

Box 1
To clarify the most important technical terms we have extracted the definitions from the glossary in Pretzsch et al. (2017, pp. 607-634).
Term. Explanation. Reference.
Competition. Ecological interaction in which one organism or species consumes a resource that Begon et al. (1986)
would have been available to and could have potentially been consumed by the other,
and hence the fitness of one is lowered by the presence of another.
Competition Occurs when the interspecific competition for a limiting resource in mixtures is less Kelty (1992)
reduction. than the intraspecific competition for this resource in the monocultures. The speciesin ~ Vandermeer (1992)
mixture therefore utilise this resource more efficiently for growth.
Facilitation. Facilitation is a form of ecological interaction between different species that benefitsat ~ Stachowicz (2001)
least one of the participants and causes no harm to the others. Facilitations can be
mutualistic, when both species benefit from the interaction, or commensalistic, when
only one species benefits and the other remains unaffected.
Complementarity. The combined effects of competition reduction (or niche differentiation) and (Loreau and Hector,
facilitation. 2001)
Intraspecific, Occurring among members of the same species or of different species, respectively. Helms (1998)
interspecific.
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2. Materials and methods
2.1. Data

Data used for this study came from 893 permanent sample plots of
the Spanish National Forest Inventory (SNFI). The plots were located in
mono-specific and mixed stands of two different species compositions:
Scots pine and beech, and Scots pine and oak. First, mixed plots were
selected from SNFI data considering a plot as a mixture when the sum of
the basal area of the studied species was greater than 95% of the total
basal area, and that of each of them was at least the 5% of the total. The
monospecific plots were then selected within a buffer of between 1.5 and
5 km around each location of the mixed plots, large enough to get a
similar number of plots in mixtures and monospecific stands. The low
percentage of basal area used for considering a plot in a mixture, allows
us to get an almost continuous gradient from the null inter-specific
competition in monospecific stands to the greatest one. The plots were
re-measured at approximately ten-year intervals, in one or two periods
depending on the province, i.e., during the Second and Third SNFIs, the
Third and Forth SNFIs or in the three cycles. Plots where cuttings had
been applied in the period between inventories were excluded from the
study. This resulted in a set of 1015 plot remeasurements and 24,743
remeasured sample trees available for the study. Table 1 and Table 2
summarize the main stand and tree characteristics respectively by spe-
cies and mixtures (see section 2.2. for further description of species
proportion and competition variables). Note that age is not recorded in
the SNFI, so no information was available on stand age or site index.

In addition, mean annual temperature (T °C) and annual precipita-
tion (P, mm) were taken from raster maps with a 1 km resolution for the
Iberian Peninsula, obtained from from a functional phytoclimatic model
based on raw data from meteorological stations (Gonzalo Jiménez,
2010). The ranges of T and P in the selected plots were 4.83-11.53 °C
and 587-2137 mm, respectively. The Martonne aridity index (Martonne,
1926) was calculated as M = P/(T + 10) and was used as a measure of
site humidity conditions (Table 1), having proven its effectiveness in
several studies conducted with the same mixtures (Condés et al., 2017;

Table 1
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Condés et al., 2018; Pretzsch et al., 2020; Steckel et al., 2020).

2.2. Competition measures

The effect of competition was analyzed using the basal area, G, as
well as the basal area of the trees with diameter larger than or equal to
the target tree, BAL (Wykoff, 1990). Both indicators were used consid-
ering all species together or splitting them up into the different species in
the mixtures, which allows us to study the different inter-specific
competition effects (Hypothesis H2). To take into account the species-
specific carrying capacities (del Rio et al., 2016), the relative values of
these indicators were calculating considering the maximum basal area of
each species estimated according to the basic models (equations Eqn 1
and Eqn 2), i.e. without considering climate influence, provided by (de
Prado et al., 2020). We avoided the use of climate-dependent maximum
stand density index as the models by de Prado et al. (2020) include
different climate variables depending on the species, which could in-
fluence the results.

G
RG,, = —* 1
& Gmaxsp ( )
BAL,
RBAL,, = L 2

maxsp

Total relative basal area and total relative basal area of larger trees
were then calculated as the sum of the corresponding variables by
species.

RG = ) RG,andRBAL = ) RBAL,, 3)

sp sp

where Gy, is the basal area of the species sp in the plot and G, rep-
resents the maximum basal area for each species estimated considering
the quadratic mean diameter of each species in the plot and the
maximum size-density equations. Note that RG in mixed stands can be
larger than 1.

Summary of main characteristics of the species in monospecific and mixed stands at plot level. N is the number of trees per ha, G is basal area, dg the quadratic mean
diameter, M is the Martonne aridity index, Pp;ne the pine proportion, Ppecc, beech proportion and P,y the oak proportion (as defined in section 2.2), sd is the standard

deviation, min and max are minimum and maximum values, respectively.

N G dg N G dg N G dg M Ppine Pheech
stem/ha m?2/ha cm pine pine pine beech beech beech mm/°C

Pine Mean 733 25.7 22.7 721 25.6 22.8 7 0.1 2.4 61.1 0.99 0.00
307 Sd 541 15.8 7.7 536 15.7 7.7 34 0.3 8.1 13.9 0.01 0.01
Plots Min 29 1.2 8.6 29 1.2 8.6 0 0.0 0.0 29.1 0.94 0.00
Max 3480 74.3 50.1 3480 74.3 50.1 382 2.0 54.5 101.8 1.00 0.05

Mixed Mean 821 27.7 23.1 409 17.7 27.4 400 9.8 23.8 64.8 0.58 0.42
194 Sd 517 13.2 8.7 422 14.9 10.0 478 9.6 16.7 15.9 0.34 0.34
Plots Min 10 1.8 10.9 5 0.5 8.6 5 0.4 7.6 33.1 0.01 0.01
Max 2969 77.5 78.7 2394 73.1 56.4 2738 43.8 114.8 109.9 0.99 0.99

Beech Mean 627 24.5 28.2 1 0.1 2.2 623 24.3 28.3 67.1 0.00 0.99
180 sd 527 12.5 13.9 5 0.2 8.8 526 12.4 13.9 20.7 0.01 0.01
Plots Min 5 0.7 9.2 0.0 0.0 0.0 5 0.7 9.2 32.1 0.00 0.96
Max 2539 56.2 95.5 32 1.3 50.7 2539 56.2 95.5 116.4 0.04 1.00

N G dg N G dg N G dg M Ppine Poak

stem/ha m?2/ha cm pine pine pine oak oak oak mm/°C

Pine Mean 706 20.3 20.0 696 20.1 20.1 5 0.1 2.0 54.2 0.99 0.00
89 Sd 522 13.0 6.7 521 12.8 6.8 21 0.3 5.9 12.7 0.02 0.01
Plots Min 46 1.2 9.2 46 1.2 9.2 0 0.0 0.0 27.0 0.94 0.00
Max 3275 59.3 44.6 3275 59.3 44.6 159 1.7 27.9 94.9 1.00 0.06

Mixed Mean 838 19.0 19.1 457 12.8 21.6 372 6.1 18.8 54.2 0.57 0.43
73 Sd 611 11.6 6.5 469 12.2 8.5 507 6.7 11.2 14.5 0.33 0.33
Plots Min 24 2.0 10.4 5 0.5 8.3 5 0.4 7.6 29.3 0.02 0.02
Max 2713 53.4 44.9 2317 47.7 57.3 2624 33.3 73.2 105.5 0.98 0.98

Oak Mean 518 15.8 26.9 1 0.0 0.3 508 15.7 27.1 56.9 0.00 1.00
50 Sd 641 11.9 25.8 4 0.1 2.0 638 11.7 25.9 9.9 0.00 0.01
Plots Min 5 0.6 7.9 0 0.0 0.0 5 0.6 7.9 43.2 0.00 0.93
Max 3392 52.3 203.7 32 0.6 15.1 3392 52.3 203.7 87.8 0.02 1.00
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Table 2
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Summary of main characteristics of the trees in monospecific and mixed stands. d is breast height diameter, id annual increment of diameter, and RBAL the relative
basal area of the larger trees (see section 2.2), sd is the standard deviation, min and max are minimum and maximum values, respectively.

Monospecific Stands

Mixed Stands

N° trees d id RBAL RBAL RBAL d id RBAL RBAL RBAL

cm cm/year pine beech cm cm/year pine beech

Pine # monosp Mean 26.4 0.29 0.41 0.41 0.00 29.3 0.27 0.34 0.27 0.07
pine/beech 9021 Sd 10.7 0.19 0.33 0.33 0.01 11.8 0.19 0.27 0.21 0.13
# mixed Min 7.5 —0.20 0.01 0.01 0.00 7.5 —-0.24 0.01 0.01 0.00

3318 Max 94.5 1.60 2.07 2.07 0.08 76.4 1.31 1.72 1.16 1.12

Beech # monosp Mean 30.1 0.22 0.47 0.00 0.46 23.7 0.23 0.48 0.19 0.28
pine/beech 4933 Sd 15.4 0.18 0.36 0.00 0.36 14.5 0.19 0.33 0.21 0.26
# mixed Min 7.5 -0.22 0.01 0.00 0.01 7.5 -0.16 0.01 0.00 0.01

2478 Max 128.9 1.95 2.21 0.04 2.21 121.0 1.83 1.84 1.34 1.50

N° trees d id RBAL RBAL RBAL d id RBAL RBAL RBAL

cm cm/year pine oak cm cm/year pine oak

Pine # monosp Mean 23.4 0.26 0.37 0.37 0.00 22.6 0.31 0.34 0.29 0.05
pine/oak 2353 sd 9.7 0.17 0.31 0.31 0.01 9.5 0.19 0.29 0.26 0.07
# mixed Min 7.5 -0.18 0.01 0.01 0.00 7.5 -0.19 0.01 0.01 0.00

1063 Max 77.7 1.46 1.95 1.95 0.04 79.6 1.40 1.50 1.41 0.67

Oak # monosp Mean 27.0 0.24 0.32 0.00 0.32 19.2 0.20 0.37 0.14 0.23
pine/oak 904 Sd 15.9 0.20 0.25 0.00 0.25 10.7 0.17 0.28 0.19 0.24
# mixed Min 7.7 -0.11 0.01 0.00 0.01 7.5 -0.17 0.01 0.00 0.01

673 Max 203.7 1.58 1.40 0.01 1.40 80.5 1.83 1.53 1.42 1.25

In addition, for testing differences between monospecific and mixed
stands the proportion by area of each species was calculated as:

_RGy

Pap RG

4

2.3. Potential growth models

Following the potential-modifier modelling approach used by
several authors (Quicke et al., 1994; Canham et al., 2004; Uriarte et al.,
2004), the individual growth rate can be formulated by separating the
growth into two components: the potential growth rate and the modi-
fiers that may reduce this maximum. To test hypotheses H1 and H2 we
apply this approach, fitting the tree growth model in two steps or sub-
models, the potential growth model (H1) and the competition reduction
model (H2). The variable used to describe the tree growth was the in-
dividual basal area growth, which was formulated as the product of the
potential basal area growth, igP, and the competition reduction, C:

ig = igP-C (5)

The potential basal area growth was considered to depend on tree
size following the Hugershoff (1936) growth curve: igP = a-g°e‘¢, but
removing the last factor as the ¢ parameter was non-significant. In
contrast to some model structures which assume a common maximum
growth rate for each species (Gomez-Aparicio et al., 2011) we consid-
ered that potential growth is species-specific and could be affected by
site conditions (Pretzsch and Biber, 2010). Additionally, to test our first
hypothesis (H1) we consider that the potential tree growth could be
different in monospecific and mixed stands. Hence, we formulate the
analytical expression of the potential growth function as a linearized
model modified by including the Martonne humidity index as an indi-
cator of site climate conditions and the species proportion by area to
consider the differences between monospecific and mixed stands:

log(igbp ij) =2+ aylog(Mj) + a2~10g(PSpj) + b-log(g;j) + & 6)

where ig,,; represents the basal area increment of the tree i of the
species sp with a basal area gjj growing in the plot j; M; was the Martonne
aridity index and Py, ; was the proportion of the species itself in the same
plot j; ag, a1, az, and b are the parameters to be estimated.

For each species in each mixture, a potential growth model was fit
using a linear quantile regression with a percentile of 0.99, which is not
exactly the maximum but is an adequate approximation for representing

the potential growth of faster growing trees. The models were fit using
the function “rq” from the “quantreg” R-package (Koenker, 2013). AIC
was used for comparison between models.

2.4. Competition reduction models

The growth reduction due the competition, obtained from Eqn 5 as
C =ig/igP, was assumed to be a consequence of both basal area,
expressing stand density or growing stock, and basal area of larger trees,
reflecting the one-sided competition by larger trees. The different car-
rying capacities per species were always taken into account, i.e. RG and
RBAL. Thus, the competition reduction model was expressed as:

g
P C =f(RG,RBAL, M) )
where igP represents the potential increment estimated for every tree
through the potential growth models developed according to section
2.3.

This expression can be easily linearized and therefore, the competi-
tion reduction models were formulated for each species as:

log(Cypi°) = o + ¢1'RG; + ¢-RBAL;; + ¢3-RBAL;-M; + g (8

where C, j; represents the ratio between the actual basal area increment
and the potential increment for the tree i of the species sp growing in the
plot j, where the relative basal area was RG; and the relative basal area of
the trees larger than the tree i was RBALy. M is the Martonne aridity
index used in this study as a measure of climate conditions, included in
the model as a modifier of the RBAL term to test our third hypothesis
(H3), and cy, c1, c2 and c3 are the parameters to be estimated. To avoid
bias in the models, negative values of the ratio Cypjj = ig,,;;/igPspi; were
also included by correcting them, so Cyii’ = Cgpjj + 1 —min(Cypjj)-

The RG and RBAL terms in Eqn 8 were also partitioned into the
species components of each mixture and compared to the model without
partitioning. Independent variables were incorporated into the model if
they statistically significantly improved the quality of fit of the model as
assessed at the @ = 0.05 significance level and Akaike’s criteria (AIC)
was used to compare results and to select from among the different
model structures, i.e., those in which the competition variables were not
separated into species. Since the data came from a hierarchical struc-
ture, with several trees measured in the same plot j, a linear mixed
model was fit using the function “Imm” from the “lme4” R-package
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(Bates et al., 2015), with the plot as the grouping structure of the
random effects included in the intercept. The growth predicted through
the application of potential and competition reduction models was
compared with the observed growth by calculating statistical errors, i.e.
mean error (ME), mean absolute error (MAE) and root mean standard
error (RMSE).

3. Results
3.1. Potential growth models

Potential growth models were always better in terms of AIC when
including both the site humidity conditions and the proportion of species
(Supplementary Table 1), although some of the variables were non-
significant at 95%.

In general, for all the species and mixtures, the models showed a
negative effect of the target species proportion (Table 3), meaning that
trees growing in mixed stands could reach a higher potential growth
than those growing in monospecific stands, so our hypothesis H1 can be
rejected. The effect of humidity was always positive, trees reaching
greater maximum growth in more humid sites.

The potential growth of the studied broadleaves was greater than
that of the pine, especially for the larger tree sizes (Fig. 1), but this
average effect was modified to varying degrees by site humidity and
species proportion, depending on species and mixtures. For the pine/
beech mixtures, the potential growth of pine was very similar when
growing in a mixture or in monospecific stands, while the effect of hu-
midity was more notable. In contrast, the potential growth of beech trees
was more influenced by species proportion than by humidity. For the
pine/oak mixtures, both pine and oak species reached higher potential
growth in mixtures than in monospecific stands, although for oak the
effect was not significant at 0.05 (p value = 0.0767). Moreover, the
effect of humidity on the potential growth was more important for the
pine/oak mixture than for the pine/beech mixture, despite the fact that
the former was distributed along a shorter range of Martonne aridity
values.

3.2. Competition reduction

The competition reduction models were better in terms of AIC when
separating the RBAL term by species, while the separation of RG resulted
in greater AICs values. Interactions between RBAL terms and Martonne
aridity index also improved the goodness-of-fit of the models for all
species and mixtures (Supplementary Table 2).

Except for pine in pine/oak mixtures, relative basal area always
reduced potential growth. The RBALs also reduced the growth although
their effect was species specific, with the RBAL of some admixed species
not being significant. Moreover, the RBALs effects were modified by site
humidity, although to different degrees according to species and mix-
tures (Table 4). These results indicate that the hypotheses H2 and H3 can

Table 3
Parameter estimates and p-values for the potential growth models.
AIC Intercept  log(g) log log(P)
o)

Pine 35,714 Value 0.6043 0.3552 0.2182 —0.0380
Pine/ Pr(>| 0.0475 0.0000 0.0028 0.0640
Beech t)

Beech 23,178 Value —0.8085 0.6041 0.1455 —0.2275
Pine/ Pr(>| 0.0168 0.0000 0.0515 0.0000
Beech t)

Pine 9910 Value —0.1543 0.3951 0.3153 —0.2599
Pine/Oak Pr(>| 0.6932 0.0000 0.0035 0.0000

t)

Oak 5071 Value —3.9272 0.7307 0.7428 —0.2012

Pine/Oak Pr(>| 0.0095 0.0000 0.0471 0.0767

t)
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also be rejected.

In the pine/beech mixtures, the competition with larger trees of both
pine and beech species reduced the basal area growth of pines, the effect
of pine competition being greater (Fig. 2). In contrast, pine competition
did not reduce the potential growth of beech trees, although it was
reduced by the intra-specific competition. For both species in the
mixture, the influence of humidity was such that it enhanced the effect
of the RBALs, i.e., greater effects at more humid sites.

In the pine/oak mixtures, only the intra-specific competition of
larger trees was significant for both pine and oak, the effect of humidity
being the opposite to that of the other mixture studied, i.e., humidity
reduced the effect of intra-specific competition (Fig. 2).

It should be noted that Fig. 2 only shows the fixed effects of the
competition reduction model related to the analysed variables, but the
reduction could be much greater or slighter depending on other factors
not included in the models, which were captured by the random effects
(Supplementary Fig. 1).

The combined application of both potential growth and competition
reduction models for dominant trees (RBAL = 0) resulted in lower basal
area growth for monospecific stands in comparison to mixtures, this
effect being slightly smaller for the greater RG values, except in the case
of pines in pine/oak mixtures (Supplementary Fig. 3). The scarce beech
admixture effect on dominant pines is worthy of note. As previously
mentioned, the intra-specific RBAL competition always had a greater
negative effect on species basal area growth than the inter-specific
RBAL, so the pattern of admixture effect with stand density changes in
the case of intermediate or suppressed trees (Fig. 3). The combined or
net effect of species admixture also varies with site climate conditions,
the effect being greater at more humid sites for beech and at less humid
sites for pine and oak mixtures (Fig. 3).

4. Discussion

Our results based on NFI data from monospecific and mixed stands of
two-species combinations demonstrate that species admixture can
modify the potential growth of a given species, with positive effects on
the studied species and mixtures. For a tree with a reference size of 25
cm, the increase due to species admixture (proportion = 0.5) ranges
between 2.7% and 19.7%. We also identified that species admixture
reduced competition in the studied species, with lower inter-specific
than intra-specific competition effects, and that these effects were
mediated by climate conditions. Under average humidity conditions, for
a suppressed tree with a diameter of 25 cm and a RBAL of 0.2, the
competition reduction effect due to admixed species (proportion = 0.5
in RG and RBAL) varies from 2.6% to 6.8%, whereas the total species
admixture effect varies from 5.3% to 27.9%. Accordingly, the results
indicate that the three hypotheses can be rejected. These findings reflect
the complexity of between-species interactions and highlight the need to
consider the possible effects of species mixing on potential growth when
analyzing and modelling species interactions in terms of tree growth
(Pretzsch, 2022a). The main focus of our discussion, therefore, is
whether our approach provides additional information about between
species complementarity, and the possible ecological causes behind our
findings.

4.1. Methodological approach

In growth models using the potential modifier approach, the poten-
tial tree growth is expected to reflect the growth of free-growing trees (e.
g. Canham et al., 2004). Thus, the findings that species mixing can in-
crease species potential tree growth could suggest that admixture fa-
cilitates tree growth (Pretzsch, 2022a), as facilitation may increase the
growth of all the individuals, including those trees growing under very
low competition. However, this assumption depends on the definition
and method used to estimate potential tree growth, which is always
challenging (Weiskittel et al., 2011). Within the available alternatives,
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Table 4

Parameter estimates and p-values (below) for the competition reduction models, cO is the independent coefficient, R’m and R%c represent the marginal and potential r-

squared respectively and StdRnd is the standard deviation of the random effects.

Pine/Beech R%m R2%c stdRnd co RG RBALjine RBALjpeech RBALine:M RBALpeech:M

Pine 0.1246 0.4933 0.0867 0.5076 —0.0454 ~0.0815 ns —0.0010 ~0.0014
0.0000 0.0021 0.0000 0.0001 0.0011

Beech 0.1681 0.4900 0.0825 0.5219 —0.1435 ns ns ns —0.0018
0.0000 0.0000 0.0000

Pine/Oak R®m R%c StdRnd o RG RBALyine RBALoai RBALpine:M RBALa1:M

Pine 0.0901 0.5584 0.1064 0.4805 ns -0.3229 ns 0.0030 ns
0.0000 0.0000 0.0001

Oak 0.1654 0.4968 0.0923 0.4481 —-0.1727 ns —-0.3193 ns 0.0045
0.0000 0.0000 0.0004 0.0068

we discarded the use of trees growing in open areas and of dominant
trees, as they present some inconveniences. Trees growing in open areas
usually display different allometry than trees growing in forest stands
(Pretzsch et al., 2015a) and may not adequately represent the potential
growth of trees growing in forest stands, not even that of trees barely
exposed to competition from neighboring trees (Pretzsch, 2022a).
Moreover, it would be difficult to find such trees under similar site
conditions in SNFI data. Regarding dominant trees, which trees to select
as dominant is not obvious in mixed stands or in uneven-aged structures

without existing standardized methods (del Rio et al., 2016), there can
be frequent changes in social hierarchy within the stand lifetime and can
be highly influenced by previous history (Pretzsch, 2021). We chose to
use quantile regression, assuming that the growth of trees with greater
growth rates for given size and site conditions represent potential tree
growth, as i) it is an objective method because only the choice of the tau
level is arbitrary (Ducey and Knapp, 2010), and ii) it allows the use of
Spanish NFI database, where the available information on individual
tree competition status is limited, because not all individual trees are
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measured (Alberdi et al., 2016). However, the extent to which quantile
regression predicts the growth of trees growing without competition is
still uncertain. We selected a high t value of 99 % (Pretzsch and Biber,
2010), so it could be expected that the model reflect the growth of trees
with low level of competition, but it was not always the case (Supple-
mentary Fig. 4). Larger trees with greater growth are not always those
with lower long-term local density (Forrester 2021), so other factors
different to low competition can be influencing on trees growing faster,
such as possible differences in stand history, genotypes, microsites or
ages (Lamonica et al., 2020), as well as the possible presence of facili-
tation (Binkley et al., 2003).

Once the species admixture effect on potential tree growth is
considered, the lower inter- as opposed to intra-specific effect on the
competition modifier may be interpreted as competition reduction
caused by species niche complementarity (Pretzsch, 2022a). However,
due to abovementioned limitations of potential growth definition, the
effects on potential tree growth and on the competition modifier iden-
tified could also be affected by competition reduction and facilitation,
respectively. Therefore, the magnitude of the facilitation and competi-
tion reduction cannot be determined by our approach, although it might

provide a more reliable approach than other model structures to identify
the presence of facilitation, besides of competition reduction.

Our modelling approach presents certain limitations inherent to the
database used. Potential tree growth not only depends on tree size and
environmental conditions but can also vary with development stage
(Genet et al., 2011). As information on tree age is not available in the
Spanish NFI, we explored the use of quadratic mean diameter of the
stand as a surrogate of age (Condés et al 2013), although this approach
was unsuccessful. Additionally, the Spanish NFI plot structure does not
allow the use local neighborhood tree competition indices, which could
provide a more accurate description of inter-specific competition (Stadt
et al., 2007). Despite these limitations, the evaluation statistics obtained
(Supplementary Fig. 2) are good when compared with other tree basal
area growth models based on NFI data (Gomez-Aparicio et al., 2011;
Mina et al., 2018).

4.2. Species interactions and underlying ecological causes

For the two mixtures we found that species mixing results in positive
effects on both tree potential growth and competition (lower inter- than
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intra-specific competition) for both species. The mutually positive ef-
fects on potential growth of pine and beech agrees with recent results
reported by Pretzsch (2022a). For Scots pine and oak mixtures, no
previous studies have addressed the effect of species mixing on potential
tree growth. The general finding that species admixture increases po-
tential tree growth suggests that there could be stand-wise facilitative
effects by mixing species due to an improvement in growing conditions
(soil and bioclimatic conditions) (Pretzsch, 2022b), although, as
abovementioned, competition reduction may be probably influencing
on potential growth.

The greater potential tree growth of pine when growing in mixtures
with beech or oak could be the result of nutrient cycle enrichment
related to the higher nutrient concentration of broad-leaves in com-
parison to pine needles, as well as to higher litterfall due to greater
canopy packing, faster decomposition rates (Pretzsch et al., 2016; de
Streel et al., 2021; Yeste et al., 2021). Possible mechanisms underlying
pine facilitative effects on beech and oak could include protection
against late frosts, improvement in the amounts of specific nutrients, or
indirect effects on soil microorganisms (Conn and Dighton, 2000;

Gillespie et al., 2021).

Intra- and inter-specific competition effects on tree growth have
previously been analysed for pine-beech and pine-oak mixtures,
although not all studies report similar effects. Studies of pine-beech
mixtures found that inter-specific competition was always lower than
intra-specific competition for beech. However, in the case of pine the
effects were found to be lower (as in our case) or in some cases, inter-
specific competition was found to be greater than intra-specific
competition (del Rio et al, 2014a; Condés and del Rio, 2015;
Gonzalez de Andres et al., 2018; de Prado et al., 2022). For pine-oak
mixtures, results from previous studies also show different levels of
competition reduction for both species, although in general greater
intra- as opposed to inter-competition effects were identified (Perot
et al., 2010; Ngo Bieng et al., 2013; Strieder and Vospernik, 2021).

Competition reduction between Scots pine and beech/oak may be
linked to niche spatio-temporal complementarity as a result of differ-
ences in light requirements and use associated with each species (Bravo-
Oviedo and Montero, 2008; Forrester et al., 2018); canopy space used
due to differences in crown allometry and plasticity (Barbeito et al.,
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2017; del Rio et al., 2019; Pretzsch, 2019); root systems and water up-
take/use (Gonzalez de Andres et al., 2018; Bello et al., 2019); and leaf/
root phenologies (Konopka et al., 2005; Michelot et al., 2011; Strieder
and Vospernik, 2021).

4.3. Climate effect on tree growth and species interactions

In some growth models that assume a constant value for potential
tree growth, site conditions are only considered as modifiers of this
value (Canham et al., 2004; Gomez-Aparicio et al., 2011). We preferred
the alternative of including site climatic conditions directly in the po-
tential tree growth formulation, as potential tree growth may depend on
site conditions (Pretzsch and Biber, 2010). Our results corroborate this
assumption, with greater potential growth in more humid sites, this
effect being stronger in pine-oak than in pine-beech mixtures. Never-
theless, we also tested the effect of climate conditions on competition
modifiers and found that site climatic conditions modified the intensity
of intra- and inter-specific competition (Forrester et al., 2013; Condes
and del Rio, 2015), albeit with contrasting patterns among mixtures. As
regards the data for the pine-beech mixture, competition by larger trees
increased with humidity, both for the intra- and inter-specific compe-
tition terms, although due to the lower inter-specific competition it re-
sults in greater competition reduction with increasing humidity. These
results suggest greater competition for light at humid sites (Weiner and
Thomas, 1986; Pretzsch and Biber, 2010), which might be partially
mitigated by mixing species (Forrester, 2014). The lower intra-specific
competition by larger trees at more humid sites according to the pine-
oak data could reflect a greater impact of competition for below-
ground resources than of competition for light where oak is growing,
and that this belowground competition is also size-asymmetric (Bello
et al., 2019). Accordingly, competition reduction also increases as hu-
midity decreases, suggesting that complementarity might be mainly at
belowground level (Forrester, 2014). This notion is supported by the
enhanced performance of the two species in mixed as opposed to pure
stands under extreme drought events, as reported by Steckel et al.
(2020), while it contradicts the findings of Haberstroh and Werner
(2022) as well as those of Pretzsch et al. (2020), who reported variations
in the mixing effect across differing site conditions. However, these
studies cover pine-oak mixtures across Europe, with a smaller range of
Martonne aridity index values (21-63 mm °C™Y than in our study
(Table 1). It is important to consider the fact that we used average
climate data for the second half of the last century in order to describe
site climate conditions (Gonzalo Jiménez, 2010), although climate
during the chosen SNFI periods could possibly influence the results.

4.4. Consequences and perspectives

Competition reduction can increase with stand density, when
between-tree competition is more important and the benefit of
complementarity might be greater (Forrester et al., 2013; Brunner and
Forrester, 2020). However, the evidence as regards the association be-
tween species admixture and increased potential tree growth suggests
that positive species-mixing effects can also occur at low stand densities
(Condés et al., 2013; Pretzsch, 2022a). This has important implications
for managing mixtures, as the benefits of mixing species, often linked to
higher densities and greater canopy packing (Williams et al., 2017;
Pretzsch, 2022b), may still be present even after heavy thinnings are
applied. This implies that a broader range of silvicultural regimes could
be applied in mixed as opposed to monospecific stands without suffering
important losses in productivity. A number of studies have addressed the
effect of stand density on species interactions (e.g. Garber and Maguire,
2004; Condés et al., 2013; Brunner and Forrester, 2020; Pretzsch,
2022b), but our findings highlight the need for further research covering
a broad range of stand densities and different species mixtures. In order
to confirm the positive effects of species admixture on potential tree
growth, future research should involve not only thinning experiments in
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mixed stands (Pretzsch and Zenner, 2017), but also other experiments
aimed at testing species interactions at different densities, from open-
grown trees to high densities, e.g. Nelder trials (Ruano et al., 2022).
Such experiments, aimed at determining the presence of facilitation
without competition, are still lacking (Forrester and Bauhus, 2016), but
would allow us to differentiate between facilitation and competition
reduction. Beyond such experiments, undoubtedly more studies
focusing on measuring directly the processes that may cause facilitation
and competition reduction are also needed.

According to our results, tree-growth models should integrate the
effects of species interactions in both the potential tree growth and the
competition modifier. If other structures that do not include potential
tree growth are used in empirical models, our findings indicate that
beyond the effect of species admixture on competition, a direct effect on
tree growth should be included, for instance, in the intercept or inter-
acting with other model covariables. In process based models, mixing
effects should principally be inherently integrated, as they generally
focus on carbon acquisition and include all major resource limitations on
tree growth (Pretzsch et al., 2015c). However, data from mixed-species
stands in order to perform systematic parameterization and evaluation is
still scarce (Blanco et al., 2015).

5. Conclusions

We found that the admixture resulted in positive effects on the po-
tential tree growth for the two studied mixtures, although the magnitude
of the effects differed, being notably lower in the case of pine in pine/
beach mixtures. This result contradicts the H1 hypothesis that potential
tree growth will be similar in mixed and monospecific stands. Moreover,
we found that intra- and inter-specific competition effects were species
specific and mixture dependent. Consequently, the H2 hypothesis that
intra- and inter-specific competition will have the same reduction effect
on potential tree growth should be also rejected. Finally, in contradic-
tion to the H3 hypothesis, we found that the humidity conditions
modified not only the potential growth but also modulated the effects of
the inter- and intra-specific interactions on the reduction of potential
growth.

Our results highlight the importance of integrating the effect of
species interactions in both the potential tree growth and the competi-
tion modifier when the aim of the research is to further our under-
standing of species interactions and complementarity effects.
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